
Physical Processes Controlling the Surface Layer
Dynamics in the Stratified Gulf of Finland:

An Application of Ferrybox Technology

VILLU KIKAS

THESIS ON NATURAL AND EXACT SCIENCES B223



TALLINN UNIVERSITY OF TECHNOLOGY 
Marine Systems Institute 

Dissertation was accepted for the defence of the degree of Doctor of Philosophy 
in Earth Sciences on November 15, 2016. 

Supervisor: Prof. Urmas Lips, Marine Systems Institute at Tallinn University 
of Technology 

Opponents: Dr. Seppo Kaitala, Marine Research Centre, Finnish 
Environment Institute, Finland 

Dr. Piia Post, Institute of Physics, Faculty of Science and 
Technology, University of Tartu, Estonia 

Defence of the thesis: December 15, 2016 at the Marine Systems Institute, Tallinn 
University of Technology, Akadeemia tee 15a, Tallinn, Estonia 

Declaration: 

Hereby I declare that this doctoral thesis, my original investigation and 
achievement, submitted for the doctoral degree at Tallinn University of 
Technology has not been submitted for doctoral or equivalent academic degree. 

/Villu Kikas/ 

Copyright: Villu Kikas, 2016 
ISSN 1406-4723 
ISBN 978-9949-83-046-6 (publication) 
ISBN 978-9949-83-047-3 (PDF) 



LOODUS- JA T B223ÄPPISTEADUSED

Pinnakihi muutlikkust kontrollivad f sikalised
protsessid kihistunud Soome lahes:

Ferrybox tehnoloogia rakendus

üü

VILLU KIKAS





 5 

 

TABLE OF CONTENTS 

LIST OF ORIGINAL PUBLICATIONS ............................................................. 6 

AUTHOR’S CONTRIBUTION .......................................................................... 7 

APPROBATION OF THE RESULTS ................................................................ 7 

INTRODUCTION ............................................................................................... 8 

1. BACKGROUND ............................................................................................. 9 

1.1 Forcing and physical processes .................................................................... 9 

1.2 Ferrybox technology .................................................................................. 13 

1.3 Motivation and objectives .......................................................................... 14 

2. MATERIAL AND METHODS ..................................................................... 18 

2.1 Ferrybox data ............................................................................................. 18 

2.1.1 The system and sensors......................................................................... 18 
2.1.2 Data handling and quality control ......................................................... 19 
2.1.3 Analyzed Ferrybox data ........................................................................ 21 

2.2 Data from other observing systems............................................................ 21 

2.3 Forcing and remote sensing data................................................................ 22 

2.4 Calculations ............................................................................................... 23 

3. RESULTS AND DISCUSSION .................................................................... 25 

3.1 General characteristics of thermohaline fields ........................................... 25 

3.2 Coastal upwelling events ........................................................................... 28 

3.2.1 Characteristics and occurrence of upwelling events ............................. 28 
3.2.2 Relation to wind forcing ....................................................................... 30 
3.2.3 Two types of upwelling events ............................................................. 32 

3.3 Surface layer sub-mesoscale variability ..................................................... 34 

3.4 Biogeochemical signal dynamics ............................................................... 37 

3.4.1 Spring bloom dynamics derived from Ferrybox observations .............. 37 
3.4.2 Dynamics of summer phytoplankton from Ferrybox observations ...... 39 

CONCLUSIONS ............................................................................................... 41 

REFERENCES .................................................................................................. 43 

PUBLICATIONS ............................................................................................... 51 

ACKNOWLEDGEMENTS ............................................................................. 129 

ABSTRACT .................................................................................................... 130 

RESÜMEE ....................................................................................................... 132 

ELULOOKIRJELDUS .................................................................................... 134 

CURRICULUM VITAE .................................................................................. 136 
 



 6 

 
 
 

LIST OF ORIGINAL PUBLICATIONS 
 

I Kikas, V., Lips, U. (2016). Upwelling characteristics in the Gulf of 
Finland (Baltic Sea) as revealed by Ferrybox measurements in 2007–
2013. Ocean Science, 12, 843–859, doi: 10.5194/os–12–843–2016. 

 
II Kikas, V., Norit, N., Meerits, A., Kuvaldina, N., Lips, I., Lips, U. (2010). 

High–resolution monitoring of environmental state variables in the 
surface layer of the Gulf of Finland (during a dynamic spring bloom in 
March–May 2010). IEEE Conference Publications: Baltic International 
Symposium (BALTIC), 2010 IEEE/OES US/EU, Riga, 24–27 August 
2010, 1–9, doi: 10–1109/BALTIC.2010.5621627. 

