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Abstract. Ferrybox measurements are carried out between Tallinn and Helsinki in the Gulf of 11 

Finland (Baltic Sea) on a regular basis since 1997. The system measures autonomously water 12 

temperature, salinity, chlorophyll a fluorescence and turbidity and takes water samples for 13 

further analyses at a predefined time interval. We aimed to show how the Ferrybox technology 14 

could be used to study the coastal upwelling events in the Gulf of Finland. Based on the 15 

introduced upwelling index and related criterion, 33 coastal upwelling events were identified in 16 

May-September 2007-2013. The number of events, as well as the frequency of their occurrence 17 

and intensity expressed as a sum of daily average temperature deviations in the 20-km wide 18 

coastal area, were almost equal near the northern and southern coast. Nevertheless, the wind 19 

impulse, which was needed to generate upwelling events of similar intensity, differed between 20 

the northern and southern coastal area. It is suggested that the general thermohaline structure 21 

adapted to the prevailing forcing and the estuarine character of the basin weaken the upwelling 22 

created by the westerly to southwesterly (up-estuary) winds and strengthen the upwelling created 23 

by the easterly to northeasterly (down-estuary) winds. Two types of upwelling events were 24 

identified – one characterized by a strong temperature front and the other revealing gradual 25 

decrease of temperature from the open sea to the coastal area with maximum temperature 26 

deviation close to the shore.   27 

 28 
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1. INTRODUCTION 32 

 33 

Unattended monitoring of marine environment using ships of opportunity has been implemented 34 

in many regions of the World Ocean (e.g. Paerl et al., 2009; Hardman-Mountford et al., 2008) 35 

including the Baltic Sea and the Gulf of Finland (Rantajärvi, 2003). The measurement systems 36 

installed on board commercial ferries or other ships are called “Ferryboxes” and they consist of 37 

various sensors, devices creating water flow through the sensors and software packages 38 

controlling the system and managing the data. The commonly used Ferryboxes measure 39 

temperature, salinity, and chlorophyll a fluorescence in the seawater pumped through the system 40 

from the surface layer along the ship track. First trials of using ships of opportunity for 41 

environmental monitoring in the Gulf of Finland were made by Estonian and Finnish scientists 42 

between Tallinn and Helsinki in 1990-1991 (Rantajärvi, 2003). Regular Ferrybox measurements 43 

along this route were started in 1997 while the longest data series of Ferrybox measurements 44 

(since 1993) is available along the ferry route Helsinki-Travemünde (Petersen, 2014).  45 

 46 

 

 

Figure 1. Map of the Baltic Sea (a) and the study area (b) with the Ferrybox transect and Kalbadagrund meteorological station. Maps are 47 
made using Ocean Data View software (Schlitzer, 2015). 48 

 49 
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The Gulf of Finland (GoF) lies in the northeastern part of the Baltic Sea (Fig. 1). It is an 50 

elongated basin with a length of about 400 km and a maximum width of 135 km (Alenius et al., 51 

1998). The vertical stratification in the gulf is characterized by a quasi-permanent halocline at a 52 

depth of 60-80 m, and a seasonal thermocline, which forms in spring-summer at a depth of 10-20 53 

m (e.g. Liblik and Lips, 2011). The long-term residual circulation in the surface layer of the gulf 54 

is characterized by a relatively low speed and by a cyclonic pattern. The saltier water of the 55 

northern Baltic Proper flows into the gulf along the Estonian (southern) coast and the gulf water, 56 

which is less saline due to the large freshwater inflow at the eastern end of the gulf (the Neva 57 

River), flows out along the Finnish (northern) coast. The circulation is more complex at time 58 

scales from days to weeks mainly due to the variable wind forcing. A variety of mesoscale 59 

processes/features (fronts, eddies, coastal upwelling/downwelling), which significantly affect the 60 

biological production, retention, and transport, have been observed in the Gulf of Finland (e.g. 61 

Talpsepp et al., 1994; Kononen et al., 1996; Pavelson et al., 1997; Vahtera et al., 2005; Lips et 62 

al., 2009).  63 

 64 

Dynamics and characteristics of upwelling events have been studied in the Gulf of Finland based 65 

on in-situ measurements (e.g. Haapala, 1994), remote sensing (e.g. Uiboupin and Laanemets, 66 

2009) and modeling (e.g. Myrberg and Andrejev, 2003). Most prominent upwelling events that 67 

were captured by measurements are an event along the northern coast in July 1999 (Vahtera et 68 

al., 2005) and an event along the southern coast in August 2006 (Lips et al., 2009). The 69 

following characteristic features of upwelling events in the Gulf of Finland are suggested:  70 

