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INTRODUCTION

The Baltic Sea is a young and vulnerable brackish inland sea surrounded by many
different countries. Human activities have a great impact on the sea and its
ecosystem mainly through the land based activities such as industry and
agriculture, but also due to different uses of the sea, among them ship traffic. On
the other hand, the latter also creates possibilities to monitor the human impact
and maybe even more importantly discover new knowledge about the Baltic Sea
ecosystem and processes influencing the state of the marine environment.

There are many ships regularly crossing the Baltic Sea and its sub-basins from
one port to another, for instance, Tallinn and Helsinki in the Gulf of Finland. The
ferries serving this regular passenger line provide a suitable monitoring platform
for autonomous flow-through systems already since 1997. In 2006, a new more
complex and sophisticated measurement system referred as “Ferrybox” was
installed on board a passenger ferry cruising between Tallinn and Helsinki.

It took some time, but the system is in operation since May 2007. It measures
different environmental parameters, like temperature, conductivity, chlorophyll a
fluorescence and for some time pCO,, not forgetting numerous water samples
collected. The measurements are done in a way that more data in time and space
are provided than regular monitoring cruises (conducted not very often) or
satellite images (limited availability due to quite a cloudy region) could do. Of
course, Ferrybox technology has its limitations as well, e.g. the measurements are
conducted along a fixed ferry line and depend on the ferry schedule. Nevertheless,
collected high-quality data prove to be a very good addition to conventional
measuring/monitoring platforms.

In this thesis along the published papers, the experiences of conducting
measurements with a flow-through system installed on passenger ships traveling
along the same transect, on a daily basis, nearly a decade, are presented. Most of
the examples, comparisons and phenomena noted are from the spring—summer
period in 2007-2013. However, the data collection and transmitting is still a daily
routine, which regularly goes on.

The main scientific question studied during the Ph.D. work was related to the
dynamics of coastal upwelling events. The results show that the classical scheme
of coastal upwelling/downwelling in elongated basins (Krauss and Briigge 1991)
has to be updated if applied in the Gulf of Finland. The estuarine character of this
basin (closed at one end where the fresh water input exists and open water
exchange with a larger basin at the other end) leads to clear differences in
upwelling behavior near the northern and southern coasts of the gulf. These
differences are recognized in upwelling frequencies and intensities in relation to
the wind forcing, as well as a manifestation of sub-mesoscale variability.



1. BACKGROUND

1.1 Forcing and physical processes

The Baltic Sea is a relatively small, but at the same time one of the largest
brackish water areas with the following dimensions: area of 393000 km* and
volume of 21200 km?® (Leppéranta and Myrberg 2009). It is a semi-enclosed sea
connected to the North Sea via the narrow and shallow Danish Straits, and it
consists of several sub-basins. The main physical forcing components for the
Baltic Sea system are: the atmospheric forcing (including wind forcing and
atmospheric pressure gradients), heat exchange through the sea surface,
freshwater input/output due to precipitation and evaporation, freshwater
discharge from rivers, and the water exchange with the North Sea (Omstedt et al.
2014).

Tidal forcing has been considered low (Lilover et al. 2011), but the ice cover
also affects the dynamics of the sea in winter when all the sea might be frozen
(Omstedt et al. 2014). The freshwater input into the surface layer amounts to
annual river discharge of 440 km”® and surplus of freshwater due to the difference
in precipitation (215 km?) and evaporation (175 km?) (Leppéranta and Myrberg
2009). This freshwater input and saltier water inflows into the sub-surface and
deep layers create a strong vertical haline stratification of the water column with
a permanent halocline at the depths of 60—80 m in the deep basins of the sea. The
vertical stratification is strengthened in summer due to the development of the
seasonal thermocline at the depths of 1020 m.

General circulation in the Baltic Sea is characterized by a cyclonic pattern in
the surface layer (Leppédranta and Myrberg 2009). In the deeper layers, the main
factors maintaining the circulation are gale-forced barotropic or baroclinic salt
water inflows and vertical mixing of deeper, saltier waters with the surface,
fresher waters (Meier et al. 2006). The saltier water inflows from the North Sea
form a gravity-driven dense bottom flow, which transports these waters (while
mixing with the surrounding Baltic Sea waters) through the southern sub-basins
and deep channels to the Gotland Deep and Northern Baltic Proper (Kduts and
Omstedt 1993). Due to the deep connection with the Baltic Proper, the Gulf of
Finland is part of the Baltic thermohaline circulation (Elken and Matthdus 2008)
while the Gulf of Bothnia and Gulf of Riga are separated from the Baltic Proper
by narrow and shallow straits, and thus the quasi-permanent halocline is not
developed there (Omstedt and Axell 2003).

Mesoscale processes have been observed and studied since the 1970’s and
1980’s when eddy-resolving CTD surveys were introduced in the Baltic Proper.
These studies revealed that the Baltic Sea has rich mesoscale variability with
spatial scales O(10) km through the whole water column (Aitsam et al. 1984).
Those measurements with high horizontal resolution revealed the patchiness in
the horizontal distribution of thermohaline fields in the upper layer and
occurrence of sharp thermohaline fronts. The observations showed a clear
similarity between the physical processes in the Baltic Sea and the ocean,



although the scales of features and processes were different (Aitsam et al. 1984).
After that, various mesoscale structures have been revealed across the Baltic Sea
among them intra-pycnocline anticyclonic lenses (similar to Mediterranean water
lenses in the Atlantic — Meddies), sub-surface cyclonic eddies (negative lenses),
and “ordinary” upper layer cyclonic and anticyclonic eddies (Elken 1996,
Reissmann 2005). A number of studies provide evidence that these mesoscale
features create remarkable changes in the Baltic Sea pelagic ecosystem
functioning (Kahru et al. 1984, Nausch et al. 2009).

Upwelling is a common mesoscale phenomenon in the Baltic Sea,
redistributing both the heat and salt in coastal regions and replenishing the surface
layer with nutrients, especially in summer when the surface layer is depleted of
nutrients (Lehmann et al. 2012). Bychkova et al. (1988) have identified 22 areas
of upwelling occurrences in the Baltic Sea under favorable atmospheric forcing
conditions. Model simulations and satellite images have shown that the annual-
averaged frequency of strong upwelling may be as high as 30-40% in some parts
of the Baltic Sea (Kowalewski and Ostrowski 2005, Lehmann et al. 2012). During
upwelling, temperature difference up to 10 °C can be observed, and upwelling
duration varies from 1-2 days up to a month (Myrberg et al. 2008). The coastal
upwelling events transport nutrient-rich deep water to surface with an excess of
phosphorus (lowering N/P ratio), which favors cyanobacterial blooms (Vahtera
et al. 2005). Most prominent upwelling areas with favorable wind conditions are
the Swedish south and east coast (30%), off the southern tip of Gotland (15%)
and on the northern side of the Gulf of Finland (14%) (Lehmann and Myrberg
2008).

The Gulf of Finland is an elongated basin in the northeastern part of the Baltic
Sea (Fig. 1) with a length of about 400 km and a maximum width of 135 km
(Alenius et al. 1998). Due to the prevailing wind forcing, freshwater input mainly
in the east and saltier water inflow in the west, the estuarine circulation with an
up-estuary flow in the deeper layers and down-estuary flow in the surface layer
exist in the gulf. The wind-induced alterations and even reversals of this
circulation pattern can occur (Elken et al. 2003, Liblik et al. 2013). The long-term
residual circulation in the surface layer of the gulf is characterized by an inflow
of the saltier water of the northern Baltic Proper along the southern coast and the
seaward flow of gulf water along the northern coast (Andrejev et al. 2004). The
circulation is more complex at time scales from days to weeks mainly due to the
variable wind forcing. A variety of mesoscale processes, including upwelling
events, have been observed in the Gulf of Finland (Talpsepp et al. 1994, Pavelson
et al. 1997, Lips et al. 2009).

A seasonal thermocline forms in the Gulf of Finland in spring—summer at the
depths of 10-20 m separating the upper mixed layer and intermediate cold water
layer (Alenius et al. 1998, Liblik and Lips 2011). On average (based on data from
1987-2008), the upper mixed layer depth was 11.4 in June, 12.1 m in July and
14.1 m in August in the western and central gulf (Liblik and Lips 2011). It has
been shown that quasi—stationary thermohaline stratification patterns influenced
by the external forcing exist in the gulf (Liblik and Lips 2012). The observed
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changes in the stratification (except in case of upwelling/downwelling events)
could be explained by a simple conceptual model where the heat flux, wind
mixing, estuarine circulation and its alteration due to the wind forcing were
accounted (Liblik and Lips 2012).

While high concentrations of dissolved inorganic nitrogen (DIN) and
phosphorus (DIP) are observed in winter, the DIN and DIP concentrations decline
fast in April-May and are usually below the detection limit in summer in the
upper mixed layer. The nutriclines are associated with the seasonal thermocline
in summer in the Gulf of Finland, whereas the phosphates are available at
shallower depths than the inorganic nitrogen compounds (Laanemets et al. 2004).
Thus, vertical flux of nutrients due to mixing or upward movement is required to
support the phytoplankton growth in the euphotic layer. In the elongated Gulf of
Finland, where the coastal upwelling events occur frequently, they could
remarkably contribute to such transport of nutrients (Lips et al. 2009). For
instance, due to the excess transport of phosphorus, the upwelling events are
considered as a major contributor to the cyanobacterial blooms in the gulf
(Vahtera et al. 2005, Laanemets et al. 2006, Lips and Lips 2008).

Coastal upwelling events are generated in the Gulf of Finland by strong
enough wind impulses from west — south-west near the northern coast and from
east — north-east near the southern coast. According to a principal model of
upwelling in elongated basins (Krauss and Briigge 1991), first, the cross-shore
Ekman transport is created in the surface layer, which produces cross-shore sea
level and density gradient (the latter due to upwelling of denser waters), and in
turn along-shore jet current. The wind impulse needed to create an upwelling is
estimated as large as 4000-9000 N m? s for strong thermal stratification and
10500-14000 N m? s for weak stratification based on the following formula:

t
Wi = [} CapaU2dt ()

where p, is the air density, C, is the drag coefficient, U, is the wind speed
(upwelling favorable component) at a 10 m height, and ¢t is the wind duration
(Haapala 1994). The analysis of wind data (Lehmann et al. 2012) and model
experiments suggest that one of the major upwelling areas exists in the north-
western part of the Gulf of Finland along the Finnish coast (Myrberg and
Andrejev 2003, Lehmann et al. 2012). The analysis of remote sensing images in
combination with the wind data revealed 1-4 upwelling events near the southern
coast and 3-5 upwelling events near the northern coast of the gulf per year in
June—September (Uiboupin and Laanemets 2009). In the latter study, a criterion
based on cumulative wind stress of 0.1 N m™ d (corresponds to 8640 N m™ s) for
potential occurrence of an upwelling event was applied, calculated using wind
data with the 3-h time step (At) as:

CWS =TI Capq AU U7 2)
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where U; is the wind velocity at time step t; and U/° its projection to the along-
gulf axis of 70°.

Model experiments by Laanemets et al. (2009) have suggested that a steeper
bottom slope and greater sea depths along the southern coast can cause larger
nutrient inputs along the southern coast than the inputs along the northern coast
under the same magnitude of wind forcing. Furthermore, the upwelling events
enhance the coastal offshore exchange (and related transport of nutrients),
especially during their relaxation (Laanemets et al. 2011). Model simulations by
Zhurbas et al. (2008) showed that the instability of along-shore baroclinic jets
leads to the development of filaments/squirts remarkably increasing the lateral
eddy diffusivity. In this respect, the sub-mesoscale processes could play an
important role, as it has been suggested by recent studies based on high—
resolution in situ (Lips et al. 2011), numerical modeling (Laanemets et al. 2011)
and remote sensing (Uiboupin et al. 2012) data. The relevant sub-mesoscale
features are the upwelling filaments and intra-thermocline intrusions with lateral
scales less than the internal Rossby radius of deformation, which is about 2—5 km
in the Gulf of Finland (Alenius et al. 2003).
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Figure 1. Map of the Baltic Sea and the ferry route between Tallinn and Helsinki in the
Gulf of Finland (maps were prepared using ODV software; Schlitzer, 2010).

While essential contribution of mesoscale processes to the vertical exchanges
of nutrients in the marine environment has been suggested and proved by a
number of studies (McGillicuddy et al. 1998, Martin and Pondaven 2003), the
role of sub-mesoscale processes is still not clear. Recent studies suggest that the
sub-mesoscale processes significantly contribute to the vertical exchange of
water mass properties between the upper and deep ocean (Bouffard et al. 2012).
These sub-mesoscale processes are characterized by order-one (O(1)) Rossby and
Richardson numbers (Thomas 2008), large vertical velocity and vorticity
fluctuations and large vertical buoyancy flux, resulting in considerable
intermittency of oceanographic properties in the upper ocean (Capet et al. 2008).
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1.2 Ferrybox technology

Unattended monitoring of marine environment using ships of opportunity, where
autonomous measurement systems (so-called “Ferryboxes”) are installed, has
been implemented in many regions of the World Ocean (Kahru and Brown 1999).
First trials of using ships of opportunity for the environmental monitoring in the
Baltic Sea were made by Estonian and Finnish scientists in the Gulf of Finland
between Tallinn and Helsinki in 1990-1991 (Rantajarvi 2003). Regular
measurements of temperature, salinity and chlorophyll a (Chl a) fluorescence
along this route started in 1997 (Kanoshina et al. 2003) while the longest data
series in the Baltic (since 1993) is available along the ferry route Helsinki —
Travemiinde (Petersen 2014).

Ferrybox systems have been successfully used to register different physical
and biological parameters in locations where other conventional measurements
are too expensive to acquire data with necessary resolution or which are not
convenient for remote sensing due to cloudiness. A principal scheme of the
Ferryboxes is shown in Fig. 2.

Telemetry
GPS (GSM)

Figure 2. Principal scheme of the Ferrybox system.

Ferrybox flow-through system is proven to be cost-effective and reliable —
constant power supply, easy maintenance, near real time data transfer (via GSM
or satellite connection), high resolution in time and space, a variety of sensor that
can be added. Eighteen regularly going passenger and merchandise ships with
installed Ferryboxes cover large areas in the Baltic Sea and the North Sea, giving
vital environmental background information (Petersen 2014). The limitations of
Ferrybox technology are related to the measurements and water sampling only
from the surface layer and some disturbances that the ferry itself could cause for
the water parameters taken in and forced to flow through the tubes to the sensor
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package. In addition, on the negative side, the ship routes or the ships could
change, creating caps in the data flow. However, the Ferryboxes have evolved
into more compact systems and therefore adding more mobility to transfer them
from one to other ship (of course, this requires negotiations with the shipping
company) (Aiken et al. 2011).

Unattended measurements of physical parameters (i.e. temperature, salinity,
etc.) and Chl a fluorescence and water sampling (using attached autonomous
water sampler) are successfully applied in the Baltic Sea to monitor late summer
cyanobacteria blooms and environmental factors influencing the bloom
intensities (Leppanen et al. 1995, Kanoshina et al. 2003, Lips and Lips 2008).
Less attention has been paid to the studies of the dynamics of spring bloom using
unattended measurements (Paper 1V), although a spring bloom intensity index is
developed and applied (Fleming and Kaitala 2006).

In some cases, the ferry routes and schedules provide a perfect opportunity to
follow certain processes if the measurements are repeatedly conducted for a long
period. For instance, Buijsman and Ridderinkhof (2007) estimated the water and
suspended matter exchange between the Wadden Sea and the North Sea using
data collected along the Den Helder—Texel ferry route. Similarly, the Tallinn—
Helsinki ferry route across the elongated Gulf of Finland and the schedule
consisting of two cruises a day and a short 1.5 h stay in Helsinki are convenient
for coastal upwelling studies. Two crossings a day allow to study the daily
changes in the surface layer. Since the data along the ferry route are recorded
frequently enough (20 s, see Chapter 3 for more details), the spatial variability
from basin scale to less than 1 km can be analyzed. The measurements from both
the open sea and two coastal areas reveal well the coastal-offshore gradients and,
based on regular daily data, enable to analyze statistical characteristics of the
upwelling events.

Being a technology used by ships of opportunity (SOOP), this particular
Ferrybox system (4H-Jena FerryBox [; obtained by the Marine Systems Institute
in 2006) has been on board many ships crossing the same route in the Gulf of
Finland: 2006-2008 “Galaxy”, 2008-2013 “Baltic Princess”, 2013-2014 “Silja
Europa”, 2015-2016 “Baltic Queen”. All the before mentioned are sister ships,
except “Silja Europa”, this means that the flow-through system was installed in
the same place and way over the years. On board “Silja Europa” it was installed
more into the middle section, which did not influence the data quality (comparing
the daily crossings); also other characteristics remained similar to other ships i.e.
water intake to the system, ship speed, etc.

1.3 Motivation and objectives

To assess the state of the Gulf of Finland ecosystem and to quantify the impact
of various factors/processes, in situ measurements with high enough resolution,
duration and extent have to be conducted. Conventional monitoring programs
have too low frequency and spatial resolution of sampling while special
investigations using the research vessels are conducted episodically. Therefore,
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new autonomous measurement methods, among them in situ observations using

voluntary platforms such as ferries, have to be applied. Several studies have

shown how the Ferrybox measurements are successfully used for different
applications (Petersen et al. 2011) among them for the analysis of abiotic factors
influencing the cyanobacterial bloom intensities in the Gulf of Finland (Lips and

Lips 2008). The combination of Ferrybox measurements and remote sensing is

suggested as an important monitoring method of coastal waters (Petersen et al.

2008).

Mesoscale processes as major factors controlling the spatial and temporal
variability of environmental variables as well as the vertical exchange of nutrients
in the Baltic Sea have been suggested and proved by a number of studies and
reports in the recent two decades (Elken 1996, BACC 2015). One among the
mesoscale processes contributing to the vertical transport is upwelling that can
occur anywhere in the semi-enclosed Baltic Sea (Omstedt et al. 2014) and is a
prominent feature in the Gulf of Finland (Uiboupin and Laanemets 2009).
Leading to a significant vertical transport of nutrients into the euphotic layer (Lips
et al. 2009, Laanemets et al. 2011), it also influences the phytoplankton growth
and species composition (Lips and Lips 2010).

Dynamics and characteristics of upwelling events have been studied in the
Gulf of Finland based on in situ measurements (Haapala 1994), remote sensing
(Uiboupin and Laanemets 2009) and modeling (Myrberg and Andrejev 2003).
Most prominent upwelling events that were captured by measurements are an
event along the northern coast in July 1999 (Vahtera et al. 2005) and an event
along the southern coast in August 2006 (Lips et al. 2009). The following
characteristic features of upwelling events in the Gulf of Finland are suggested:
e the Finnish coastal sea in the north-western part of gulf is one of the main

upwelling areas in the Baltic Sea (Myrberg and Andrejev 2003) where
upwelling frequency in May—September 1990-2009 has been up to 15%
(Lehmann et al. 2012); almost the same upwelling frequency is suggested by
the latter authors for the central part of gulf along the Estonian (southern)
coast;

e mean upwelling area detected on the basis of 147 maps during the period of
20002009 was 5642 km?* (19% of the gulf surface area) along the northern
coast and 3917 km? (13% of the gulf surface area) along the southern coast
(Uiboupin and Laanemets 2015), while the largest area covered by the
upwelling water was identified as 12140 km? (data from 2000-2006;
(Uiboupin and Laanemets 2009); the authors’ estimate of the mean cross—
shore extent of upwelling area was 20-30 km off the northern coast and
varied between 7 and 20 km off the southern coast;

e the intensity of upwelling events depends on the values of cumulative
upwelling-favorable wind stress and strength of vertical stratification;
Haapala (1994) suggested that at least a 60-h long wind event has to exist to
create an upwelling event; based on the wind data analysis from 2000 — 2005
and taking the threshold value for cumulative wind stress of 0.1 N m™ d, on
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average, about two upwelling events should appear off the southern coast and
four events off the northern coast (Uiboupin and Laanemets 2009);

e itis suggested that the difference in topography off the southern and northern
coast of the gulf results in differing upwelling dynamics along the opposite
coasts — in the case of similar wind stress (but in opposite directions) the
transport of waters from deeper layers starts earlier and is larger along the
southern coast (Vili et al. 2011).

Thus, we know quite a lot about the dynamics and characteristics of the
upwelling events in the Gulf of Finland. However, there is a discrepancy between
the frequency estimates based on remote sensing and those based on wind forcing
arguments. According to the wind statistics and modeling experiments, more
upwelling events should occur near the northern coast than near the southern
coast. The greater impact of upwelling events along the southern coast has been
attributed to the steeper bottom slopes there. Various methods have been applied
to reveal characteristic features of coastal upwelling events in the Baltic Sea, but
high-resolution long-term in situ data have not been analyzed with this aim until
now. The collected Ferrybox data along the Tallinn—Helsinki ferry route serve
the first opportunity to estimate upwelling statistics based on in situ observations
with a large number of events captured.

According to high-resolution profiling at a fixed position in the Gulf of
Finland, quasi-stationary stratification patterns of the thermocline occurred there
at timescales of 4-15 days (Liblik and Lips 2012) and the vertical dynamics of
phytoplankton were largely defined by these patterns (Lips et al. 2011). At the
same time, the layered structure of the major basins of the Baltic Sea, with the
seasonal thermocline and the halocline situated at different depths — about 10-30
m and 60-80 m, respectively, is a challenge to be accurately described by
numerical models (Tuomi et al. 2012). One possible reason for poor estimates
could be the lack of knowledge on the role of sub-mesoscale processes in regard
to energy transfer from the mesoscale to small scales. These processes could
contribute to the vertical material exchange as well as re-stratification of the water
column (Brannigan 2016).

Sub-mesoscale features, including eddies with diameters of less than Rossby
radius of deformation, are mostly not captured by traditional oceanographic
methods due to their fast appearance, nonstationary nature and short lifetimes
(Lavrova et al. 2012). Sources of their generation are still not well known, but
fronts and current instability have been suggested to play a significant role
(Lavrova et al. 2012, Karimova and Gade 2015). An analysis of SAR imagery for
the period from 2009 to 2011 discovered almost 7000 sub-mesoscale eddies in
the Baltic Sea in 2009-2011 (Karimova and Gade 2015). It can be hypothesized
that under certain conditions, such as the development and relaxation of coastal
upwelling events in a stratified estuary, the sub-mesoscale processes are more
energetic than predicted by the theory of quasi-geostrophic turbulence in the
ocean interior.

A major impact of coastal upwelling events on phytoplankton growth has been
documented by several studies (e.g. Vahtera et al. 2005, Lips and Lips 2010).
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There are examples showing the influence of sub-mesoscale features on

phytoplankton growth and distribution (Lips et al. 2011, Uiboupin et al. 2012).

The regular Ferrybox measurements at Tallinn—Helsinki ferry route could enable

to show that these observations can be a valuable source of information and a

good basis for descriptive and statistical analysis of meso- to sub-mesoscale

features and physical-biological coupling.
The main objectives of the study are:

e to develop a method for detection and quantitative description of coastal
upwelling events based on Ferrybox measurements;

e todescribe the occurrence of coastal upwelling events and their characteristic
parameters along the two opposite coasts of the gulf statistically;

e to explain the dependence of revealed upwelling characteristics on the
forcing and prevailed meteorological and hydrographic conditions in the gulf
in summer;

e to characterize the sub-mesoscale processes in the gulf and their role in
energy transfer from the mesoscale to smaller scales;

e to demonstrate the ability of Ferrybox technology to track the phytoplankton
dynamics and to describe the link between the physical forcing and the
variability of biogeochemical parameters in the surface layer of the gulf.
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2. MATERIAL AND METHODS

2.1 Ferrybox data
2.1.1 The system and sensors

The applied flow-through system is a commercial product, “Ferrybox I”” from 4H-
Jena (Germany). For current passenger ship “Baltic Queen” (and its former sister
ships) the water intake for measurements and sampling is attached to the sea chest
that is located on starboard side close to the bow and is meant to take in large
amounts of seawater for various tasks. The water enters the sea chest through a
grating with a total surface area of 0.84 m’, where the openings have the
dimensions of 20 x 90 mm and form in total an open area of 0.32 m”. The grating
is 0.5 m in height, and the center of it is located 4.1 m below the waterline while
the maximum draught of the ferry is 6.4 m. The total volume of the sea chest is
approximately 8 m® and the time interval to flush it through is depending on the
cruising speed of the ferry. For “Silja Europa” the sea chest was located more in
the middle section of the ship, and the intake faced downward.

The water flow from the sea chest into the system is forced by the hydrostatic
pressure since the Ferrybox is located on the lower deck about 45 meters below
the waterline. To restrict larger particles to get into the measurement system a
mud filter (pore size 1 mm) is used just after the water intake. The filter is cleaned
regularly to prevent clogging of the water flow. Before the sensors, a debubbler
is installed to avoid air bubbles to affect the measurements of conductivity,
turbidity, and Chl a fluorescence. The rate of water inflow from the sea chest into
the debubbler varies between 12 and 15 1 min'. The flow rate through the sensors
is stabilized by an internal pump, which is controlled by a pressure sensor in the
system. The feedback loop between the internal pump and the pressure sensor
guarantees an average pressure of 180 mbar and flow rate of 67 I min .

For temperature measurements, a Pico Technology high accuracy platinum
covered sensor PT100 is used. It is installed close to the water intake to diminish
the effect of warming of water while flowing through the tubes onboard. For
salinity measurements, an FSI Excell thermosalinograph (temperature and
conductivity meter) is used. For Chl a fluorescence and turbidity measurements,
a SCUFA submersible fluorimeter (Turner Designs) with a flow-through cap is
used. The fluorimeter is equipped with a temperature sensor to correct the
fluorescence values for temperature influence. Water samples are taken by a
sampling device Hach Sigma 900 MAX (starting from November 2013, ISCO
5800 Refrigerated Sampler), whereas the water is pumped from the debubbler
into the bottles using an internal pump of the water sampler.

Start and stop of the measuring cycle is automatically controlled by a GPS
(Garmin 16HVS) device installed on board. The system starts the measurements
and data recording when the ferry is away from the harbor more than a control
distance of 0.7 nautical miles and stops when it is closer than this distance, in
order to avoid the sediments getting into the system. Temperature, salinity, Chl a
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fluorescence and turbidity data are recorded during every crossing (twice a day)
every 20 s that corresponds to a horizontal resolution of approximately 160 m.
Same applies to GPS and household data which are used for a preliminary data
quality control.

The system and sensors are kept clean by an acid washing procedure
performed automatically every night. Additional manual cleaning for SCUFA
sensors is conducted weekly during the productive season.

2.1.2 Data handling and quality control

The Ferrybox data handling and quality control are described in detail in (Paper
I). The sensors have been calibrated at the factory before the installation and, if
necessary, sent for an additional laboratory calibration. Since the system contains
two temperature sensors, the performance of them is routinely followed by the
comparison of data acquired from the sensors. The quality of thermosalinograph
data is guaranteed by taking a series of water samples and analyzing them using
a high-precision salinometer AUTOSAL 2—4 times a year. The analyses have
shown, that a stable correction of 0.08 (units in Practical Salinity Scale; the value
has been stable over the years) must be added to the recorded salinity.

The SCUFA fluorimeter is calibrated at the laboratory once every winter,
usually an intercalibration event held by Alg@line consortium (see more
information about the Alg@line in Rantajirvi, (2003)). However, due to the
dependence of fluorescence values upon the varying optical properties of the sea
water and phytoplankton species composition, weekly or bi-weekly sampling and
laboratory analyses for Chl a content is performed to convert the fluorescence
values into Chl « (the procedure is described below).

A predefined time interval (usually 10 or 15 min) is set for water sampling
along the route when the ferry is traveling from Helsinki to Tallinn. Depending
on the task, from 11 to 17 samples were collected weekly or bi-weekly (during
one crossing) in 2007-2013. After sampling, the water samples are kept in cool
(4 °C) and dark conditions until collecting them for the laboratory analyses. In
order to calibrate the measured fluorescence values against Chl a content in the
water, the collected water samples are analyzed using a spectrophotometer
Thermo Helios y. The concentration of Chl a is determined by filtering the water
samples through glass-fiber filters (Whatman GF/F or Millipore APFF filter with
pore size of 0.7 um), extracting the pigments 24 h at room temperature with
ethanol (96%) and measuring the absorption at the wavelength of 665 nm. A
linear regression between fluorescence and Chl a content detected
spectrophotometrically is found to convert fluorescence values into the Chl a
concentrations.

The data acquired by the Ferrybox system recorded with a time step of 20 s
are stored in an onboard terminal. To synchronize the measurements performed
by the sensors having different sampling frequencies and GPS, the acquired data
within every 19 s interval are averaged and recorded as the measurements at every

19



20" s. The data are automatically delivered to the on-shore FTP-server once a day
when the ferry is in the harbor using a GSM connection.

The performance of the system is validated by the control parameters, such as
the flow rate and pressure in the system, and the data are checked for unrealistic
values against the criteria set for every parameter on the basis of known natural
variation of them in the Gulf of Finland. In order to use the data for the
assimilation into operational models, automatic procedures for preliminary
processing and quality check have been applied. One of the procedures, which
have to be carried out when using the Ferrybox data, is the shifting of data points
to the actual positions of the water intake. The problem arises since the
coordinates attached to a data record correspond to the location of the ferry at the
time of measurement, but the water is taken in earlier at a different position. Since
various systems of water intake are applied, this procedure is unique for each
combination of a Ferrybox and a ferry.

Raw data (27.07.2010) Shifted data 3 min 20 s (27.07.2010)

e Tal-Hel

A ] Tal-Hel
Hel-Tal s Hel-Tal

Salinity

Distance (km) Distance (km)

Figure 3. Measured salinity distribution along the ferry route Tallinn—Helsinki from the
forth and backward journeys on 27 July 2010. Raw data are presented in the left panel
and the processed data in the right panel where the shifting of data points by 3 min and
20 s was applied; x-axis shows the distance from the Tallinn Bay (latitude 59.48° N) in
km along the meridional transect.

The problem of the time lag between the intake and measurement was solved
by the analysis of data from forth and backward journeys — a position correction
procedure was introduced to get the best match between the two profiles a day.
For the all used sister ferries, the time shift of 3 min 20 s was applied. This
relatively long period is obviously related to the water exchange in the sea chest.
Due to an almost constant cruising speed of the ferry outside the harbor areas (16
knots), the applied procedure gives acceptable results (Fig. 3). The comparison
of data from Tallinn to Helsinki and back from Helsinki to Tallinn obtained on
the same day is one of the used quality assurance procedures — the profiles
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containing unexpected deviations are marked by a quality flag indicating a
possible quality problem.

2.1.3 Analyzed Ferrybox data

Altogether data of more than 1000 crossings have been collected along the
Tallinn—Helsinki ferry route in 2007—2013 and in the present study (by 4H-Jena
system “Ferrybox 17). In (Paper I), temperature and salinity data collected from
May to September in 2007-2013 are used. Since in 2008 and 2013, the system
was transferred from one ferry to the new ferry brought to Tallinn—Helsinki route
and a failure of measurements in September 2012 occurred, data from not all
crossings were available. Nevertheless, the data from all months from May to
September were analyzed at least for six years in 2007-2013.

Part of the same data set was applied for analysis of sub-mesoscale variability
and influence of physical processes to Chl a distribution in the surface layer
(Paper III). The period of July—August in 2009-2012 was chosen to match the
buoy profiler data from the same area (see in next sub-chapter). The data from
May—September 2007 were applied to draw the conclusions about the average
distribution of temperature, salinity, and Chl « in the surface layer across the Gulf
of Finland (Paper II).

The spatial and temporal variability of thermohaline fields and phytoplankton
dynamics in spring were studied based on data from March—-May 2009 and 2010
(Papers IV and V). In (Paper IV) data on nutrient concentrations and
phytoplankton species composition and biomass were incorporated into the
analysis. The water samples were collected weekly and analyzed in the laboratory
next day after sampling (the methods are described in Paper IV). In addition, in
spring 2010, a pCO; sensor was attached to the Ferrybox system to identify the
changes in CO, concentration related to phytoplankton growth and physical
processes, including upwelling events (Paper V).

To convert Chl a fluorescence data measured by the Ferrybox system to Chl
a content values, a linear regression line between those two data sets was found
separately for spring and summer each year. While in spring, good consistency
of Chl a fluorescence and Chl a was obtained (e.g. Paper V), the summer
communities of phytoplankton are more diverse in the sense of pigment
characteristics, and therefore the fluorescence data have to be used very carefully
if the goal is to describe the variability of phytoplankton biomass. The same
applies to other systems, which were equipped with fluorimeters. See the used
equations for estimating Chl a content based on fluorimeters data in (Paper III).

2.2 Data from other observing systems
The data from an autonomous buoy profiler (Idronaut S.r.l.; surface buoy
designed by Flydog Solutions Ltd.), which was deployed in the central Gulf of

Finland (see location in Fig. 1) in summers 2009-2012, were used in the study
(Paper III). The system recorded vertical profiles of temperature, salinity, and
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Chl a fluorescence in the water layer from 2 to 45 (50) m with a time resolution
of 3h and a vertical resolution of 10 cm using an OS316plus CTD probe
(Idronaut S.r.l.) equipped with a Seapoint Chl a fluorimeter. Ship-borne
measurements and sampling close to the buoy profiler were arranged bi-weekly
to check the quality of data (compare the vertical profiles from the buoy with
those from the research vessel) and to calibrate the fluorimeter by laboratory
analyses of Chl a content from the water samples (Paper III).

The used dataset also includes vertical profiles of temperature, salinity, and
Chl a fluorescence conducted with a towed undulating vehicle (Scanfish). The
horizontal distributions of T, S, and Chl a in the water column from 2 to 45 m
(see location of sections in Fig. 1; Paper III) were mapped. Scanfish sensor set
consisted of a Neil Brown Mark III CTD probe and TriOS microFlu-chl-A
fluorimeter. Data were recorded continuously (both down- and upcast are used)
and the processed data were stored with a vertical resolution of 0.5 m. The
average distance between the consecutive Scanfish cycles, including down- and
upcast while the vessel was moving with a speed of 7 knots, was 600 m.

It is very challenging to study sub-mesoscale processes in the coastal,
relatively shallow but vertically stratified sea areas where the characteristic
baroclinic Rossby radius is on the order of a few kilometers. A combination of
autonomous and research-vessel-based devices, such as Ferryboxes, moored
profilers, and towed undulating instruments (Scanfish) was applied in the present
study. For instance, the dataset from July—August 2009-2012 analyzed in (Paper
III) comprised data from 461 Tallinn—Helsinki ferry crossings, 968 CTD and Chl
a profiles collected at station AP5 and six Scanfish surveys.