 
III Lips, U., Kikas, V., Liblik, T., Lips, I. (2016). Multi-sensor in situ 

observations to resolve the sub-mesoscale features in the stratified Gulf of 
Finland, Baltic Sea. Ocean Science, 12, 715–732, doi:10.5194/os–12–
715–2016. 

 
IV Lips, I., Rünk, N., Kikas, V., Meerits, A., Lips, U. (2014). High-resolution 

dynamics of spring bloom in the Gulf of Finland, Baltic Sea. Journal of 
Marine Systems, 129, 135–149, doi: 10.1016/j.jmarsys.2013. 06.002. 

 
V Lips, U., Lips, I., Kikas, V., Kuvaldina, N. (2008). Ferrybox 

measurements: a tool to study meso-scale processes in the Gulf of Finland 
(Baltic Sea). IEEE Conference Publications: 2008 IEEE/OES US/EU–
Baltic International Symposium, Tallinn, 27–29 May 2008, 1–6, doi: 10–
1109/BALTIC.2008.4625536. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 7 

 

AUTHOR’S CONTRIBUTION 
 

I The author was responsible for everyday maintenance of the Ferrybox 
system, data collection, data analysis and interpretation of the results and 
writing of the manuscript. 

 
II The author was responsible for everyday maintenance of the Ferrybox 

system, data collection, data analysis and interpretation of the results and 
he participated in the writing of the manuscript. 

 
III The author was responsible for processing and statistical analysis of 

Ferrybox data, combined presentation and analysis of Ferrybox and buoy 
data and he participated in the writing of the manuscript. 

 
IV The author was responsible for processing and analysis of Ferrybox data 

and he participated in the writing of the manuscript. 
 

V The author was responsible for processing and analysis of Ferrybox data 
and he participated in the writing of the manuscript. 

 
 
 

APPROBATION OF THE RESULTS 
 

1.  7th FerryBox Workshop, 06 – 09.04.2016, Heraklion, Crete. Continuous 
Ferrybox measurements create new knowledge on essential processes in the 
marine environment.  

 
2.  6th Warnemünde Turbulence Days (WTD), 11 – 15.08.2013, Rostock, 

Germany. Mesoscale and submesoscale variability in the Gulf of Finland 
(Baltic Sea) as revealed by autonomous in-situ observations. 

 
3.  4th IEEE/OES Baltic Symposium, 24 – 28.08.2010, Riga, Latvia. High-

resolution monitoring of environmental state variables in the surface layer of 
the Gulf of Finland (during a dynamic spring bloom in March-May 2010). 

 

   



 8 

 

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 pCO2, 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 Brügge 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. 
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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 km2 and 
volume of 21200 km3 (Leppäranta 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 km3 and surplus of freshwater due to the difference 
in precipitation (215 km3) and evaporation (175 km3) (Leppäranta 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 10–20 m.  

General circulation in the Baltic Sea is characterized by a cyclonic pattern in 
the surface layer (Leppäranta 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 (Kõuts 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 Matthäus 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, 
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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 Brügge 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–2 s for strong thermal stratification and 
10500–14000 N m–2 s for weak stratification based on the following formula: 

 

ܫܹ ൌ  ݐܷଶ݀ߩܥ
௧
                (1) 

 
where ߩ  is the air density, ܥ  is the drag coefficient, ܷ  is the wind speed 
(upwelling favorable component) at a 10 m height, and ݐ 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–2 d (corresponds to 8640 N m–2 s) for 
potential occurrence of an upwelling event was applied, calculated using wind 
data with the 3-h time step (∆ݐ) as: 

 
ܹܵܥ ൌ ∑ ߩܥ


ୀଵ |ݐ∆ ܷ| ܷ

            (2) 
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where ܷ is the wind velocity at time step ݐ and ܷ
 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).  
 

 

 
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 (Rantajärvi 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 – 
Travemünde (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. 

 

 
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 



 14 

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 IV), 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 I; 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:  
 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;  

 mean upwelling area detected on the basis of 147 maps during the period of 
2000–2009 was 5642 km2 (19% of the gulf surface area) along the northern 
coast and 3917 km2 (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 km2 (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; 

 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–2 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); 

 it is 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 (Väli 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: 
 to develop a method for detection and quantitative description of coastal 

upwelling events based on Ferrybox measurements; 
 to describe the occurrence of coastal upwelling events and their characteristic 

parameters along the two opposite coasts of the gulf statistically; 
 to explain the dependence of revealed upwelling characteristics on the 

forcing and prevailed meteorological and hydrographic conditions in the gulf 
in summer; 

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

 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 m2, where the openings have the 
dimensions of 20 x 90 mm and form in total an open area of 0.32 m2. 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 m3 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 4–5 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 l min–1. 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 6–7 l min–1.  