 71 

1) the Finnish coastal sea in the north-western GoF is one of the main upwelling areas in the 72 

Baltic Sea (Myrberg and Andrejev, 2003) where upwelling frequency in May-September 73 

1990-2009 has been up to 15% (Lehmann et al., 2012); almost the same upwelling 74 

frequency is suggested by the latter authors for the central GoF along the Estonian 75 

(southern) coast;  76 

2) mean upwelling area detected on the basis of 147 maps during the period of 2000-2009 77 

was 5642 km
2
 (19% of the GoF surface area) along the northern coast and 3917 km

2
 78 

(13% of the GoF surface area) along the southern coast (Uiboupin and Laanemets, 2015), 79 

while the largest area covered by the upwelling water was identified as 12140 km
2
 (data 80 
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from 2000-2006; Uiboupin and Laanemets, 2009); the authors’ estimate of the mean 81 

cross-shore extent of upwelling area was 20-30 km off the northern coast and varied 82 

between 7 and 20 km off the southern coast; 83 

3) the intensity of upwelling events depends on the values of cumulative upwelling-84 

favorable wind stress and strength of vertical stratification; Haapala (1994) suggested that 85 

at least 60 h long wind event has to exist to create an upwelling event; based on the wind 86 

data analysis from 2000-2005 and taking the threshold value for cumulative wind stress 87 

of 0.1 N m
-2

 d, on average, about 2 upwelling events should appear off the southern coast 88 

and 4 events off the northern coast (Uiboupin and Laanemets, 2009); 89 

4) it is suggested that the difference in topography off the southern and northern coast of the 90 

GoF results in differing upwelling dynamics along the opposite coasts – in case of similar 91 

wind stress (but in opposite directions) the transport of waters from deeper layers starts 92 

earlier and is larger along the southern coast (Väli et al., 2011).   93 

 94 

The motivation of the present paper is to show how the Ferrybox technology can be used to 95 

study mesoscale processes, especially coastal upwelling events in the Gulf of Finland. We 96 

describe the approach, its advantages and limits, and present statistical characteristics of 97 

upwelling events on the basis of data collected in 2007-2013. The main aims are to relate the 98 

observed variability and dynamics of upwelling events to the atmospheric forcing, to reveal the 99 

differences in upwelling behavior in the northern and southern coastal areas, and to suggest an 100 

alternative physical explanation of the found differences by taking into account the prevailing 101 

forcing and estuarine character of the basin. 102 

 103 

2. THE MEASUREMENT SYSTEM AND METHODS 104 

 105 

2.1. Ferrybox system 106 

 107 

Temperature (T), salinity (S), chlorophyll a fluorescence and turbidity data and water samples 108 

for nutrients and phytoplankton chlorophyll a (Chl a), species composition and biomass analyses 109 

are collected unattended on passenger ferries, traveling between Tallinn and Helsinki (Fig. 1) 110 

since 1997. Due to the internal arrangements of the ferry company Tallink Silja and its 111 
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predecessors, several ships were used as the platforms for Ferrybox measurements, which also 112 

differ regarding water intake features. A flow-through system from 4H-Jena, Germany with the 113 

water intake attached to the sea chest of the ferry has been in use since 2006. The water enters 114 

the sea chest through a grating with a total surface area of 0.84 m
2
 located at about 4 m depth 115 

below the waterline. The water flow from the sea chest into the system is forced by the 116 

hydrostatic pressure since the Ferrybox is located on the lower deck about 3 meters below the 117 

waterline. To restrict larger particles to get into the measurement system a mud filter (pore size 1 118 

mm) is used close to the water intake. Before the sensors, a debubbler is installed to avoid air 119 

bubbles to affect the measurements of conductivity, turbidity and Chl a fluorescence. The flow 120 

rate through the sensors is stabilized by an internal pump, which is controlled by a pressure 121 

sensor in the system. Water samples are taken by a sampling device (Hach Sigma 900 MAX) 122 

whereas the water is pumped from the debubbler into the bottles using an internal pump of the 123 

water sampler. 124 

 125 

For temperature measurements, a PT100 temperature sensor is used that is installed close to the 126 

water intake to diminish the effect of warming of water while flowing through the tubes onboard. 127 

The sensor has a measuring range from -2 to +40 °C and accuracy of ±0.1% of the range, thus 128 