In addition to the autonomous devices and towed vehicle, ship-borne
measurements were conducted in the area throughout all seasons analyzed in the
present study. For instance, in spring 2010 altogether seven surveys close to the
ferry route (and station AP5) were conducted in April and May (Paper IV). CTD
measurements using an Ocean Seven 320plus CTD probe (Idronaut S.r.l.)
equipped with a Seapoint Chl a fluorimeter and water sampling aboard the
research vessel were performed. Such application of several systems in parallel
increased the confidentiality that the autonomous systems (including Ferrybox)
were operating well.

2.3 Forcing and remote sensing data

As the forcing data, mostly the wind data from the region were used; it means the
other forcing factors, such as the heat flux through the sea surface and fresh water
and saltier water inflows were not considered. This approach is justified by the
characteristic temporal scales of analyzed processes from a day to several weeks.

Both, the measured and the modeled wind data were applied. The measured
wind data were obtained from the Kalbddagrund meteorological weather station
(Finnish Meteorological Institute) with a time step of 3 h. For modeled data, the
closest model point to Kalbddagrund was used when extracting data from the
HIRLAM (High-Resolution Limited Area Model). The modeled data source was

22



the HIRLAM version of the Estonian Meteorological and Hydrological Institute
with the spatial resolution of 11 km and the time interval of 3 h (Ménnik and
Merilain 2007).

The data from Kalbddagrund weather station or the closest HIRLAM model
point have also been used in the earlier studies of coastal upwellings in the Gulf
of Finland (Lips et al. 2008, Uiboupin and Laanemets 2009). According to
Keevallik and Soomere (2010), the HIRLAM output matches well with the
observations at Kalbadagrund (the wind is measured at 32 m), although the
modeled wind direction (at 10 m height) is turned by 20° counter-clockwise from
the measured wind direction.

Remote sensing data were acquired as MERIS L2 product data along the ferry
route (Paper II).

2.4 Calculations

Various methods have been applied to reveal characteristic features of coastal
upwelling events in the Baltic Sea (Paper I). A certain temperature isoline as the
boundary of the upwelling area was used by Uiboupin and Laanemets (2009) and
a temperature deviation (2 °C) from the mean temperature along zonal transects
was employed by Lehmann et al. (2012). In the former study, the remote sensing
data and in the latter one both the remote sensing and modeled data were applied.
In the present study, the data of high-resolution long-term Ferrybox
measurements are analyzed with this aim first time.

An upwelling index is introduced based on the temperature deviations from
the average value for each crossing. First, the measurements were converted into
horizontal profiles with a constant step of 0.5 km. The upwelling index for the
southern gulf (Uls) and the northern gulf (Uly) were calculated as a sum of
negative temperature deviations in the respective coastal areas (0-20 km
offshore) as:

Uls = Tizizs® AT; and Uly = 72510 AT, (3)

where AT; is the temperature deviation of 0.5-km cell i from the average
temperature of the crossing. The selection of the 20-km wide area is explained in
sub—chapter 3.1 (see also Paper I for more details). A cumulative upwelling index
(CUI) is calculated by summing up daily upwelling index values (which were
obtained by averaging of two values a day) for certain periods. The obtained CU/
values were divided by 40, which is the number of data cells in the 20-km wide
coastal area, to keep the meaning of CUI as the sum of average negative
temperature deviations, having a unit of [°C d]:

CUls(n1..n2) = TI2 (= Ulg;)

j=n1\40 "~ "SI
i=n2 1
CUly(nl ..n2) = $I2% (S uly;) (&)
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where nl and n2 are the start and the end day number of the selected period, for
which the cumulative upwelling index is calculated, and Ulg and Uly; are the
upwelling indexes at day j off the southern and northern coast, respectively (Paper
D).

The introduced indices are similar to those used previously in the studies of
upwelling events and their influence on the phytoplankton dynamics in the Gulf
of Finland (Lips and Lips 2008, Myrberg et al. 2008). Since in the present study,
horizontal distributions and deviations from the average in the surface layer were
used, it is similar to the approach applied by Lehmann et al. (2012). The main
difference between the two approaches is that here meridional while in Lehmann
et al. (2012) zonal distributions were used. The results of the present study
indicate that the use of meridional distributions is more appropriate in the Gulf of
Finland. This conclusion is justified by the fact that, on average, the north—south
temperature gradient is negligible in the gulf (see sub-chapter 3.1), while the
west—east temperature gradient could exist between the shallower and narrower
Gulf of Finland and the deeper and wider northern Baltic Proper due to
differential warming and cooling (Paper I).

To characterize the role of sub-mesoscale processes in energy transfer from
the mesoscale to the smaller scales, horizontal wavenumber spectra of
temperature variance were calculated. The spectra were calculated using fast
Fourier transform algorithm and discrete horizontal temperature profiles based
on the Ferrybox and Scanfish data (Paper III). The use of spatial spectra of
temperature (instead of density) was based on the assumptions that in summer in
the surface and thermocline layer of the gulf the water density is mainly
controlled by temperature and it is measured by one sensor while density has to
be estimated from the readings of two separate sensors. An assumption was made
that the distance between the data points along the ferry route was constantly 160
m. The mean spectra for a certain period with quasi-stationary variability were
obtained by averaging of single spectra over the selected periods. The spectral
slopes between the spatial scales of 10 and 0.5 km were estimated, and the results
were compared to some theoretical slope estimates (Paper III).
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3. RESULTS AND DISCUSSION

3.1 General characteristics of thermohaline fields

The Ferrybox data collected twice a day along the Tallinn—Helsinki ferry route
(central Gulf of Finland) since 2007 enable to characterize a wide range of
variability — from synoptic scale to seasonal scale in time and from sub-mesoscale
to basin-scale in space. Examples of the variability of temperature and salinity
distributions expose both the seasonal course and shorter-scale variations in the
study area (Fig. 4). The typical seasonal course of the surface layer temperature
is characterized by temperature about 5 °C at the beginning of May, a maximum
> 20 °C in late July—early August and a drop below 15 °C in late September
(Paper I). The seasonal course of the surface layer salinity is not well pronounced
on the background of variability at shorter scales. While usually, the lowest
surface layer salinity was observed in June—July, the salinity was the lowest in
May in 2008, and it was the lowest in August in 2010 and 2011 (Paper I). This
more distinct seasonal course in temperature and less distinct in salinity could be
a result of different main forcing factors affecting temperature and salinity
distributions. While in temperature, the seasonal cycle dominates due to the
seasonal cycle in solar radiation, the changes in salinity distribution are largely
controlled by the intensity of convective mixing in winter (Liblik et al. 2013, Lips
et al. 2016) and wind-induced alterations in the estuarine circulation (Elken et al.
2003, Liblik and Lips 2012, Liblik and Lips 2017).

Both, the surface layer temperature and salinity had quite large inter-annual
variations with the highest temperature in summer 2010 (up to 22 °C) and the
highest salinity in 2011 and the lowest in 2009 (Fig. 4). Nevertheless, the analysis
of 7-year data series revealed some general features, which could be linked to the
prevailed circulation scheme and dynamics of the surface layer (Paper I). For this
purpose, the average deviations of temperature and salinity from the cross-gulf
mean values were calculated (Fig. 5).

On average, the surface layer temperature did not have any horizontal gradient
while the surface layer salinity was higher in the southern than in the northern
part gulf (Paper I). The result that the surface water with the lowest salinity was
on average at about 20 km from the northern coast supports the known general
circulation scheme in the Gulf of Finland (Palmen 1930, Andrejev et al. 2004).
Thus, although some recent modeling studies have suggested that the residual
circulation scheme could be reversed for some periods (up to five years; e.g.
Soomere et al. (2011)), the high-resolution, long-term salinity measurements
support the classical view of the residual circulation in the Gulf of Finland (Paper
D).
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Figure 4. Examples of temporal changes in temperature (in °C) and salinity (in g kg™!)
distributions across the Gulf of Finland based on Ferrybox measurements between Tallinn
and Helsinki in May—September 2009-2011: 20009, (e, f), 2010 (g, h) and 2011 (i, j);
y-axis shows the distance from Tallinn Bay (latitude 59.48 N) in km along the meridional
transect.

At the same time, if the wind forcing favorable for upwelling events near the
southern coast prevailed (as it was observed in summer 2010) the low salinity
water appeared in the southern part of the open gulf, close to the upwelling front
(Paper I). This phenomenon was also observed during an intense upwelling event
in August 2006 (Lips et al. 2009); it was modeled by Laanemets et al. (2011) and
noted by Liblik and Lips (2017) based on an analysis of CTD data from surveys
across the gulfin 2006-2013.

In summer 2007, on average, the lowest salinity in the surface layer was
observed close to the northern shore, and a salinity front was visible in the central
part of the study transect (Paper V). It is interesting to note that a local maximum
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in Chl g distribution was revealed in association with this salinity front as it has
been noted by several other studies in the Baltic Sea and the Gulf of Finland (e.g.
(Pavelson et al. 1997).
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Figure 5. Average distributions of temperature and salinity deviations (from the cross—
gulf average) across the Gulf of Finland based on Ferrybox measurements between
Tallinn and Helsinki in May—September 2007-2013. Mean values are shown as solid
lines and mean plus and minus r.m.s. are shown as dotted lines.

Occasionally the periods with distinctly lower surface layer temperature
were observed off the northern or southern shore (Fig. 4). Such situations are
related to the coastal upwelling events — their characteristic time scale was several
days to 1-2 weeks, and they extended towards the open sea by 15-20 km (Paper
I). The coastal upwelling events off the southern shore were also accompanied
by an increase in surface salinity while in the case of coastal upwelling events
seen in the temperature distributions off the northern coast, a simultaneous
increase in salinity was not well visible.

It is remarkable that, on average, the variability of temperature deviations was
much higher near the coasts than in the central part of the study transect (Fig. 5).
In the case of upwelling events off the southern coast and their absence off the
northern coast (in 2010), this high variability of temperature was concentrated
only in the 20 km wide coastal area off the southern shore (Paper I). This high
variability of temperature in the coastal areas is mostly related to the upwelling
activity and, therefore, the intensity of upwelling events can be estimated based
on data from the 20 km wide coastal zones (see next sub-chapter).

The differences in seasonal course and distinct features observed in the surface
layer were also associated with corresponding changes and features in the sub—
surface layers (Fig. 6). For instance, the upper mixed layer was warmer and
thinner in 2010 when the easterly winds were more frequent than usually, and it
was colder and thicker in 2012 when westerly winds clearly prevailed (Paper III).
Such dependence of the vertical stratification in the gulf on the local wind forcing
was also shown by Liblik and Lips (2012) based on buoy profiler data and Liblik
and Lips (2017) based on temperature and salinity cross-section data. This result
is in accordance with the estuarine dynamics where up-estuary winds cause
deepening of the thermocline and weakening of the stratification while down-
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estuary winds lead to a shallower upper mixed layer and strengthening of the
stratification (Chen and Sanford 2009).
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Figure 6. Temporal changes in horizontal and vertical distributions of temperature (°C)
and salinity (g kg™') in the Gulf of Finland measured by the Ferrybox system between
Tallinn and Helsinki and the autonomous buoy profiler at station AP5 from 29 June to 31
August in 2010 (a and b, respectively) and 2012 (c and d). The Ferrybox data are split
into two parts at the position of the buoy profiler AP5. The x-axis shows the distance
along the ferry route from a starting point off Tallinn harbor at the latitude of 59.48° N.

3.2 Coastal upwelling events
3.2.1 Characteristics and occurrence of upwelling events

The most prominent mesoscale process in the elongated and stratified Gulf of
Finland is coastal upwelling. In the present study, the criterion of an upwelling
occurrence was selected as the value of the upwelling index (UI) exceeding 40 °C
(in absolute values, while Ul is by definition a negative number; Paper I). It
corresponds to an average negative temperature deviation of at least —1 °C in a
20 km wide coastal area. The upwelling events found using the selected criterion
were also the occasions when the maximum negative temperature deviation from
the transect mean value was at least —2 °C. Thus, the criterion Ul <40 °C gives
similar results on upwelling presence to the criterion based on the maximum
negative temperature deviation of —2 °C (which was used e.g. by Lehmann et al.
(2012)).
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Table 1. Characteristics of detected upwelling events; dates, coastal area (N — off the
northern coast; S — off the southern coast), type, maximum temperature deviation from
the transect mean value, cumulative upwelling index calculated for each event and
cumulative along-gulf wind stress calculated for upwelling favorable winds before and
during the upwelling event.

No Dates Coast | Type Maximum Cumulative | Cumulative
temperature | upwelling wind stress
deviation intensity (Nm2d)
(W) (°C day)

1. 3—14 June 2007 S UF —4.12 -19.8 —0.49

2. 8-16 July 2007 S GD —3.02 -12.6 —0.34

3. 21-27 July 2007 N UF —4.02 -13.9 0.93

4. 29 July—-8 August 2007 N GD —3.64 -16.5 0.38

5. 10-17 September 2007%) N GD -1.97 =15 0.75

6. 26-28 May 2008 S UF -2.52 -3.9 —0.20

7. 11-15 June 2008 N UF —2.73 —7.2 0.62

8. 27-29 June 2008 N UF -2.27 —6.2 0.53

9. 1017 September 2008 S UF —5.42 —23.0 —-1.08

10. | 9-16 June 2009 S UF —4.77 -14.8 —0.27

11. | 24 June — 14 July 2009 S GD —5.78 -36.1 —0.42

12. | 1622 August 2009 N UF -3.20 -10.7 0.54

13. | 28 August — 9 September 2009 N UF —2.74 -14.1 0.56

14. | 17-30 September 2009 N UF -3.09 -19.3 1.28

15. | 20-24 May 2010 S GD —2.21 5.1 —0.56

16. | 12-13 June 2010" S UF —2.60 2.3 —0.19

17. | 20-24 July 2010 N UF —4.70 9.3 0.31

18. | 26 July — 1 August 2010 S UF -6.19 -15.7 -0.34

19. | 17-23 August 2010 S UF —7.78 —20.8 —0.66

20. | 2-12 September 2010 S GD —5.27 -16.0 —0.25

21. | 4-12 May 20119 S GD —2.22 —9.3 —0.09

22. | 31 May — 8 June 2011 N UF -2.32 -10.3 0.60

23. | 11-15 June 2011 S UF -3.12 6.0 —0.38

24. | 24-27 June 2011 N UF —2.40 —4.8 0.41

25. | 5-10 July 2011 S GD —5.05 -10.6 —0.38

26. | 29 July — 7 August 2011 S GD —4.69 —22.2 —0.62

27. | 14 September 2011 N UF —4.90 3.1 0.47

28. | 26-30 September 2011 N UF -3.27 -13.8 1.26

29. | 18-27 July 2012®) N GD —4.55 —22.4 1.37

30. | 2-13 August 2012 N UF —4.17 —22.2 0.58

31. | 17 July — 1 August 20130 N UF —6.15 —26.0 0.63

32. | 11-31 August 2013 N GD —5.03 -39.7 0.92

33. | 15-30 September 2013 S UF —7.34 —40.2 —0.71

™) see the comments in (Paper I)

In total 33 upwelling events were found in May—September 2007-2013 (Table
1). On average, five events a year were registered, and the maximum number of
events (eight) was observed in 2011. This result is similar to the results by
Uiboupin and Laanemets (2009), but the Ferrybox data from 2007-2013 revealed
an almost equal number of events near the northern coast (17) and the southern
coast (16) (Paper I). Since the upwelling near the northern coast was detected for
150 days and near the southern coast for 140 days, the upwelling occurred at 18
and 17% of the time, respectively, off these two coasts (altogether data from 838
days were available). The result is similar to the findings by (Lehmann et al. 2012)
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when they analyzed the remote sensing data. However, it is quite different from
the results based on numerical models (Myrberg and Andrejev 2003, Lehmann et
al. 2012), which have indicated much higher upwelling occurrences (up to 30%)
near the northern coast and prevalence of downwelling near the southern coast.
Both, the maximum temperature deviation and the average of these maximum
deviations during the identified upwelling events were larger near the southern
coast (Paper I). The maximum negative temperature deviation from the transect
mean value near the southern coast was —7.78 °C (during the event on 17 to 23
August 2010) and near the northern coast —6.15 °C (during the event on 17 July—
1 August 2013). The average of maximum temperature deviations for all detected
events was —4.64 °C and -3.60 °C, respectively.

The introduced cumulative upwelling index (CUI) summarizes both, the total
extent of an upwelling in space and its duration in time. The average value for 17
upwelling events off the northern coast was —14.5 °C day and off the southern
coast —16.2 °C day (Paper I). Summing up CUI values for all detected upwelling
events gave the total CUI for the events off the northern coast of —247.0 °C day
and off the southern coast of —258.4 °C day. It was found that the negative
temperature deviations from the transect mean are more common for the northern
coastal sea area while the upwelling events were more intense in the southern
coastal sea area. A larger impact of the upwelling events near the southern coast
has also been noted in the earlier studies (Laanemets et al. 2009, Vili et al. 2011),
and it was explained by a higher position of the thermocline, steeper bottom slope
and greater depths in the southern part.

The highest monthly number of upwelling events was observed in July, and
the sum of CUI values of all events in July and August (—185.3 °C day and
—187.9 °C day) clearly exceeded the respective values in the other months (Paper
I). Obviously, the revealed seasonal course was partly related to the temperature
difference between the surface layer and the cold layer beneath the seasonal
thermocline, which has its maximum in the Gulf of Finland in July—August
(Liblik and Lips 2011).

3.2.2 Relation to wind forcing

The occurrence of coastal upwelling events in the Gulf of Finland can be related
quite well to the variations of the along-gulf wind stress (Paper I). The upwelling
events appeared after a certain favorable wind pulses with long enough duration
and magnitude (Fig. 7). The estimated cumulative wind stress for the detected
upwelling events varied between 0.31 and 1.37 N m d for westerly winds and
between —0.09 and —1.08 N m 2 d for easterly winds (Table 1). The average value
of the cumulative wind stress for an upwelling event off the northern coast was
0.71 N m d and off the southern coast -0.44 N m d. Since the upwelling events
along the two coasts had, on average, similar magnitude, this result suggests that
the required favorable along-gulf wind stress has to be larger for the upwelling
events off the northern coast than for the similar events off the southern coast.
This suggestion is also supported by a comparison of relationships between the
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CUI and cumulative wind stress (CWS) related to the upwelling events near the
opposite coasts (Fig. 8). The linear regression lines between the CUI and CWS
indicate that at the same CWS values, the upwelling events had higher intensities
off the southern coast than off the northern coast.
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Figure 7. Temporal changes in upwelling index off the northern coast (at the top of each
subplot; °C) and off the southern coast at the bottom of each subplot; °C) and along-gulf
wind stress (black curve in the middle; N m~2) in May—September 2009, 2010, 2011, and
2012.

Laanemets et al. (2009) suggested that the steeper slope and greater depths
near the southern coast could be the reasons for a more intense outcome of the
upwelling events there. This suggestion was based on a simple theory of
upwelling dynamics linking the position of the onshore return flow with the
bottom slope and stratification (Lentz and Chapman 2004). Since near the both
coasts, the onshore return flow should occur in the near-bottom layer, but the
slope is steeper and depths are greater in the south, the vertical transport of cold
and nutrient rich waters could be more intense in the southern gulf (Laanemets et
al. 2009, Vili et al. 2011).

An additional explanation comes from the estuarine character of the Gulf of
Finland — it is open in the west with free water exchange and closed in the east
with the main freshwater source. Prevailing winds together with Coriolis force
create a general cyclonic circulation in the surface layer (Alenius et al. 1998); due
to the geostrophic balance, it results in a higher sea level and deeper thermocline
in the northern part of the gulf. Such an average thermocline inclination across
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the gulf was shown by Liblik and Lips (2017) based on an analysis of 35
temperature and salinity cross-sections. Thus, weaker wind impulse is needed for
upwelling initiation on the southern side of the gulf.

Furthermore, a longer and stronger southwesterly wind impulse can cause
“filling-up’ of the gulf and is counteracting to the estuarine circulation (Elken et
al. 2003). This wind impulse creates an inflow in the surface layer and downward
movement of the thermocline (Liblik and Lips 2017), which in turn may reduce
the upwelling outcome near the northern coast and makes it more energy
demanding to maintain the event. Opposite process is taking place with down—
estuary winds (easterly) — outflow in the surface layer and, therefore, a general
upward movement of the thermocline and strengthening of the stratification
(Liblik and Lips 2012). Thus, in the latter case, the estuarine circulation is
supporting an upward movement of the thermocline in the entire gulf (Lips et al.
2008) and easier generation of upwelling events near the southern coast.
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Figure 8. The relationship between the cumulative upwelling index (CUI) and cumulative
along-gulf wind stress (CWS) based on 33 detected upwelling events in May—September
2007-2013. Red symbols indicate the events off the southern coast and blue symbols the
events off the northern coast; circles correspond to the events with pronounced upwelling
front (N_UF and S_UF) and triangles the events with a gradual decrease in temperature
towards the coast (N_GD and S_GD). The linear regression lines for southern (solid line)
and northern upwelling events (dashed line) are shown.

3.2.3 Two types of upwelling events

Two characteristic shapes of upwelling events in the surface layer temperature
distribution were identified near the both coasts (Paper I). Most of the upwelling
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events were characterized by a sharp and intense temperature front between the
upwelling waters and the rest of the transect (Fig. 9; red curves). The sharp
upwelling fronts are usually associated with strong along-front jet currents, for
instance, as measured by Suursaar and Aps (2007) in the Gulf of Finland in
summer 2006. Typical for such events were an almost uniform temperature
outside the upwelling area and the temperature minimum (maximum temperature
deviation) close to the upwelling front. The other distribution pattern (Fig. 9; dark
blue curves) exposed a gradual decrease in temperature towards the upwelling
waters. Typical for the latter events were the irregularities in temperature
distribution with a characteristic scale of a few kilometers and the temperature
minimum (maximum temperature deviation) in the cell closest to the shore. The
mentioned irregularities could be associated with the development of upwelling
filaments, which occurred under certain conditions and stayed in our
measurement window (Uiboupin and Laanemets 2009).

Zhurbas et al. (2008) have shown based on a numerical experiment that the
cold/warm water squirts and filaments could develop after the weakening of the
upwelling favorable winds. Similarly, the sub-mesoscale squirts and filaments
could develop if the wind forcing is strong enough to initiate an upwelling event
but not as strong as needed to retain the mesoscale frontal dynamics. This
situation could be relevant for the southern upwelling events with a gradual
decrease in temperature toward the coast developed in case of upwelling
favorable, but relatively weak winds (Paper I; see also Fig. 8).

The prevailing westerly to southwesterly winds, which cause an inflow in the
upper layer and a compensating outflow in the deeper layers (Elken et al. 2003,
Liblik and Lips 2012), could lead to the deepening of the seasonal thermocline in
the gulfin 2012 and 2013. The two very intense upwelling events with the gradual
temperature decrease were observed in these summers along the northern coast.
Thus, even if the wind forcing stays constant, the deepening of the thermocline
could counteract to the upwelling development, and it could lead to instabilities
and appearance of filaments. The occurrence of more filaments related to intense
upwelling events near the northern coast (in comparison to those near the
southern coast) could also be related to the differences in the bottom topography
near the northern and southern coasts. Zhurbas et al. (2006) have shown that the
baroclinic instability of the upwelling jet is expected to occur when the bottom
slope is smaller than the isopycnal slope, which could be the case more often near
the northern coast where the slope is less steep.

The spatial distribution of salinity in the surface layer from coast to coast
drastically differed between the upwelling events near the northern coast and the
events near the southern coast (Fig. 9). In the latter case, the spatial variability
was much larger than in the former case. In addition, in the case of southern
upwelling events, the salinity minimum along the transect was often situated very
close to the upwelling front. Although such diversity in salinity distribution could
partly be related to the history of water movements in the gulf, the local salinity
minimum close to the upwelling front might be caused by the westward current
jet along the front as also revealed by model experiments (Laanemets et al. 2011).
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A similar decrease in horizontal salinity gradient across the gulf due to westerly
winds and an opposing increase of the gradient due to easterly winds was noted
by Liblik and Lips (2017) based on an analysis of salinity cross-section data from
summers 2006—-2013.
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Figure 9. Characteristic distributions of temperature and salinity along the ferry route
Tallinn—Helsinki with coastal upwelling events off the northern coast (a, b) and off the
southern coast (c, d); x-axis shows the distance from the Tallinn Bay (latitude 59.48° N)
in km along the meridional transect.

3.3 Surface layer sub-mesoscale variability

According to the theory of quasi-geostrophic turbulence in the ocean interior, the
shape of the energy spectrum should follow the —3 slope (in log-log space) at the
spatial scales below the mesoscale (Charney 1971). It has been shown that if the
spatial resolution of numerical models was increased the spectral slope converted
rather to —2 than —3 (Capet et al. 2008) suggesting that sub-mesoscale processes
play an important role in the energy cascade from larger to smaller scales. In the
present study, in situ observations, using both autonomous devices and research
vessel were applied to map the distribution patterns of temperature and salinity
(at meso- and sub-mesoscale) in the Gulf of Finland. The analysis of Ferrybox
data revealed that, under certain conditions, upwelling events existed with a
gradual decrease of surface layer temperature from the open sea towards the coast
characterized by a relatively high spatial variability at scales of a few to 10 km
(Paper I). This spatial variability could be a sign of sub-mesoscale dynamics in
the case of wind forcing not strong enough to produce an Ekman transport in the
entire surface layer and maintain the mesoscale upwelling front.
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Overall horizontal variability of temperature characterized as the standard
deviation of temperature along the ferry route was varying in quite large ranges
in time — from 0.2 °C to 3.7 °C (Fig. 10), however, the seasonal averages for
analyzed four years were quite close to each other (Table 2). The calculated
horizontal wavenumber spectra of temperature variance had also relatively large
variability in the spectral level, but the spectral curves could be approximated as
straight lines between the lateral scales of 10 and 0.5 km (Paper III). Within the
periods of high spatial variability of temperature, mostly related to upwelling
events affecting the distribution of temperature in the surface layer, the estimated
spectral slopes (scales from 10 km to 0.5 km) were between —1.8 and -2 (Table
2).

Table 2. Standard deviations of temperature and slopes of wavenumber spectra of
temperature variance based on the data collected in the surface layer along the ferry route
between Tallinn and Helsinki. Average values for each year over the study period from
29 June to 31 August and within the selected periods with similar spatial variability are
given. Numbers of the periods correspond to the periods marked in Fig. 10.

Year  Dates Standard deviation Spectral slope
No (°O) (10 km — 0.5 km)

2009 29 June-31 August 0.71 =21
1 29 June—15 July 1.26 -1.9
2 16 July—14 August 0.37 23
3 15 August-31 August 0.78 -1.9
2010 29 June-31 August 0.83 2.2
1 29 June-18 July 0.52 2.3
2 19 July-31 July 1.46 -2.0
3 1 August—16 August 0.48 2.2
4 17 August-24 August 1.89 -1.9
2011 29 June-31 August 0.73 -2.2
1 29 June—12 July 0.93 -2.1
2 13 July-25 July 0.38 -2.6
3 26 July—9 August 1.43 -1.9
4 10 August-31 August 0.34 2.2
2012 29 June-22 August 0.76 2.2
1 29 June-16 July 0.32 2.6
2 17 July—13 August 1.16 -2.0
3 14 August-22 August 0.35 2.4

The found conversion of wavenumber spectra of temperature variance to —2
slope has been identified earlier in other sea areas by high-resolution modeling
(Capet et al. 2008) and in situ measurements (Hodges and Rudnick 2006).
Kolodziejczyk et al. (2015) showed that if the spatial variability of surface density
in the north-eastern subtropical Atlantic Ocean was analyzed then the —2 spectral
slope was obtained in summer conditions when the salinity and temperature
variations did not compensate each other. In the Gulf of Finland in summer, the
wavenumber spectra of both temperature and density variance corresponded to
—2 slope when the spatial variability was dominated by coastal upwelling events
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(or their relaxation). Similar tendency towards —2 slope was obtained for the
wavenumber spectra of temperature variance in the thermocline layer between
the spatial scales of 10 and 1 km estimated based on data from Scanfish surveys

(Paper I1I).
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Figure 10. Statistical characteristics of the temperature variability in the surface layer of
the Gulf of Finland along the ferry route Tallinn—Helsinki from 29 June to 31 August in
2009, 2010, 2011, and 2012. Standard deviations of temperature are shown as solid lines
and spectral slopes of temperature variance between the horizontal scales of 10 and 0.5
km as dotted lines. The vertical dashed lines denote the borders between the selected
distinct periods with similar variability patterns (numbers of periods are shown in the
upper part of the panels).

According to these findings, the sub-mesoscale processes have to be more
energetic than suggested by the quasi-geostrophic theory of turbulence in the
ocean interior. Recent high-resolution modeling studies (grid spacing of 0.125
nautical miles was used; Vili et al. (2016)) also showed the occurrence of diverse
sub—mesoscale features in relation to the development and relaxation of
upwelling events in the Gulf of Finland. Vili et al. (2016) noticed the following
features: the high Rossby number threads (typical width and length of 2—-3 km
and 10-50 km, respectively), cyclonic vortices with a diameter of 4-6 km, and
spiral cyclonic eddies with a diameter of 10—15 km. The signs of such sub-
mesoscale features could be seen in the sub-surface layer at the vertical profiles
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of temperature and/or salinity as intrusions of waters with different thermohaline
characteristics (see e.g. Fig. 6d and Paper III). Based on the Scanfish data, these
patches were usually inclined in relation to a horizontal plane and isopycnals as
it was found for filamentary sub-mesoscale structures in the upwelling system off
southern Peru (Pietri et al. 2013). The intrusions had characteristic vertical scales
of 5-15 m and lateral scales of about 5 km (Paper III).

3.4 Biogeochemical signal dynamics
3.4.1 Spring bloom dynamics derived from Ferrybox observations

Spring bloom in the Baltic Sea is mostly controlled by the winter pool of
inorganic nutrients and prevailing physical conditions during the bloom period.
The bloom is very dynamic, and high-resolution observations have to be applied
to follow the bloom development and influencing factors, among them mesoscale
processes and development of vertical stratification (Kahru and Nommann 1990).
An example, how the Ferrybox technology is applied to describe the spring bloom
in the Baltic Sea, is presented by Fleming and Kaitala (2006), who derived the
spring bloom intensity index based on Chl a fluorescence measurements.

The Marine Systems Institute at Tallinn University of Technology has
established a marine environmental observatory in the Gulf of Finland with
Ferrybox measurements along the Tallinn—Helsinki ferry line in its core (Papers
II-IV). The analyzed Ferrybox data collected in spring 2009 and 2010 indicated
that the Chl a concentration >5 mg m~ (considered as the start of the bloom;
Paper 1V) was reached in the Gulf of Finland before the surface temperature
exceeded the temperature of maximum density (2.5 °C). The earlier bloom
development in 2009 compared with 2010 could be related to the slightly earlier
warming of the surface waters and/or stronger haline stratification in 2009
(similarly to findings by Kahru and Nommann (1990)). This suggestion assumes
that the lower salinity in the surface layer in spring 2009 indicates a stronger
vertical stratification (Paper IV). After passing the temperature of maximum
density, the Chl a peaks coincided with the periods of relatively fast temperature
increase (Fig. 11). It shows indirectly the positive role of the buoyancy flux
(leading to a strengthening of the vertical stratification) for phytoplankton growth
in spring (Paper II).

Based on flow-through data and laboratory analyses, two more characteristic
features of the spring bloom were detected. The bloom started to decline when
the inorganic nitrogen was depleted from the surface layer (Fig. 11). The
secondary peak of the bloom dominated by dinoflagellates (Paper I'V) occurred
in the second half of May after a relatively rapid increase of the surface
temperature (Fig. 11).

To extend the Ferrybox observations to a larger area, remote sensing data
could be used, but for the Gulf of Finland, it is not easy to find cloud-free images.
Two images as reduced resolution MERIS L2 products were available from the
bloom development period on 12 and 14 April 2010 (Paper II). Based on the
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remote sensing data, the Chl a levels were higher on 14 April than those on 12
April pointing to the phytoplankton growth (bloom development) as also revealed
by the Ferrybox data for the same period (Fig. 11). The Chl a levels were
somewhat higher in the central and southern parts than those close to the northern
shore and clear spatial variability in mesoscale was detected on 14 April (Paper
I0).
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Figure 11. Temporal variations of environmental parameters in the Gulf of Finland in
March—May 2010 presented as daily averages for water sample analyses and 5-d running
mean values for flow-through data. Axes represent Ferrybox water temperature (left y-
axis), Chl a content from Ferrybox flow-through and water samples (first y-axis on the
right), NO3+NO, concentration (second y-axis on the right side) and PO4 concentration
(third y-axis on the right).

Both, the Ferrybox data and extracted MERIS L2 product data along the ferry
route were calibrated against Chl a content measured from the water samples. A
comparison of the two datasets showed that the remote sensing data qualitatively
agree well with the Ferrybox and water sample analysis data. The quantitative
comparison revealed that the correlation between MERIS data and water samples
analysis results was low, although significant (Fig. 12; Paper II). One reason for
the latter could be the time lag between the satellite image and ground
measurements — more than 10 hours, which might lead to some shifts of borders
between the water masses with high and low Chl a content. Another reason could
be the stratification, which as shown by (Uiboupin and Laanemets 2015)
influences the match of remote sensing and Ferrybox data (acquired from the 4—
5 m depth) if the wind speed is <5 m s~

A challenge of using Chl a fluorescence data for the estimates of the Chl a
content is related to the chlorophyll quenching (e.g. Halverson and Pawlowicz
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2013). As seen from Fig. 12, the Chl a fluorescence data from two crossings
differ, whereas the Chl a values from the water sample analyses are well
correlated with the data from Helsinki to Tallinn (made after 6:30 p.m.). To avoid
the quenching effect, the data only from evening crossings are used in the present
study.
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Figure 12. Comparison between Chl a data — MERIS L2 product (dashed line), Ferrybox
data (solid line) and water samples analysis results (crosses) obtained along the ferry route
on 12 April 2010 (left panel). Comparison between Ferrybox Chl a data acquired on 19
April 2010 (right panel) when the ferry was traveling from Tallinn to Helsinki (dashed
line) and from Helsinki to Tallinn (solid line) and water samples analysis results (crosses)
collected from Helsinki to Tallinn.

The standard Ferrybox sensor set can be complemented with various other
sensors — nutrient analyzers, pCO, sensors and others. In spring 2010, a pCO»
sensor was attached to the Ferrybox system on board “Galaxy”. It was
demonstrated that spatiotemporal distribution of pCO, was in a good accordance
with the Chl a dynamics confirming that the pCO, measurements can be used for
estimates of phytoplankton productivity (Paper II).