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 Rantajärvi, (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 a (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 γ. 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 µm), 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 
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20th 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.  
 

 
 

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 1”). 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 a 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 pCO2 sensor was attached to the Ferrybox system to identify the 
changes in CO2 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 3 h 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 Kalbådagrund meteorological weather station 
(Finnish Meteorological Institute) with a time step of 3 h. For modeled data, the 
closest model point to Kalbådagrund was used when extracting data from the 
HIRLAM (High-Resolution Limited Area Model). The modeled data source was 
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the HIRLAM version of the Estonian Meteorological and Hydrological Institute 
with the spatial resolution of 11 km and the time interval of 3 h (Männik and 
Merilain 2007).  

The data from Kalbådagrund 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 Kalbådagrund (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 (UIS) and the northern gulf (UIN) were calculated as a sum of 
negative temperature deviations in the respective coastal areas (0–20 km 
offshore) as:  
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where ∆ ܶ  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 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 d]:  
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where n1 and n2 are the start and the end day number of the selected period, for 
which the cumulative upwelling index is calculated, and UISj and UINj are the 
upwelling indexes at day j off the southern and northern coast, respectively (Paper 
I).  

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 
I). 
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Figure 4. Examples of temporal changes in temperature (in °C) and salinity (in g kg–1) 
distributions across the Gulf of Finland based on Ferrybox measurements between Tallinn 
and Helsinki in May–September 2009–2011: 2009, (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 gulf in 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 a 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).   

 

 
 
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). 

   

 
 
Figure 6. Temporal changes in horizontal and vertical distributions of temperature (°C) 
and salinity (g kg–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 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 59.48o 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 UI 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 UI < –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 
temperature 
deviation 
(°C) 

Cumulative 
upwelling 
intensity 
(°C day) 

Cumulative 
wind stress 
(N m–2 d) 

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 –7.5 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. 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 S 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 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 2011(*) 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 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 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, Väli 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–2 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–2 d and off the southern coast –0.44 N m–2 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. 
 

 

 
 
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, Väli 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. 

  
 

 
 

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 gulf in 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. 

 

 
 
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 59.48o 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.  



35 

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 
No 

Dates Standard deviation 
(°C) 

Spectral slope 
(10 km – 0.5 km) 

 2009 29 June–31 August  0.71 –2.1 
1 29 June–15 July 1.26 –1.9 
2 16 July–14 August 0.37 –2.3 
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 III).  

 

 
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; Väli 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. Väli 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 Nõmmann 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–3 (considered as the start of the bloom; 
Paper IV) 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 Nõmmann (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 IV) 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 
II). 

 

 
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+NO2 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–1. 

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. 
 

 
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, pCO2 sensors and others. In spring 2010, a pCO2 
sensor was attached to the Ferrybox system on board “Galaxy”. It was 
demonstrated that spatiotemporal distribution of pCO2 was in a good accordance 
with the Chl a dynamics confirming that the pCO2 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).  

 
 

Figure 13. Temporal changes in horizontal and vertical distribution of Chl 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 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 Brügge 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: 
 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. 

 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.  

 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.  

 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 – south-west.  

 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 
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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 
 

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 a 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 
easterly (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 
easterly 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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RESÜMEE 
 

Käesoleva töö eesmärgiks on kevadise ja suvise mere pinnakihi muutlikkuse ja 
muutlikkust põhjustavate füüsikaliste protsesside selgitamine tugevalt 
stratifitseeritud Soome lahes. Soome laht on estuaari tüüpi bassein, mille idaosa 
on suletud ja suure mageda vee sissevooluga ning avatud lääneosas toimub 
veevahtus Läänemere avaosaga. Soome lahe stratifikatsiooni iseloomustavad 
kvaasi-permanentne halokliin sügavuste vahemikus 60–70 m ja suvisel perioodil 
sesoone termokliin, mis paikneb 10–20 m sügavusel.  

Töö põhineb Tallinna–Helsingi vahel kurseerivale parvlaevale (regulaarselt 
kaks korda päevas) paigaldatud Ferryboxi süsteemi abil aastatel 2007–2013 
(perioodil mai-september) kogutud kõrglahutusega andmetel. Lisaks mõõtmistele 
võimaldab Ferrybox süsteem koguda veeproove andurite kalibreerimiseks, 
toiainete  ja fütoplanktoni koosluse määramiseks. Kokku on töös kasutatud üle 
1000 temperatuuri, soolsuse ja klorofülli andmerea, mis on mõõdetud 4 m 
sügavusel horisontaalse sammuga 160 m. Täiendavalt on mere pinnakihi 
andmete analüüsiks kasutatud veesamba autonoomse profileerija ja pukseeritava 
aparatuuri temperatuuri, soolsuse ja klorofülli vertikaalseid profiile, samuti 
kaugseire (klorofüll) ja tuule andmeid. 