0.04 °C. For salinity measurements an FSI Excell thermosalinograph (temperature and 129 

conductivity meter) and for Chl a fluorescence and turbidity measurements a SCUFA 130 

submersible fluorometer (Turner Designs) with a flow-through cap is used. The accuracy of the 131 

conductivity sensor is 0.0025 S m
-1

. The system starts the measurements and data recording 132 

when the ferry is away from the harbor more than a predefined distance of 0.7 nautical miles 133 

(controlled by a GPS device in the system) and stops when it is closer than this distance to avoid 134 

sediments getting into the system. The data are recorded during every crossing (twice a day) 135 

every 20 seconds that corresponds to a horizontal resolution of approximately 160 m.  136 

 137 

2.2. Quality assurance and pre-processing of data 138 

 139 

The sensors have been calibrated at the factory before the installation and if necessary sent for an 140 

additional laboratory calibration. Since the system contains two temperature sensors, the 141 

performance of them is routinely followed by a comparison of data acquired from the sensors. 142 
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The quality of thermosalinograph data is guaranteed by taking a series of water samples (14-17 143 

samples) and analyzing them using a high-precision salinometer AUTOSAL 2-4 times a year. 144 

The analyses have shown, that a correction of 0.08 (units in Practical Salinity Scale; the value 145 

has been stable over the years) must be added to the recorded salinity. While the raw salinity is 146 

recorded in units according to the Practical Salinity Scale 1978, the results on salinity 147 

distribution and variability are given in the paper (Sections 3 and 4) in g kg 
-1

 according to 148 

Feistel et al. (2010). Particular care is taken to calibrate the SCUFA fluorometer; however, since 149 

we do not use the fluorometer data in this study the used routine is not described here.  150 

 151 

The data acquired by the Ferrybox system recorded with a time step of 20 s are stored in an 152 

onboard terminal. To synchronize the measurements performed by the sensors having different 153 

sampling frequencies and GPS, the acquired data within every 19 s interval are averaged and 154 

recorded as measurements at every 20
th

 second. The data are automatically delivered to the on-155 

shore FTP-server once a day when the ferry is in the harbor using a GSM connection. The 156 

performance of the system is validated by the control parameters, such as the flow rate and 157 

pressure in the system, and the data are checked for unrealistic values against the criteria set for 158 

every parameter on the basis of known natural variation of them in the Gulf of Finland.   159 

 160 

One of the procedures, which has to be carried out when using the Ferrybox data, is the shifting 161 

of data points to the actual positions of the water intake. The problem arises since the coordinates 162 

attached to a data record correspond to the location of the ferry at the time of measurement, but 163 

the water is taken in earlier at a different position. Since various systems of water intake are 164 

applied, this procedure is unique for each combination of a Ferrybox and a ferry. As described 165 

above, in our design the seawater enters first a relatively large sea chest and the flushing through 166 

time of it is unknown. While the water flows through the sea chest and into the tubes and 167 

debubbler with a flow rate of 12-15 l min
-1

, the ferry moves on at an average speed of 16 knots. 168 

We solved the problem of position correction taking into account the advantage of having two 169 

crossings a day.  170 

 171 

Analysis of data from forth and backward journeys allowed us to introduce a position correction 172 

procedure – the best result is achieved by shifting the measured data points against the GPS time 173 
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for 3-4 minutes depending on the ferry and exact intake installation. This relatively long period is 174 

obviously related to the water exchange in the sea chest. Due to an almost constant cruising 175 

speed of the ferry outside the harbor areas, the applied procedure gives acceptable results. The 176 

comparison of data from Tallinn to Helsinki and back from Helsinki to Tallinn obtained on the 177 

same day is one of the used quality assurance procedures – the profiles containing unexpected 178 

deviations are marked by a quality flag indicating a possible quality problem. 179 

 180 

2.3. Data and calculation methods 181 

 182 

Temperature and salinity data collected along the ferry line Tallinn-Helsinki from May to 183 

September in 2007-2013 are used for analysis purposes. In 2008, the system on board the 184 

passenger ferry “Galaxy” was in use until 13 July and the measurements started again on 13 185 

August when the system was installed on board the ferry “Baltic Princess”. However, due to 186 

some technical problems, the regular measurements were only reliable from 2 September 2008. 187 

A failure of the system occurred late August 2012 and, therefore, the data are not available from 188 

29 August until the end of September 2012. In early 2013, the next ferry (“Silja Europa”) came 189 

to this line and the system was moved again causing a break in the measurements until 15 July 190 

2013. The number of crossings with the full data coverage is given in Table 1. Four years – 191 

2007, 2009, 2010 and 2011 – were the years with almost complete data coverage while most of 192 

the data were not available in the second half of July and August 2008, in September 2012 and in 193 