3.4.2 Dynamics of summer phytoplankton from Ferrybox observations

Since the surface layer of the Gulf of Finland is usually depleted of inorganic
nutrients in summer, the growth of phytoplankton to a large extent depends on
physical processes creating vertical nutrient fluxes (Lips and Lips 2008) or
producing favorable conditions for certain phytoplankton groups (Lips et al.
2011). The two examples, shown in Fig. 13, represent the situation of an increase
of Chl a content in the near-coast convergence zone — in late July 2010 near the
northern coast and in the second half of July—early August near the southern
coast.

Before the biomass increase in late July 2010, the cyanobacteria dominated in
the surface layer under strongly stratified conditions in the first half of July (Lips
and Lips 2014). Later, the sub-surface Chl a maxima were observed in the central
and northern part of the gulf (based on Scanfish data; Paper III). When the wind
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favorable for cross-gulf Ekman transport from south to north appeared, the bloom
developed in the northern gulf (Fig. 13). Since the species, which dominated in
the sub-surface Chl a maxima layer (Heterocapsa triquetra), was abundant in the
bloom area, it was suggested that the bloom could not be explained by pure
convergence in the surface layer and did benefit from the sub-surface biomass
(Lips and Lips 2014; Paper III). Consequently, the ageostrophic sub-mesoscale
processes, which could be responsible for vertical transport and re-stratification
of the surface layer, might also contribute to the growth enhancement (Levy et al.
2012).
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Figure 13. Temporal changes in horizontal and vertical distribution of Chl @ (mg m™) in
the Gulf of Finland measured by the Ferrybox system between Tallinn and Helsinki and
the autonomous buoy profiler at station AP5 from 29 June to 31 August in 2010 and 2012.
The Ferrybox route and the location of station AP5 are shown in Fig. 1.
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CONCLUSIONS

Ferrybox technology has been proven as a cost-effective environmental

monitoring approach as well as a method of in situ measurements for studying

processes controlling the upper layer dynamics in the sea. The value of the data
is increasing in time when this high-resolution observation method is applied for

a long time, e.g. for decades covering the variability in all seasons in a certain sea

area. The data collected along the Tallinn—Helsinki ferry route from coast to coast

in the elongated Gulf of Finland characterize the variability in transversal
thermohaline structure within a large range of temporal and spatial scales. The
analysis allows to draw conclusions on the dynamics of this estuarine-like basin.

Among the other issues the suggestions from short-time experiments on the

causes of variability of the thermohaline and biogeochemical fields can be tested

on this long-term but high-resolution data set.

The main scientific question of this study was related to the dynamics of
coastal upwelling events. The results show that the classical scheme of coastal
upwelling/downwelling in elongated basins (Krauss and Briigge 1991) has to be
updated to take into account the estuarine character of the Gulf of Finland. The
gulf'is closed at the eastern end, where the freshwater input exists, and it has open
water exchange with a larger basin through the western border. This configuration
leads to clear differences in upwelling behavior near the northern and southern
coasts of the gulf. The main differences are seen in upwelling frequencies and
intensities in relation to the wind forcing.

The main results of the present thesis can be summarized as follows:

e Ferrybox measurements from Tallinn to Helsinki can be successfully used to
describe the surface layer dynamics in the Gulf of Finland, including coastal
upwelling events.

e An average cross-gulf salinity distribution in the surface layer with the
salinity minimum in the northern gulf confirms that, in general, an outflow
of fresher waters dominates along the northern coast (with the core at a
distance of 20 km from the northern shore) in summer.

e Upwelling index based on the temperature data from a single crossing and
cumulative upwelling index were introduced and applied on collected
Ferrybox data from May—September 2007-2013.

e The upwelling occurrences and average intensities of the events are similar
near the northern and southern coasts while the wind impulse needed to
generate an upwelling event of certain intensity differs between the two
coastal areas.

e This different response to the wind forcing in the southern and northern
coastal areas could be related to the estuarine character of the basin with only
one open border in the west and prevailing winds from west — south-west.

e A deeper position of the thermocline (on average) in the northern gulf could
be a reason why a stronger wind impulse is needed to initiate the upwelling

41



by the westerly (up-estuary) winds near the northern coast than in the case of
the easterly (down-estuary) winds and the upwelling near the southern coast.
Secondly, dominating long-term easterly (down-estuary) winds cause an
outflow of the surface layer waters and a compensating upward movement of
the thermocline in the gulf that intensifies the upwelling near the southern
coast. The effect is reversed in the case of long-term westerly (up-estuary)
winds, working against the upwelling intensification near the northern coast.
Two types of upwelling events were identified — one characterized by a strong
upwelling front and the other revealing a gradual decrease in temperature
from the open sea to the coastal area. The spatial variations in temperature
with scales of a few kilometers, which were characteristic for the second type,
could be signs of the sub-mesoscale features (filaments and squirts)
associated with the upwelling dynamics.

The identified pronounced sub-mesoscale features in the surface and
subsurface layer (filaments and intra-thermocline intrusions) and estimated
slopes of horizontal wavenumber spectra of temperature variance between
the lateral scales of 10 and 0.5 km (being close to —2) indicate that
ageostrophic sub-mesoscale processes contribute considerably to the energy
cascade from larger to smaller spatial scales in this stratified sea basin.

Both the variations in vertical stratification and mesoscale hydrodynamic
processes have been employed to explain the observed spring bloom
evolution and its spatial and temporal variability. The observed coincidence
of Chl a peaks with the periods of relatively fast temperature increase
indirectly shows the importance of positive buoyancy fluxes (vertical
stratification) for phytoplankton growth in spring.

High-resolution measurements and sampling revealed the high spatial and
temporal variability in Chl a distribution, the phytoplankton growth
enhancement related to the convergence in the surface layer near the coasts
and the possible contribution of sub-mesoscale processes to the formation of
surface blooms.
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Abstract. Ferrybox measurements have been carried out be-
tween Tallinn and Helsinki in the Gulf of Finland (Baltic
Sea) on a regular basis since 1997. The system measures au-
tonomously water temperature, salinity, chlorophyll a fluo-
rescence and turbidity and takes water samples for further
analyses at a predefined time interval. We aimed to show
how the Ferrybox technology could be used to study the
coastal upwelling events in the Gulf of Finland. Based on the
introduced upwelling index and related criteria, 33 coastal
upwelling events were identified in May—September 2007—
2013. The number of events, as well as the frequency of their
occurrence and intensity expressed as a sum of daily average
temperature deviations in the 20 km wide coastal area, were
almost equal near the northern and southern coasts. Nev-
ertheless, the wind impulse, which was needed to generate
upwelling events of similar intensity, differed between the
northern and southern coastal areas. It is suggested that the
general thermohaline structure adapted to the prevailing forc-
ing and the estuarine character of the basin weaken the up-
welling created by the westerly to southwesterly (up-estuary)
winds and strengthen the upwelling created by the easterly to
northeasterly (down-estuary) winds. Two types of upwelling
events were identified — one characterized by a strong tem-
perature front and the other revealing gradual decrease in
temperature from the open sea to the coastal area, with max-
imum temperature deviation close to the shore.

1 Introduction

Unattended monitoring of marine environments using ships
of opportunity has been implemented in many regions of the
world ocean (e.g., Paerl et al., 2009; Hardman-Mountford

1 July 2016

et al., 2008), including the Baltic Sea and the Gulf of Fin-
land (Rantajdrvi, 2003). The measurement systems installed
on board commercial ferries or other ships are called “Fer-
ryboxes”, and they consist of various sensors, devices creat-
ing water flow through the sensors and software packages
controlling the system and managing the data. The com-
monly used Ferryboxes measure temperature, salinity, and
chlorophyll a fluorescence in the seawater pumped through
the system from the surface layer along the ship track. First
trials of using ships of opportunity for environmental mon-
itoring in the Gulf of Finland were made by Estonian and
Finnish scientists between Tallinn and Helsinki in 1990—
1991 (Rantajirvi, 2003). Regular Ferrybox measurements
along this route were started in 1997, while the longest data
series of Ferrybox measurements (since 1993) is available
along the Helsinki-Travemiinde ferry route (Petersen, 2014).

The Gulf of Finland (GoF) lies in the northeastern part of
the Baltic Sea (Fig. 1). It is an elongated basin with a length
of about 400 km and a maximum width of 135 km (Alenius et
al., 1998). The vertical stratification in the gulf is character-
ized by a quasi-permanent halocline at a depth of 60-80 m,
and a seasonal thermocline, which forms in spring—summer
at a depth of 10-20 m (e.g., Liblik and Lips, 2011). The long-
term residual circulation in the surface layer of the gulf is
characterized by a relatively low speed and by a cyclonic pat-
tern. The saltier water of the northern Baltic proper flows into
the gulf along the Estonian (southern) coast, and the gulf wa-
ter, which is less saline due to the large freshwater inflow at
the eastern end of the gulf (the Neva River), flows out along
the Finnish (northern) coast. The circulation is more com-
plex at timescales from days to weeks mainly due to the vari-
able wind forcing. A variety of mesoscale processes/features
(fronts, eddies, coastal upwelling/downwelling), which sig-
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Figure 1. Map of the Baltic Sea (a) and the study area (b) with the Ferrybox transect and Kalbadagrund meteorological station. Maps are

made using Ocean Data View software (Schlitzer, 2015).

nificantly affect the biological production, retention, and
transport, have been observed in the Gulf of Finland (e.g.,
Talpsepp et al., 1994; Kononen et al., 1996; Pavelson et al.,
1997; Vahtera et al., 2005; Lips et al., 2009).

Dynamics and characteristics of upwelling events have
been studied in the Gulf of Finland based on in situ measure-
ments (e.g., Haapala, 1994), remote sensing (e.g., Uiboupin
and Laanemets, 2009) and modeling (e.g., Myrberg and An-
drejev, 2003). Most prominent upwelling events that were
captured by measurements are an event along the northern
coast in July 1999 (Vahtera et al., 2005) and an event along
the southern coast in August 2006 (Lips et al., 2009). The
following characteristic features of upwelling events in the
Gulf of Finland are suggested:

1. the Finnish coastal sea in the northwestern GoF is one of
the main upwelling areas in the Baltic Sea (Myrberg and
Andrejev, 2003), where upwelling frequency in May—
September 1990-2009 has been up to 15 % (Lehmann
et al., 2012); almost the same upwelling frequency is
suggested by the latter authors for the central GoF along
the Estonian (southern) coast;

2. mean upwelling area detected on the basis of 147 maps
during the period of 2000-2009 was 5642km? (19 %
of the GoF surface area) along the northern coast and
3917km? (13 % of the GoF surface area) along the
southern coast (Uiboupin and Laanemets, 2015), while
the largest area covered by the upwelling water was
identified as 12140 km? (data from 2000 to 2006; Ui-
boupin and Laanemets, 2009); the authors’ estimate of
the mean cross-shore extent of the upwelling area was
20-30km off the northern coast and varied between 7
and 20 km off the southern coast;
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3. the intensity of upwelling events depends on the val-
ues of cumulative upwelling-favorable wind stress and
strength of vertical stratification; Haapala (1994) sug-
gested that an at least 60 h long wind event has to exist
to create an upwelling event; based on the wind data
analysis from 2000 to 2005 and taking the threshold
value for cumulative wind stress of 0.1 N m~2 day, on
average, about two upwelling events should appear off
the southern coast and four events off the northern coast
(Uiboupin and Laanemets, 2009);

4. it is suggested that the difference in topography off the
southern and northern coasts of the GoF results in dif-
fering upwelling dynamics along the opposite coasts —
in the case of similar wind stress (but in opposite direc-
tions) the transport of waters from deeper layers starts
earlier and is larger along the southern coast (Vili et al.,
2011).

The motivation of the present paper is to show how the
Ferrybox technology can be used to study mesoscale pro-
cesses, especially coastal upwelling events in the Gulf of Fin-
land. We describe the approach, its advantages and limits,
and present statistical characteristics of upwelling events on
the basis of data collected in 2007-2013. The main aims are
to relate the observed variability and dynamics of upwelling
events to the atmospheric forcing, to reveal the differences
in upwelling behavior in the northern and southern coastal
areas, and to suggest an alternative physical explanation of
the found differences by taking into account the prevailing
forcing and estuarine character of the basin.
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2 The measurement system and methods
2.1 Ferrybox system

Temperature (7'), salinity (S), chlorophyll a fluorescence
and turbidity data and water samples for nutrients and phy-
toplankton chlorophyll a (Chl a), species composition and
biomass analyses have been collected unattended on passen-
ger ferries traveling between Tallinn and Helsinki (Fig. 1)
since 1997. Due to the internal arrangements of ferry com-
pany Tallink Silja and its predecessors, several ships were
used as the platforms for Ferrybox measurements, which also
differ regarding water intake features. A flow-through sys-
tem from 4H-Jena, Germany, with the water intake attached
to the sea chest of the ferry, has been in use since 2006. The
water enters the sea chest through a grating with a total sur-
face area of 0.84 m* located at about 4m depth below the
waterline. The water flow from the sea chest into the sys-
tem is forced by the hydrostatic pressure since the Ferrybox
is located on the lower deck about 3 m below the waterline.
To restrict larger particles from getting into the measurement
system, a mud filter (pore size 1 mm) is used close to the
water intake. Before the sensors, a debubbler is installed to
avoid air bubbles to affect the measurements of conductivity,
turbidity and Chl a fluorescence. The flow rate through the
sensors is stabilized by an internal pump, which is controlled
by a pressure sensor in the system. Water samples are taken
by a sampling device (Hach Sigma 900 MAX), whereas the
water is pumped from the debubbler into the bottles using an
internal pump of the water sampler.

For temperature measurements, a PT100 temperature sen-
sor is used that is installed close to the water intake to dimin-
ish the effect of warming of water while flowing through the
tubes onboard. The sensor has a measuring range from —2 to
440 °C and an accuracy of 0.1 % of the range, i.e., 0.04 °C.
For salinity measurements an FSI Excell thermosalinograph
(temperature and conductivity meter) and for Chl a fluores-
cence and turbidity measurements a SCUFA submersible flu-
orometer (Turner Designs) with a flow-through cap are used.
The accuracy of the conductivity sensor is 0.0025 S m~!. The
system starts the measurements and data recording when the
ferry is away from the harbor more than a predefined distance
of 0.7 nautical miles (controlled by a GPS device in the sys-
tem) and stops when it is closer than this distance to avoid
sediments getting into the system. The data are recorded dur-
ing every crossing (twice a day) every 20s, which corre-
sponds to a horizontal resolution of approximately 160 m.

2.2 Quality assurance and pre-processing of data

The sensors have been calibrated at the factory before the
installation and if necessary sent for an additional labora-
tory calibration. Since the system contains two temperature
sensors, the performance of them is routinely followed by a
comparison of data acquired from the sensors. The quality
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of thermosalinograph data is guaranteed by taking a series of
water samples (14—17 samples) and analyzing them using a
high-precision salinometer (AUTOSAL) two to four times a
year. The analyses have shown that a correction of 0.08 (units
in Practical Salinity Scale; the value has been stable over the
years) must be added to the recorded salinity. While the raw
salinity is recorded in units according to the Practical Salinity
Scale 1978, the results on salinity distribution and variability
are given in the paper (Sects. 3 and 4) in gkg~! according to
Feistel et al. (2010). Particular care is taken to calibrate the
SCUFA fluorometer; however, since we do not use the fluo-
rometer data in this study, the used routine is not described
here.

The data acquired by the Ferrybox system recorded with a
time step of 20s are stored in an onboard terminal. To syn-
chronize the measurements performed by the sensors with
different sampling frequencies and GPS, the acquired data
within every 19 s interval are averaged and recorded as mea-
surements at every 20th second. The data are automatically
delivered to the on-shore FTP server once a day when the
ferry is in the harbor using a GSM connection. The perfor-
mance of the system is validated by the control parameters,
such as the flow rate and pressure in the system, and the data
are checked for unrealistic values against the criteria set for
every parameter on the basis of known natural variations of
them in the Gulf of Finland.

One of the procedures, which has to be carried out when
using the Ferrybox data, is the shifting of data points to the
actual positions of the water intake. The problem arises since
the coordinates attached to a data record correspond to the
location of the ferry at the time of measurement, but the wa-
ter is taken in earlier at a different position. Since various
systems of water intake are applied, this procedure is unique
for each combination of a Ferrybox and a ferry. As described
above, in our design the seawater enters first a relatively large
sea chest and the flushing through-time of it is unknown.
While the water flows through the sea chest and into the
tubes and debubbler with a flow rate of 12—15L min~!, the
ferry moves on at an average speed of 16 knots. We solved
the problem of position correction taking into account the
advantage of having two crossings a day.

Analysis of data from return journeys allowed us to in-
troduce a position correction procedure — the best result is
achieved by shifting the measured data points against the
GPS time for 3—4 min, depending on the ferry and exact in-
take installation. This relatively long period is obviously re-
lated to the water exchange in the sea chest. Due to an almost
constant cruising speed of the ferry outside the harbor areas,
the applied procedure gives acceptable results. The compari-
son of data from Tallinn to Helsinki and back from Helsinki
to Tallinn obtained on the same day is one of the used qual-
ity assurance procedures — the profiles containing unexpected
deviations are marked by a quality flag indicating a possible
quality problem.
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2.3 Data and calculation methods

Temperature and salinity data collected along the Tallinn—
Helsinki ferry line from May to September in 2007-2013
are used for analysis purposes. In 2008, the system on board
the passenger ferry “Galaxy” was in use until 13 July and
the measurements started again on 13 August when the sys-
tem was installed on board the ferry “Baltic Princess”. How-
ever, due to some technical problems, the regular measure-
ments were only reliable from 2 September 2008. A fail-
ure of the system occurred late August 2012 and, therefore,
the data are not available from 29 August until the end of
September 2012. In early 2013, the next ferry (“Silja Eu-
ropa”) came to this line and the system was moved again,
causing a break in the measurements until 15 July 2013. The
number of crossings with the full data coverage is given in
Table 1. Four years — 2007, 2009, 2010 and 2011 — were the
years with almost complete data coverage, while most of the
data were not available in the second half of July and Au-
gust 2008, in September 2012 and in May, June and the first
half of July 2013. Thus, the data from all months from May
to September were analyzed at least from 6 years in 2007—
2013.

Collected raw data were preliminarily processed, includ-
ing shifting of measurements as described in Sect. 2.2, qual-
ity checked and stored in the database. This data set was used
to draw the maps of temporal variations of horizontal dis-
tributions of 7" and S for all studied years (Fig. 2). A step
(cell width) of 0.5 km along the south—north oriented line was
used to transform the data set from the matrix with a constant
time step into the matrix with a constant spatial resolution.
The fixed south—north orientation was applied to eliminate
the influence of differences in orientation of the ship track
in the southern, central and northern parts of the route (see
Fig. 1) and of possible deviations from the usual route. As
a result, the extent of the upwelling area is presented below
in the south—north direction, and a coefficient has to be ap-
plied to convert these values to the upwelling extent in the
cross-shore direction (as the cosine of the angle between the
south—north direction and a perpendicular line to the shore —
approximately 20°).

An upwelling index was introduced in the coastal area off
the southern coast (Ulg) and off the northern coast (Uly). For
each crossing, the average water temperature and horizon-
tal profile of temperature deviations from the average were
computed. The upwelling index was calculated as a sum of
negative temperature deviations in the coastal areas (0-20 km
offshore) as

i=1...40 i=101...140
Uls= > |AT|andUly= > |ATi]. M)
AT; <0 AT; <0

where AT; is the temperature deviation of 0.5 km cell i from
the average temperature of the crossing. The width of 20km
was selected on the basis of the analysis of all available tem-
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perature data from the Tallinn—Helsinki ferry line in 2007-
2013 (see Sect. 3.1 for details). The daily indexes were ob-
tained by averaging the two upwelling indexes from a sin-
gle day (from a return journey of the ferry). A cumulative
upwelling index (CUI) can be calculated by summing up up-
welling index values for certain periods. The obtained CUI
values were divided by 40, which is the number of data cells
in the 20 km wide coastal area, to keep the meaning of CUI as
the sum of average negative temperature deviations, having a
unit of °C day:

j=n2 1
CUIs(nl..n2) = Y (Emsj)

j=n
j=n2 1
and CUIN(nl...n2) = ];1 (EUIN ,-) , (2)

where n/ and n2 are the start and end day numbers of the
selected period, for which the cumulative upwelling index
is calculated, and Uls; and Uly; are the upwelling indexes
at day j off the southern and northern coasts, respectively.
This approach of the CUI calculation is similar to that used
previously in the studies of upwelling events and their influ-
ence on the phytoplankton dynamics in the Gulf of Finland
(see, e.g., Lips and Lips, 2008; Myrberg et al., 2008).

An upwelling event can be characterized by the cumu-
lative upwelling index calculated for the period when the
upwelling index (Uln or Uls) exceeded a certain threshold
value. We have defined this threshold value as 40 °C, which
corresponds, e.g., to a 20km wide upwelling with an aver-
age negative temperature deviation of 1°C. This choice is
explained in more detail in Sect. 3.2.

Wind data were obtained from the HIRLAM (High-
Resolution Limited Area Model) version of the Estonian Me-
teorological and Hydrological Institute with the spatial res-
olution of 11km and the time interval of 3h (Vili, 2011;
Minnik and Merilain, 2007). The model data point close
to Kalbadagrund, where a meteorological weather station is
also located (Finnish Meteorological Institute), was chosen
to represent the wind conditions in the study area. The data
from Kalbddagrund weather station or the closest HIRLAM
model point have also been used in the earlier studies of
coastal upwellings in the Gulf of Finland (Lips et al., 2008a;
Uiboupin and Laanemets, 2009). According to Keevallik and
Soomere (2010), the HIRLAM output matches well with
the observations at Kalbadagrund (the wind is measured at
32 m), although the modeled wind direction (at 10 m height)
is turned 20° counter-clockwise from the measured wind di-
rection.

Wind stress (in N m~2) is calculated for the wind compo-
nent along the axis of the Gulf of Finland, which corresponds
to the direction turned by 70° clockwise from the northerly
direction, as

770 = Cppa |U| U, 3)
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Table 1. Periods of measurements along the Tallinn—Helsinki ferry route in 2007-2013, number of days with measurements and number
of days with upwelling events off the northern coast (N) and off the southern coast (S).

Year  Ferry Period Number of ~ Number of days
days with data  with upwelling

N S

2007  Galaxy 1 May-30 September 141 26 21
2008  Galaxy 1 May-13 July 9 8 11

Baltic Princess 13 August—30 September

2009  Baltic Princess 1 May—30 September 145 33 30
2010  Baltic Princess 1 May-30 September 140 5 32
2011  Baltic Princess 1 May-30 September 135 19 30
2012  Baltic Princess 1 May—28 August 113 22 0
2013  Silja Europa 15 July-30 September 74 37 16

where U is the wind speed (in m s, Uy is its component
in the along-gulf direction, Cp is the drag coefficient (a con-
stant value of 1.2 x 1073 was chosen in the present study;
Large and Pond, 1981), and p, is the air density (1.2kg m—?).
Accordingly, positive values of the wind stress should initi-
ate southward Ekman transport in the surface layer and vice
versa. The cumulative wind stress (in N m™2 day) was cal-
culated based on daily averages of wind stress. If the cu-
mulative wind stress is large enough, upwelling events oc-
cur along the northern coast in the case of the positive wind
stress and along the southern coast in the case of the negative
wind stress.

3 Results
3.1 General variability and distribution patterns

The typical seasonal course of the surface layer temperature
in the Gulf of Finland is characterized by temperatures of
about 5 °C at the beginning of May, a maximum of >20°C
in late July—early August and a drop below 15°C in late
September. Within the analyzed years 2007-2013, the sur-
face layer temperature was highest in summer 2010 (Fig. 2)
when the period with the average along-transect temperature
of >20°C was 35 days. Against the background of seasonal
course and simultaneous shorter-term increases or decreases
in temperature over the whole study transect, periods with
distinctly lower temperature were observed off the northern
or southern shore. Such situations are related to the coastal
upwelling events — their characteristic timescale was several
days to 1-2 weeks, and they extended towards the open sea
by 15-20km (Fig. 2).

Interannual variations of the surface layer salinity in 2007—
2013 were high, with the highest salinity in 2011 and the low-
est in 2009. The surface layer salinity exceeded 6.5 gkg™!
for a longer period only in 2011 in the southern half of the
study transect (Fig. 2j) and for shorter periods of several days
in the case of coastal upwelling events off the southern shore
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(e.g., Fig. 2b and d). Note that in the case of coastal up-
welling events seen in the temperature distributions off the
northern coast, a simultaneous increase in salinity was not
very visible. As a rule, the surface layer salinity was higher
near the southern coast than that near the northern coast.
However, often the lowest salinity was measured in the mid-
dle of the transect — that is, in the open sea areas (e.g., Fig. 2f
and h). The seasonal course of salinity differed remarkably
between the years. While usually the lowest surface layer
salinity was observed in June-July, in 2008 the salinity was
lowest in May, and in 2010 and 2011 it was lowest in August.

The average temperature and salinity deviations in May—
September each year and for the entire study period, as well
as their root mean square errors (RMSEs), were calculated
in each 0.5km cell. On average, the temperature deviations
were close to zero along the entire study transect (Fig. 3a)
— the absolute values of average deviation were 6 times less
than the estimated RMSE of temperature. Nevertheless, the
surface layer temperature was slightly warmer in the open
Gulf of Finland than in approximately 20km wide coastal
areas (Fig. 3a). We relate this finding to the occurrence of
coastal upwelling events. For instance, in 2009, when coastal
upwelling events were observed off both coasts, the aver-
age temperature deviations were negative near both coasts
(Fig. 3c). In 2010, when upwelling events occurred mostly
off the southern coast, the negative values of average temper-
ature deviations were detected only in the southern part of
the transect (Fig. 3e).

It is remarkable that, on average, the variability of temper-
ature deviations was much higher near the coasts than in the
central part of the study transect (Fig. 3a). In the case of up-
welling events off the southern coast and their absence off the
northern coast (in 2010), this high variability of temperature
was concentrated only in the 20 km wide coastal area off the
southern shore (Fig. 3e). We suggest that this high variability
of temperature in the coastal areas is mostly related to the up-
welling activity and, therefore, we estimated the intensity of
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Figure 2.

upwelling events based on data from the 20km wide coastal
zones.

The average distribution of the surface layer salinity along
the transect was characterized by higher salinity values in the
southern gulf and lower values in the northern gulf (Fig. 3b).
The salinity deviations were positive in the 28 km wide area
off the southern coast (with clearly higher salinity in the first
10 km) and negative along the rest of the study transect. How-
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ever, the minimum of the surface layer salinity was observed
at about 20 km from the northern shore (or at a distance of
50km from the southern end of the study transect) in almost
every year (Fig. 3b, d, and f). The only exception was the
year 2007 when the lowest salinity was observed on aver-
age in the cell closest to the northern shore. The low salinity
water at the distance of 50 km indicates that, in summer, the
outflow of the less saline Gulf of Finland surface waters oc-
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Figure 2. Temporal changes in temperature (in °C) and salinity (in gkg’l) distributions between Tallinn and Helsinki from 1 May to
30 September in 2007 (a, b), 2008 (c, d), 2009, (e, f), 2010 (g, h), 2011 (i, j), 2012 (k, 1) and 2013 (m, n); y axis shows the distance from
Tallinn Bay (latitude 59.48 N) in km along the meridional transect. Maps are made using Ocean Data View software (Schlitzer, 2015).

curs mostly in the northern part of the open gulf. The vari-
ability of the surface layer salinity did not differ between the
coastal and open sea areas as much as the variability of the
surface layer temperature. One can recognize slightly higher
variability (RMSE) of the surface layer salinity in the coastal
areas and the southern part of the open gulf at a distance of
20-30km.

3.2 Upwelling characteristics

As is seen on the maps of temperature deviations (Fig. 4),
the years 2007 and 2009 had a similar pattern — the up-
welling events occurred off the southern coast in the first
half of the season and off the northern coast in the second
half. In 2008, upwelling events were observed near the south-
ern coast in May and September, and they appeared near the
northern coast in June. The year 2010 was an exceptional
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year when the upwelling events occurred mostly along the
southern coast. It was exceptional also because the sea sur-
face temperature outside the upwelling waters was the high-
est among the studied summers. A sequence of consecutive
upwelling events near the northern and southern coasts was
observed in 2011. Upwelling events occurred mostly off the
northern coast in 2012 and 2013.

We selected a criterion to detect whether an upwelling
event occurs or not as the value of the upwelling index (UI)
exceeded 40°C (in absolute values, while UI is by defini-
tion a negative number). The upwelling events found using
the selected criterion were also the occasions when the max-
imum negative temperature deviation from the transect mean
value was at least —2 °C (except one event on 10-17 Septem-
ber 2007 when the maximum deviation was —1.97 °C). Fur-
thermore, no other cases with negative temperature devia-
tions exceeding —2 °C were detected. Thus, the criterion Ul
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Figure 3. Distributions of temperature (in °C) and salinity (in gkg~!) deviations from the transect mean value along the Tallinn—Helsinki
ferry route for all measurements in May—September 2007-2013 (a, b), 2009 (¢, d) and 2010 (e, f). Mean values for each 0.5 km cell (solid
curves) and plus/minus RMSE (dashed curves) are shown; x axis indicates the distance from Tallinn Bay (latitude 59.48 N) in km along the

meridional transect.

< —40°C gives quite similar results to the criterion based on
the maximum negative temperature deviation of —2 °C.

We identified in May—September 2007-2013 altogether 33
upwelling events, approximately half of them (17) near the
northern coast and half (16) near the southern coast (Table 2).
The number of days with the upwelling near the northern
coast was 150 and, near the southern coast, 140. As the total
number of days with measurements was 838, the upwelling
occurred in 18 and 17 % of days off the northern and south-
ern coasts, respectively. The maximum negative temperature
deviation from the transect mean value was detected in Au-
gust 2010 near the southern coast, when it reached —7.78 °C.
While the maximum temperature deviation characterizes the
peak of the upwelling, the introduced cumulative upwelling
index also takes into account the extent of the upwelling
in space and time. As based on CUI, the largest upwelling
events were observed in 2013 —on 15-30 September 2013 off
the southern coast (CUI =—40.2°C day) and on 11-31 Au-
gust 2013 off the northern coast (CUIl = —39.7 °C day). The
average CUI value of all upwelling events off the north-
ern coast was —14.5°C day and, off the southern coast,
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—16.2°C day. The sum of CUI values of all detected up-
welling events off the northern coast was —247.0 °C day and,
off the southern coast, —258.4 °C day.

The total CUI for all measurement days in 2007-2013
was —405.3°C day for the northern coastal area and
—356.6 °C day for the southern coastal area. Thus, the neg-
ative temperature deviations from the transect mean were
more common for the northern coastal sea area, while the
upwelling events were more intense in the southern coastal
sea area.

The highest number of upwelling events was observed
in July — 10 events, 5 off the northern coast and 5 off the
southern coast — and the lowest in May — 4 events. The
sums of CUI values of all events in July and August were
—185.3°C day and —187.9 °C day, respectively, while it was
only —28.6 °C day in May. Obviously, the revealed seasonal
trend was partly related to the temperature difference be-
tween the surface layer and the cold layer beneath the sea-
sonal thermocline, which has its maximum in the Gulf of
Finland in July—August (Liblik and Lips, 2011).
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Figure 4. Temporal changes in spatial distributions of temperature deviations (in °C) from the daily transect mean value between Tallinn and
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from Tallinn Bay (latitude 59.48 N) in kilometers along the meridional transect. Maps are made using Ocean Data View software (Schlitzer,

2015).

3.3 Upwelling characteristics in relation to wind
forcing

The occurrence of coastal upwelling events in the Gulf of
Finland can be related quite well to the variations of the
along-gulf wind stress (Fig. 5). The upwelling events ap-
peared after a certain favorable wind pulses with long enough
duration and magnitude. In the case of upwelling events off
the northern coast, the positive along-gulf wind stress was
usually observed a few days before the event and, in the case
of upwelling events off the southern coast, the wind stress
was negative for a few days (Fig. 5).

The estimated cumulative wind stress for the detected up-
welling events varied between 0.31 and 1.37 N m~2 day for
westerly winds and between —0.09 and —1.08 N m~2 day for
easterly winds (Table 2). The cumulative wind stress asso-
ciated with each upwelling event was calculated based on
daily average wind stress values by summing them up from
the first day with favorable wind stress (within a period of 1
week before the event) to the last day with favorable wind
stress before the end of the event. If only 1 day with oppo-
site wind stress appeared in a sequence in the favorable wind
stress series, then the calculation period was not broken. The
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average value of the cumulative wind stress for an upwelling
event off the northern coast was 0.71 N'm—2 day and, off the
southern coast, —0.44 N m~2 day. It suggests that to produce
a coastal upwelling event of an equal magnitude the required
favorable along-gulf wind stress has to be larger for the up-
welling events off the northern coast than for the events off
the southern coast. This conclusion is drawn by taking into
account the above result that the average upwelling intensity
(estimated as CUI) was similar for both coastal areas, with
slightly higher values of CUI for the upwelling events off the
southern coast. This suggestion is also supported by compar-
ison of relationships between the CUI and cumulative wind
stress (CWS) related to the upwelling events near the oppo-
site coasts (Fig. 6). The linear regression lines between the
CUI and CWS indicate that at the same CWS values, the up-
welling events had higher intensities off the southern coast
than off the northern coast. Nevertheless, the results are quite
scattered, and the coefficient of determination (r2) between
the CUI and CWS is 0.30 for the southern and 0.19 for the
northern upwelling events.

The average along-gulf wind stress for the entire study pe-
riod from May to September in 2007-2013 was 0.016 N m~2.
The seasonal averages had positive values in all studied

Ocean Sci., 12, 843-859, 2016



852

V. Kikas and U. Lips: Upwelling characteristics in the Gulf of Finland

0 = i
'|“”|||\||||“||”|u| I e
-IDO_
»lSO—‘
0]
4
02 4 E P
Wl pon Apa il
ey v H i
02% 02%
-04 -04
g1
§-100-
50
O‘ T T il T - i T "
05T g 8T 519, 019 0y @ B g 38F 8006 6P (6P (1P 0P 6P 8P 6P g ®
Date 010530092007 Dato 0105:30002008
(c) ) (d) 19
e o ) m Opyprme g e e g
Dy il ||\|I \l|\||||\IIII\HHIHIlI”IIl” © g w
100 100
3150 150
20 0]
1 E 4
thoz 2.y
PV NDYW N TN U N VU V) Y P L Y H
i & m) ] VW b v (TAdM “’\\/ v g
023 02%
] | -
-250 -04 -04
20 0]
2150 2150
3100 §-100
0] & =]
0 ot ki OM A j

380 (0P 6P (6P 6P (1P 0P 8 0P 0 (6P
oae 0153000200

O G0 O O 0 0 O O 0 o o0
AP e BT BT @ ST T BT BT @ e
Date 010530092010

© i B
5:7' v‘mlu"lp " -qupwr e - Y 5: e g e 'mr|u"-'mnuulm‘ |||\|||m||| H"lp g
A
150 Sa50
200 200
250 04
02
Joi\dr ) YV BDYN 0 i N\
i \waiial et v VI T3
023
250 04
200 200
24150 24150
3-100 &-100-
50 50
o bl ok el

P AW SC LT EPE S SRS
Date 010530002011

@,

-50

“.100

S50

o)

T " #
RSN hﬁ_ﬂ\lw\iﬁ P LR RSN
Dale 010530092012

ﬂ"”\l”ﬂlull“” “”"uuu”u

J M

<
Windstress

0.

