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

1 Introduction

Unattended monitoring of marine environments using ships
of opportunity has been implemented in many regions of the
world ocean (e.g., Paerl et al., 2009; Hardman-Mountford
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et al., 2008), including the Baltic Sea and the Gulf of Fin-
land (Rantajirvi, 2003). The measurement systems installed
on board commercial ferries or other ships are called “Fer-
ryboxes”, and they consist of various sensors, devices creat-
ing water flow through the sensors and software packages
controlling the system and managing the data. The com-
monly used Ferryboxes measure temperature, salinity, and
chlorophyll a fluorescence in the seawater pumped through
the system from the surface layer along the ship track. First
trials of using ships of opportunity for environmental mon-
itoring in the Gulf of Finland were made by Estonian and
Finnish scientists between Tallinn and Helsinki in 1990-
1991 (Rantajirvi, 2003). Regular Ferrybox measurements
along this route were started in 1997, while the longest data
series of Ferrybox measurements (since 1993) is available
along the Helsinki—Travemiinde ferry route (Petersen, 2014).

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

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

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

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

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

2. mean upwelling area detected on the basis of 147 maps
during the period of 2000-2009 was 5642km? (19 %
of the GoF surface area) along the northern coast and
3917km? (13% of the GoF surface area) along the
southern coast (Uiboupin and Laanemets, 2015), while
the largest area covered by the upwelling water was
identified as 12140km? (data from 2000 to 2006; Ui-
boupin and Laanemets, 2009); the authors’ estimate of
the mean cross-shore extent of the upwelling area was
20-30km off the northern coast and varied between 7
and 20 km off the southern coast;
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3. the intensity of upwelling events depends on the val-
ues of cumulative upwelling-favorable wind stress and
strength of vertical stratification; Haapala (1994) sug-
gested that an at least 60 h long wind event has to exist
to create an upwelling event; based on the wind data
analysis from 2000 to 2005 and taking the threshold
value for cumulative wind stress of 0. Nm~2 day, on
average, about two upwelling events should appear off
the southern coast and four events off the northern coast
(Uiboupin and Laanemets, 2009);

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

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

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

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

2.2 Quality assurance and pre-processing of data

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

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

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

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

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

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

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

i=1...40 i=101...140
Uls= > |AT|andUlx= > |AT, (1)
AT; <0 AT; <0

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

j=n2 1
CUIg(nl...n2) = —Ulg;
s(nl...n2) Z (40 s])

j=nl
j=n2 1
d CUIn(nl...n2) = —Uln; ), 2
and CUI(n1...n2) ;1(40 N]) )

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

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

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

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

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

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

N S

2007  Galaxy 1 May-30 September 141 26 21
2008  Galaxy 1 May-13 July 90 8 11

Baltic Princess 13 August-30 September

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

where U is the wind speed (in ms"), U7 is its component
in the along-gulf direction, Cp is the drag coefficient (a con-
stant value of 1.2 x 10™3 was chosen in the present study;
Large and Pond, 1981), and p, is the air density (1.2 kg m_3).
Accordingly, positive values of the wind stress should initi-
ate southward Ekman transport in the surface layer and vice
versa. The cumulative wind stress (in Nm™2 day) was cal-
culated based on daily averages of wind stress. If the cu-
mulative wind stress is large enough, upwelling events oc-
cur along the northern coast in the case of the positive wind
stress and along the southern coast in the case of the negative
wind stress.

3 Results
3.1 General variability and distribution patterns

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

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

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

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

The average distribution of the surface layer salinity along
the transect was characterized by higher salinity values in the
southern gulf and lower values in the northern gulf (Fig. 3b).
The salinity deviations were positive in the 28 km wide area

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

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

3.2 Upwelling characteristics

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

We selected a criterion to detect whether an upwelling
event occurs or not as the value of the upwelling index (UI)
exceeded 40°C (in absolute values, while Ul is by defini-
tion a negative number). The upwelling events found using
the selected criterion were also the occasions when the max-
imum negative temperature deviation from the transect mean
value was at least —2 °C (except one event on 10-17 Septem-
ber 2007 when the maximum deviation was —1.97 °C). Fur-
thermore, no other cases with negative temperature devia-
tions exceeding —2 °C were detected. Thus, the criterion UI

Ocean Sci., 12, 843-859, 2016
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Figure 3. Distributions of temperature (in °C) and salinity (in gkg_l) deviations from the transect mean value along the Tallinn—Helsinki
ferry route for all measurements in May—September 2007-2013 (a, b), 2009 (¢, d) and 2010 (e, f). Mean values for each 0.5 km cell (solid
curves) and plus/minus RMSE (dashed curves) are shown; x axis indicates the distance from Tallinn Bay (latitude 59.48 N) in km along the

meridional transect.