May, June and the first half of July 2013. Thus, the data from all months from May to September 194 

were analyzed at least from six years in 2007-2013.      195 

 196 

Collected raw data were preliminarily processed, including shifting of measurements as 197 

described in Section 2.2, quality checked and stored in the database. This data set was used to 198 

draw the maps of temporal variations of horizontal distributions of T and S for all studied years 199 

(Fig. 2). A step (cell width) of 0.5 km along the south-north oriented line was used to transform 200 

the data set from the matrix with a constant time step into the matrix with a constant spatial 201 

resolution. The fixed south-north orientation was applied to eliminate the influence of 202 

differences in orientation of the ship track in the southern, central and northern parts of the route 203 

(see Fig. 1) and of possible deviations from the usual route. As a result, the extent of the 204 
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upwelling area is presented below in the south-north direction, and a coefficient has to be applied 205 

to convert these values to the upwelling extent in the cross-shore direction (as the cosine of the 206 

angle between the south-north direction and a perpendicular line to the shore – approximately 20 207 

degrees). 208 

 209 

An upwelling index was introduced in the coastal area off the southern coast (UIS) and off the 210 

northern coast (UIN). For each crossing, the average water temperature and horizontal profile of 211 

temperature deviations from the average were computed. The upwelling index was calculated as 212 

a sum of negative temperature deviations in the coastal areas (0-20 km offshore) as:  213 

𝑈𝐼𝑆 =  ∑ |∆𝑇𝑖|
𝑖=1…40
∆𝑇𝑖<0   and  𝑈𝐼𝑁 =  ∑ |∆𝑇𝑖|

𝑖=101…140
∆𝑇𝑖<0       (1) 214 

where ∆𝑇𝑖 is the temperature deviation of 0.5-km cell i from the average temperature of the 215 

crossing. The width of 20 km was selected on the basis of the analysis of all available 216 

temperature data from Tallinn-Helsinki ferry line in 2007-2013 (see Section 3.1 for details). The 217 

daily indexes were obtained by averaging the two upwelling indexes from a single day (from 218 

forth and backward journey of the ferry). A cumulative upwelling index (CUI) can be calculated 219 

by summing up upwelling index values for certain periods. The obtained CUI values were 220 

divided by 40, which is the number of data cells in the 20-km wide coastal area, to keep the 221 

meaning of CUI as the sum of average negative temperature deviations, having a unit of [°C 222 

day]:  223 

𝐶𝑈𝐼𝑆(𝑛1 … 𝑛2) =  ∑ (
1

40
𝑈𝐼𝑆𝑗)

𝑗=𝑛2
𝑗=𝑛1   and  𝐶𝑈𝐼𝑁(𝑛1 … 𝑛2) =  ∑ (

1

40
𝑈𝐼𝑁𝑗)

𝑗=𝑛2
𝑗=𝑛1   (2) 224 

 225 

where n1 and n2 are the start and the end day number of the selected period, for which the 226 

cumulative upwelling index is calculated, and UISj and UINj are the upwelling indexes at day j off 227 

the southern and northern coast, respectively. This approach of the CUI calculation is similar to 228 

that used previously in the studies of upwelling events and their influence on the phytoplankton 229 

dynamics in the Gulf of Finland (see e.g. Lips and Lips, 2008; Myrberg et al., 2008).  230 

 231 

An upwelling event can be characterized by the cumulative upwelling index calculated for the 232 

period when the upwelling index (UIN or UIS) exceeded a certain threshold value. We have 233 

defined this threshold value as 40 °C, which corresponds e.g. to a 20-km wide upwelling with an 234 
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average negative temperature deviation of 1 °C. This choice is explained in more detail in 235 

Section 3.2.  236 

 237 

Wind data were obtained from the HIRLAM (High-Resolution Limited Area Model) version of 238 

the Estonian Meteorological and Hydrological Institute with the spatial resolution of 11 km and 239 

the time interval of 3 h (Väli, 2011; Männik and Merilain, 2007). The model data point close to 240 

Kalbådagrund, where also a meteorological weather station is located (Finnish Meteorological 241 

Institute), was chosen to represent the wind conditions in the study area. The data from 242 

Kalbådagrund weather station or the closest HIRLAM model point have also been used in the 243 

earlier studies of coastal upwellings in the Gulf of Finland (Lips et al., 2008a; Uiboupin and 244 