——
A > Y A3 A3 k) » AY A3 A3 A
B I L T R
Date 010530002013

Figure 5. Temporal changes in upwelling index off the northern coast (at the top of each subplot; °C) and off the southern coast (at the
bottom of each subplot; °C) and along-gulf wind stress (black curve in the middle; N m_2) in May—September 2007 (a), 2008 (b), 2009 (c),
2010 (d), 2011 (e), 2012 (f) and 2013 (g).

years, indicating that the westerly to southwesterly winds
prevailed in the region. The average values of wind stress
varied between 0.001Nm~2 in 2010 and 0.029Nm~2 in
2007, 2009 and 2012. In May—September 2010, when five
upwelling events occurred off the southern coast and only
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one event off the northern coast, the average along-gulf wind
stress was close to zero, indicating that the cumulative wind
forcing was almost equal from both directions. Furthermore,
the wind stress averaged over all observed upwelling events
in 2007-2013 was 0.015 N m~2, which is very close to the
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Table 2. Characteristics of detected upwelling events; dates, coastal area (N — off northern coast; S — off southern coast), type (UF —
with strong upwelling front; GD — with gradual decrease in temperature), maximum temperature deviation from the transect mean value,
cumulative upwelling index calculated for each event and cumulative along-gulf wind stress calculated for upwelling favorable winds before

and during the upwelling event.

No. Dates Coast  Type Maximum  Cumulative Cumulative
temperature upwelling wind stress
deviation intensity

(°C) (°Cday) (Nm~2 day)

1. 3—14 June 2007 S UF —4.12 —19.8 —-0.49
2. 8-16 July 2007 S GD —3.02 —12.6 —-0.34
3. 21-27 July 2007 N UF —4.02 —13.9 0.93
4. 29 July—8 August 2007 N GD —3.64 —16.5 0.38
5. 1017 September 2007! N GD -1.97 =75 0.75
6. 26-28 May 20082 S UF —2.52 -39 —0.20
7. 11-15 June 2008 N UF —2.73 7.2 0.62
8. 27-29 June 2008 N UF —2.27 —6.2 0.53
9. 10-17 September 2008 S UF —5.42 —23.0 —1.08
10.  9-16 June 2009 S UF —4.77 —14.8 —-0.27
11. 24 June-14 July 2009 N GD —5.78 —36.1 —0.42
12.  16-22 August 2009 N UF —3.20 -10.7 0.54
13. 28 August-9 September 2009 N UF —2.74 —14.1 0.56
14.  17-30 September 20093 N UF —3.09 —-19.3 1.28
15. 20-24 May 2010 S GD —2.21 =51 —0.56
16.  12-13 June 2010% S UF —2.60 -23 -0.19
17. 20-24 July 2010 N UF —4.70 -9.3 0.31
18. 26 July—1 August 2010 S UF —6.19 —157 —0.34
19.  17-23 August 2010 S UF —7.78 —20.8 —0.66
20.  2-12 September 2010 S GD —5.27 —16.0 —0.25
21.  4-12 May 2011° N GD —2.22 -9.3 —-0.09
22. 31 May-8 June 2011 N UF —2.32 —10.3 0.60
23.  11-15June 2011 S UF —-3.12 —6.0 —0.38
24, 24-27 June 2011 N UF —2.40 —4.8 0.41
25.  5-10 July 2011 S GD —5.05 -10.6 —0.38
26. 29 July-7 August 2011 N GD —4.69 —222 —0.62
27. 14 September 20110 N UF —4.90 -3.1 0.47
28.  26-30 September 20117 N UF —3.27 —13.8 1.26
29.  18-27 July 20128 N GD —4.55 —224 1.37
30.  2-13 August 2012 N UF —4.17 —222 0.58
31. 17 July-1 August 2013° N UF —6.15 —26.0 0.63
32, 11-31 August 2013 N GD —5.03 —39.7 0.92
33, 15-30 September 2013 N UF —7.34 —40.2 —0.71

! Temperature deviation was less than —2 °C during the event on 10~17 September 2007; 2 data absent before 26 May 2008 for more
than 1 day; 3 data analyzed until 30 September 2009 (upwelling event continued); 4 data absent before 12 June 2010 for more than

1 day; s early spring with possible contribution of difference in surface water warming; 6 no data available after 14 September 2011;
7 no data available before 26 September 2011, wind data missing on 24-26 September 2011; 8 wind data on 14-15 July 2012 not

available; ? ferrybox data on 20-21 July 2013 not available.

average wind stress over the entire study period. This esti-
mate was obtained based on the mean length of upwelling
events of 8.8 days and mean cumulative wind stress values
of 0.71 and —0.44 N m~2 day off the northern and southern
coasts, respectively. It can be concluded that the difference
between the wind impulses needed for the generation of up-
welling events with similar intensity near the opposite coasts
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is comparable to the average along-gulf wind stress in the
region.

Usually, the upwelling events occurred 1 or a few days af-
ter the start of the favorable wind pulse, and the maximum
of upwelling intensity was reached 1 or a few days after
the maximum wind stress (Fig. 5). We made an attempt to
identify characteristic spatial temperature and salinity dis-
tributions in the surface layer from coast to coast at times

Ocean Sci., 12, 843-859, 2016
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Figure 6. The relationship between the cumulative upwelling in-
dex (CUI) and cumulative along-gulf wind stress (CWS) based on
33 detected upwelling events in May—September 2007-2013. Red
symbols indicate the events off the southern coast and blue symbols
the events off the northern coast; circles correspond to the events
with a pronounced upwelling front (N_UF and C_UF) and triangles
the events with a gradual decrease in temperature towards the coast
(N_GD and S_GD). The linear regression lines for southern (solid
line) and northern upwelling events (dashed line) are shown.

of the maximum intensity of upwelling events. Surprisingly,
the results did not differ significantly between the northern
and southern coasts — two characteristic shapes of upwelling
events in the temperature distribution were identified for both
coastal areas.

Mostly the upwelling events were characterized by a sharp
and very intense temperature front between the upwelling
waters and the rest of the transect (red curves in Fig. 7a and
c). The sharp upwelling fronts are usually associated with
strong along-front jet currents, for instance, as measured by
Suursaar and Aps (2007) in the Gulf of Finland in sum-
mer 2006. Typical for such events were an almost uniform
temperature outside the upwelling area and the temperature
minimum (maximum temperature deviation) close to the up-
welling front. The other distribution pattern (dark blue curves
in Fig. 7a and c) exposed a gradual decrease in temperature
towards the upwelling waters. Typical for the latter events
were the irregularities in temperature distribution with a char-
acteristic scale of a few kilometers and the temperature min-
imum (maximum temperature deviation) in the cell closest
to the shore. In some cases, e.g., the event near the northern
coast with maximum intensity on 18 August 2013 (dark blue
solid curve in Fig. 7a), the observed temperature deviations
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were as large as during the upwelling events with strong tem-
perature fronts. There was also a third type of temperature
distribution when the upwelling waters were not attached to
the shore (red dotted curve in Fig. 7a), at least according to
the measurements along the ferry route. All these types of
upwelling events are well recognized on the maps of tempo-
ral changes in temperature and temperature deviation along
the Tallinn—Helsinki ferry route (Figs. 2 and 4).

The spatial distribution of salinity in the surface layer from
coast to coast drastically differed between the upwelling
events near the northern coast and the events near the south-
ern coast (Fig. 7b and d). In the latter case, both the salinity
difference across the gulf and the spatial variability at scales
of a few kilometers to 10 km were much larger than in the for-
mer case. It is also interesting that in the case of southern up-
welling events, the salinity minimum along the transect can
be situated either very close to the upwelling front (e.g., on
28 July 2010) or near the northern coast (e.g., 8 July 2011).
Although such diverse patterns are partly related to the his-
tory of water movements in the gulf, the salinity minimum
(at least local minimum) close to the upwelling front might
be caused by the westward current jet along the front as also
revealed by model experiments (Laanemets et al., 2011). The
salinity distribution across the gulf associated with the north-
ern upwelling events is very uniform, with some variability
at scales of a few kilometers to 10 km, which have the ampli-
tude several times less than spatial salinity variations associ-
ated with the southern upwelling events.

4 Discussion

Several studies have shown how the Ferrybox measurements
are successfully used for different applications, such as for
monitoring of coastal waters in combination with remote
sensing (Petersen et al., 2008), estimating carbon fluxes and
primary productivity (Schneider et al., 2014) and detecting
cyanobacterial blooms (Seppdli et al., 2007). However, not
enough attention is paid to the Ferrybox systems, especially
to the question of how the results are affected by the used
technical solutions (like water intake depth and construction,
piping). Furthermore, the particularities of geographical lo-
cation as well as the ferry route and schedule often determine
the most suitable applications and requirements for the data
treatment. A good example of taking advantage of the geo-
graphical location and ferry route is demonstrated by Buijs-
man and Ridderinkhof (2007), who estimated the water and
suspended matter exchange between the Wadden Sea and the
North Sea using data collected along the Den Helder—Texel
ferry route.

The ferry route between Tallinn and Helsinki across the
elongated Gulf of Finland and the schedule consisting of
two cruises a day and a short 1.5h stay in Helsinki made
it possible to introduce a procedure for correction of coordi-
nates of measurement points and an additional quality check
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Figure 7. Characteristic distributions of temperature and salinity along the Tallinn—Helsinki ferry route with coastal upwelling events off
the northern coast (a, b) and off the southern coast (¢, d); x axis shows the distance from Tallinn Bay (latitude 59.48 N) in km along the

meridional transect.

routine for the collected data. The correlation between the
data from the two crossings on the same day must be suf-
ficiently high; if not, the data are marked as suspicious. We
found that the highest correlation between the two data sets
is achieved when the data points are shifted by 3—4 min, de-
pending on the intake installation and the ferry. This analy-
sis also demonstrates the confidence of the applied Ferrybox
system even though the water is taken in through a relatively
large sea chest. Furthermore, the ferry route across the rela-
tively narrow gulf from coast to coast is very convenient to
collect data on the offshore extension and intensity of coastal
upwelling events.

Various methods have been applied to reveal characteristic
features of coastal upwelling events in the Baltic Sea based
on data mainly from remote sensing and numerical models.
Data of high-resolution long-term Ferrybox measurements
have not been analyzed with this aim until now. A certain
temperature isoline as the boundary of the upwelling area
was used by Uiboupin and Laanemets (2009) and a tempera-
ture deviation (2 °C) from the mean temperature along zonal
transects was employed by Lehmann et al. (2012). The lat-
ter method is similar to the approach applied in the present
study, but we argue that the analysis of temperature devia-
tions along meridional transects is more appropriate in the
Gulf of Finland. This conclusion is justified by the fact that,
on average, the north—south temperature gradient is negligi-
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ble in the gulf (see Fig. 3a), while the west—east temperature
gradient could exist between the shallower and narrower Gulf
of Finland and the deeper and wider northern Baltic proper
due to differential warming and cooling.

Nevertheless, it is interesting that our results on upwelling
frequencies of about 17-18 % near the northern and southern
coasts are very close to the results of Lehmann et al. (2012)
if their results based on remote sensing data were considered.
They concluded that upwelling events were present more
than 15 % of the time near the northern coast and about 15 %
of the time near the southern coast. At the same time, the
estimates of corresponding upwelling frequencies based on
numerical experiments differ from the values obtained from
the remote sensing data and the results of the present study.
Based on model results, the northern coastal area has been
suggested as the main upwelling area in the Gulf of Fin-
land, with the upwelling occurrence up to 30 % of the time
(Lehmann et al., 2012; Myrberg and Andrejev, 2003), while
near the southern coast downwelling should prevail (Myrberg
and Andrejev, 2003).

Analysis of wind data has also suggested that the coastal
upwelling events should occur more often along the northern
coast than along the southern coast of the Gulf of Finland
(Lehmann et al., 2012; Uiboupin and Laanemets, 2009). The
data set consisting of 838 days of measurements from coast
to coast used in the present analysis has revealed that, on

Ocean Sci., 12, 843-859, 2016
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Figure 8. Polar histogram of wind stress vectors (N m~2) based on the wind data from a weekly period before the peak of upwelling events
off the Estonian coast on 17-23 August 2010 (left panel) and 5—11 July 2011 (right panel).

average, the frequency of upwelling events and their inten-
sity are similar near the northern and southern coasts of the
gulf, although the wind data from the same period suggest
prevalence of upwelling events off the northern coast. Partly,
this outcome can be explained by the higher position of the
thermocline, steeper bottom slope and greater depths in the
southern part of the gulf as suggested by some earlier stud-
ies (e.g., Vili et al., 2011; Laanemets et al. 2009). Based on
a simple theory of upwelling dynamics linking the position
of the onshore return flow with the bottom slope and stratifi-
cation (Lentz and Chapman, 2004), Laanemets et al. (2009)
estimated that the onshore return flow should occur in the
near-bottom layer for both northern and southern upwelling
events in the Gulf of Finland. Due to the steeper slope and
greater depths, the upwelling outcome in the vertical trans-
port of cold and nutrient rich waters could be more intense in
the southern gulf (Vili et al., 2011; Laanemets et al., 2009).

An additional explanation could be suggested when taking
into account the estuarine character of the Gulf of Finland —
the basin has free water exchange with the Baltic proper in
the west, while it is closed in the east where the main fresh-
water source is located. First, this basin configuration and the
prevalence of southwesterly winds together with the Corio-
lis force cause a general cyclonic circulation in the surface
layer of the gulf (Alenius et al., 1998). Such circulation, in
accordance with the geostrophic balance, results in a higher
sea level and deeper thermocline in the northern part of the
gulf (e.g., see Andrejev et al., 2004). A similar transverse
thermohaline and residual flow structure has been noted by
Thomson et al. (2007) in the Juan de Fuca Strait. Liblik and
Lips (2016) also concluded that the thermocline is on aver-
age at a deeper depth in the northern Gulf of Finland based on
their analysis of the data from 35 cross-gulf CTD (conductiv-
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ity, temperature and depth) surveys conducted in 2006-2013.
Thus, the wind impulse needed for the initiation of a coastal
upwelling event near the southern coast can have a smaller
magnitude. This suggestion is supported by the comparison
of the lowest cumulative wind stress values, which have ini-
tiated upwelling events in 2007-2013 near the two coasts.
The lowest CWS value related to an upwelling event along
the northern coast is larger than the CWS values for five up-
welling events along the southern coast (see Fig. 6).

Secondly, we suggest that for a stronger wind impulse dur-
ing a longer period, the estuarine character of the basin has a
significant influence on the outcome. The strong southwest-
erly (up-estuary) winds counteract the estuarine circulation
and cause an inflow (convergence) in the surface layer (Elken
et al., 2003; Lips et al., 2008b), and thus, a downward move-
ment of the thermocline in the gulf as a whole. In contrast, the
down-estuary winds intensify the outflow (cause divergence)
in the surface layer, and thus, a general upward movement
of the thermocline in the gulf. Consequently, the up-estuary
southwesterly winds, on the one hand, cause upwelling along
the northern coast, but on the other hand downwelling in the
gulf as a whole that could weaken the outcome. In the case
of the down-estuary easterly to northeasterly winds, a general
upward movement of the thermocline in the gulf supports the
coastal upwelling along the southern coast. Such a response
of the water movements to the forcing could be an explana-
tion why, in general, the cumulative upwelling indices (pre-
sented in Fig. 6) increase faster with the strengthening of the
favorable wind stress (CWS in Fig. 6) for the southern up-
welling events than for the northern upwelling events.

The average cross-gulf distributions of temperature and
salinity were described based on the 7-year data set of hor-
izontal profiles. On average, the surface layer temperature
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did not have any horizontal gradient, while the surface layer
salinity was higher in the southern part than in the north-
ern part of the gulf. The result that the surface water with the
lowest salinity was on average at about 20 km from the north-
ern coast supports the suggested general circulation scheme
in the Gulf of Finland (e.g., Andrejev et al., 2004). At the
same time, if the wind forcing favorable for upwelling events
near the southern coast prevailed (as was observed in summer
2010), the low salinity water appeared in the southern part of
the open gulf, close to the upwelling front. This phenomenon
was also observed during an intense upwelling event in Au-
gust 2006 (Lips et al., 2009); it was modeled by Laanemets
et al. (2011) and noted by Liblik and Lips (2016) based on an
analysis of CTD data from surveys across the gulf in 2006—
2013.

The most intense upwelling events regarding temperature
deviations were observed near the southern coast, as was also
found by Uiboupin and Laanemets (2009, 2015). However,
we did not identify clear differences in the temperature dis-
tribution patterns between the upwelling events off the two
coasts. Instead, near both coasts, the classical distributions
with a sharp temperature front as well as the distribution
characterized by a gradual decrease in temperature towards
the coast have been observed. We suggest that the upwelling
events with the gradual temperature decrease could be as-
sociated with the development of upwelling filaments, which
occurred under certain conditions and stayed in our measure-
ment window.

In the case of the upwelling events along the southern
coast, the wind speed was on average higher before the events
with the sharp temperature front (see Fig. 6 and Table 2).
For instance, the polar histograms of wind stress vectors
shown in Fig. 8 are very similar except for the distribution of
wind stress magnitudes. The period before the culmination
of the upwelling event with the sharp temperature front ob-
served on 19 August 2010 had a large share of wind stress
values >0.15N m~2. Nevertheless, the two prominent up-
welling events along the northern coast — the most intense
event (on 11-31 August 2013) and the event corresponding
to the largest cumulative wind stress (on 18-27 July 2012) —
were both characterized by the gradual decrease in tempera-
ture towards the coast (Fig. 6).

The filaments of upwelled waters are characteristic fea-
tures of the upwelling events in the Gulf of Finland (Ui-
boupin and Laanemets, 2009). Zhurbas et al. (2008) have
shown based on a numerical experiment that the cold/warm
water squirts and filaments could develop after the weaken-
ing of the upwelling favorable winds. Similarly, the squirts
and filaments could develop if the wind forcing is strong
enough to initiate an upwelling event but not as strong as
needed to retain the mesoscale frontal dynamics. In the case
of the southern upwelling events, it explains why upwelling
events with the gradual decrease in temperature mostly oc-
curred when the wind forcing was on average weaker.
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As shown by Zhurbas et al. (2006), the baroclinic instabil-
ity of the upwelling jet is expected to occur when the bottom
slope is smaller than the isopycnal slope. Thus, for the strong
upwelling events, the filaments might appear with a higher
probability in the case of northern upwelling events since the
bottom slope is about 2 times shallower in the northern gulf
than in the southern gulf (Uiboupin and Laanemets, 2009).
The prevailing westerly to southwesterly winds, which cause
an inflow in the upper layer and a compensating outflow in
the deeper layers (Elken et al., 2003; Liblik and Lips, 2012),
could lead to the deepening of the seasonal thermocline in the
gulfin 2012 and 2013. The two very intense upwelling events
with the gradual temperature decrease were observed in these
summers along the northern coast. Since the upwelling dy-
namics is dependent on the vertical structure of the water
column before the event (e.g., Lentz and Chapman, 2004),
these suggestions have to be studied further in the future by
combining Ferrybox data (restricted to the surface layer and
single transect) with the remote sensing and water column
data.

5 Conclusions

We showed that Ferrybox data from the Tallinn—Helsinki
ferry route could be successfully employed to describe the
characteristics of coastal upwelling events in the Gulf of Fin-
land. An advantage of the geographical location of the ferry
route across the relatively narrow gulf and the schedule con-
sisting of two crossings a day allowed one to control the qual-
ity of the data and introduce the upwelling index based on the
data from a single crossing and the cumulative upwelling in-
dex. In total, 33 coastal upwelling events were identified in
May-September 2007-2013. It is shown that the upwelling
occurrences of 18 and 17 % of days, as well as intensities of
upwelling events, are similar near the northern and southern
coasts. The most intense events occur in July—August, most
probably because of the warmest surface layer (strongest
thermocline) during those months. It is shown that the wind
impulse needed to generate upwelling events of similar in-
tensity differs between the two coastal areas. We suggest that
the general thermohaline structure (adapted to the prevailing
forcing) and the estuarine character of the basin are reasons
for the found different outcome. The thermohaline structure
of the Gulf of Finland is characterized by a deeper position of
the thermocline in the northern gulf; thus, the upwelling initi-
ation requires a stronger southwesterly wind impulse to cause
upwelling along the northern coast as compared to a weaker
northeasterly impulse to cause upwelling along the southern
coast. Furthermore, the estuarine character of the basin leads
to the weakening of the upwelling created by the westerly
(up-estuary) winds and strengthening of the upwelling cre-
ated by the easterly (down-estuary) winds. Two types of up-
welling events were identified — one characterized by a strong
temperature (upwelling) front and the other revealing grad-
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ual decrease in temperature from the open sea to the coastal
area, with maximum temperature deviation very close to the
shore. We suggest that the spatial variations in temperature
with scales of a few kilometers, which were characteristic of
the upwelling events with the gradual temperature decrease,
could be signs of the meso- and sub-mesoscale features (fil-
aments and squirts) associated with the upwelling dynamics.

6 Data availability

Underlying data (as raw data which have passed auto-
matic quality check) are available via EMODnet Physics
portal http://www.emodnet-physics.eu/Map/platinfo/
PIROOSDownload.aspx?PlatformID=8440.
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ABSTRACT

The flow-through system (Ferrybox) installed onboard a ferry cruising between Tallinn and Helsinki in the Gulf of Finland
(Baltic Sea) measures temperature, salinity, chlorophyll a fluorescence, turbidity and since January 2010 also pCO,. In March-
May 2010, the water sampling was conducted on a weekly basis at 17 locations along the ferry route to measure nutrient
concentrations (NO,+NO; and POy), chlorophyll a content and phytoplankton species composition and biomass. Our aim was to
show that the Ferrybox technology can be successfully applied to follow the rapid changes of state variables during a very
dynamic season of the year — phytoplankton spring bloom. High variability of environmental parameters has been observed both
in space and time in the Gulf of Finland in spring 2010. It is suggested that both the general circulation in the surface layer and
mesoscale hydrodynamic processes are influencing the bloom evolution and spatio-temporal variability. The observed
coincidence of Chl a peaks with the periods of relatively fast temperature increase indirectly shows the importance of positive
buoyancy fluxes (vertical stratification) for phytoplankton growth in spring. Spatio-temporal distribution of pCO, was in a good
accordance with the Chl ¢ dynamics confirming that the pCO, measurements can be used for the estimates of phytoplankton
productivity. Our data confirm that the regular late evening fluorescence measurements can be successfully applied to determine
the Chl a content in the surface waters in spring. It is concluded that autonomous high-resolution in-situ monitoring in
combination with adaptive water sampling and remote sensing could give a full enough data set to assess the environmental state
of the Gulf of Finland during this highly dynamic season of the year.

L INTRODUCTION

Unattended monitoring of marine environment using ships of opportunity, where autonomous measurement systems (so called
“Ferryboxes”) are installed, has been implemented in many regions of the World Ocean (e.g. [1]). First trials of using ships of
opportunity for the environmental monitoring in the Baltic Sea were made by Estonian and Finnish scientists in the Gulf of
Finland between Tallinn and Helsinki in 1990-1991 [2]. Regular measurements of temperature, salinity and chlorophyll a
fluorescence along this route were started in 1997 while the longest data series in the Baltic (since 1993) is available along the
ferry route Helsinki-Travemiinde.

The Gulf of Finland is an elongated basin in the northeastern part of the Baltic Sea (Fig. 1) with a length of about 400 km and a
maximum width of 135 km [3]. The long-term residual circulation in the surface layer of the Gulf is characterized by an inflow of
the saltier water of the northern Baltic Proper along the southern coast and the seaward flow of gulf water along the northern
coast. The circulation is more complex at time scales from days to weeks mainly due to the variable wind forcing. A variety of
mesoscale processes/features (fronts, eddies, upwelling/downwelling), which significantly affect the biological production,
retention and transport, have been observed in the Gulf of Finland (e.g. [4,5,6]).
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Figure 1. Map of the Baltic Sea and the ferry route between Tallinn and Helsinki in the Gulf of Finland (maps were
prepared using ODV software [7]).
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A seasonal thermocline forms in the Gulf in spring-summer at the depths of 10-20 m. While high concentrations of dissolved
inorganic nitrogen (DIN) and phosphorus (DIP) are observed in winter, the DIN and DIP concentrations decline fast in April-May
and are usually below the detection limit in summer in the upper mixed layer. The seasonal dynamics of phytoplankton is
characterized by the spring bloom in April-May dominated by dinoflagellates/diatoms and the late summer bloom in July-August
dominated by cyanobacteria [8].

Ferrybox technology is successfully applied in the Baltic Sea to monitor the late summer cyanobacteria blooms and the
environmental factors influencing the bloom intensities [9,10,11]. Less attention is paid to the studies of the dynamics of spring
bloom using unattended measurements, although a spring bloom intensity index is developed and applied [12]. It was shown in
the latter study that the spring bloom has been very variable in the Gulf of Finland in 1997-2004. The winter nutrient levels were
suggested as the main factor influencing the bloom intensity. It is well known that also other factors, such as vertical
stratification, could influence the onset and intensity of the vernal bloom [13,14]. In addition, it has been shown on the basis of
data of an intensive measurement campaign in the open Baltic Sea that the spatio-temporal variability of spring bloom could
heavily be influenced by mesoscale hydrodynamic features [15].

The main aim of the present paper is to demonstrate that the Ferrybox measurements provide a suitable monitoring method to
follow the rapid changes of state variables during a very dynamic season of the year — phytoplankton spring bloom. We describe
the spring bloom dynamics in the Gulf of Finland in 2010 and analyze the advantages and limits of the applied monitoring
method.

1L MATERIAL AND METHODS

Ferrybox system (4H-Jena, Germany) installed on a ferry (since 2008 “Baltic Princess”, AS Tallink Grupp) making daily trips
between Tallinn and Helsinki (see route in Fig. 1) measures temperature (T), salinity (S), chlorophyll a (Chl a) fluorescence and
turbidity. In January 2010 a pCO, sensor was added into the system. Water taken in from the surface layer (water intake is located
at about 4 m depth) is pumped through the system with a flow rate of 6-7 1 s™'. Data are recorded while the ferry is on route with a
time step of 20 seconds that corresponds to a horizontal resolution of approximately 150 m. In March-May 2010 water sampling
was conducted on a weekly basis at 17 locations along the ferry route from Helsinki to Tallinn. The water samples with a volume
of 1 1 were kept in dark, at temperature of 4 °C for about 10 hours after the sampling and transported to the on-shore laboratory
where divided into three sub-samples to measure nutrient concentrations (NO,+NO; and POy,), Chl a content and phytoplankton
species composition and biomass.



Nutrient analyses were performed using Lachat Instruments QuikChem® 8500 Series 2 Flow Injection Analysis System.
NO;+NO, detection limit was 0.014 pmol I'' (uM) and PO, < 0.01 uM. Chl a content in the water samples was measured using a
spectrophotometer Thermo Helios y. The concentration of Chl @ was determined by filtering the water samples through Millipore
APFF glassfibre filters, extracting the pigments 24 hours at room temperature with ethanol (96%) and measuring the absorption at
the wavelength of 665 nm. Phytoplankton samples were preserved with acid Lugol solution and stored for further analyses (data
not shown here).

Altogether data of 112 crossings from 23 March to 29 May were analyzed in the present paper. In total 139 water samples were
taken for nutrient analyses from 25 March until 17 May and 177 water samples for Chl a analyses from 25 March until 31 May.
Satellite images (only a few were available without cloud cover) allowed to see the horizontal distribution of the sea surface
temperature and Chl a in a wider area adjacent to the ferry route.

II1. RESULTS

The Gulf of Finland was partly ice-covered and the presence of ice created some difficulties for flow-through measurements in
February-March 2010. Ice started to disappear in late March when the surface layer water temperature was close to or still below
0 °C (Fig. 2, left panel). In early April the water temperature rose faster near the southern coast than in the central part and near
the northern coast. The temperature of maximum density (2.5 °C) was reached almost along the whole transect on 12-13 April.
Fast warming up of the surface layer (or transport of a warmer water mass into the study area) was observed in the northern part
of the Gulf in the second half of May.

The surface layer salinity varied in a range of 5.6-6.2 in the southern and central parts of the Gulf and was remarkably lower off
northern coast in late March and April (Fig. 2, right panel). The lowest salinity was observed off Helsinki in mid April. In the
beginning of May saltier surface waters occupied almost the entire study transect and a more saline water mass appeared in the
southernmost part of the transect in the second week of May (accompanied with a slight temperature decrease). In mid May
salinity decreased to the previous values at the northernmost end of the transect while a low salinity water mass appeared also in
the central Gulf of Finland.

In order to convert Chl a fluorescence readings to Chl a values a linear regression between fluorescence and Chl a content
detected spectrophotometrically was found. Our results obtained in March-May 2010 revealed a good consistency of fluorescence
and Chl a data (Fig. 3, left panel) indicating that a single regression line (Ch/ = 0.82 - Fluor + 1.41, where Chl is Chl a value in
mg m™ and Fluor is measured Chl a fluorescence in arbitrary units) can be used during the spring bloom period (¥ = 0.97, p <
0.0001). It is known that Chl @ fluorescence measurements are biased due to the quenching effect in case of daytime high
irradiances (e.g. [16]). In order to exclude the quenching effect, only fluorescence data collected when ferry was travelling from
Helsinki to Tallinn (measurements after 6:30 p.m.) were taken into account in the analysis. Examples of differences in
fluorescence signal between two consecutive crossings in a day are shown and discussed later (Section IV. Discussion and
Conclusions).
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Figure 2. Temporal variations of temperature (°C) and salinity distributions along the ferry route between Tallinn and
Helsinki in the Gulf of Finland in March-May 2010. Distance in km from the starting point of the transect in the Tallinn
Bay (at Latitude 59.48 N) is shown on y-axis.
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Figure 3. Scatter plot of Chl a fluorescence and Chl a detected from the water samples collected along the ferry route
Tallinn-Helsinki in March-May 2010 (left panel) and scatter plot of MERIS L2 Chl a concentration and Chl a detected
from the water samples on 12 April 2010. Best linear fits are shown as solid lines.

The spring bloom dynamics is described using spatio-temporal variations of Chl @ and pCO, (Fig. 4) and temporal changes of
average Chl a content along the entire transect (as recorded by the autonomous system and measured from the water samples at
the laboratory; Fig. 5). The bloom started in the first decade of April with a very fast growth after 10 April and the maximum was
reached on 16 April. After several days of somewhat lower Chl a content, the second maximum was observed on 26 April.
Sampling with a weekly interval did not reveal these changes within the bloom peak period — similar Chl a values were measured

on 19 and 27 April and 3 May (see Fig. 5).
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Figure 4. Temporal variations of Chl a content (mg m™) and pCO, (arbitrary units) distributions along the ferry route
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The bloom started about 4-5 days earlier in the southern half of the study transect and generally higher Chl a values were
recorded there during the bloom peak period (Fig. 4, left panel). Fast decay of the bloom was observed after 3 May in the
southern part of the study transect while the bloom lasted about 5-7 days longer in the central and northern part. For instance, Chl
a content of 4.4-7.6 mg m™ was measured in the water samples collected at the four southernmost sampling points and up to 20
mg m™ at some points in the central and northern Gulf. In addition, an increase of Chl @ content in this area (central and northern
part) was observed on 20-25 May. This increase was captured also by the water sampling on 24 May.

A comparison of the bloom development with the changes in water temperature (Fig. 5) showed that the observed growth and Chl
a peaks were all accompanied with more pronounced temperature increase than an average during the spring period. Nutrient
concentrations started to decrease from the winter levels together with the phytoplankton growth. The decay of the bloom
occurred when nitrates/nitrites were almost consumed from the surface layer (concentrations < 0.16 M were measured at all
sampling points) although the phosphates were still available at relatively high concentrations of (on average 0.35 uM) in the
surface layer. Nevertheless, it has to be noted that the low nitrates/nitrites level was measured already on 3 May but still relatively
high Chl a content was observed a week later on 10 May in the central and northern parts of the study transect. The weekly
sampling did not reveal an increase of nitrates/nitrites concentration before the temporal Chl a content maximum in late May.

Spatio-temporal variations in pCO, content (the results are presented in arbitrary units, only factory calibration of the sensor was
made) were in a good accordance with the described changes in Chl a concentration — low pCO, values (or decrease of pCO,)
corresponded to high Chl a content indicating high primary production in those regions/periods. However, some discrepancies
could be recognized in April in the very coastal areas, where also higher turbidity was measured (data not shown here). At the
same time, the higher pCO, values observed in the more saline water mass occupying a 20 km wide coastal area off southern
coast in mid May were associated with low turbidity.
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Figure 6. MERIS Level 2 processed images on 12 April 2010 (left panel) and on 14 April 2010 (right panel), ferry route
Tallinn-Helsinki is shown as white line.

We tried to describe the spatial differences in bloom development using satellite images. Two images, presented here as reduced
resolution MERIS L2 products, were available from the bloom development period on 12 and 14 April (Fig. 6). It has to be noted
that there was still floating ice in the north-eastern Gulf of Finland and the images are biased for that region. The following
characteristic features could be brought up in the region along and adjacent to our study transect: 1) the Chl a levels were higher
on 14 April than those on 12 April pointing to the phytoplankton growth (bloom development); 2) the Chl a levels were higher in

the central and southern parts than those close to the northern shore; 3) clearer spatial variability in mesoscale was detected on 14
April.

To compare quantitatively the remote sensing and Ferrybox data we extracted MERIS L2 product data along the ferry route. Both
data sets were calibrated against Chl a content measured from the water samples. To convert MERIS data, the equation Ch/ =
2.45 - CHL — 19.46 (where Chl is Chl a value detected from water samples in mg m™ and CHL is MERIS L2 Chl ¢ in mg m™),
which corresponds to the regression line shown in Fig. 3 (right panel; 7* = 0.28, p < 0.03), was used.
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Figure 7. Comparison between Chl a data — MERIS L2 product (dashed blue line), Ferrybox data (grey solid line) and
water samples analysis results (crosses) obtained along the ferry route on 12 April 2010 (left panel). Comparison between
Ferrybox Chl a data acquired on 19 April 2010 when ferry was travelling from Tallinn to Helsinki (dashed line) and from

Helsinki to Tallinn (solid line) and water samples analysis results (crosses) collected from Helsinki to Tallinn.