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

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

Ocean Sci., 12, 843-859, 2016

—16.2°C day. The sum of CUI values of all detected up-
welling events off the northern coast was —247.0 °C day and,
off the southern coast, —258.4 °C day.

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

The highest number of upwelling events was observed
in July — 10 events, 5 off the northern coast and 5 off the
southern coast — and the lowest in May — 4 events. The
sums of CUI values of all events in July and August were
—185.3°C day and —187.9 °C day, respectively, while it was
only —28.6 °C day in May. Obviously, the revealed seasonal
trend was partly related to the temperature difference be-
tween the surface layer and the cold layer beneath the sea-
sonal thermocline, which has its maximum in the Gulf of
Finland in July—August (Liblik and Lips, 2011).

www.ocean-sci.net/12/843/2016/
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2015).

3.3 Upwelling characteristics in relation to wind
forcing

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

The estimated cumulative wind stress for the detected up-
welling events varied between 0.31 and 1.37 Nm~?2 day for
westerly winds and between —0.09 and —1.08 N m~2 day for
easterly winds (Table 2). The cumulative wind stress asso-
ciated with each upwelling event was calculated based on
daily average wind stress values by summing them up from
the first day with favorable wind stress (within a period of 1
week before the event) to the last day with favorable wind
stress before the end of the event. If only 1 day with oppo-
site wind stress appeared in a sequence in the favorable wind
stress series, then the calculation period was not broken. The

www.ocean-sci.net/12/843/2016/

average value of the cumulative wind stress for an upwelling
event off the northern coast was 0.71 N m~2 day and, off the
southern coast, —0.44 N'm~2 day. It suggests that to produce
a coastal upwelling event of an equal magnitude the required
favorable along-gulf wind stress has to be larger for the up-
welling events off the northern coast than for the events off
the southern coast. This conclusion is drawn by taking into
account the above result that the average upwelling intensity
(estimated as CUI) was similar for both coastal areas, with
slightly higher values of CUI for the upwelling events off the
southern coast. This suggestion is also supported by compar-
ison of relationships between the CUI and cumulative wind
stress (CWS) related to the upwelling events near the oppo-
site coasts (Fig. 6). The linear regression lines between the
CUI and CWS indicate that at the same CWS values, the up-
welling events had higher intensities off the southern coast
than off the northern coast. Nevertheless, the results are quite
scattered, and the coefficient of determination (%) between
the CUI and CWS is 0.30 for the southern and 0.19 for the
northern upwelling events.

The average along-gulf wind stress for the entire study pe-
riod from May to September in 20072013 was 0.016 N m~2.
The seasonal averages had positive values in all studied

Ocean Sci., 12, 843-859, 2016
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Figure 5. Temporal changes in upwelling index off the northern coas
bottom of each subplot; °C) and along-gulf wind stress (black curve in
2010 (d), 2011 (e), 2012 (f) and 2013 (g).

years, indicating that the westerly to southwesterly winds
prevailed in the region. The average values of wind stress
varied between 0.001Nm~2 in 2010 and 0.029Nm~2 in
2007, 2009 and 2012. In May-September 2010, when five
upwelling events occurred off the southern coast and only
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t (at the top of each subplot; °C) and off the southern coast (at the
the middle; N m_z) in May—September 2007 (a), 2008 (b), 2009 (c),

one event off the northern coast, the average along-gulf wind
stress was close to zero, indicating that the cumulative wind
forcing was almost equal from both directions. Furthermore,
the wind stress averaged over all observed upwelling events
in 2007-2013 was 0.015 N m~2, which is very close to the
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Table 2. Characteristics of detected upwelling events; dates, coastal area (N — off northern coast; S — off southern coast), type (UF —
with strong upwelling front; GD — with gradual decrease in temperature), maximum temperature deviation from the transect mean value,
cumulative upwelling index calculated for each event and cumulative along-gulf wind stress calculated for upwelling favorable winds before

and during the upwelling event.