Soolsuse suvine mitmeaastane keskmine jaotus lõikel Tallinn–Helsingi 
kinnitas Soome lahe üldist tsirkulatsiooni: magedam vesi voolab lahest välja lahe 
põhjaosas, tuumaga ligikaudu 20 km rannikust. Temperatuuri keskmine jaotus ei 
näidanud olulisi gradiente kuid on märkimisväärne, et temperatuuri standard 
hälbed olid 20 km tsoonis mõlemast rannikust palju suuremad võrreldes lahe 
avaosaga, mis viitab rannikumere apvellingute (süvavee kerge) mõjule.      

 Töö üks peamisi teaduslikke küsimusi oli seotud rannikumere apvellingute 
dünaamikaga. Apvellinguid tekitavad piki lahte puhuvad tuuled – idatuuled 
tekitavad apvellinguid lõunaranniku ja läänetuuled põhjaranniku läheduses. 
Senised hinnangud, kasutades kaugseire, tuule ja numbrilise modelleerimise 
andmeid, näitasid sagedasemat apvellingute esinemist lahe põhjaosas. Lahe 
lõunaosa apvellingute suuremat mõju (soola ja toitainete transport ülakihti) on 
seostatud järsuma põhjakaldega. Apvellingu parameetrite ja nende seose 
leidmiseks mõjuva tuule impulsiga töötati välja spetsiaalne apvellingu indeks. 
Ferrybox’i andmete analüüs näitas, et apvellingute sagedus mõlemas 
rannikumeres on samasugune, kuid tuule impulss samasuguse intensiivsusega 
apvellingu tekitamiseks on erinev. Tuulepingele erineva reaktsiooni 
selgitamiseks lahe lõuna ja põhja osas vaadeldi Soome lahte estuaarina, 
millest tulenevalt on termokliin lahe põhjaosas keskmiselt sügavamal kui 
lõunaosas. Seega, termokliini kalle nõrgendab läänetuule poolt tekitatud 
apvellingut lahe põhjaosas ja soodustab idatuule poolt tekitatud 
apvellingut lahe lõunaosas. Lisaks on töös välja pakutud selgitus, et 
pikema aja jooksul domineerivad ida- ja läänetuuled mõjutavad lahe 
ülemise veekihi dünaamikat erinevalt. Idatuulte mõjul transporditakse 
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ülemise kihi vett lahest välja ja selle kompenseerimiseks peab termokliin 
lahes tõusma, mis soodustab apvellingut lõunaranniku lähedal. Pikaajaliste 
läänetuulte puhul on mõju vastupidine, mis töötab vastu apvellingu 
intensiivistumisele põhjaranniku lähedal.  

Ferrybox’i andmete analüüs näitas kahte tüüpi apvellingute esinemist 
Soome lahes: tugeva temperatuuri frondiga ja järkjärgulise temperatuuri 
vähenemisega ranniku suunas. Viimasel juhul esinesid temperatuuri 
ridades fluktuatsioonid mastaabiga paar kilomeetrit, mis viitab apvellingu 
dünaamikaga seotud sub-mesomastaapsetele protsessidele. Temperatuuri 
ridade spektraalanalüüs kinnitas sub-mesomastaapsete protsesside rolli 
temperatuuri välja struktuuride formeerumisel. Temperatuuri dispersiooni 
spektrite kalle ruumi mastaapides 10–0.5 km oli lähedane –2, mis näitab sub-
mesomastaapsete protsessid olulisust energia ülekandel suurematelt ruumi 
mastaapidelt väiksematele mastaapidele. 

 Ferrybox’i andmete analüüs näitas, et kevadise fütoplanktoni õitsengu 
maksimumid langevad kokku pinnakihi temperatuuri kiire tõusuga, st mere 
ülemise kihi stratifikatsiooni tugevnemisega.  

Ferrybox süsteemi abil lõikel Tallinn–Helsingi kogutud kõrglahutusega 
pikaajaliste andmeridade analüüs näitas nende sobivust pinnakihis toimuvate 
füüsikaliste ja biogeokeemiliste protsesside uurimiseks, täiendades oluliselt 
traditsiooniliste välimõõtmistega kogutud andmeid. 
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