The results showed that the remote sensing data qualitatively agree with the Ferrybox and water sample analysis data — a tendency
of decrease of Chl a close to the northern coast and a similar (compared with the Ferrybox data) sequence of areas of relatively
high and low Chl «a in the southern part of the study transect were observed (Fig. 7, left panel). A characteristic spatial scale of
these areas of contrasting Chl a content was about 10 km. Quantitative comparison revealed that the correlation between MERIS
data and water samples analysis results was low (although significant). One reason for the latter could be the time lag between the



satellite image and ground measurements — more than 10 hours, which might lead to some shifts of borders between the water
masses with high and low Chl a content. However, the satellite images showed clearly that the bloom was developing earlier in
the southern and western Gulf and the spatial distribution of phytoplankton was influenced by mesoscale processes — water
masses containing phytoplankton at different stages of bloom development were redistributed by water movements in mesoscale.
Similar mesoscale variability but with opposite general Chl a gradient (increase from south-west to north-east) was observed in
late May after the spring bloom decay in our study area.

Iv. DISCUSSION AND CONCLUSIONS

The analysis of spatio-temporal variability of environmental parameters in the Gulf of Finland in spring 2010 enabled us to point
out some relationships between the spring bloom development and influencing abiotic factors. In general the start of the spring
bloom was depending on the presence of the ice and, since it disappeared later in the northern part of the Gulf, a later
development of the bloom was observed there. On the other hand, since this situation with a later bloom development in the
northern part was retained during the entire bloom period (most probably due to the prevailing circulation in the surface layer of
the Gulf), the decay of bloom was observed also later in the northern part. This general pattern was superimposed by the spatial
variability of Chl a distribution with a characteristic scale of 10 km, which was revealed both by Ferrybox measurements and
satellite images, supporting the earlier results of the importance of mesoscale hydrodynamic processes [15].

It was obvious that the bloom started when the water temperature was still below the temperature of maximum density but the
first peak was reached 3-4 days after the surface layer became warmer than 2.5 °C. Moreover the growth and following bloom
peaks were observed in periods of relatively fast increase of surface layer temperature. We suggest that it could indicate the
importance of the vertical stratification for the bloom development since warming of the surface layer is associated with the
positive buoyancy flux and the development of vertical stratification. However to confirm this, vertical profiles of temperature,
salinity and Chl @ must be acquired at least with the same temporal resolution than Ferrybox measurements.

A temporal increase of Chl a content was detected in the northern half of the Gulf in late May. A simultaneous increase of surface
layer temperature up to 8-10 °C and decrease of salinity suggests that a water mass from the adjacent region, where the bloom
was not completely decayed yet, was transported into the study area. On the other hand, the pCO, data suggest that phytoplankton
productivity was still high in this water mass. Thus, the total productivity in a sea area is determined not only by the nutrient pool
available prior to the vernal bloom but also by the redistribution of productive phytoplankton biomass by the general circulation
and mesoscale processes. Very fast decrease of Chl a content and an increase in salinity and pCO, (and a slight drop of
temperature) off the southern coast in the first decade of May clearly indicate that these changes were caused by an upwelling
event occurred there. The described examples show that the pCO, measurements give very valuable information that can be used
for productivity estimates (as shown e.g. in [17]) and as supporting parameter also for studying vertical transport of water and
substances.

Several studies have shown how the Ferrybox technology is successfully used for different applications (e.g. [18,19]). The main
advantages of this method are the low cost and high resolution of measurements whereas a variety of sensors can be used in the
system. We showed that the autonomously collected data and water sampling ensuring in-situ calibration of sensors and
measurement of additional environmental parameters (e.g. nutrient concentrations) can be applied to describe in detail the
dynamics of spring bloom. The main limitation of this technology is also known — the water is analyzed only from one depth
(about 4 m in our case) and only along route spatial distribution of parameters is recorded. The former problem can be solved by
deploying an autonomous profiler in the area and the latter problem by making use of satellite images if those are available.

It has been argued that the Chl a fluorescence measurements alone are not applicable to monitor the Chl @ content in a sea are in
summer [20]. We demonstrated that in spring the correlation between the Chl a fluorescence and Chl a detected
spectrophotometrically from the water samples is almost perfect. The main problem is related to the fluorescence quenching in
daytime high irradiances. To characterize the extent of the problem a comparison between two successive Chl a fluorescence
profiles (and water sample analyses) is presented in Fig. 7 (right panel). As it is seen, the difference between two profiles in the
southern half of the transect, where the time lag between measurements was substantial (the measurements were carried out 1:30-
5:00 p.m. and 6:30-10:00 p.m. resulting in a time lag up to 8.5 hours), was about 30 %. This result is similar to the findings in
[16]. However, due to the unchangeable ferry schedule the fluorescence measurements from Helsinki to Tallinn performed late
evening can be successfully applied to follow the spring bloom in the area under consideration.

In conclusion, high variability of environmental parameters has been observed both in space and time in the Gulf of Finland in
spring 2010. Both the general circulation in the surface layer and mesoscale hydrodynamic processes has been employed to
explain the observed bloom evolution and spatio-temporal variability. The observed coincidence of Chl a peaks with the periods



of relatively fast temperature increase indirectly shows the importance of positive buoyancy fluxes (vertical stratification) for
phytoplankton growth in spring. Spatio-temporal distribution of pCO, was in a good accordance with the Chl a dynamics
confirming that the pCO, measurements can be used for the estimates of phytoplankton productivity. Our data confirm that the
regular late evening fluorescence measurements can be successfully applied to determine the Chl a content in the surface waters
in spring. It is concluded that autonomous high-resolution in-situ monitoring in combination with adaptive water sampling and
remote sensing could give a full enough data set to assess the environmental state of the Gulf of Finland during this highly
dynamic season of the year.
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Abstract. High-resolution numerical modeling, remote sens-
ing, and in situ data have revealed significant role of sub-
mesoscale features in shaping the distribution pattern of trac-
ers in the ocean’s upper layer. However, in situ measurements
are difficult to conduct with the required resolution and cov-
erage in time and space to resolve the sub-mesoscale, espe-
cially in such relatively shallow basins as the Gulf of Fin-
land, where the typical baroclinic Rossby radius is 2-5 km.
To map the multi-scale spatiotemporal variability in the gulf,
we initiated continuous measurements with autonomous de-
vices, including a moored profiler and Ferrybox system,
which were complemented by dedicated research-vessel-
based surveys. The analysis of collected high-resolution data
in the summers of 2009-2012 revealed pronounced vari-
ability at the sub-mesoscale in the presence of mesoscale
upwelling/downwelling, fronts, and eddies. The horizontal
wavenumber spectra of temperature variance in the surface
layer had slopes close to —2 between the lateral scales
from 10 to 0.5 km. Similar tendency towards the —2 slopes
of horizontal wavenumber spectra of temperature variance
was found in the seasonal thermocline between the lateral
scales from 10 to 1 km. It suggests that the ageostrophic sub-
mesoscale processes could contribute considerably to the en-
ergy cascade in such a stratified sea basin. We showed that
the intrusions of water with different salinity, which indicate
the occurrence of a layered flow structure, could appear in
the process of upwelling/downwelling development and re-
laxation in response to variable wind forcing. We suggest that
the sub-mesoscale processes play a major role in feeding sur-
face blooms in the conditions of coupled coastal upwelling
and downwelling events in the Gulf of Finland.

1 Introduction

Essential contribution of mesoscale processes to the vertical
exchanges of nutrients in the open ocean has been suggested
and proved by a number of studies in the last 2 decades (e.g.,
McGillicuddy et al., 1998; Martin and Pondaven, 2003).
These studies were motivated by the discrepancies between
the direct measurements of vertical turbulent exchanges and
indirect estimates of nutrient fluxes to support net primary
production (Jenkins, 1988). Two conceptual views of ad-
ditional nutrient supplies related to mesoscale eddies exist:
(1) vertical exchanges due to the time evolution of eddies
and (2) vertical pumping at small scales, i.e., within the sub-
mesoscale structures (Klein and Lapeyre, 2009). The latter
hypothesis is supported by recent observations and model-
ing with increased spatial resolution suggesting that the sub-
mesoscale processes significantly contribute to the vertical
exchange of water mass properties between the upper and
deep ocean (Bouffard et al., 2012). Sub-mesoscale processes
are characterized by order-one (O(1)) Rossby and Richard-
son numbers (Thomas, 2008), large vertical velocity and vor-
ticity fluctuations and large vertical buoyancy flux, resulting
in considerable intermittency of oceanographic properties in
the upper ocean (Capet et al., 2008).

Main physical forcing components for the non-tidal Baltic
Sea system are the atmospheric forcing, exchange of heat
energy and fresh water through the sea surface, and input
of freshwater from rivers and the saltier North Sea water
through the Danish Straits (Omstedt et al., 2004). It was
identified already in the 1980s that the Baltic Sea has rich
mesoscale variability with spatial scales O(10) km through
the whole water column (Aitsam et al., 1984) and evidence
is increasing that remarkable changes occur in the system
due to meso- and sub-mesoscale processes (e.g., Nausch et
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al., 2009; Lips et al., 2009). Recent results based on analy-
sis of high-resolution in situ (Lips et al., 2011), numerical
modeling (Laanemets et al., 2011) and remote sensing (Ui-
boupin et al., 2012) data from the Gulf of Finland showed
that the sub-mesoscale features significantly shape the distri-
bution pattern of tracers in this stratified basin. Among such
features, the upwelling filaments and intra-thermocline intru-
sions with lateral scales less than the internal Rossby radius
of deformation, which is about 2-5 km in the Gulf of Finland
(Alenius et al., 2003), are named.

The layered structure of the major basins of the Baltic
Sea, with the seasonal thermocline and the halocline situ-
ated at different depths — about 10-30 and 60-80 m, respec-
tively, is a challenge to be accurately described by numer-
ical models (Tuomi et al., 2012). In many cases, a proper
validation of model results is difficult due to the absence
of observational data with the required resolution and cov-
erage in time and space. In order to fill this gap a number
of autonomous devices, including moored profilers and Fer-
ryboxes, and towed instruments are applied in the Gulf of
Finland. According to high-resolution profiling at a fixed po-
sition in the Gulf of Finland, quasi-stationary stratification
patterns of the thermocline occurred there at timescales of
4-15 days (Liblik and Lips, 2012) and the vertical dynamics
of phytoplankton were largely defined by these patterns (Lips
et al., 2011). Furthermore, temperature—salinity variability at
the sub-mesoscale was significant during the transition peri-
ods between the quasi-stationary patterns (Liblik and Lips,
2012).

Coastal upwelling events are prominent mesoscale fea-
tures in the Gulf of Finland (Uiboupin and Laanemets, 2009)
leading to considerable vertical transport of nutrients into the
euphotic layer (Laanemets et al., 2011; Lips et al., 2009) and
influencing the phytoplankton growth and species composi-
tion (e.g., Lips and Lips, 2010). Analysis of Ferrybox data
collected along the ferry line Tallinn—Helsinki in the cen-
tral part of the Gulf of Finland revealed the occurrence of
the two types of upwelling events (Kikas and Lips, 2015).
In addition to the classical coastal upwelling with a strong
upwelling front, the second type of upwelling event existed
where a gradual decrease of surface layer temperature from
the open sea towards the coast was observed. The latter type
was characterized by a relatively high spatial variability at
scales of a few to 10km, which as suggested by Kikas and
Lips (2015) could be a sign of sub-mesoscale dynamics in the
case of wind forcing not strong enough to produce an Ekman
transport in the entire surface layer. This suggestion of higher
sub-mesoscale activity associated with some types or phases
of coastal upwelling has to be analyzed further. Such analy-
sis based on combined Ferrybox, buoy profiler, and ScanFish
data was one of the tasks of the present study.

According to the theory of quasi-geostrophic turbulence,
the shape of the energy spectrum should follow the —3
slope in the logarithmic scale at the spatial scales below the
mesoscale (Charney, 1971). It has been shown that if the spa-
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tial resolution of numerical models was increased the spec-
tral slope converted to —2 rather than —3 (Capet et al., 2008)
suggesting that sub-mesoscale processes play an important
role in the energy cascade from larger to smaller scales. Still,
it is a major challenge to map sub-mesoscale processes and
phenomena by in situ observations. Due to the temporal and
spatial scales to be resolved, the distinction between the tem-
poral and spatial variability is difficult based on the high-
resolution 3-D surveys by a single technique, platform or de-
vice. We have applied in situ observations, using both au-
tonomous devices and a research vessel, for mapping tem-
poral variability in temperature, salinity and chlorophyll a
distribution patterns in the Gulf of Finland. Close to the Fer-
rybox line Tallinn—Helsinki, an autonomous profiler was de-
ployed in the summers of 2009-2012. This data set allows us
to estimate the temporal changes in the horizontal distribu-
tion patterns in the surface layer and vertical stratification
(vertical temperature and salinity distribution) at a station
close to the Ferrybox line simultaneously. In addition, Scan-
Fish surveys were conducted in the area to reveal the spatial
variability in the sub-surface layer.

The main aim of the present paper is to describe spatial and
temporal variability at the mesoscale and sub-mesoscale, in-
dicate the main sub-mesoscale features and their effects on
the vertical stratification as well as chlorophyll a dynam-
ics under different forcing conditions by combining high-
resolution observational data (Ferrybox, buoy profiler, and
ScanFish). We would like to demonstrate that multi-sensor
in situ observations, initiated to meet the data needs in oper-
ational oceanography, are able to resolve the sub-mesoscale
features and are a good basis for descriptive and statistical
analysis of mesoscale and sub-mesoscale variability/features
in the Gulf of Finland. The hypothesis that under certain
mesoscale conditions, such as development and relaxation
of coastal upwelling events in a stratified estuary, the sub-
mesoscale processes are more energetic than predicted by the
theory of quasi-geostrophic turbulence in the ocean interior
is tested.

2 Material and methods
2.1 Measurement systems and data

The data set analyzed in the present study was gathered us-
ing an observational network applied by the Marine Systems
Institute at Tallinn University of Technology in the Gulf of
Finland, Baltic Sea. It includes autonomous measurements
and sampling on board a ferry traveling between Tallinn and
Helsinki and autonomous measurements at a profiling buoy
station close to the ferry route. Additionally, research-vessel-
based measurements and sampling, as well as surveys using a
towed undulating vehicle (ScanFish), are employed (Fig. 1).

The Ferrybox system records temperature (7), salinity
(S), and chlorophyll a (Chl a) fluorescence in the surface

www.ocean-sci.net/12/715/2016/
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Figure 1. Map of the Baltic Sea (left panel) and the study area (right panel). Black lines indicate the Ferrybox route between Tallinn
and Helsinki, blue line the ScanFish track on 22 July 2010, 2 August 2010, 4 July 2012, and 20 July 2012, green line the ScanFish track on
27 July 2010, and red line the ScanFish track on 31 July 2012. Yellow dots indicate the location of the buoy station AP5 and the Kalbadagrund

meteorological station.

layer (water intake is approximately at 4 m depth) twice a
day along the ferry route Tallinn—Helsinki (the system is de-
scribed in detail by Kikas and Lips, 2015). The time res-
olution of measurements of 20s corresponds to an average
spatial resolution of 160 m. For temperature measurements,
a PT100 temperature sensor with a measuring range from —2
to +40 °C with an accuracy of £0.1 % is used. The sensor is
installed close to the water intake to diminish the effect of
warming of water while flowing through the tubes onboard.
For salinity measurements a FSI Excell thermosalinograph
(temperature and conductivity meter) is used, and the data
quality is checked by water sampling and analysis of samples
by a high-precision salinometer Portasal 8410A (Guildline
Instruments) 2—4 times a year. For Chl a fluorescence and
turbidity (turbidity data not presented here) measurements,
a SCUFA (Self-Contained Underwater Fluorescence Appa-
ratus) submersible fluorimeter (Turner Designs) with a flow-
through cap is used. An acid-washing cleaning system is ap-
plied to prevent biofouling and 11-17 water samples along
the ferry route are collected once a week for laboratory anal-
ysis of Chl a content to calibrate the fluorimeter data.

The autonomous profiler deployed in the summers of
2009-2012 at station AP5 (Fig. 1) recorded vertical profiles
of temperature, salinity, and Chl a fluorescence in the wa-
ter layer from 2 to 50 m with a time resolution of 3h and a
vertical resolution of 10 cm. The sensor set at the buoy pro-
filer consisted of an OS316plus CTD probe (Idronaut S.r.l.)
equipped with a Seapoint Chl a fluorimeter. To avoid bio-
fouling of sensors, the parking depth well below the euphotic
layer depth and electrochemical antifouling system were ap-
plied. Ship-borne measurements and sampling close to the
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buoy profiler were arranged bi-weekly to check the quality of
data (compare the vertical profiles from the buoy with those
from the research vessel) and to calibrate the Chl a fluorime-
ter by laboratory analyses of Chl a content from the water
samples.

The data set used also includes ScanFish surveys of tem-
perature, salinity, and Chl a fluorescence conducted to map
the horizontal distribution of 7', S, and Chl a in the water
column from 2 to 45 m (see location of sections in Fig. 1).
The average distance between the consecutive ScanFish cy-
cles, including down- and upcast while the vessel was mov-
ing with a speed of 7 knots, was 600 m. Data were recorded
continuously (both down- and upcast are used) and the pro-
cessed data were stored with a vertical resolution of 0.5 m.
The ScanFish sensor set consisted of a Neil Brown Mark
III CTD probe and TriOS microFlu-chl-A fluorimeter. Ship-
borne CTD measurements and water sampling was con-
ducted before and after the ScanFish surveys to control the
quality of ScanFish data and calibrate the fluorimeter.

To calibrate the used (different) Chl a sensors, the Chl a
concentration in the water samples was determined in the lab-
oratory. Whatman GF/F glass fiber filters and extraction at
room temperature in the dark with 96 % ethanol for 24 h were
used. The Chl a content from the extract was measured spec-
trophotometrically (HELCOM, 1988) by Thermo Helios .

The data set from July-August 2009-2012 analyzed in
the present study consists of 461 ferry crossings (Tallinn-
Helsinki), 968 CTD and Chl a profiles collected at station
APS5, and 6 ScanFish surveys.

Ocean Sci., 12, 715-732, 2016
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2.2 Calculations

The results in the following sections are presented as
graphs of pre-processed observational data and horizontal
wavenumber spectra of temperature variance calculated from
the Ferrybox and ScanFish measurements as well as the esti-
mated characteristics of vertical stratification at station APS.
The use of spatial spectra of temperature (instead of den-
sity) was based on the assumptions that in summer in the
surface and thermocline layer of the Gulf of Finland (GoF),
the water density is mainly controlled by temperature and it
is measured by one sensor while density has to be estimated
from the readings of two separate sensors. The following ap-
proaches are used in the calculations.

Horizontal wavenumber spectra of temperature variance
were calculated for each ferry crossing between Tallinn and
Helsinki assuming that the distance between the data points
along the ferry route was constantly 160 m. The areas close
to the harbors, where the ferry speed varied, were excluded,
and only the data along the ferry route between the latitudes
59.48 and 60.12° N were used. The mean spectra for a certain
period with quasi-stationary variability were obtained by av-
eraging of single spectra over this period. The spectral slopes
between the spatial scales of 10 and 0.5 km were estimated.
The overall variability was characterized by daily standard
deviations of temperature along the ferry route.

Horizontal wavenumber spectra of temperature variance in
the sub-surface layer were calculated using the data of Scan-
Fish surveys. Since the distance between the consecutive pro-
files varies depending on the depth, the ScanFish data were
first interpolated to the grid with a constant horizontal step
of 300 m, which corresponds to the average distance between
the up- and downward casts. Then the individual spectra for
every depth (with 0.5 m step) were calculated, and the mean
spectra in 10 m thick water layers were obtained by averag-
ing all spectra in those layers containing 21 individual spec-
tra. The spectral slopes between the spatial scales of 10 and
1 km were estimated.

Vertical stratification was described by estimating the
potential energy anomaly P (Simpson and Bowers, 1981;
Simpson et al., 1990) as

0 0
1 1
P:Z/(pA—p)gzdz., pA:E/pdz;, (1)
—h —h

where p(z) is the density profile over the water column
of depth h. The stratification parameter P(Jm~3) is the
work required to bring about the complete mixing of the
water column under consideration. Similarly to Liblik and
Lips (2012), the integration was conducted from the sea sur-
face until 40 m depth. If the surface data were missing (upper
2 m where the buoy profiler did not measure), the uppermost
available density value was extrapolated to the surface.

The intrusion index was calculated as a sum of negative
salinity gradients (zkg~! m~!) in the water layer from the

Ocean Sci., 12, 715-732, 2016

sea surface to 40 m depth. Before calculations, the salin-
ity profiles were smoothed by 2.5 m window. The idea be-
hind the method comes from the fact that on the background
of vertical salinity gradient with a fresher surface layer and
more saline deep layer, lateral salinity gradients exist in the
study area. In general, fresher water originates from the east
(the Neva River and other larger rivers in the GoF) while
more saline water originates from the Baltic proper. This
general lateral salinity gradient could be enhanced locally as
a result of meso- and sub-mesoscale dynamics. If the water
layers with a thickness of a few to 10 m move in different di-
rections, vertical salinity inversions could be generated in the
water column where the vertical density gradient is mostly
maintained by the temperature distribution. Thus, high val-
ues of intrusion index indicate the occurrence of layered flow
structures.

The Chl a fluorescence data acquired with different sen-
sors attached to the Ferrybox system, buoy profiler, and
ScanFish were converted into Chl a content values using
equations of linear regression between the fluorescence read-
ings and results of laboratory analyses of water samples.
The conversation equation of Chl ¢ =2.47 x F (r> =0.41,
p<0.05) was used for the buoy profiler fluorescence data
analyzed in this paper to convert fluorescence (F'; in arbi-
trary units) into Chl a content in mg m—>. Interpretation of
Ferrybox fluorescence data was sometimes difficult due to
some problems with biofouling. In the present study, we
used only data from July 2010 when the found regression
line had the following parameters: Chl a =2.34 x F —2.41
(r* =0.77, p< 0.05) and from summer 2012 by applying the
following regression line equation: Chl @ =1.06 x F —4.11
(r2 =0.80, p< 0.05). Data only from evening crossings were
used to diminish the fluorescence quenching effect.

3 Results
3.1 Forcing and general features

The study period in July—August of 2009-2012 was char-
acterized by distinct inter-annual differences in wind condi-
tions and distribution patterns of temperature and salinity in
the central part of the Gulf of Finland. Based on HIRLAM
(High-Resolution Limited Area Model) wind data, the aver-
age wind speed in July—August 2009-2012 in the GoF area
was 6.0ms™ L, and the prevailing wind direction was from
the south-southeast with an average velocity of the airflow
of 1.4ms~!. While the winds from the southwest prevailed
in July—August 2009 and 2012 (average direction from 217
and 214° , respectively), the dominating wind direction was
from the southeast in 2010 and 2011 (average direction from
160 and 122°, respectively). Both in 2010 and in 2011 the
monthly average wind direction differed between the 2 ana-
lyzed months being from 192° in July to 115° in August 2010
and from 73° in July to 177° in August 2011.
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Figure 2. Temporal changes in wind stress during the study pe-
riod of 29 June-31 August in 2009-2012 based on 3 h average wind
measured at the Kalbadagrund meteorological station (Finnish Me-
teorological Institute) and shown as series of wind stress vectors
with a time step of 6 h smoothed using 24 h moving average.

On the synoptic scale (several days — a couple of weeks),
mostly westerly wind pulses occurred in 2009 except for a
period in the first half of July with a relatively strong wind
pulse from the south-southeast (see time series of wind stress
vectors in Fig. 2). In 2010, moderate winds from the south-
west were prevailing in the first half of July while several
wind pulses from the east, northeast and south occurred dur-
ing the rest of the study period. Typical for 2011 was a con-
secutive appearance of relatively strong wind pulses from
southwest and east-northeast. In 2012, westerly winds clearly
prevailed with only two short periods when the wind pulses
from the east (early July) and northeast (second half of Au-
gust) occurred.

In general, as described by Kikas and Lips (2015) based
on Ferrybox data, the surface layer temperature was clearly
higher in 2010 and 2011 than in 2009 and 2012. The surface
layer salinity was the highest at the beginning of the study
period in 2011; the less saline water occupied the central gulf
in 2009 and the second half of summer in 2010 and 2011
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while the surface layer salinity stayed relatively high in July—
August 2012.

Based on the combined figures of horizontal and vertical
distributions of temperature and salinity in July—August 2009
(Fig. 3a and b), the following characteristic features could be
identified. In the first half of July, an upwelling event de-
veloped near the southern coast resulting in large variations
of temperature (7.8-17.8°C) and salinity (4.2-6.1 gkg™")
across the gulf. Deepening of the thermocline occurred af-
ter the upwelling relaxation in the southern part of the gulf.
A shallow and warm upper layer (temperature between 17.3
and 20.4 °C) with very low variations of salinity across the
gulf (between 4.6 and 5.0 gkg™!) appeared in the study area
due to a period of weak winds in the first half of August. Up-
welling near the southern coast occurred in the second half of
August with increased across-gulf variability of temperature
(from 12.9 to 17.7 °C) and salinity (4.7-5.6 gkg™").

At the beginning of the study period in 2010, when mainly
weak or variable moderate winds prevailed, the variations
of temperature (mostly being between 20 and 22°C) and
salinity in the surface layer were very low across the gulf
(Fig. 3c and d). This calm period was followed by a relatively
weak upwelling event off the northern coast and deepening
of the thermocline from 10 m to 15 m in the southern part. A
strong upwelling event near the southern coast with the high
spatial variability of temperature (varying between 11.1 and
21.6°C) and salinity (varying between 4.0 and 6.3 gkg™!)
across the gulf occurred in late July. The seasonal thermo-
cline had a much shallower position in 2010 (for the period
with available data until early August) than in 2009.

Study period in July—August 2011 started with an up-
welling event near the southern coast with the surface layer
temperature varying across the gulf from 12.8 to 20.6 °C and
salinity varying from 5.1 to 6.5 gkg ™! (Fig. 3 and f). During
the next extensive upwelling event in late July—early August
off the southern coast, high variability of the surface layer
temperature (varying between 13.5 and 21.4°C), and salin-
ity (varying between 4.4 and 6.4 gkg~') across the gulf was
observed. Relaxation of the latter event was accompanied by
a moderate deepening of the thermocline in the southern part
of the gulf. Strong winds from variable directions in the sec-
ond half of August caused strong vertical mixing and down-
welling with a drastic deepening of the seasonal thermocline
to 45 m depth in the southern part of the gulf.

The first half of July 2012 was characterized by relatively
low spatial variability of temperature and salinity in the sur-
face layer of the study area (Fig. 3g and h). An upwelling
event occurred near the northern coast at the end of July,
creating a temperature difference across the gulf from 10.3
to 17.2°C, and accompanied by the deepening of the sea-
sonal thermocline in the southern part (to 45 m). After a short
period with low variability, the second upwelling event ap-
peared near the northern coast while the surface layer tem-
perature stayed quite high in the rest of the study transect (up
to 20°C). In the period between the two upwelling events,

Ocean Sci., 12, 715-732, 2016



720

(@)

Pressure (d5)
g 8

RS
A~ \ T
o, N > 8
o] NS F 2 2
i
5 40 10
5] P
Helsink ™. 4
60
a5 T
n 2006 20

U. Lips et al.: Multi-sensor in situ observations to resolve the sub-mesoscale features

s

7

s

s

HA
e

S am @

«°

Pressure (do)

(h)

| 4
50 P
Helsind ™. i &
P Y PN
Qs/% 40 N ) 1 &
", £l 006 2
”

Figure 3. Temporal changes in horizontal and vertical distributions of temperature (°C) and salinity (gkg 1) in the Gulf of Finland measured
by the Ferrybox system between Tallinn and Helsinki and the autonomous buoy profiler at station AP5 from 29 June to 31 August in 2009
(a, b, respectively), 2010 (c, d), 2011 (e, f), and 2012 (g, h). The Ferrybox data are split into two parts at the position of the buoy profiler
APS5. The x axis shows the distance along the ferry route from a starting point off Tallinn harbor at the latitude of 59.48° N.

strong intrusions of more saline water were observed in the
subsurface layer at the buoy station. The position of the sea-
sonal thermocline in the southern part of the gulf was the
deepest in 2012 among the analyzed years.

3.2 Lateral variability of temperature in the surface
layer

Overall horizontal variability of temperature characterized as
the standard deviation of temperature along the ferry route
varied in quite large ranges in time, from 0.2 to 3.7°C
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(Fig. 4). High values of standard deviation of temperature
in the surface layer were related to the observed coastal up-
welling events and, as a rule, the upwelling events near the
southern coast resulted in larger spatial variations of tem-
perature than those near the northern coast. During the up-
welling event in August 2010, the standard deviation of tem-
perature was as high as 3.7°C while during the other up-
welling events within the study period in July—August 2009—
2012, the values of standard deviation of temperature did not
exceed 2.5 °C. Despite the high temporal variability of stan-
dard deviations of temperature calculated based on data from
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Figure 4. Statistical characteristics of the temperature variability in the surface layer of the Gulf of Finland along the ferry route Tallinn—
Helsinki from 29 June to 31 August in 2009, 2010, 2011, and 2012. Standard deviations of temperature are shown as solid lines and spectral
slopes of temperature variance between the horizontal scales of 10 and 0.5 km as dotted lines. The vertical dashed lines denote the borders
between the selected characteristic periods with similar variability patterns (numbers of periods are shown in the upper part of the panels).

single crossings, the average values of standard deviations
for the studied 4 years did not differ much; a minimum of
0.71°C was found in 2009 and a maximum of 0.83°C in
2010 (Table 1).

The calculated horizontal wavenumber spectra of temper-
ature variance had also relatively large variability if to com-
pare the spectra estimated based on data from single cross-
ings. The spectral slope between the lateral scales of 10
and 0.5km varied between —1.8 and —3.7 (in logarithmic
scales). Note that the spectral curves were approximately lin-
ear (Fig. 5) between the scales of 15-20km (the latter cor-
responds to a horizontal wavenumber of 0.05km™! or in a
logarithmic scale —1.3 in Fig. 5) and 0.5 km (corresponds to
wavenumber of 2km~! or in logarithmic scale 0.3 in Fig. 5);
thus, linear approximation of their slopes is feasible. Within
the periods of the high spatial variability of temperature,
mostly related to upwelling events affecting the distribution
of temperature in the surface layer of the Gulf of Finland, the
estimated slopes were between —1.8 and —2. When the spa-
tial variability of temperature was low in the surface layer,
the slopes varied mostly between —2 and —3 (Fig. 4). At the
same time, the average spectra for the entire period under
consideration in the studied years were quite close to each
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other (Fig. 5, bold lines) and the spectral slopes on average
were close to —2 (from —2.1 to —2.2; see also Table 1).
Based on the presented lateral variability of temperature,
some distinct periods when the standard deviation of tem-
perature was high and spectral slope was close to —2 can
be distinguished. We selected 3—4 periods with the almost
quasi-stationary character of variability in each year to quan-
titatively describe the character of variability within these pe-
riods; the periods are marked in the Fig. 4 by dashed lines.
In 2009, two periods of high spatial variability caused by
coastal upwelling events existed (periods 1 and 3 marked in
Fig. 4). During both periods, the spectral lines had a higher
position, and their slopes were shallower than the average
for the entire study period in 2009 (see Fig. 5 and Table 1).
In 2010, two periods, which were also associated with the
upwelling events (periods 2 and 4; see Fig. 4), had much
higher spatial variability, and the spectral slopes were shal-
lower than the average in 2010. All time intervals compris-
ing upwelling events in 2011 (periods 1 and 3; see Fig. 4)
and 2012 (period 2; see Fig. 4) were also characterized
by a higher position and shallower slope of spectral lines
than the lines representing the average for July—August 2011
and 2012. The noticed divergence of spectral slopes from
the high-variability and low-variability periods resulted in a
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Figure 5. Horizontal wavenumber spectra of temperature variance in the surface layer of the Gulf of Finland calculated using Ferrybox data
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correspond to —2 and —3 slopes.

clearly larger separation between the spectral curves at the
sub-mesoscale than at the mesoscale. While the spectral den-
sity of spatial variations of temperature at the spatial scale of
1 km varied more than 1.5 in magnitude, it varied in ranges
of 1 magnitude at the spatial scale of 10 km (Fig. 5).

3.3 Temporal variability of the vertical stratification

The vertical distributions of temperature and salinity at the
buoy station varied considerably in time similarly to the hor-
izontal distributions of temperature and salinity along the
ferry route. The variations were revealed as changes in the
magnitude of vertical gradients, depth of the upper mixed
layer and seasonal thermocline, fast deepening or surfacing
of the thermocline, and occurrence of intrusions leading in
certain cases to local inversions in vertical salinity distribu-
tion (Fig. 3).

Temporal changes in vertical stratification in the Gulf of
Finland could be related to the differences in the heat flux
through the sea surface and to the prevailing wind forcing
that influences both the estuarine circulation alterations and
the intensity of vertical mixing (see e.g., Liblik and Lips,
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2012). Note that the autonomous buoy station in the present
study was located in the southern part of the open Gulf of
Finland. Thus, in addition to the seasonal course of strati-
fication and its dependence on the estuarine circulation, the
vertical stratification at this location could be significantly
influenced both by the upwelling and by the downwelling
along the southern coast.

Stratification parameter (P) calculated for the water
layer between the sea surface and 40 m depth increased in
July 2010 and 2011 in accordance with the strengthening of
the seasonal thermocline (Fig. 6). In July—August of these
years, the winds from the southeast prevailed supporting the
estuarine circulation and, in turn, keeping up the strong ver-
tical stratification; the maximum of P =370J m~3 was ob-
served at the beginning of August 2010. This continuous
increase of P in both years was disrupted only due to the
coastal upwelling events (in 2010 also due to a weak down-
welling event) leading to rapid changes in the stratification
parameter mostly because of vertical movements of the ther-
mocline. In contrast to 2010 and 2011, the stratification pa-
rameter did not increase much during the study window in
2009 and 2012 in accordance with the prevailing southwest-
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Figure 6. Daily average stratification parameter (solid line with open circles) and intrusion index (dashed line with crests) estimated for
the water column from the sea surface to 40 m depth at the buoy station AP5 in the central Gulf of Finland from 29 June to 31 August in

2009-2012. Location of the buoy station is shown in Fig. 1.

erly winds. In 2009, the stratification parameter being rel-
atively high due to the vertical salinity stratification had the
maximum in the first half of August (P =300J m~3) and de-
creased rapidly afterwards when the downwelling influence
reached the buoy station. In 2012, the vertical stratification
in the water layer from the surface to 40 m depth almost van-
ished at the measurement site AP5 by 20 July due to a very
strong downwelling event, which appeared along the south-
ern coast of the Gulf of Finland. Later on, the stratification at
the buoy station strengthened, but the stratification parameter
was clearly the lowest in 2012 if compared to the other years
due to the deepest position of the seasonal thermocline.