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

(°C) (°Cday) (Nm~2 day)

1. 3—14 June 2007 S UF —4.12 —19.8 —0.49
2. 8-16 July 2007 S GD —3.02 —12.6 —0.34
3. 21-27 July 2007 N UF —4.02 —13.9 0.93
4. 29 July—-8 August 2007 N GD —3.64 —16.5 0.38
5. 10-17 September 2007! N GD —1.97 -17.5 0.75
6. 26-28 May 20082 S UF —2.52 -39 —-0.20
7. 11-15 June 2008 N UF —-2.73 -7.2 0.62
8. 27-29 June 2008 N UF —-2.27 —-6.2 0.53
9. 10-17 September 2008 S UF —5.42 —-23.0 —1.08
10.  9-16 June 2009 S UF —4.77 —14.8 -0.27
11. 24 June-14 July 2009 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 20093 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 -93 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, 4-12May 20115 S GD —222 -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. 2427 June 2011 N UF —2.40 —4.8 0.41
25. 5-10July 2011 S GD —5.05 —10.6 —0.38
26. 29 July-7 August 2011 S GD —4.69 222 —0.62
27. 14 September 201 16 N UF —4.90 -3.1 0.47
28.  26-30 September 201 17 N UF —3.27 —13.8 1.26
29.  18-27 July 20128 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 20139 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

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

1 day; 5 early spring with possible contribution of difference in surface water warming; 6 no data available after 14 September 2011;
7 no data available before 26 September 2011, wind data missing on 24-26 September 2011; 8 wind data on 14-15 July 2012 not

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

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

www.ocean-sci.net/12/843/2016/

is comparable to the average along-gulf wind stress in the
region.

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

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

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

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

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

4 Discussion

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

The ferry route between Tallinn and Helsinki across the
elongated Gulf of Finland and the schedule consisting of
two cruises a day and a short 1.5h stay in Helsinki made
it possible to introduce a procedure for correction of coordi-
nates of measurement points and an additional quality check

www.ocean-sci.net/12/843/2016/
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meridional transect.

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

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

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

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

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

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

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

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

The average cross-gulf distributions of temperature and
salinity were described based on the 7-year data set of hor-
izontal profiles. On average, the surface layer temperature

www.ocean-sci.net/12/843/2016/



V. Kikas and U. Lips: Upwelling characteristics in the Gulf of Finland 857

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

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

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

The filaments of upwelled waters are characteristic fea-
tures of the upwelling events in the Gulf of Finland (Ui-
boupin and Laanemets, 2009). Zhurbas et al. (2008) have
shown based on a numerical experiment that the cold/warm
water squirts and filaments could develop after the weaken-
ing of the upwelling favorable winds. Similarly, the squirts
and filaments could develop if the wind forcing is strong
enough to initiate an upwelling event but not as strong as
needed to retain the mesoscale frontal dynamics. In the case
of the southern upwelling events, it explains why upwelling
events with the gradual decrease in temperature mostly oc-
curred when the wind forcing was on average weaker.

www.ocean-sci.net/12/843/2016/

As shown by Zhurbas et al. (2006), the baroclinic instabil-
ity of the upwelling jet is expected to occur when the bottom
slope is smaller than the isopycnal slope. Thus, for the strong
upwelling events, the filaments might appear with a higher
probability in the case of northern upwelling events since the
bottom slope is about 2 times shallower in the northern gulf
than in the southern gulf (Uiboupin and Laanemets, 2009).
The prevailing westerly to southwesterly winds, which cause
an inflow in the upper layer and a compensating outflow in
the deeper layers (Elken et al., 2003; Liblik and Lips, 2012),
could lead to the deepening of the seasonal thermocline in the
gulfin 2012 and 2013. The two very intense upwelling events
with the gradual temperature decrease were observed in these
summers along the northern coast. Since the upwelling dy-
namics is dependent on the vertical structure of the water
column before the event (e.g., Lentz and Chapman, 2004),
these suggestions have to be studied further in the future by
combining Ferrybox data (restricted to the surface layer and
single transect) with the remote sensing and water column
data.

5 Conclusions

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

6 Data availability

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