Vertical profiles of temperature and salinity collected at
the buoy station often exposed variability with vertical scales
of a few to 10 m, which could be interpreted as intrusions re-
lated to the sub-mesoscale dynamics. Since the temperature
was the main contributor to the vertical density distribution
in the seasonal thermocline, such intrusions could create lo-
cal inversions in the vertical distribution of salinity as men-
tioned above and seen in Fig. 3. The calculated intrusion in-
dex showing how much the vertical stratification is weakened
due to local salinity inversions varied mostly between 0 and
0.05. However, every year one or a few periods were detected
when the index exceeded 0.05, whereas the maximum index
value obtained on 1-2 August 2012 reached 0.36.
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In 2009, the only period with relatively high intrusion in-
dex values was detected during and just after the period of
estuarine circulation reversal (Liblik and Lips, 2012). The
maximum of the intrusion index coincided with the last day
of the upwelling event near the northern coast that was fol-
lowed by the event near the southern coast and rapid decrease
of the intrusion index. In 2011, the index values >0.05 were
detected a few times in July, whereas the highest values on
12—-14 August (exceeding 0.24 on 14 August) were related to
the relaxation of an intense upwelling event near the south-
ern coast and short-term deepening of the thermocline at the
buoy station during a weak upwelling event near the north-
ern coast. The mentioned highest intrusion index value on
1-2 August 2012 was detected within the period when two
consecutive major upwelling events occurred near the north-
ern coast, whereas this maximum emerged between the up-
welling events just before the second one.

Thus, the intrusions were most intense (in the sense of
salinity inversions) at the buoy station AP5 in connection
with the relaxation of upwelling events near the southern
coast, development of upwelling events near the northern
coast and estuarine circulation reversals. All these situations
correspond to the periods when the thermocline was deep-
ening or was already at a deep position at the buoy station
in the southern part of the open Gulf of Finland. In addi-
tion, the stratification parameter values were low or decreas-
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The corresponding ScanFish tracks are shown in Fig. 1.

ing when the temporal maximum of intrusion index was de-
tected. When relating intrusion index values with the lateral
variability in the surface layer one could conclude that the
found temporal maxima of intrusion index corresponded to
the periods of moderate lateral variability in the surface layer.
Nevertheless, during such periods, the slopes of horizontal
wavenumber spectra of temperature variance were close to
—2 as during the periods of high lateral variability, and ap-
proximately a week before the highest intrusion index val-
ues, the lateral variability in the surface layer was also high
(Figs. 4 and 6).

3.4 Spatial variability in the thermocline

We analyzed the data of ScanFish surveys in the Gulf of
Finland conducted across the gulf in the open, deeper part
and along the southern coast in the summers of 2010 and
2012. The hydrographic background of surveys in 2010 is
characterized by the development of a weak upwelling along
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the northern coast of the gulf on 22 July 2010, a strong up-
welling event along the southern coast on 27 July 2010 and
relaxation of it by 2 August 2010 when the last survey was
conducted (see Fig. 3c, d). In summer 2012, when the up-
welling events along the northern coast dominated, the sur-
vey on 4 July 2012 characterizes the situation before those
upwelling events, on 20 July 2012 the development of up-
welling and on 31 July 2012, which was conducted along
the gulf, the situation related to a temporal relaxation of up-
welling (see Fig. 3g, h).

A clear cross-gulf inclination of the thermocline was re-
vealed on 22 July 2010 (Fig. 7a), although the ScanFish
section did not reach the upwelling area near the northern
coast. At the same time, the isopycnals had opposite incli-
nation below the 20 m depth resulting in a weakening of the
vertical stratification from south to north (Fig. 8). A well-
pronounced, less saline water zone with a width of less than
5km was observed in the surface layer. The extension of an
associated intrusion of lower salinity in the thermocline was
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Figure 9. Horizontal wavenumber spectra of temperature variance in the sub-surface layer of the Gulf of Finland calculated using ScanFish
data from 22 July 2010, 27 July 2010, 2 August 2010, 4 July 2012, 20 July 2012, and 31 July 2012. The bold lines show the average spectral
curve for each survey and the thin lines represent the spectral curves in the selected layers with the thickness of 10 m. The central depth
values of the selected layers are indicated at the left side of panels and the estimated spectral slopes for the average spectral curve at the right

of panels. The dashed lines correspond to —5/3 and —2 slopes.

wider in the horizontal dimension and its thickness, decreas-
ing from north to south in accordance with the strength of the
vertical stratification, was less than 5 m.

The along-gulf ScanFish section on 27 July 2010 from the
buoy station AP5 to the southwest crossed the meandering
upwelling front (Fig. 7b). The observed variability is charac-
terized by clear mesoscale meanders of the front with spa-
tial scales of 10—15 km, strong stratification at the warm, less
saline side of the front and much weaker stratification at the
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cold, more saline side of it, and very low intrusion index al-
most along the entire section (Fig. 8b). A remarkable vari-
ability at the sub-mesoscale, also resulting in intrusions of
water with different salinity seen in Fig. 7c and expressed
in high values of intrusion index (Fig. 8c), was observed on
2 August 2010. A less saline water zone was well visible
almost at the same location as on 22 July 2010, but the sur-
face layer salinity in it was much lower, less than 4.5 gkg™!
(Fig. 7c).
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Figure 10. Temporal changes in horizontal and vertical distribution of chlorophyll a (mg m™3) in the Gulf of Finland measured by the
Ferrybox system between Tallinn and Helsinki and the autonomous buoy profiler at station AP5 from 29 June to 31 August in 2010 (a) and
2012 (b). The Ferrybox route and the location of station AP5 are shown in Fig. 1.

Table 1. Standard deviations of temperature and slopes of
wavenumber spectra of temperature variance based on the data col-
lected in the surface layer along the ferry route between Tallinn and
Helsinki. Average values for each year over the study period from
29 June to 31 August (to 22 August in 2012) and within the se-
lected periods with similar spatial variability are given. Numbers of
the periods correspond to the periods marked in Fig. 4.

Year  Dates Standard Spectral
no. deviation slope

(°C)  (10-0.5km)
2009 29 June-31 August 0.71 —2.1
1 29 June-15 July 1.26 -19
2 16 July—14 August 0.37 —-23
3 15 August-31 August 0.78 —-1.9
2010 29 June-31 August 0.83 -22
1 29 June-18 July 0.52 -23
2 19 July-31 July 1.46 -2.0
3 1 August—16 August 0.48 —-22
4 17 August-24 August 1.89 -19
2011 29 June-31 August 0.73 22
1 29 June-12 July 0.93 -2.1
2 13 July-25 July 0.38 —2.6
3 26 July-9 August 1.43 —-1.9
4 10 August-31 August 0.34 -22
2012 29 June-22 August 0.76 -22
1 29 June-16 July 0.32 —2.6
2 17 July—13 August 1.16 -2.0
3 14 August-22 August 0.35 2.4

The average vertical gradients of all parameters — temper-
ature, salinity, and density — in the upper 40 m water layer
were clearly lower in summer 2012 (Fig. 7d—f) than in sum-
mer 2010 (Fig. 7a—c). A less saline water zone in the central
part and slightly stronger vertical stratification in the south-
ern part of the section were observed on 4 July 2012 (Figs. 7d
and 8d). Development of the upwelling along the northern

www.ocean-sci.net/12/715/2016/

coast and downwelling in the southern part caused strong
inclination of the thermocline across the gulf and a clear
strengthening of vertical stratification from south to north on
20 July 2012 (Figs. 7e and 8e). In the area of strong incli-
nation of the thermocline, relatively large horizontal gradi-
ents of salinity and intense sub-mesoscale variability, also
seen as intrusions of water with different salinity (Fig. 7e),
were observed. On 31 July 2012, the ScanFish survey re-
vealed a mesoscale eddy-like feature (Fig. 7f), which could
be formed in the process of downwelling relaxation as also
observed earlier along the southern coast of the gulf (in its
mouth area; see Lips et al., 2005). This mesoscale feature
was characterized by relatively weak vertical stratification in
its central part and high intrusion index values, especially at
its periphery (Fig. 8f). Note that the pronounced intrusion of
more saline water detected at the western end of the section
was also registered at the buoy station during several days
(Fig. 3h).

The horizontal wavenumber spectra of temperature vari-
ance shown in Fig. 9 vary considerably between the ana-
lyzed six surveys, both in the spectral level and the shape
of the curves. The highest variability at the meso- and sub-
mesoscale was related to the surveys, which were conducted
when pronounced upwelling events dominated in the study
area, on 27 July 2010 and 20 July 2012. The former sur-
vey crossed the meandering upwelling front, and the peak
of the spectral density was found at the lateral scale of about
15 km. The latter survey was conducted when an upwelling
event along the northern coast was developing, and the Scan-
Fish section crossed the inclined thermocline. A similar sit-
uation with a weaker upwelling development and slightly
lower spectral densities was mapped on 22 July 2010.

The spectral slopes between the horizontal scales of 10
and 1km for spectra averaged over depth intervals with the
thickness of 10 m were mostly shallower than —2; the av-
erage values of spectral slopes for each survey (shown in
Fig. 9) varied between —1.7 and —2.0. The slopes close to
—2 were obtained for the surveys with the most pronounced
mesoscale features. Local vanishing of the spectral slope
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Figure 11. Vertical sections of chlorophyll a content measured using the ScanFish on 22 July 2010, 27 July 2010, 2 August 2010, 4 July 2012,
20 July 2012, and 31 July 2012. The corresponding ScanFish tracks are shown in Fig. 1.

could be detected between the horizontal scales from 3 to
1km on 2 August 2010 and at scales from 3 to 2km on
31 July 2012. High intrusion index values were character-
istic for the both mentioned surveys, especially for the sur-
vey on 31 July 2012 (Fig. 8c, f), which is in accordance with
the index estimates based on the buoy profiler data (Fig. 6d).
High intrusion index values were also found for the survey
on 20 July 2012 when a patch of more saline water appeared
in the sub-surface layer at the warm side of the upwelling
front (Figs. 7d and 8d).

3.5 Consequences to chlorophyll ¢ dynamics

Temporal variability of chlorophyll a at the scales of days
is usually much higher than that of temperature and salin-
ity since in addition to the advection and mixing, the phy-
toplankton growth (and decay) could increase (decrease) the
biomass and consequently chlorophyll a content rapidly. De-
spite such high variability and other factors that could in-
fluence the comparability of acquired chlorophyll a fluores-
cence data, e.g., fluorescence quenching, the presented com-
bined plots of changes in horizontal and vertical distributions
agree reasonably well (Fig. 10).

In the first half of July 2010, a sub-surface bloom de-
veloped in the southern part of the Gulf of Finland, which
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occasionally was also seen in the surface layer with higher
chlorophyll a values off the southern coast (Fig. 10a). When
an upwelling event along the southern coast started to domi-
nate (see Fig. 3c), the chlorophyll a content decreased in the
southern part and increased in the northern part of the study
area. Before the bloom near the northern coast, relatively
deep chlorophyll @ maxima were detected at the buoy station
at depths below 20 m (since the maxima layers were thin they
are not well seen in Fig. 10) and at the ScanFish section on
22 July 2010, especially at its northern part (Fig. 11). When
the upwelling developed along the southern coast of the gulf,
the sub-surface chlorophyll ¢ maxima were situated at a shal-
lower position in the warmer side of the front, but they almost
disappeared by 2 August 2010 after relaxation of the up-
welling event. In between the two surveys, the bloom devel-
oped near the northern coast in the convergence/downwelling
area. It was suggested that this bloom could be related to the
observed sub-surface maxima of chlorophyll a, which con-
tained the dinoflagellate Heterocapsa triquetra in very high
numbers (Lips and Lips, 2014).

In 2012, the chlorophyll a content was higher in the north-
ern half of the study area than in its southern part in the
first half of July. Later, when the two consecutive upwelling
events appeared along the northern coast, the highest chloro-
phyll a values were observed close to the southern coast. At
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the buoy station, where the downwelling influence was visi-
ble (see Fig. 3g), the chlorophyll a content also increased in
the sub-surface layer. Occasionally, high chlorophyll a val-
ues were detected close to the upwelling front in the north-
ern part of the study area. While the sub-surface maxima of
chlorophyll a were observed at the buoy station and the Scan-
Fish transect at the beginning of July 2012 (Fig. 11), they
disappeared when the upwelling events occurred near the
northern coast. During the upwelling development, both the
chlorophyll a content in the surface layer and the thickness of
the surface layer with elevated chlorophyll @ increased from
north to south. However, those tendencies had pronounced
intermittency at lateral scales of 1 to a few kilometers. A
similar distribution pattern was registered in the phase of the
upwelling/downwelling relaxation on 31 July 2012.

4 Discussion and conclusions

Many earlier studies have noticed that proper in situ mea-
surements to reveal sub-mesoscale features are difficult to
organize since the variability both in space and in time has
to be tackled simultaneously (e.g., Hosegood et al., 2008,
Niewiadomska et al., 2008, Pietri et al., 2013). Especially
challenging are the investigations of sub-mesoscale pro-
cesses in the coastal, relatively shallow but vertically strat-
ified sea areas where the characteristic baroclinic Rossby ra-
dius is on the order of a few kilometers, as in the Gulf of
Finland — 2-5km (Alenius et al., 2003). We suggest that
the most promising approach to solve the problem is to ap-
ply a combination of autonomous and research-vessel-based
devices, such as Ferryboxes, moored profilers, underwater
autonomous vehicles (gliders) and towed undulating instru-
ments (ScanFish).

Simultaneous temporal changes that could be related to
mesoscale processes are clearly seen in horizontal and ver-
tical distributions of temperature and salinity presented in
Fig. 3. The sub-mesoscale features such as upwelling fila-
ments were also registered simultaneously by both systems,
for instance in the first half of July 2009 and on 24 July 2010.
Furthermore, the buoy profiler and ScanFish simultaneously
detected intrusions of water with different salinity in the ther-
mocline layer. Thus, the application of high-resolution au-
tonomous and towed devices, which measure horizontal and
vertical distributions of environmental parameters, makes it
possible to detect meso- and sub-mesoscale features and
quantitatively estimate their properties. In the present study,
the underwater gliders were not applied, but they have been
successfully tested in the Baltic Sea (e.g., Karstensen et al.,
2014).

If the high-resolution measurements have a large enough
coverage in space and time, one is able to reveal statistical
parameters of sub-mesoscale variability. In turn, this would
lead to an improved parameterization of sub-grid processes
in the numerical models that has been considered as a prob-
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lem in the modeling of the relatively shallow, but stratified
Baltic Sea sub-basins (Tuomi et al., 2012; Omstedt et al.,
2014). It also allowed us to display some general features
of spatiotemporal variability of temperature and salinity in
the study region — the central Gulf of Finland. The upwelling
events along the southern coast were associated with higher
horizontal variability of temperature in the surface layer than
those along the northern coast (Kikas and Lips, 2015; Lib-
lik and Lips, 2016). In the case of prevailing westerly winds,
the seasonal thermocline has a deeper position and the verti-
cal gradient of salinity is weaker than in the case of easterly
winds (Liblik and Lips, 2012).

One of the questions addressed in the present study
was whether the wavenumber spectra of temperature vari-
ance convert to —3 slope predicted by the theory of quasi-
geostrophic turbulence in the ocean interior (Charney, 1971)
or rather to —5/3 slope predicted by the theory of surface
quasi-geostrophic turbulence (Held et al., 1995). We found
that the wavenumber spectra of temperature variance in the
surface layer had slopes varying mostly between —1.8 and
—3.7 estimated for the lateral scales from 10 to 0.5km.
Nevertheless, when high variability at the mesoscale, i.e.,
pronounced mesoscale features, were observed, the spectral
slopes were shallower than —2. Similar tendency towards —2
slope was obtained for the wavenumber spectra of temper-
ature variance in the thermocline layer between the spatial
scales of 10 and 1 km. These estimates were very stable over
the 4 years of Ferrybox measurements and all ScanFish sur-
veys analyzed in the present study.

Such conversion of wavenumber spectra of temperature
variance to —2 slope has been identified earlier in other sea
areas by high-resolution modeling (e.g., Capet et al., 2008)
and in situ measurements (e.g., Hodges and Rudnick, 2006).
Based on remote sensing altimeter data, it is shown that sea
level wavenumber spectra also correspond well to the surface
quasi-geostrophic theory (Le Traon et al., 2008). In a recent
study, Kolodziejczyk et al. (2015) showed that if the surface
density is analyzed then the —2 spectral slope is obtained in
summer conditions when the salinity and temperature vari-
ations do not compensate each other (in north-eastern sub-
tropical Atlantic Ocean). We have used temperature data to
estimate potential energy wavenumber spectra assuming that
mostly temperature determines the density in the upper layer
(including the seasonal thermocline) in the Gulf of Finland
in summer. It has to be noted that the wavenumber spectra
of density variance corresponded to —2 slope as well when
the spatial variability was dominated by coastal upwelling
events. According to these findings, the sub-mesoscale pro-
cesses have to be more energetic than suggested by the quasi-
geostrophic theory of turbulence in the ocean interior. Thus,
the observed high lateral variability of temperature in the sur-
face layer and associated —2 spectral slopes suggest a signif-
icant role of sub-mesoscale processes in vertical exchanges
in the stratified Gulf of Finland and similar sea areas.
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The lateral variability of temperature in the sub-surface
layer was the highest during the surveys when the upwelling
events either off the southern or off the northern coast oc-
curred (ScanFish sections on 27 July 2010 and 20 July 2012).
Higher intrusion index values in the sub-surface layer were
also found at the ScanFish sections in relation to the de-
velopment and relaxation of coupled upwelling/downwelling
events, except at the section crossing the meandering up-
welling front on 27 July 2010. One could suggest that the
intrusion index (counted as a sum of salinity inversions) in-
dicates the presence of the layered flow structure and thus,
the intensity of lateral mixing. When analyzing the charac-
teristics of coastal upwelling, Kikas and Lips (2015) sug-
gested that two types of upwelling events could be identified.
During the event on 18-27 July 2012, no pronounced up-
welling front was detected, rather a gradual decrease of the
surface temperature from the open sea towards the coast with
remarkable variability at the sub-mesoscale was observed.
It was suggested that such upwelling events could develop
when the wind forcing is weaker than required to generate an
Ekman drift in the entire upper layer and consecutive surfac-
ing of the thermocline.

The observed salinity intrusions at the ScanFish section
on 20 July 2012 support the above suggestion by Kikas and
Lips (2015). The seasonal thermocline was relatively deep
in July 2012 and most probably, the observed salinity intru-
sions were formed as a response to the winds favorable for
the upwelling near the northern coast. Consequently, in such
conditions, the lateral mixing is enhanced as the transport
of water with different characteristics upward and downward
along the inclined isopycnals. In turn, it could result in en-
hanced vertical (diapycnal) mixing of water at laterally dis-
tant places from their origin. We suggest that sub-mesoscale
dynamics and layered flow structure contribute significantly
to the lateral and vertical mixing in the stratified sea areas
under variable wind forcing.

The highest values of intrusion index were registered at
the buoy station in late July — early August 2012 and at the
ScanFish section on 31 July 2012 during the relaxation of
the downwelling near the southern coast. Apart of this ma-
jor sub-mesoscale structure, similar intrusions visible in the
vertical salinity distribution at the buoy station were quite
frequent in the summers of 2009-2012 in the seasonal ther-
mocline layer, e.g., in late July—early August 2009, in mid-
August 2011 and in July and August 2012 (Fig. 3). In addi-
tion, water with slightly lower salinity was occasionally seen
at the buoy station in July 2010 and clear evidence is pro-
vided by the ScanFish surveys on 22 July 2010 and 2 Au-
gust 2010 that such intrusions of low salinity water in the up-
per part of the seasonal thermocline originated from patches
of lower surface salinity in the central gulf. At least on two
occasions could we detect clear inclination of salinity intru-
sions in relation to the isopycnals — on 2 August 2010 in the
southern part of the section and on 20 July 2012 in the central
part of it. This finding is similar to the observations by Pietri
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et al. (2013) in the upwelling system off southern Peru, where
they suggested that observed sub-mesoscale features could
be the result of the stirring by the mesoscale circulation. Note
that the sub-surface chlorophyll ¢ maxima registered in the
northern part of the ScanFish section on 22 July 2010 were
also inclined in relation to the isopycnals (see Fig. 11).

Two examples of bloom development in the near-coastal
convergence zone were shown in the present study — in
late July 2010 near the northern coast and in July and
August 2012 near the southern coast (Fig. 10). Lips and
Lips (2014) suggested that the bloom near the northern coast
in 2010 could be related to the sub-surface maxima of chloro-
phyll a, which contained the vertically migrating dinoflagel-
late Heterocapsa triquetra in very high numbers. Similar de-
velopment of the biomass peak with a relatively high share of
this vertically migrating species in the surface layer was ob-
served in the same area also in August 2006 (Lips and Lips,
2010). The highest biomass and chlorophyll a content in that
convergence zone was associated with the locally higher lo-
cation of isopycnals, thus, with the stratified conditions in the
surface layer, although in the downwelling area.

The ScanFish surveys conducted during the downwelling
event and its relaxation at the end of July 2012 did not show
high chlorophyll a content in the sub-surface layer. How-
ever, the data both from the buoy station and from the Scan-
Fish surveys registered clearly enhanced chlorophyll a con-
tent in the surface layer with quite a large intermittency in
the chlorophyll a content and layer thickness with enhanced
chlorophyll a content (Figs. 10 and 11). Note that the blooms
lasted relatively long time (about 10 days), and the high-
est biomass (chlorophyll a content) was not observed near
the mesoscale upwelling front where the largest vertical ve-
locities could be expected (e.g., Thomas and Lee, 2005).
Levy et al. (2012) showed that the sub-mesoscale processes
have large-scale effect on phytoplankton growth in the ocean,
which could be seen at larger scales and distant places. An
improvement in the resolution of ocean circulation models
has resulted in more energetic motions not only close to the
large scale (or mesoscale) fronts but rather in the surface
layer of the whole modeling domain (Capet et al., 2008; Levy
et al., 2010).

We suggest that the maintenance of the bloom, which
could not be explained by pure convergence due to the
Ekman drift in the surface layer, must benefit from other
processes feeding the surface layer with nutrients and/or
biomass. The ageostrophic sub-mesoscale processes could be
responsible for re-stratification of the surface layer, vertical
transport and thus, also for growth enhancement (Levy et al.,
2012). This conclusion supports the concept that the verti-
cal exchanges related to the mesoscale processes (eddies) are
enhanced due to the sub-mesoscale activity and not only in
the vicinity but also far off the mesoscale features (Klein and
Lapeyre, 2009).

The results of the present study can be concluded as fol-
lows. The analysis of high-resolution data from summers
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2009-2012 revealed pronounced sub-mesoscale features in
the surface and subsurface layer, e.g., upwelling and down-
welling filaments and intra-thermocline intrusions with spa-
tial scales of a few kilometers (typical baroclinic Rossby
radius in the Gulf of Finland is 2-5km). The horizontal
wavenumber spectra of temperature variance estimated be-
tween the lateral scales of 10 and (1)0.5 km had the slopes
close to —2 both in the surface layer and in the seasonal
thermocline. It shows that the ageostrophic sub-mesoscale
processes contribute considerably to the energy cascade in
this stratified sea basin. We showed that the role of sub-
mesoscale processes was significant especially in the condi-
tions of changing wind forcing, e.g., during the development
and relaxation of coastal upwelling and downwelling events.
We suggest that the sub-mesoscale processes play a major
role in feeding surface blooms in the conditions of coupled
coastal upwelling and downwelling events in the Gulf of Fin-
land.
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During the period from March to the end of May in 2009 and 2010, intensive measurements and sampling
were undertaken in the Gulf of Finland. The compiled results indicate a high variability of the phytoplankton
distribution both temporally and spatially. The spring bloom dynamics and heterogeneity was influenced by
physical forcing, such as prevailing circulation in the surface layer and the development of stratification, in-
cluding the upward and downward movement of the seasonal thermocline. The estimated ratio of nitrogen to
phosphorus consumption during the growth phase of the spring bloom was close to the Redfield ratio during

gz)r/itgrgls[.mm both springs. The maximum phytoplankton carbon biomass was observed after the depletion of inorganic
Diatoms nitrogen from the surface layer, which coincides with the transition in the community dominance from
Dinoflagellates diatoms to dinoflagellates. Diatoms exhibited a short, well-defined period of high biomass, and we argue
Nutrients that measurements with low temporal resolution can overlook this period of diatom dominance in the
Baltic Sea Gulf of Finland. The observed dominance of dinoflagellates (Peridiniella catenata and the Scrippsiella/

Biecheleria complex) and the ciliate Myrionecta rubra might have a substantial biogeochemical impact
because these species increase the retention time of newly produced material in the nutrient-limited surface

layer in late spring.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

According to the European Water Framework Directive (WFD,
2000/60/EC) and the Marine Strategy Framework Directive (MSFD,
2008/56/EC), the phytoplankton community composition, abundance
and biomass are one of the biological quality elements that are used
in the assessment of the ecological/environmental status of coastal
and marine waters. During the last decade, climate change and global
warming have received much attention in the context of changes to
the marine ecosystem. Thus, the spring bloom, which is a typical fea-
ture in temperate aquatic ecosystems, has also received extensive at-
tention in the assessment of the impact of anthropogenic pressure
and climate change. The wintertime accumulation of inorganic nutri-
ents in the whole water body and the physical conditions in the sur-
face layer determine the spring bloom in the Baltic Sea (Kahru and
Nommann, 1990; Stipa, 2004; Sverdrup, 1953). Nitrogen is consid-
ered the limiting nutrient in the Baltic Sea, and nitrate is the main
form of inorganic nitrogen present at the commencement of the
spring bloom. In the Gulf of Finland, nitrate depletion during the
bloom is obviously a major cause of the rapid decline in the phyto-
plankton biomass, especially under the recently observed nutrient
conditions, which usually include detectable residual amounts of

* Corresponding author. Tel.: 4372 6204303; fax: + 372 6204301.
E-mail address: inga.lips@msi.ttu.ee (1. Lips).

0924-7963/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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phosphates and silicates in the surface layer after the spring bloom
(e.g., Hallfors et al., 1981; Tamelander and Heiskanen, 2004).

In the Baltic Sea, a major part of the spring bloom phytoplankton
biomass is lost by sedimentation due to the slow development of
mesozooplankton. Johansson et al. (2004) showed that 85% of the
spring heterotrophic biomass (micro- and mesozooplankton) in the
Baltic Sea is composed of ciliates. The mesozooplankton species are
mostly in the nauplii stage during the vernal bloom. Because nauplii
feed on smaller particles, these organisms cannot control the spring
bloom biomass, which mostly consists of large chain-forming diatoms
and dinoflagellates (Lignell et al., 1993). Ciliates are known to reach
their peak biomass shortly after the spring bloom, and, according to
carbon consumption estimates (Johansson et al., 2004), up to 15%
and 4% of the spring net primary production are potentially con-
sumed by ciliates and mesozooplankton, respectively. The marine
photosynthetic ciliate Myrionecta rubra (Lohmann, 1908) Jankowski
1976 is an important protist in the stratified Baltic Sea, where it can
exploit the available resources through diurnal vertical migration
(Crawford and Lindholm, 1997; Lindholm and Mork, 1990; Thamm
et al., 2004). This ciliate can attain high biomasses during spring
bloom (e.g., Wasmund et al., 2013) and inhabits different depths in
the summer (e.g., Rychert, 2004).

Studies in the 1970s demonstrated the dominance of cold-water
diatoms in the Baltic Sea during the spring bloom (Hallfors et al.,
1981 and references therein). Several recent analyses have shown
long-term changes in the phytoplankton community composition,
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abundance, and annual succession. The observed changes in phyto-
plankton include a higher overall spring bloom biomass throughout
the Baltic Sea (Alheit et al., 2005), an increased dinoflagellate contri-
bution to the spring bloom biomass (Wasmund and Uhlig, 2003), and
an earlier onset of the spring bloom (Fleming and Kaitala, 2006). In
the latest reports of the periodic assessment of the state of the marine
environment in the Baltic Sea published by the Helsinki Commission
(HELCOM), the spring bloom was not thoroughly described due to a
clear focus shift toward summer cyanobacterial blooms. However,
five dominant vernal bloom species in the Baltic Sea basins during
three periods (1979-83, 1984-88, and 1989-93) were reported in
the third periodic assessment (HELCOM, 1996) and allow us to deter-
mine whether there have been clear changes in the species domi-
nance in the Gulf of Finland during the spring bloom since that time.

There are few data available on the phytoplankton community
composition due to the costs associated with traditional marine envi-
ronment monitoring using research vessels and manpower for the
quantitative counting of samples. This lack of data results in a reduc-
tion in the spatial coverage and temporal resolution that is required
to study phytoplankton dynamics and the correlations between phy-
toplankton and physical, chemical, and other biological parameters.
This is especially true during the spring bloom period due to the
high variability in the phytoplankton community, i.e., if the aim is to
follow the seasonal dynamics in detail or to study the long-term
trends in the composition of the spring bloom community. To fill
the gaps and increase the knowledge and understanding of the dy-
namics in a marine environment, the use of different autonomous
platforms in marine research and monitoring in the Baltic Sea area
is increasing (Fleming and Kaitala, 2006; Jaanus et al., 2009; Lips
and Lips, 2008; Lips et al., 2011; Rantajdrvi et al., 1998; Schneider et
al., 2006; Vepsaldinen et al.,, 2005). In addition, autonomous plat-
forms have been used to improve the prognostic capabilities of circu-
lation, especially in areas with complex hydrography (e.g., Grayek et
al.,, 2011), and biogeochemical models (Roiha et al., 2010).

Several recent studies have analysed conventional phytoplankton
monitoring data with the aim of showing the trends or shifts in the
Baltic Sea ecosystem, including the characteristics of the spring
bloom (e.g., Klais et al., 2011; Wasmund et al., 2011). A more detailed
temporal evolution of the spring bloom can be obtained using the
ships-of-opportunity/Ferrybox technique, but most of these studies
have focused on chlorophyll a (Chl a) or fluorescence data (Fleming
and Kaitala, 2006). High-resolution data (in both space and time)
on the phytoplankton species composition and biomass that cover
the full spring bloom period have not been available until now.

Attempts have been made to model the long-term and seasonal
dynamics of nutrients and the Chl a content or phytoplankton/
cyanobacteria biomass in the Baltic Sea and its sub-basins (e.g., Eilola
et al,, 2009; Maar et al., 2011; Miiller-Karulis and Aigars, 2011). Mostly
constant values have been used for the conversion factors that link car-
bon (C) to the nitrogen (N) and phosphorus (P) contents in accordance
with the Redfield ratio (molar ratio 106:16:1) and the nutrient contents
to the Chl a content, e.g., carbon to chlorophyll as 50 ug C to 1 pg Chl a
(Eilola et al.,, 2009) and nitrogen to chlorophyll as 0.63 pM N to 1 pg
Chl a1~ (Eilola et al,, 2009) or 0.5 uM N to 1 pg Chl a 1=! (Maar et al.,,
2011). Based on the analysis of Ferrybox nutrient data from the period
of 1993 to 2009, it was suggested that spring bloom phytoplankton
have the ability to excessively uptake phosphorus in relation to nitrogen
(Raateoja etal., 2011). To match the model outputs with observations, it
was suggested that the classical Redfield ratio should be replaced with a
constant but lower ratio for the N:P uptake, e.g., 10:1 (Wan et al., 2011).
In addition, the use of constant conversion factors under changing nu-
trient and light conditions in natural systems has been questioned
(Mateus et al.,, 2012), and high-resolution data appear to be essential
to understand the links between the phytoplankton dynamics and the
environmental conditions and to suggest relevant approaches that
should be used in ecological models.

The main aim of the present paper was to describe the dynamics of
the spring bloom in the Gulf of Finland based on high-resolution mea-
surements and sampling in 2009 and 2010 and to correlate the observed
features and the temporal and spatial variability of the bloom to physical
and chemical patterns. Employing new technologies and high-resolution
sampling, we linked the dynamics of the spring bloom, e.g., the domi-
nance and peaking of different species and the related nutrient dynamics,
to the environmental conditions and physical processes. Based on the
observational results, we also discuss several key concepts and recent
suggestions, such as a shift toward the dominance of dinoflagellates
and the use of a non-Redfield ratio for the uptake rates of nitrogen and
phosphorus.

2. Materials and methods

The study was conducted in the Gulf of Finland of the Baltic Sea.
The sampling transect was located in the central part of the gulf be-
tween Tallinn and Helsinki (Fig. 1). The width of the gulf in the
study area is less than 80 km, and the measurements were collected
in a 72-km wide area along the ferry route (excluding an area of ap-
proximately 4 km close to each harbour).

The Ferrybox system, which was installed aboard the passenger
ferry “Baltic Princess” (AS Tallink Grupp) that travels between Tallinn
and Helsinki, was used for the measurements and sampling in the
surface layer in 2009 and 2010. Water was pumped through the mea-
suring system as the ferry travelled. The water intake was located at a
depth of approximately 4 m. The temperature (T; PT-100 sensor), sa-
linity (S; FSI Excell thermosalinograph), and Chl a fluorescence
(SCUFA Turner Design) were recorded twice a day along the ferry
route (Fig. 1) with a time resolution of 20 s, which corresponds ap-
proximately to a spatial resolution of 150 m between each collected
data point. The water sampling from up to 17 locations along the
ferry route was conducted using an automatic refrigerating (4 °C)
sampler (Sigma 900 MAX) on the dates shown in Tables 1-3. The col-
lected water samples were analysed to determine the concentrations
of PO;~,NO3 + NO3, and Chl g, the phytoplankton species composi-
tion, wet weight, and carbon (C) biomass. The success of sampling
during early spring is dependent on the ice conditions because the
system may automatically switch off if even small pieces of ice are
detected in the debubbling chamber. Because there were relatively
heavy ice conditions in the Gulf of Finland, the sampling was less suc-
cessful in March 2010.

CTD measurements using an Ocean Seven 320plus CTD probe
(Idronaut S.r.l.) equipped with a Seapoint Chl a fluorometer and
water sampling aboard the research vessel were performed at Station
AP5 on 8, 14, 21, and 26 April and 5, 11, and 21 May in 2010 (Fig. 1).
The vertical resolution of the water sampling was in the range of 5 to
10 m. The water samples were analysed to determine the inorganic
nutrient (PO3~ and NO3 + NO3) concentrations and the Chl a con-
tent. Samples were also collected on 9, 17, and 30 June to describe
the nutrient and phytoplankton dynamics during the summer.
These results are not shown in the present paper but are partly
used in the discussion to support a suggestion.

The samples collected for nutrient analysis were deep-frozen at
— 20 °C after collection and analysed at the shore-based laboratory
using the automatic nutrient analysers uMac 1000 (Systea S.r.l.) and
Lachat QuikChem 8500 Series 2 (Lachat Instruments, Hach Company).
The nutrient analyses were performed according to the guidelines of
the American Public Health Association (APHA, 1992; methods 4500-
NO3 F and 4500-P F for uMac 1000) and recommendations made by
USEPA, ISO, and DIN standards (methods 31-107-04-1-D NO3 (Lachat
Instruments, 2000) and 31-115-01-1-1 PO4 (Lachat Instruments,
2001) for the Lachat instrument). The lower detection range for PO~
and NOz + NO3 using the uMac 1000 was 1 ppb (parts per billion;
0.03 and 0.07 puM, respectively; with a measurement uncertainty of
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Fig. 1. Map of the study area. The Ferrybox line between Tallinn and Helsinki and station AP5 are shown.

20% near the detection limit). The corresponding parameters for the
Lachat instrument were 0.008 and 0.014 pM, respectively.

The Chl a concentration in the water samples was determined
using Whatman GF/F glass fibre filters following extraction at room
temperature in the dark with 96% ethanol for 24 h. The Chl a content
from the extract was measured spectrophotometrically (Thermo He-
lios ) in the laboratory (HELCOM, 1988).

Phytoplankton sub-samples (100 ml) were preserved with an acid
Lugol solution (HELCOM recommendations and EVS-EN 15972:2011
standard) and analysed using the technique developed by Utermdhl
(1958) and the PhytoWin software (Kahma Ky). The wet weight bio-
masses calculated according to Olenina et al. (2006), which are shown
in Tables 1-3, were compared with historical records (e.g., HELCOM,
1996). The phytoplankton carbon content was calculated using C:
biovolume factors according to Menden-Deuer and Lessard (2000). Dif-
ferent C:biovolume relationships were used for diatoms and other pro-
tist plankton. However, instead of invoking differences between
different sizes of diatoms, the following formula was used for all of
the cells (including cells with a volume greater than 3000 um?;
ESD = 17 um): pgC cell~' = 0.288 x volume®®!!. The use of this for-
mula may cause a 20 to 30% underestimation of the C biomass of bigger
cells. However, the only species in our samples that had larger cells was
Thalassiosira baltica. C biomass of naked ciliates was calculated
according to the method described by Putt and Stoecker (1989).

The proportion of dinoflagellates was calculated by dividing the C
biomass of dinoflagellates by the total C biomass of dinoflagellates
and diatoms.

The consumption rates of nutrients were estimated using a simple
linear regression model: N = b x day + a, where N is the nutrient

concentration (NO3 + NO3 or PO37), day is the day of the year, b
is the slope of the regression line, and a is the intercept of the regres-
sion line. The absolute value of the estimated slope is considered the
consumption rate, i.e., the amount of consumed nutrients in pM per
day. Thus, the ratio of the slopes of the two regression lines is an es-
timate of the ratio of the nitrogen:phosphorus (N:P) uptake rates.
Depending on the objective, different periods for the regression anal-
ysis and the estimation of the consumption rate were used.

3. Results
3.1. Hydrophysical background

The Gulf of Finland was partially ice-covered in the winter of 2009
and almost fully ice-covered in the winter of 2010. In March 2009, the
ice was mostly found in the northern part of the gulf, whereas, in
March 2010, the ice was present along almost the whole cross-section
and occasionally caused breaks in the measurements. In 2009, the tem-
perature of maximum density (2.5 °C) was reached in the surface wa-
ters on 5 April in the southern part, between 10 and 12 April in the
central part, and between 19 and 21 April in the northern part of the
gulf (Fig. 2). In 2010, the temperature increase started later and
exhibited a different pattern: the increase was faster in the coastal
zones compared with the open waters. The temperature of maximum
density was reached on 11 April in the southern part, on 14 April in
the northern part, and on 25 April in the central part of the gulf. By
the end of May, the surface water temperature along the cross section
was 12-13 °Cin 2009 and approximately 10 °C in 2010 (Fig. 2).
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Table 1

Average concentrations + standard deviation of NO; + NO3, PO3 ™, Chl g, phytoplankton carbon biomass, and carbon to Chl a ratio along the ferry route from Tallinn to Helsinki in
March 2009 and 2010. The five dominant species (according to the wet weight biomass) with their corresponding average and maximum biomass values (shown in brackets) at
each sampling date are listed. N — number of samples analysed, n — number of stations where a species was among the five dominant species.

March
2009 01.03. 10.03. 16.03. 22.03. 29.03.
NO3 + NO3 - - - - 72+ 16(N=17)
(um)
P03~ (uM) 0.83 + 0.06 (N = 17) 0.82 + 0.03 (N = 11) 0.79 + 0.04 (N = 14) 0.82 + 0.03 (N = 15) 0.71 £ 0.06 (N = 17)

Chla (mg m~3)
Carbon biomass

242 4+ 1.30 (N = 17)
47 £23 (N =17)

134 £ 047 (N=11)
16+ 7 (N=11)

2.80 + 1.79 (N = 14)
53 + 62 (N = 14)

451 + 503 (N = 14)
Scri/Biech 164 (1059, n = 14)
P. catenata 118 (687, n = 14)
T. levanderi 33 (79, n = 14)
P. taeniata 26 (177, n = 3)
M. arctica 19 (63, n = 6)

(mg m~?)
Mean C:Chlaratio 19.4 11.8 18.8
Wet weight 365 + 181 (N = 17) 141 £ 69 (N = 11)
biomass Scri/Biech 191 (350, n = 17) Scri/Biech 50 (85, n = 11)
(mg m~3) P. catenata 99 (235,n = 17) P. catenata 29 (64, n = 11)
M. rubra 28 (85, n = 14) T. levanderi 14 (36, n = 11)
Aphaniz. 12 (85,n = 12) T. baltica 11 (44,n = 7)
T. levanderi 6 (18, n = 12) M. arctica 6 (46, n = 3)
2010 - - -
NOz + NO3 - - -
(uM)
PO;™ (uM) - - -

Chla (mg m~3)
Carbon biomass
(mg m~?)
Mean C:Chl a ratio
Wet weight
biomass
(mg m™)

2.76 + 0.89 (N = 15)
66 + 25 (N = 14)

239

541 + 202 (N = 15)
Scri/Biech 171 (345, n = 15)
P. catenata 114 (217,n = 15)
M. rubra 92 (198, n = 15)

T. levanderi 57 (81, n = 15)
T. baltica 29 (110, n = 12)

25.03.
73+ 13 (N=14)

0.90 + 0.05 (N = 14)
291 + 1.58 (N = 14)
71 + 80 (N = 16)

244

557 &+ 594 (N = 16)
Scri/Biech 196 (1405, n = 16)
M. rubra 135 (758, n = 16)
P. catenata 83 (307, n = 15)
T. levanderi 49 (97, n = 16)
P. taeniata 30 (125, n = 11)

638 + 1.91 (N = 17)
130 + 68 (N = 14)

204

1098 + 532 (N = 17)
Scri/Biech 472 (1345, n = 17)
P. catenata 202 (738, n = 16)
T. levanderi 160 (323,n = 16)
M. rubra 87 (214, n = 13)

T. baltica 52 (101, n = 16)

31.03.
69+ 13 (N = 10)

0.78 + 0.05 (N = 10)
340 + 0.73 (N = 10)
53 + 15 (N = 10)

15.6

449 + 111 (N = 10)
Scri/Biech 105 (242, n = 10)
T. levanderi 82 (147, n = 10)
M. rubra 70 (126,n = 9)

P. catenata 67 (119, n = 10)
P. taeniata 31 (50, n = 8)

The surface layer salinity was lower in spring 2009 than in spring
2010: in the central part of the gulf, the salinity was mostly below 5.5
in March and April 2009 and close to 6 in March and April 2010
(Fig. 2). In 2009, the surface layer salinity decreased from April to
May over the whole cross section. In contrast, in 2010, an increase
in the salinity was observed near the southern coast in early May.
Starting from mid-May (both in 2009 and in 2010), less saline waters

Table 2

appeared in the central part of the gulf, which altered the ordinary sa-
linity distribution (a north-south salinity gradient) observed in
March and April.

In spring 2010, the vertical profiles of temperature and salinity
were measured at station AP5 close to the ferry line (see location in
Fig. 1). According to the data acquired at this station, the temperature
of maximum density was reached in the surface layer on 26 April.

Average concentrations + standard deviation of NO; + NO3, PO3~, Chl q, phytoplankton carbon biomass, and carbon to Chl a ratio along the ferry route from Tallinn to Helsinki in
April 2009 and 2010. The five dominant species (according to the wet weight biomass) with their corresponding average and maximum biomass values (shown in brackets) at each
sampling date are listed. N — number of samples analysed, n — number of stations where a species was among the five dominant species.

April
2009 05.04. 12.04. 19.04. 26.04.
NO3 + NO3 (uM) 56+ 1.4 (N =17) 27 +25(N=17) 20+ 14(N=17) 02+02(N=17)
PO3~ (uM) 0.55 & 0.08 (N = 17) 0.38 £ 0.12 (N = 17) 0.45 + 0.06 (N = 17) 0.20 £ 0.02 (N = 17)
Chla (mg m~3) 11.58 £ 2.72 (N = 17) 20.20 + 4.96 (N = 17) 1455 £ 141 (N = 17) 14.34 + 1.83 (N = 16)

Carbon biomass (mg m~—?3)

Mean C:Chl a ratio

Wet weight biomass
(mgm~?)

2010
NO; + NO3 (M)
POz~ (M)
Chla (mg m~3)
Carbon biomass (mg m~?)
Mean C:Chl a ratio
Wet weight biomass
(mg m~?)

234 4+ 117 (N = 17)

20.2

2062 + 913 (N = 17)
Scri/Biech 746 (2892, n = 17)
T. levanderi 478 (941, n = 17)
P. catenata 341 (1632, n = 17)
T. baltica 150 (241, n = 17)
M. rubra 128 (272, n = 9)

04.04.

6.1 4+ 2.6 (N =15)

0.78 £ 0.11 (N = 17)

891 £ 1.71 (N = 17)

265 + 59 (N = 17)

29.7

2258 £ 511 (N = 17)
Scri/Biech 757 (1429, n = 17)
T. levanderi 413 (677, n = 17)
M. rubra 352 (740, n = 16)
P. catenata 312 (536, n = 17)
P. taeniata 115 (386, n = 12)

307 +£ 97 (N = 17)

15.2

2717 + 702 (N = 17)
Scri/Biech 831 (3425, n = 17)
T. levanderi 614 (1254, n = 15)
P. catenata 307 (879, n = 17)
T. baltica 234 (588, n = 16)

P. taeniata 177 (511, n = 14)

12.04.

39+ 29 (N =16)

0.51 + 0.12 (N = 17)

14.94 + 3.85 (N = 17)

261 +£ 48 (N=17)

175

2357 £ 436 (N = 17)

T. levanderi 668 (960, n = 17)
Scri/Biech 448 (737, n = 17)
P. catenata 311 (586, n = 16)
P. taeniata 305 (667, n = 17)
M. rubra 187 (345, n = 12)

226 + 50 (N = 17)

15.5

2327 + 558 (N = 17)

T. baltica 566 (863, n = 17)
T. levanderi 536 (889, n = 17)
Scri/Biech 301 (569, n = 16)
P. catenata 269 (636, n = 17)
P. taeniata 265 (587, n = 16)

19.04.

18+ 21 (N=17)

0.50 £+ 0.09 (N = 17)

19.43 + 451 (N = 17)

322 £ 95(N=17)

16.6

2955 + 855 (N = 17)
Scri/Biech 591 (1335, n = 17)
T. levanderi 572 (804, n = 17)
P. catenata 486 (1088, n = 17)
P. taeniata 483 (817,n = 17)
T. baltica 327 (1810, n = 15)

283 +£ 53 (N =17)

19.7

2717 + 516 (N = 17)

T. baltica 870 (1052, n = 17)
P. catenata 388 (734, n = 17)
M. rubra 366 (667, n = 16)
P. taeniata 279 (748, n = 17)
Scri/Biech 254 (491, n = 13)

27.04.

04 + 0.8 (N =15)

0.38 £+ 0.07 (N = 15)

1847 £ 272 (N = 15)

328 £ 71 (N =15)

17.7

2816 + 685 (N = 15)
Scri/Biech 668 (1090, n = 15)
P. catenata 478 (838, n = 13)
P. taeniata 470 (957, n = 15)
T. baltica 283 (583, n = 12)
Gymnod. 192(478, n = 17)
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Average concentrations + standard deviation of NO; + NO3, PO3 ™, Chl a, phytoplankton carbon biomass, and carbon to Chl a ratio along the ferry route from Tallinn to Helsinki in
May 2009 and 2010. The five dominant species (according to the wet weight biomass) with their corresponding average and maximum biomass values (shown in brackets) at each
sampling date are listed. N — number of samples analysed, n — number of stations where a species was among the five dominant species.

May
2009 03.05. 10.05. 17.05. 24.05. 31.05.
NO; + NO3 (uM) 0.2 + 0.2 (N = 17) 0.0 + 0.0 (N =17) 04+ 03 (N=17) - -
PO;™ (uM) 0.18 + 0.06 (N = 17) 0.13 £+ 0.02 (N = 17) 0.10 4 0.03 (N = 17) 0.10 £ 0.02 (N = 17) 0.01 £+ 0.03 (N=17)
Chla (mg m—?) 10.45 + 3.07 (N = 17) 8.58 4 3.50 (N = 17) 9.40 4+ 3.14 (N = 17) 499 4+ 1.53 (N =17) 242 + 094 (N=17)
Carbon biomass 263 + 77 (N = 17) 310 + 140 (N = 17) 439 + 162 (N = 17) 178 +£ 69 (N = 17) 43 +£30 (N =17)
(mgm™)
Mean C:Chl a ratio 25.2 36.1 46.7 357 17.8
Wet weight 2478 + 1031 (N = 17) 2159 + 931 (N = 17) 2919 + 1062 (N = 17) 1221 £ 468 (N = 17) 299 + 195 (N = 17)
biomass M. rubra 578 (848,n = 17) M. rubra 1325 (2788, n = 17)  M.rubra 1964 (3086,n = 17) M. rubra 737 (1481,n = 17) M. rubra 128 (750, n = 17)
(mg m~3) T. baltica 976 (2568, n = 17)  P.catenata 412 (899,n = 17)  P.catenata 672 (1477,n = 17) P. catenata 192 (564, n = 17) Aphaniz. 40 (80,n = 17)
P. catenata 340 (602, n = 16)  T. baltica 198 (617, n = 17) Gymnod. 73 (159, n = 17) T. baltica 59 (158, n = 14) D. acuminata 35 (116, n = 16)
P. taeniata 197 (280,n = 17)  Gymnod. 30 (66,n = 11) T. baltica 64 (190,n = 17) Gymn. HET 45 (159, n = 11)  P. brevipes 13 (31,n = 11)
S.marinoi 154 (381,n = 15)  Pyramim. 26 (41,n = 13) Aphaniz. 15 (60, n = 8) D. acuminata 34 (102,n = 9)  P. granii 8 (27,n = 8)
2010 03.05. 10.05. 17.05. 24.05. 31.05.
NO; + NO3 (uM) 0.1 + 0.0 (N = 17) 02402 (N=17) 03 +03(N=17) 0.14+01(N=17) -
PO;~ (uM) 0.35 + 0.05 (N = 17) 0.37 £+ 0.08 (N = 17) 0.36 4 0.08 (N = 17) 0.26 4 0.09 (N = 17) -
Chla (mg m~?) 18.64 + 4.52 (N = 17) 14.30 & 5.63 (N = 17) 6.06 + 1.95 (N = 17) 6.69 + 2.58 (N = 17) 2.96 + 0.68 (N = 17)
Carbon biomass 463 4+ 156 (N = 17) 418 4+ 209 (N = 17) 184 + 61 (N =17) 325 + 233 (N =17) 144 + 67 (N = 17)
(mg m~3)
Mean C:Chl a ratio 24.8 292 303 48.7 48.5
Wet weight 3763 + 968 (N = 17) 3319 + 1596 (N = 17) 1519 4+ 439 (N = 17) 2568 + 1791 (N = 17) 973 4+ 414 (N = 17)
biomass Scri/Biech 1361 (3123,n = 15)  P. catenata 1662 (4388, n = 17) P, catenata 752 (1585,n = 17)  P.catenata 1982 (3943,n = 17) M. rubra 517 (1143,n = 17)
(mg m~3) P. catenata 1114 (2018,n = 15)  Scri/Biech 851 (1352,n = 17) M. rubra 252 (746, n = 16) M. rubra 214 (948, n = 16) P. catenata 204 (551, n = 13)

P. taeniata 319 (1173 n = 15)
M. rubra 277 (640, n = 14)
T. baltica 196 (688, n = 14)

M. rubra 309 (694, n = 14)
P. taeniata 129 (585, n = 13)
T. baltica 112 (421, n = 14)

T, baltica 210 (411,n = 17)
P. taeniata 74 (418, n = 15)
Ch. holsaticus 31 (318,n = 4)

Gymn. HET 83 (203,n = 13)
T. baltica 82 (215,n = 13)
Gymnod. 46 (81,n = 15)

Gymn. HET 48 (111,n = 15)
Unid. dinof. 29 (57, n = 10)
P. brevipes 21 (69,n = 9)

Before this date, the vertical stratification was maintained by the ver-
tical salinity distribution (Fig. 3). The upper mixed layer depth was
approximately 15 m in general. In the period from 26 April to 11
May, strong vertical gradients appeared at a depth of 20 m, and
only weak stratification was observed in the layer above. A clear de-
crease in the salinity of the upper layer with a concurrent upward
shift of saltier waters at intermediate depths was revealed by 21 May.

3.2. Nutrient dynamics

In both years, the measurement of the nutrient concentrations in
the Ferrybox samples started in March and ended in May, when the
NO3 + NO3 concentrations were below or close to the detection
limit. At the end of March, the NO5; + NO3 values in the surface
layer along the cross section were similar in both years: in the
range of 4.6 to 9.3 uM in 2009 (average = 7.2 uM; see Table 1) and
in the range of 5.7 to 9.4 pM in 2010 (average = 6.9 pM). In general,
the NO3 + NO3 concentrations were higher and stayed above the
detection limit longer near the northern coast of the gulf (Fig. 4).
The system reached the N-limitation in the southern and central
part of the gulf at approximately the same time in both years
(26-27 April).

The PO3~ concentrations in the surface layer of the study area in
late March were slightly lower in 2009 (in the range of 0.58 to
0.79 uM; average = 0.71 uyM) compared with 2010, when these
were in the range of 0.70 to 0.85 uM (average = 0.78 uM). The con-
centrations started to decrease at the beginning of April in both
years (Fig. 4). The main difference in the PO3~ dynamics between
the years was related to the higher concentrations clearly observed
in late April and May 2010 compared with the concentrations
obtained at same period in 2009. Whereas the POZ ™~ concentrations
varied from 0.12 to 0.16 uM on 10 May 2009, concentrations as high
as 0.23-0.48 uM were measured on 10 May 2010.

The consumption rates of nutrients from the surface layer were esti-
mated for the spring bloom period from the end of March until nitrogen

(NO3 + NO3') depletion. Thus, data from 29 March 2009 to 26 April
2009 and from 31 March 2010 to 27 April 2010 were taken into account.
Consumption rates of NO; + NO3 as high as 0.250 uM day™ ' (n = 84,
standard error of the slope estimate (sey) = 0.018 uM day~') and
0.251 uM day~"' (n = 73, se, = 0.026 uM day~ ') were estimated in
2009 and 2010, respectively. The consumption rate of PO3~ was
0.0160 uM day~"' (n = 84, se;, = 0.0011 uM day~') in spring 2009
and 0.0158 uM day™! (n = 76, se, = 0.0013 uM day~') in spring
2010. These results yield a ratio of nutrient consumption close to the
Redfield ratio (16:1) in both springs: 15.7:1 in 2009 and 15.9:1 in
2010. If the data from May were taken into account, the estimates of
the consumption rates (especially for nitrogen) and the ratios of nutri-
ent consumption were lower. For instance, the ratios of nutrient con-
sumption were 11.7:1 from 29 March to 17 May 2009 and 13.8:1 from
31 March to 24 May 2010. Furthermore, if alterations in the nutrient
concentrations between consecutive sampling days (time step of
7 days) were used in the regression analysis, the estimates of the con-
sumption rates and the corresponding ratios of the nutrient consumption
varied widely: between 7.2 and 18.0 in 2009 and between 9.2 and 17.9 in
2010 (only data that exhibited a decrease in both nutrients were
considered).

The measurements at station AP5 (Fig. 1) on 8 April 2010 showed
NO3 + NOs concentrations as high as 5.1-5.3 pM in the upper 10-m
layer (Fig. 3). By 14 April, the values in the same layer decreased to
0.2-0.4 uM, but relatively high concentrations were measured at
depths of 15 and 20 m (1.7 and 6.8 pM, respectively). A significant
deepening of the nitracline took place in the first half of May. At the
end of May, the rise of the thermocline (Fig. 3) reintroduced higher
NO; + NO3 concentrations into the depths of 10-15 m. The POz~
concentrations in the upper 10-m layer were between 0.71 and
0.75 uM on 8 April and decreased to 0.48-0.51 uM by 14 April. At
depths below 20 m, the concentrations were greater than 0.9 uM. In
the beginning of May, the PO~ concentrations in the upper 10-m
layer were between 0.24 and 0.33 uM, and, due to the occurrence of
slightly saltier waters and the observed change in the stratification
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Fig. 2. Temporal variation of the horizontal distribution of temperature and salinity in the surface layer along the ferry route from Tallinn to Helsinki in the springs of 2009 and 2010.

The daily measurements of the surface layer with a spatial resolution of 150 m are plotted.

(Fig. 3), increases in the concentrations in this layer were evident on
11 and 21 May (to 0.32-0.41 pM and 0.35-0.48 pM, respectively).

3.3. Dynamics of phytoplankton chlorophyll a and biomass

In both years, the Chl a concentrations along the entire cross sec-
tion were mostly less than 3 pg I=! in March (Fig. 5; Tables 1-3). In
2009, an increase in the Chl a concentrations to 6.38 + 1.91 ug 1~!
was observed at the end of March, whereas, in 2010, the concentra-
tions remained less than 3.5 ug I~ on 31 March. On average, the
spring bloom developed earlier (by a couple of days to a week) in
2009 compared with 2010. The maximum values of Chl a were mea-
sured on 12 April (13.3-322pgl~') in 2009 and on 19 April
(10.5-26.3 pg 1=') in 2010. In addition, the spring bloom lasted lon-
ger in 2010. If a threshold value of 5 pg ="' is used, the spring
bloom continued from 29 March to 17 May in 2009 and from 4
April to 24 May in 2010. Before the bloom termination, a secondary
peak of relatively high Chl a concentrations was observed in both
years: on 10-17 May in the central part of the gulf in 2009 and on 24

May in the northern part of the gulf in 2010. By 31 May, the Chl a con-
centrations decreased to 1.5-4.9 ug 1~ ' in 2009 and to 2.4-4.2 pg 1= ' in
2010. In general, the spring bloom period (with Chl a values greater
than 5 pg 17') lasted longer in the northern part of the study area
than in the southern half.

According to the phytoplankton C and wet weight biomass, the
spring bloom was more heterogeneous compared with the dynamics
of the Chl a concentrations (Fig. 5, Tables 1-3). In both years, relative-
ly fast biomass growth was observed concurrently with the Chl a in-
crease in the first half of April. However, after the Chl @ maximum
had been reached, the biomass did not decrease accordingly. The
highest phytoplankton biomass values were observed on 17 May in
2009 in the central part of the gulf, which coincides with the second-
ary Chl a peak, and on 3-10 May in 2010 in the southern and central
parts of the gulf. A secondary biomass peak on 24 May 2010 in the
northern part of the gulf was also clearly distinguished (Fig. 5).

In both years, the carbon to Chl a ratio (C:Chl), which was estimat-
ed based on the daily average values of the phytoplankton C content
and the Chl a concentration, varied between 11.8 and 48.7 in the
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Fig. 3. Temporal variation of the vertical distribution of temperature, salinity, nitrates - nitrites, and phosphates at station AP5 in the spring of 2010. The vertical profiles of the
temperature and the salinity are shown as black dots, and sampling depths for the nutrient analyses are shown as white dots.

period from March to May and exhibited clear and similar dynamics
during the spring bloom (Tables 1-3). On average, the C:Chl ratio
was lower in March to April than in May, when the Chl a concentra-
tion started to decrease and the biomass reached its maximum. If
the spring bloom period (Chl a > 5 pg 1=') is taken into account,
the C:Chl ratios for the first and last four weeks were 17.6 + 4.8
and 32.5 4 13.3 in 2009 (29 March to 19 April and 26 April to 17
May, respectively) and 20.4 4+ 7.0 and 33.1 4+ 13.1 in 2010 (4 April
to 27 April and 3 May to 24 May, respectively). An exception with re-
gard to this pattern was observed in the early phase of the spring
bloom in 2010, when a C:Chl ratio of 30.2 & 6.5 was estimated on 4
April. The lowest C:Chl values during the spring bloom period coin-
cided with the Chl a peak on 12 April in 2009 (C:Chl ratio was
15.5 + 3.8) and on 19 April in 2010 (C:Chl ratio was 16.5 + 2.4).

3.4. Dynamics of phytoplankton groups and species

In this paper, mainly two major groups (diatoms and dinoflagel-
lates) and some dominating species of those groups were analysed.
The overall timing of the diatom bloom was similar in both years
studied (Fig. 6). The biomass of diatoms started to increase at the
end of March along the entire cross section. In the southern and cen-
tral gulf, the diatom bloom lasted 1-2 weeks longer in 2009 com-
pared with 2010. The spring of 2010 was characterised by a longer
period of diatom bloom in the northern part, which coincided well
with the decline/dynamics of the NO; + NO3™ concentration in the
surface layer of this region.

The main diatom biomass during both springs was composed of
T. baltica (Grunow) Ostenfeld 1901, Thalassiosira levanderi van Goor

1924, and Pauliella taeniata (Grunow) Round and Basson 1997
(Tables 1-3). The higher biomass values of T. levanderi were restricted
to the southern and central gulf in both years. In addition, the bloom
period of the latter species was strictly defined within 1 month. The
distribution of P. taeniata followed well the distribution of diatom
bloom, but the biomass values were lower in 2009. T. baltica was
found in the surface layer during a period of two months and
exhibited its maximum biomass in the second half of April in both
years (Fig. 7), although the bloom of T. baltica was more intensive
in 2009.

Whereas the diatom biomass in the study area was well correlated
with the Chl a distribution, the dinoflagellate biomass coincided with
the overall phytoplankton biomass distribution. The dinoflagellate
spring bloom was more intensive in 2010 (Fig. 6), and the bloom
was more concentrated in the southern and central part of the cross
section, where the biomass maximum was reached later in 2010.
The dinoflagellate bloom was mainly composed of Peridiniella
catenata (Levander) Balech 1977 and the Scrippsiella/Biecheleria com-
plex (Tables 1-3). The latter showed different bloom intensities and
distribution patterns in the consecutive springs (Fig. 7). In 2009, the
biomass of the Scrippsiella/Biecheleria complex was on average
lower and more concentrated in the northern part and decreased at
the end of April. In 2010, an intensive bloom of the complex was ob-
served during a one-and-a-half-month period in the central part of
the cross section, and the bloom maximum appeared in the beginning
of May in the southern and central part of the study area. The de-
crease in the Scrippsiella/Biecheleria complex bloom in 2010 was
very sudden and occurred at the same time along the whole cross sec-
tion. P. catenata was present in the surface layer throughout the
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Fig. 4. Temporal variation of the horizontal distribution of the nitrates-nitrites and phosphates in the surface layer along the ferry route from Tallinn to Helsinki in the springs of

2009 and 2010. The sampling sites are indicated as white dots.

spring bloom period (from the melting of the ice cover) and had its
biomass maximum after the Scrippsiella/Biecheleria complex bloom
in both years (Fig. 7), although the intensity of the P. catenata
bloom was significantly higher in 2010.

When calculating the proportion of dinoflagellates in the
dinoflagellate-diatom community, one can clearly observe the distinct
periods of dominance of diatoms (values below 0.5 in Fig. 6) in both
years. The intensity and dominance of diatoms in 2009 was greater,
and the period of diatom dominance lasted longer in 2009 compared
with 2010. Furthermore, based on the carbon biomass, the dinoflagel-
lates dominated in the central gulf during the entire study period in
2010. During the spring bloom period (Chl a > 5 pg 1=!), the average
proportion of dinoflagellates in the dinoflagellate-diatom community
was 0.64 + 0.23in 2009 and 0.73 + 0.23 in 2010. The daily average di-
noflagellate:diatom ratio, which was calculated based on 17 samples
along the study transect, was less than 0.5 (indicates diatom dominance
in the dinoflagellate-diatom community) during three sampling days in
2009 (19 April, 26 April, and 3 May). This ratio exhibited a minimum of
0.42 4 0.11 on 19 April in 2009. Diatom dominance was detected only

during one sampling day in 2010: the dinoflagellate:diatom ratio was
0.49 + 0.13 on 12 April, whereas it was already 0.52 4 0.12 on 19 April.

Remarkable differences in the biomass of the photosynthetic cili-
ate M. rubra were observed in the two studied spring periods
(Fig. 8). As observed from the data (Tables 1-3), this species was
present among the five dominants almost during the entire study pe-
riod in both years. However, the biomass of M. rubra reached values
greater than 200 pg C 17! only in May 2009, when approximately 2/
3 of the total carbon biomass of autotrophic organisms was composed
of this species. A relatively high biomass of M. rubra for the early
phase of the spring bloom was detected on 4 April 2010. Because
this high biomass value coincided with a peak in the Scrippsiella/
Biecheleria complex bloom, a relatively high C:Chl ratio was estimated
for this sampling day (see above).

4. Discussion

A few decades ago, it was generally accepted that the vernal phy-
toplankton bloom occurs in the second half of April in the southern
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Fig. 5. Temporal variation of the horizontal distribution of the chlorophyll a concentration and the phytoplankton carbon biomass along the ferry route from Tallinn to Helsinki in
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and central part of the Baltic Proper and in early May in the northern
part of the Baltic Proper and in the Gulf of Finland (Edler, 1979;
Hallfors et al., 1981). From our data, it can be observed that the com-
mencement and culmination of the bloom in the Gulf of Finland oc-
curred a few weeks earlier in 2009-2010 compared with the 1970s.
The ensemble forecast for the sea surface temperature (SST) in the
Baltic Sea predicts that the annual mean SST will increase by 2.9 °C
from 1961-1990 to 2071-2100, whereas the greatest increase will
be observed in May and June (BACC, 2008). The change in SST will in-
fluence various processes in the marine ecosystem, mostly through
the changes in trophic interactions (Alheit et al., 2005; Sommer and
Lengfellner, 2008; Vehmaa et al., 2011). Two of the predicted changes
in the Baltic Sea area are the earlier onset of the spring bloom
(Wasmund and Uhlig, 2003) and the increased dinoflagellate:diatom
ratio (Wasmund et al., 1998). Increased winter temperatures and
changed mixing conditions mainly explain the latter.

In earlier publications (e.g., Hallfors et al., 1981), the availability of
light and thermal stratification have been regarded as the main

regulators of bloom development. Kahru and Némmann (1990)
showed that the water temperature does not determine the com-
mencement of the spring bloom and that the restriction of vertical
mixing is provided by the much stronger influence of the salinity
stratification. Based on the Ferrybox data collected in 2009 and
2010, the spring bloom (Chl a concentration >5 pg 1=') in the Gulf
of Finland started before the temperature of maximum density had
been reached in the surface layer (2.5 °C in the study area). The ear-
lier bloom development in 2009 compared with 2010 was most likely
related to the slightly earlier warming of the surface waters in 2009,
but might also have been indirectly influenced by the salinity stratifi-
cation. The latter suggestion assumes that the lower salinity in the
surface layer in the spring of 2009 indicates a stronger vertical
stratification.

Based on unattended monitoring data from the period of 1993 to
2009, Raateoja et al. (2011) suggested that the spring bloom takes
up dissolved inorganic nitrogen (DIN) and dissolved inorganic phos-
phorus (DIP) at a ratio lower than that suggested by the Redfield
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ratio. These researchers used a time period of 60 days around the
bloom peak in their estimates. In the present analysis, we showed
that the estimated ratio of the nutrient consumption was close to
the Redfield ratio if the growth phase of the spring bloom (i.e., both
nutrients are available in the surface layer) was considered. If a
time period of two months was used in the analysis, the estimated
ratio of the nutrient consumption was lower than the Redfield ratio.
However, in addition to a non-Redfield uptake ratio, additional nitro-
gen sources, such as remineralisation, vertical transport by migrating
species, and horizontal transport of water masses with different DIN
and DIP concentrations, have to be assessed.

The nutrient concentrations from winter to early spring in the sur-
face layer of the Gulf of Finland have distinct gradients from west to
east: the DIN varies from 7 uM to 21 pM and the DIP varies from
0.7 uM to 1.3 uM (Pitkdnen et al., 2008). This yields a corresponding
gradient of the DIN:DIP ratio from 10:1 in the western and central
gulf to 16:1 in the eastern gulf. If the approach described in the

present paper is used to estimate the nutrient uptake, the N:P uptake
ratio is underestimated in the case of prevailing westward flow in the
surface layer of the Gulf of Finland. Thus, we argue that estimates of
the uptake ratios based on changes in the nutrient concentrations in
the surface layer are applicable for the growth period of fast nutrient
uptake. However, as a result of vertical mixing and advection
(e.g., related to mesoscale processes), which introduce phosphates
into the Gulf of Finland surface layer in excess compared with the
Redfield ratio, these estimates might also be biased for shorter
periods due to the low DIN:DIP ratio in the sub-surface layer
(Laanemets et al., 2011). In accordance with this assumption, the dif-
ferent rates of the decrease of phosphates in the surface layer that
were observed in 2009 and 2010 could be attributed to the upward
movement of the thermocline and sub-surface waters with higher
nutrient concentrations in May 2010.

The observed decrease in the phosphate concentrations in the sur-
face layer after nitrogen (NO3 + NO3°) depletion could be supported
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Fig. 8. Carbon biomass of M. rubra in 2009 (upper panel) and 2010 (lower panel). Each
box represents the range of values observed at different stations on different dates
(x-axis). The diamonds in the boxes show the average biomass value of all of the sta-
tions across the gulf at the indicated date. The order numbers at the top of the boxes
show the position of this species among the five dominant species at the indicated
sampling date.

by the processes that make additional nitrogen sources available for the
phytoplankton growth, e.g., remineralisation of nitrogen. We also
hypothesise that the vertical transport of nitrates-nitrites from the
sub-surface layers by migrating dinoflagellates (Fraga et al., 1989) and
the photosynthetic ciliate M. rubra (Crawford and Lindholm, 1997)
could be considered an additional nitrogen source. Lindholm and
Mork (1990) observed that M. rubra can migrate vertically over tens
of metres per day and exploit layers rich in nutrients. These researchers
suggested that M. rubra may form a significant mechanism for the trans-
port of nutrients from deep layers into the euphotic zone when this cil-
iate is found at high abundances in stratified waters. The faster decrease
of phosphates after the DIN depletion in the surface layer in late April to
early May 2009, when the photosynthetic ciliate M. rubra exhibited a
high biomass (compared with the slower decrease of phosphates and
the lower biomass M. rubra in April to May 2010) supports these hy-
potheses. A further indication that the migrating species could contrib-
ute as an additional nitrogen source was provided by the measurements
at station AP5 in late May and June 2010 (on 21 May and 9, 17, and 30

June). The estimates of the consumption rates of nutrients in the surface
layer (samples taken from depths of 1, 5, and 10 m) and in the
sub-surface layer (samples taken from depths of 25 and 30 m) were
the following: the decrease of NO5 + NO3 was not significant in the
surface layer and 0.072 uM day~! (n = 8, se, = 0.018 uM day~!) in
the sub-surface layer, and the decrease of PO~ was 0.0049 pM day ™!
(n =8, se, = 0.0011 pM day ') in the surface layer and not signifi-
cant in the sub-surface layer. According to the Ferrybox sampling on
31 May and 7, 14, and 21 June the migrating photosynthetic ciliate M.
rubra exhibited relatively high biomass (up to 232 ug C1™").In contrast,
on 30 June, when the surface layer had become depleted of phosphates,
this species was almost absent from the samples (data from June are not
included in the present paper).

The observed spring blooms can be divided into two phases: the
growth phase, when both the Chl a and the biomass increase, which
approximately coincides with the period when both DIN and DIP
are available in the surface layer, and the second phase, when Chl a
starts to decrease and the biomass continues to grow until the rapid
decay of the bloom. Clearly lower estimates of the C:Chl ratio were
obtained for the first period (17.6 in 2009 and 20.4 in 2010) com-
pared with the second period (32.5 in 2009 and 33.1 in 2010). This re-
sult is consistent with earlier findings that lower C:Chl ratios exist
when diatoms dominate in the community and higher ratios are
found when flagellates prevail (e.g., Eker-Develi et al., 2008). Addi-
tionally, large cells have a relatively higher C:Chl ratio (Malone,
1980) compared with smaller cells. Hence, the increase in the Chl a
concentration caused by the increase of small-cell diatoms will not
give a similar increase in the phytoplankton C if the biomass growth
is formed by larger cells. The nutrient depletion may reduce the cellu-
lar chlorophyll content and hence affect pigment ratios. The most
pronounced effects of nutrient depletion have been found to be relat-
ed to N-depletion (Goericke and Montoya, 1998) because Chl synthe-
sis is closely coupled to the internal N pool (Staehr et al., 2002). The
observed large variations in the C:Chl ratio during the spring bloom
show that the measurement of Chl a is often insufficient to describe
the fluctuations in the phytoplankton standing stock. Furthermore,
it is clear that the models that use constant values for the conversion
factors that link the carbon to the nitrogen and the phosphorus con-
tents and the nutrients to the Chl a content cannot reproduce the ob-
served dissimilar dynamics of the Chl a concentration and the
phytoplankton biomass during the spring bloom.

The carbon bound to the phytoplankton biomass increases as the
community transitions from diatoms to dinoflagellates during the
spring bloom. The major part of the annual new production and sed-
imentation of organic matter in the Northern Baltic Sea occurs during
the spring bloom in April-May (Heiskanen, 1998). The dinoflagellate:
diatom ratio during the spring bloom is important because diatom-
dominated blooms provide a fresh supply of organic matter to the
benthos, whereas dinoflagellate-dominated blooms lead to a greater
retention of organic matter in the water column. Because diatom-
bound C will sink out of the water column and is impounded to sed-
iments for long periods of time, a higher diatom contribution in the
spring bloom biomass will affect the overall C budget through rapid
C loss from the water column. Although most of the dinoflagellate
biomass is found to be disintegrated in the water column, the forma-
tion and sedimentation of cysts in the Scrippsiella/Biecheleria complex
has been estimated to be approximately 45% of the maximum sedi-
mentation of particulate organic C during this period of the year
(Heiskanen, 1993). Hence, the cyst-forming dinoflagellates also
strongly influence the total carbon sedimentation in the late part of
the spring bloom but the sedimentation of cysts might have a differ-
ent biogeochemical effect on nutrient cycling compared with sedi-
mentation of diatom cells (Spilling and Lindstrém, 2008).

Our results clearly show the different patterns in the diatom and di-
noflagellate temporal distributions in the spring (Figs. 6 and 7). Diatoms
have a more distinct high-biomass period compared with dinoflagellates
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and exhibit their biomass maximum in mid-April. The diatom domi-
nance before the peak of the dinoflagellate biomass was observed by
Tamelander and Heiskanen (2004) in the Finnish coastal waters, and
by Edler (1979) and Wasmund et al. (1998) in the Baltic Proper. Our
two years of observations are probably too short to support this as in
some years (e.g. 2009, Fig. 6) the dinoflagellate peak may form clearly
before the diatom maximum. Additionally, a longer bloom period of
dinoflagellates was evident from historical data (Edler, 1979), which
demonstrated the presence and significant abundance of dinoflagellates,
e.g., P. catenata (Gonyaulax catenata in the referenced publication), from
early April until late May. Kononen and Niemi (1984) observed apparent
changes in the dominance of diatoms and dinoflagellates during the
spring bloom in a long-term trend analysis of the entrance area of the
Gulf of Finland. These researchers concluded that dinoflagellates domi-
nated during the spring bloom in the period of 1968 to 1975 and that
there was a shift to diatom dominance in the late 1970s. However, it is
possible that the recent reported decrease in spring diatoms and coinci-
dent increase in dinoflagellates might often be a result of a sparse spa-
tial and temporal sampling. Because the diatom peak appears in a
narrower time window compared with that of dinoflagellates (Fig. 6),
undersampling might lead to the wrong conclusion. For instance, sam-
pling once a month during a fixed week combined with the time-shifts
in the development of the spring bloom due to the inter-annual or
long-term variation in meteorological conditions could miss the short
period of diatom dominance. Furthermore, our data showed that the
period when diatoms were dominant in the community (Fig. 6)
occurred in the northern and southern parts of the gulf at different
time periods. Thus, depending on the sampling week, the north-south
gradient of the dinoflagellate:diatom ratio could be different or even
opposite.

It is possible to reveal species-level changes by comparing our ob-
servational results with the historical data on the dominant species
during the spring bloom. Between 1979 and 1993, S. marinoi (former-
ly identified as S. costatum) has often been reported as the most im-
portant diatom species during the spring bloom (e.g., HELCOM,
1996). Although we confirmed this result with regard to the abun-
dance of the organism, the cell size of this species was very small dur-
ing both years (predominant size class = 3 x 6-8 pm), which
implies that its contribution to the overall bloom biomass was not sig-
nificant. Hence, this species was only once included in the list of the
five dominants species (Tables 1-3). The diatom T. levanderi has not
been mentioned among the dominant diatoms in earlier publications
and periodic assessments of the Gulf of Finland. In the years 2009 and
2010, this species was among the dominants from the beginning of
March to the second half of April, at which point it rapidly
disappeared from the spring bloom community. P. taeniata, which
was often mentioned among the bloom-forming species, does not ap-
pear to build a high biomass each year. The proportion of this species
in the spring bloom community was relatively modest in 2009.

P. catenata continues to be the dominant dinoflagellate, as demon-
strated through the analysis of historical records (e.g., HELCOM, 1996).
However, the abundance and biomass of the Scrippsiella/Biecheleria com-
plex have made these species one of the most dominant during the entire
spring bloom period. The regular occurrence and blooms of single-celled
dinoflagellates in winter and spring have often been reported in the Gulf
of Finland since the early 1980s (Jaanus et al., 2006; Kremp et al., 2005).
Because the classification of these species has been under review and
their identification using a light microscope is difficult, several species
are often counted and reported as the Scrippsiella or Biecheleria complex
(including Scrippsiella hangoei (Schiller) Larsen, Biecheleria baltica
Moestrup, Lindberg, and Daugbjerg, and Gymnodinium corollarium A. M.
Sundstrom, Kremp, and Daugbjerg). According to our data, these single-
celled dinoflagellate species appear in the water during the entire spring
bloom period from March to May. The maximum biomass of the
Scrippsiella/Biecheleria complex was observed in different spring bloom
stages during the two studied years. In 2009, the highest biomass was

found at the end of March and was clearly limited to the northern part
of the Gulf (Fig. 7). In 2010, the biomass maximum occurred after the di-
atom peak in the beginning of May, and high biomass values were mea-
sured along the whole cross section of the gulf. The slightly different
temperature and salinity preferences of the species in the Scrippsiella/
Biecheleria/Gymnodinium complex (Kremp et al., 2005; Sundstrom et al.,
2009; Sundstrom et al., 2010) might explain the temporally wide win-
dow of occurrence of this complex during the spring bloom. Further
field studies on succession of different species of this complex are needed.
The decline of the Scrippsiella/Biecheleria complex bloom was very sharp
in 2010.

The last phase of the spring bloom was dominated by dinoflagellates
and photosynthetic ciliates that are potentially capable of performing
vertical migrations. The ability for diel vertical migration is widely
known in M. rubra (Crawford, 1989; Passow, 1991; Smayda, 2010)
and P. catenata (Heiskanen, 1995; Passow, 1991; Spilling et al., 2006).
There is no strong evidence of migration behaviour of the Scrippsiella/
Biecheleria complex. The vertical migration of P. catenata becomes
more important as the bloom progresses. However, if the nitrate con-
centration is depleted below a threshold concentration in the migrating
range of P. catenata, its vertical migration can no longer compensate the
assimilation of the limiting nutrient. The more intensive growth of P.
catenata in 2010 might be explained by the change in the stratification
in the second half of May and the concurrent rise of the nitracline to the
euphotic layer.

The remarkable dominance of the migrating photosynthetic ciliate
M. rubra most likely caused the depletion of phosphates in the surface
layer by the end of May in 2009. This species is known as the fastest
autotroph in the sea and is characterised by a swimming velocity
that is reported to reach 8.5 mm s~' (30 m h™'; Smayda, 2010).
This species can swim to the surface layer within 1-2 h from any-
where within a 40-m water column. M. rubra is also known for its di-
rect utilisation of nitrate, ammonium, and dissolved organic nitrogen
(Wilkerson and Grunseich, 1990). Its dominance, migration behav-
iour, and phosphate utilisation in the surface layer will not only pro-
long the autotrophic production in the nutrient-depleted upper layer
but will also strongly influence the amount of excess phosphorus that
is usually regarded to support the summer cyanobacterial bloom de-
velopment. The observed different dynamics of this species in the two
studied years and the reasons behind this inter-annual variation still
need to be investigated and are not discussed in the present paper.

5. Conclusions

High-resolution measurements and sampling revealed the high spa-
tial and temporal variability of the phytoplankton community composi-
tion and distribution in the Gulf of Finland during the spring. To analyse
the related nutrient dynamics in the surface layer, we divided the bloom
period into two parts: the growth period, in which both phosphates and
nitrates-nitrites are available, and the period after the depletion of the
nitrates-nitrites. During the first period, the ratio of nutrient consump-
tion was close to the Redfield ratio. We suggest that the decrease in the
excess phosphate concentrations in the surface layer after the depletion
of nitrates-nitrites could be partly related to the vertical transport of ni-
trates from the sub-surface layers by migrating species. Clearly lower
estimates of the C:Chl ratio were obtained for the growth period of
the spring bloom (17.6 in 2009 and 20.4 in 2010) compared with the
second half of the bloom (32.5 in 2009 and 33.1 in 2010). During this
second half of the bloom, the Chl a concentration started to decrease,
but the phytoplankton biomass continued to grow until the rapid
decay of the bloom. As a result, the phytoplankton-bound carbon
stock increased with the succession of the spring bloom and the transi-
tion from diatom to dinoflagellate dominance in the community. Dia-
toms exhibited a relatively narrow and more distinct period of high
biomass compared with dinoflagellates, and we argue that this period
of diatom dominance in the Gulf of Finland might be overlooked
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by measurements with low temporal resolution. The second phase of
the spring bloom was dominated by dinoflagellates, including the
P. catenata and single-celled species reported as the Scrippsiella/
Biecheleria complex, and the ciliate M. rubra. The dominance of both di-
noflagellates and the photosynthetic ciliate increases the retention time
for newly produced material and might have a substantial biogeochem-
ical impact on the nutrient-limited upper layer of the Gulf of Finland in
late spring.
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Abstract- Ferrybox measurements are carried out in the Gulf
of Finland (Baltic Sea) in a regular basis since 1997. Routines for
data acquisition are developed enabling near real-time data
delivery for operational models. Cross-gulf high-resolution
temperature, salinity and chlorophyll a fluorescence profiles
collected in 2007 are used to describe meso-scale variability of
hydrophysical and -biological fields in the gulf. It is shown that
higher values of chlorophyll a concentration are more often
observed in the coastal areas and in the vicinity of a quasi-
permanent salinity front in the central Gulf of Finland.

L INTRODUCTION

Meso-scale physical features (fronts, eddies, upwelling,
downwelling) are known to be determinant for biological
production, retention and transport. To assess and quantify the
influence of these processes on the functioning of pelagic
ecosystem, measurements with high enough resolution,
duration and extent have to be conducted. Conventional
monitoring programs have too low resolution of sampling
while special investigations using the research vessels are
conducted episodically. Therefore, new methods such as
remote sensing, measurements at autonomous buoy stations
and voluntary platforms such as ferries have to be applied.
Only using these methods we could be able to monitor the
variability of environmental parameters in the spatial and
temporal scales in order of 10 km and of a few days.

The Gulf of Finland lies in the northeastern part of the
Baltic Sea. It is an elongated basin with a length of about 400
km and a maximum width of 140 km. The large freshwater
inflow in the eastern end of Gulf (the Neva River) leads to a
surface-layer salinity decrease from 6 at its entrance to 1 in the
easternmost area. The vertical stratification is characterized by
a permanent halocline at depths of 60-80 m, and a seasonal
thermocline, which forms at the depths of 10-30 m in summer.
The long-term residual circulation in the surface layer of the
Gulf is characterized by a relatively low speed and by a
cyclonic pattern (e.g. [1,2] and references therein). According
to the latter, the saltier water of the northern Baltic Proper
intrudes to the Gulf along the Estonian coast and the seaward
flow of fresher gulf water occurs along the Finnish coast.

The circulation is more complex at time scales from days to
weeks due to the variable wind forcing. A variety of mesoscale
processes (fronts, eddies, upwelling/downwelling) have been
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observed [3,4,5]. Due to the dominating southwesterly winds,
the Finnish coastal sea is one of the main upwelling areas in
the Baltic Sea in summer, from May to September [6]. In case
of easterly winds, upwelling events are observed in the
Estonian coastal sea area near the southern coast of the Gulf
(e.g- [T

The nutrient concentrations in the surface layer of the Gulf
of Finland reveal pronounced seasonal variation. Maximal
dissolved inorganic nitrogen (DIN) and phosphorus (DIP)
concentrations are observed in winter while in summer, the
concentrations of DIN and DIP are usually close to the
detection limit in the wupper layer. However, higher
concentrations are observed just below the seasonal
thermocline [8]. The seasonal dynamics of phytoplankton
species composition and biomass in the Gulf of Finland is
characterised by spring bloom in April-May dominated by
dinoflagellates (and diatoms), summer minimum from late
May to late June and late summer bloom in July (or late June
to mid August) dominated by cyanobacteria. The latter is often
causing public concern about the status of the sea environment.

The main aim of the present paper is to show how Ferrybox
measurements can be used for the monitoring of meso-scale
processes in the Gulf of Finland. On the basis of data collected
from May to September 2007, the meso-scale dynamics in the
study area and influence of observed processes to the
chlorophyll a distribution in the surface layer will be described.

1L MATERIAL AND METHODS

A.  Measurements

Temperature (T), salinity (S) and chlorophyll @ fluorescence
data and water samples for chlorophyll a (Chl a) analysis are
collected unattended on passenger ferries, travelling between
Tallinn and Helsinki (Fig. 1) since 1997. In 2006 a new flow-
through system (see Fig. 2; 4H-Jena, Germany) was installed
onboard ferry Galaxy (Tallink Group). It is able to measure in
addition to T, S and fluorescence also turbidity and nutrient
concentrations. The system and sensors are kept clean by an
acid washing procedure performed autonomously every
evening.
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Figure 1. Map of the study area, ferry route between Tallinn and Helsinki
and location of Kalbadagrund meteorological station.

The water intake for measurements and sampling is located
at 3-4 m depth. To restrict larger particles to get into the
measurement system a mud filter is used just after the intake.
For temperature measurements a sensor PT100 is used that is
installed also close to the water intake to diminish the effect of
warming of water while flowing through the tubes onboard.
Prior to the other sensors a debubbler is installed to avoid air
bubbles to influence the measurements of conductivity,
turbidity and Chl a fluorescence. For salinity measurements a
FSI temperature and conductivity meter is used. The
performance of these sensors is checked by taking water
samples and analyzing them wusing a high-precision
salinometer AUTOSAL. Temperature and salinity profiles
along the ferry route have been compared also with the results
of CTD measurements from research vessel.

For Chl a fluorescence measurements a SCUFA
submersible fluorometer (Turner Designs) with a flow-through
cap is used. The fluorometer is equipped also with a turbidity
sensor, and a temperature sensor to correct the fluorescence
values for temperature. While T, S, Chl a fluorescence and
turbidity data are recorded every 20 seconds (corresponding to
a horizontal resolution of approximately 200 m) every
crossing, 14 water samples (1 litre per a sampling) are
automatically collected once a week with a predefined time
interval of 10 minutes, when ferry is travelling from Helsinki
to Tallinn. For water sampling a refrigerated water sampler
Hach Sigma 900 MAX is used and the samples are kept in
cool (4 °C) and dark conditions until analysis (after 12 hours).
To calibrate the measured fluorescence values against Chl a
content in the water, samples are analyzed using a
spectrophotometer Thermo Helios y. The concentration of Chl
a is determined by filtering the water samples through
Millipore APFF glassfibre filters (pore size 0.7 [Im),
extracting the pigments 24 hours at room temperature with
ethanol (96%) and measuring the absorption at the wavelength
of 665 nm. The Fluorometer is calibrated once a year in an
onshore laboratory as well.

Figure 2. Measurement system onboard passenger ferry Galaxy.

B.  Preliminary processing, quality check and transfer of
data

Data are stored in an onboard terminal and delivered
automatically to the on-shore ftp-server once a day. In order to
use the data for assimilation into operational models automatic
procedures for preliminary processing and quality check have
to be applied. The quality of data is checked for unrealistic
data values as well as the performance parameters of the
system are validated. These parameters are flow speed of
water and pressure in the system. If the values of these
parameters exceed certain limits then the data points are
marked by a flag.

One of the procedures which have to be carried out is
shifting of data points to the actual positions of water intake.
While water is taken in and it flows through the tubes and
debubbler with a flow speed of 6-7 liters per minute, the ferry
moves on. The position (defined using a GPS) is attached to a
data record at the time of measurement. Analysis of data from
forth- and backward journeys allowed introducing a very
rough position-correction procedure: a constant shift in
latitude and longitude is applied for all recorded data points
(Fig. 3).

To convert fluorescence values to the Chl a concentrations a
linear regression between fluorescence and Chl a content
detected spectrophotometrically is found. An example of
comparison between these two data sets from 8 July 2007 is
shown in Fig. 3.
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Figure 3. Horizontal profiles of Chl a fluorescence along the ferry route on
8 July 2007 (both crossings are shown). In upper panel raw positions of
measurements and in the lower panel corrected positions are shown. Red dots
indicate Chl a concentrations detected from the water samples in the on-shore
laboratory.

1 RESULTS

A. Spatial and temporal variability of T, S and Chl a
fluorescence along the ferry route in May-September
2007

Seasonal variation of water temperature in the study area
was characterized by a relatively slow increase in spring and
June — the surface layer temperature exceeded 10 °C in the
beginning of June and 15 °C in the beginning of July only.
The maximum values of surface layer temperature > 20 °C
were observed in mid August.

Meso-scale variability of temperature field was related
mainly to the coastal upwelling events observed near the both
coasts. An upwelling event occurred near the Estonian coast in

the beginning of June when temperature fall about 4-5 degrees.

In July, first an upwelling event was observed near the
Estonian coast and after that near the Finnish coast. This latter
event was a dominating meso-scale feature in the study area

during a more than two weeks period. However, the
temperature difference between upwelled waters and the rest
of the transect fairly exceeded 5 degrees. One of the horizontal
profiles from this period is shown in Fig. 5.

Appearance of coastal upwelling events is explained quite
well by the variations of the wind speed and direction in the
region (Fig. 6). Easterly winds prevailed in the beginning of
June and in the first half of July; as a result upwelling events
occurred near the Estonian coast. Two-week period with
dominating westerly winds in July-August coincided with the
upwelling event near the northern coast.

Salinity distribution revealed a seasonal variation of salinity
as well. In June — first half of July a low salinity water mass
was present in the study area. In mid July salinity values rose
along the entire transect.

Spatial distribution of salinity was characterized by a
salinity front that almost permanently was observed in the
central part of the transect. The two horizontal profiles
presented in Fig. 6 expose that even though salinity values
increased along the entire transect from 16 to 23 July a front
separating more saline southern gulf waters and fresher
northern gulf waters did not move away from the region.

Chlorophyll a fluorescence distribution in the study area in
July-August was very patchy. High Chl a concentrations were
observed near the coast opposite to the upwelling events (in
the downwelling areas). A remarkable feature of the Chl a
distribution is frequently observed high concentrations in the
central part of the transect close to the described quasi-
permanent salinity front. Somewhat higher number of days
with Chl a fluorescence exceeding 4 mg m™ was found there
as well (Fig. 7).

A few-day period was observed in the second half of
August when along the entire ferry route the fluorescence
values were > 6 mg m™. According to the Kalbadagrund wind
data weak south-easterly winds prevailed during this period.
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Figure 7. Average salinity distribution along the ferry route (red dots and line)
and number of days when Chl a fluorescence value exceeded 4 mg m™ in
July-August 2007.

v APPLICATION OF MESO-SCALE INDEXES

An upwelling intensity index is developed on the basis of
unattended measurements along the ferry route (along a cross-
gulf transect) as a mean temperature difference between
coastal waters and gulf waters [10]. It is shown that estimated
intensities of upwelling events are well correlated with the
cross-gulf Ekman transport estimates. Upwelling index can be
used as a measure of vertical transport of nutrients into the
depleted surface layer of the gulf. The integrated upwelling
index for a period starting from 1 May until a selected date is
finally obtained summing up all values of indexes for days
when upwelling was present either near the southern coast or
near the northern coast (when index is below 0). It is shown
that the estimated upwelling index and off coast 10-day
average Ekman transport values correlate very well.

Analysis of Ferrybox data from 1997-2004 showed that an
integrated intensity of pre-bloom upwelling events (sum of
upwelling indexes in May-June) is well correlated with the
cyanobacterial bloom intensity in the Gulf of Finland in July-
August (1*= 0.66, p=0.01; [11]).

CONCLUSIONS

High meso-scale variability of temperature and salinity
fields in the Gulf of Finland can be related to the coastal
upwelling events, fronts and eddies. Depending on the wind
speed and direction coastal upwelling appears either off
southern coast (when easterly winds prevail, in 2007 — in June
and beginning of July) or off northern coast (when westerly
winds prevail, in 2007 — second half of July and beginning of
August). Quasi-permanent salinity front exists between saltier
waters of southern gulf and fresher waters of northern coast.

Ferrybox measurements enable to monitor the occurrence
and estimate the intensity of meso-scale physical processes/
structures influencing the pelagic ecosystem. An introduced
upwelling index can be used in operational forecasts of
cyanobacterial blooms in the Gulf of Finland [12].
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ABSTRACT

The main aim of this thesis is to describe surface layer dynamics and physical
processes driving them in the highly stratified Gulf of Finland in spring—summer
period. The Gulf of Finland is an estuarine-like basin, with the eastern end being
closed and having significant freshwater input, through western boundary almost
non-restricted water exchange with the more saline Baltic Proper takes place. In
addition to the quasi-permanent halocline at the depths of 60—70 m, a seasonal
thermocline forms in the Gulf of Finland in spring-summer at the depths of 10—
20 m.

The present study is based on high-resolution data collected (2007-2013
May—September) with Ferrybox system installed on board a passenger ferry
traveling between Tallinn and Helsinki (regularly crossing the gulf twice a day).
In addition to Ferrybox measurements, water samples are collected to calibrate
the sensors, analyze nutrient concentrations and phytoplankton species
composition and biomass. In this study temperature, salinity and Chl @ data from
over 1000 crossings is used, measured in 4 m depth with a spatial resolution of
~160 m. Additionally, to analyze the surface and sub-surface layer dynamics,
temperature, salinity, and Chl a data from autonomous buoy profiler, research-
vessel-based devices, towed undulating instruments (Scanfish), remote sensing
and wind data were applied in the present study.

An average cross-gulf salinity distribution in the surface layer with the salinity
minimum in the northern gulf confirms that in general, an outflow of fresher
waters dominates along the northern coast (with the core at a distance of 20 km
from the northern shore) in summer. Average cross-gulf temperature distribution
did not show significant gradients, but high standard deviations approximately 20
km from both shores compared to the middle section, implies great impact of
upwelling events in coastal areas.

One of the main scientific questions of the study is related to the coastal
upwelling events. Coastal upwelling events are generated in the Gulf of Finland
by strong enough wind impulses from west — south-west near the northern coast
and from east — north-east near the southern coast. Previous analyses based on
remote sensing, wind and numerical modeling data have indicated more frequent
upwelling events near northern coast. It has been suggested that a greater impact
(salt and nutrients transport to upper layer) of upwellings in the southern part is
related to steeper bottom slope. Upwelling index, a method for detection and
quantitative description of coastal upwelling events was developed and used to
describe statistically the occurrence of coastal upwelling events and their
characteristic parameters along the two opposite coasts of the gulf. The analysis
of Ferrybox data revealed that the upwelling occurrences and average intensities
of the events are similar near the northern and southern coasts while the wind
impulse needed to generate an upwelling event of certain intensity differs
between the two coastal areas. This different response to the wind forcing in the
southern and northern coastal areas could be related to the estuarine character of
the basin with only one open border in the west and prevailing winds from west
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—south-west. The resulting deeper position of the thermocline in the northern gulf
could be a reason why a stronger wind impulse is needed to initiate the upwelling
by the westerly (up-estuary) winds near the northern coast than in the case of the
casterly (down-estuary) winds and the upwelling near the southern coast.
Additionally, the results suggest that dominating long-term easterly and westerly
winds have a different impact on the surface layer dynamics. In the case of
casterly winds, the surface layer waters are transported out of the gulf, this has to
be compensated by an upward movement of the thermocline and intensifies
upwelling near the southern coast. The effect is reversed in the case of long-term
westerly winds, working against intensifying upwelling events near the northern
coast.

Two types of upwelling events were identified — one characterized by a strong
temperature (upwelling) front and the other revealing a gradual decrease in
temperature from the open sea to the coastal area, with a maximum temperature
deviation very close to the shore. The spatial variations in temperature with scales
of a few kilometers, which were characteristic for the second type, could be signs
of the sub-mesoscale features (filaments and squirts) associated with the
upwelling dynamics. The spectral analysis of high-resolution temperature data
revealed pronounced sub-mesoscale features in the surface and subsurface layer.
The horizontal wavenumber spectra of temperature variance estimated between
the lateral scales of 10 and 0.5 km had the slopes close to —2 both in the surface
layer and the seasonal thermocline. It shows that the ageostrophic sub-mesoscale
processes contribute considerably to the energy cascade from larger to smaller
spatial scales in this stratified sea basin.

Analysis of the Ferrybox data showed that spring bloom peaks coincide with
a relatively fast temperature increase in the surface layer, indicating a
strengthening of stratification.

Ferrybox long-term and high-resolution measurements from Tallinn to
Helsinki can be successfully used to describe physical and biogeochemical
processes in the surface layer, supplementing significantly existing field
measurements.
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RESUMEE

Kéesoleva t60 eesmérgiks on kevadise ja suvise mere pinnakihi muutlikkuse ja
muutlikkust pohjustavate fiilisikaliste protsesside selgitamine tugevalt
stratifitseeritud Soome lahes. Soome laht on estuaari tiiiipi bassein, mille idaosa
on suletud ja suure mageda vee sissevooluga ning avatud lddneosas toimub
veevahtus Ladnemere avaosaga. Soome lahe stratifikatsiooni iseloomustavad
kvaasi-permanentne halokliin stigavuste vahemikus 60—70 m ja suvisel perioodil
sesoone termokliin, mis paikneb 10-20 m siigavusel.

To66 pohineb Tallinna—Helsingi vahel kurseerivale parvlaevale (regulaarselt
kaks korda pédevas) paigaldatud Ferryboxi siisteemi abil aastatel 2007-2013
(perioodil mai-september) kogutud korglahutusega andmetel. Lisaks mdotmistele
voimaldab Ferrybox siisteem koguda veeproove andurite kalibreerimiseks,
toiainete ja fiitoplanktoni koosluse mairamiseks. Kokku on t66s kasutatud iile
1000 temperatuuri, soolsuse ja klorofiilli andmerea, mis on moddetud 4 m
siigavusel horisontaalse sammuga ~160 m. Tédiendavalt on mere pinnakihi
andmete analiilisiks kasutatud veesamba autonoomse profileerija ja pukseeritava
aparatuuri temperatuuri, soolsuse ja klorofiilli vertikaalseid profiile, samuti
kaugseire (klorofiill) ja tuule andmeid.

Soolsuse suvine mitmeaastane keskmine jaotus 13ikel Tallinn—Helsingi
kinnitas Soome lahe iildist tsirkulatsiooni: magedam vesi voolab lahest vilja lahe
pOhjaosas, tuumaga ligikaudu 20 km rannikust. Temperatuuri keskmine jaotus ei
ndidanud olulisi gradiente kuid on mérkimisvéérne, et temperatuuri standard
hilbed olid 20 km tsoonis mdlemast rannikust palju suuremad vdrreldes lahe
avaosaga, mis viitab rannikumere apvellingute (siivavee kerge) mojule.

To66 liks peamisi teaduslikke kiisimusi oli seotud rannikumere apvellingute
diinaamikaga. Apvellinguid tekitavad piki lahte puhuvad tuuled — idatuuled
tekitavad apvellinguid ldunaranniku ja la&netuuled pohjaranniku I&heduses.
Senised hinnangud, kasutades kaugseire, tuule ja numbrilise modelleerimise
andmeid, niitasid sagedasemat apvellingute esinemist lahe pohjaosas. Lahe
1dunaosa apvellingute suuremat moju (soola ja toitainete transport iilakihti) on
seostatud jarsuma pohjakaldega. Apvellingu parameetrite ja nende seose
leidmiseks md&juva tuule impulsiga tootati vdlja spetsiaalne apvellingu indeks.
Ferrybox’i andmete analiilis néitas, et apvellingute sagedus molemas
rannikumeres on samasugune, kuid tuule impulss samasuguse intensiivsusega
apvellingu tekitamiseks on erinev. Tuulepingele erineva reaktsiooni
selgitamiseks lahe 16una ja pdhja osas vaadeldi Soome lahte estuaarina,
millest tulenevalt on termokliin lahe pdhjaosas keskmiselt stigavamal kui
ldunaosas. Seega, termokliini kalle norgendab lddnetuule poolt tekitatud
apvellingut lahe podhjaosas ja soodustab idatuule poolt tekitatud
apvellingut lahe 10unaosas. Lisaks on tods vilja pakutud selgitus, et
pikema aja jooksul domineerivad ida- ja lddnetuuled mojutavad lahe
iilemise veekihi diinaamikat erinevalt. Idatuulte mojul transporditakse
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tilemise kihi vett lahest vilja ja selle kompenseerimiseks peab termokliin
lahes tdusma, mis soodustab apvellingut Idunaranniku lihedal. Pikaajaliste
ladnetuulte puhul on moju vastupidine, mis toGtab vastu apvellingu
intensiivistumisele pdhjaranniku 1dhedal.

Ferrybox’i andmete analiilis nditas kahte tiilipi apvellingute esinemist
Soome lahes: tugeva temperatuuri frondiga ja jarkjargulise temperatuuri
vihenemisega ranniku suunas. Viimasel juhul esinesid temperatuuri
ridades fluktuatsioonid mastaabiga paar kilomeetrit, mis viitab apvellingu
diinaamikaga seotud sub-mesomastaapsetele protsessidele. Temperatuuri
ridade spektraalanaliiiis kinnitas sub-mesomastaapsete protsesside rolli
temperatuuri vilja struktuuride formeerumisel. Temperatuuri dispersiooni
spektrite kalle ruumi mastaapides 10—0.5 km oli l&hedane —2, mis néitab sub-
mesomastaapsete protsessid olulisust energia iilekandel suurematelt ruumi
mastaapidelt viiksematele mastaapidele.

Ferrybox’i andmete analiilis néitas, et kevadise fiitoplanktoni Oitsengu
maksimumid langevad kokku pinnakihi temperatuuri kiire tdusuga, st mere
tilemise kihi stratifikatsiooni tugevnemisega.

Ferrybox siisteemi abil 16ikel Tallinn—Helsingi kogutud korglahutusega
pikaajaliste andmeridade analiiiis nditas nende sobivust pinnakihis toimuvate
fiitisikaliste ja biogeokeemiliste protsesside uurimiseks, tdiendades oluliselt
traditsiooniliste valimdotmistega kogutud andmeid.
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