Laanemets, 2009). According to Keevallik and Soomere (2010), the HIRLAM output matches 245 

well with the observations at Kalbådagrund (the wind is measured at 32 m), although the 246 

modeled wind direction (at 10 m height) is turned by 20° counter-clockwise from the measured 247 

wind direction. 248 

 249 

Wind stress (in N m
-2

) is calculated for the wind component along the axis of the Gulf of 250 

Finland, which corresponds to the direction turned by 70 degrees clockwise from the north 251 

direction, as: 252 

𝜏70 =  𝐶𝐷𝜌𝑎 |𝑈|𝑈70         (3) 253 

where U is the wind speed (in m s
-1

), U70 is its component in the along-gulf direction, CD is the 254 

drag coefficient (a constant value of 1.2 10
-3

 was chosen in the present study; Large and Pond, 255 

1981), and ρa is the air density (1.2 kg m
-3

). Accordingly, positive values of the wind stress 256 

should initiate southward Ekman transport in the surface layer and vice versa. The cumulative 257 

wind stress (in N m
-2

 day) was calculated based on daily averages of wind stress. If the 258 

cumulative wind stress is large enough, upwelling events occur along the northern coast in case 259 

of the positive wind stress and along the southern coast in case of the negative wind stress. 260 

 261 

3. RESULTS 262 

 263 

3.1 General variability and distribution patterns  264 

 265 
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The typical seasonal course of the surface layer temperature in the Gulf of Finland is 266 

characterized by temperature about 5 °C at the beginning of May, a maximum > 20 °C in late 267 

July – early August and a drop below 15 °C in late September. Within the analyzed years 2007-268 

2013, the surface layer temperature was the highest in summer 2010 (Fig. 2) when the period 269 

with the average along-transect temperature > 20 °C was 35 days. Against the background of 270 

seasonal course and simultaneous shorter-term increases or decreases of temperature over the 271 

whole study transect,  periods with distinctly lower temperature were observed off the northern 272 

or southern shore. Such situations are related to the coastal upwelling events – their characteristic 273 

time scale was several days to 1-2 weeks, and they extended towards the open sea by 15-20 km 274 

(Fig. 2).  275 

 276 

277 

278 

279 
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280 

281 

282 

 283 

Figure 2. Temporal changes in temperature (in °C) and salinity (in g kg -1) distributions between Tallinn and Helsinki from 1 May to 30 284 
September in 2007 (a, b), 2008 (c, d), 2009, (e, f), 2010 (g, h), 2011 (i, j), 2012 (k, l) and 2013 (m, n); y-axis shows the distance from the Tallinn 285 

Bay (latitude 59.48 N) in km along the meridional transect. Maps are made using Ocean Data View software (Schlitzer, 2015). 286 

 287 

Inter-annual variations of the surface layer salinity in 2007-2013 were high with the highest 288 

salinity in 2011 and the lowest in 2009. The surface layer salinity exceeded 6.5 g kg
-1

 for a 289 

longer period only in 2011 in the southern half of the study transect (Fig. 2j) and for shorter 290 

periods of several days in case of coastal upwelling events off the southern shore (e.g. Figs. 2b 291 

and 2d). Note that in the case of coastal upwelling events seen in the temperature distributions 292 
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off the northern coast, a simultaneous increase in salinity was not well visible. As a rule, the 293 

surface layer salinity was higher near the southern coast than that near the northern coast. 294 

However, often the lowest salinity was measured in the middle of the transect – it means in the 295 

open sea areas (e.g. Figs. 2f and 2h). The seasonal course of salinity differed remarkably 296 

between the years. While usually the lowest surface layer salinity was observed in June-July, in 297 

2008 the salinity was the lowest in May and in 2010 and 2011 it was the lowest in August. 298 

 299 

 300 

Figure 3. Distributions of temperature (in °C) and salinity (in g kg -1) deviations from the transect mean value along the ferry route Tallinn-301 
Helsinki for all measurements in May-September 2007-2013 (a, b), 2009 (c, d) and 2010 (e, f). Mean values for each 0.5-km cell (solid curves) 302 

and plus/minus RMSE (dashed curves) are shown; x-axis indicates the distance from the Tallinn Bay (latitude 59.48 N) in km along the 303 
meridional transect. 304 

 305 

The average temperature and salinity deviations in May-September each year and for the entire 306 

study period, as well as their root mean square errors (RMSE), were calculated in each 0.5-km 307 

cell. On average, the temperature deviations were close to zero along the entire study transect 308 
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(Fig. 3a) – the absolute values of average deviation were six times less than estimated RMSE of 309 

temperature. Nevertheless, the surface layer temperature was slightly warmer in the open Gulf of 310 

Finland than in approximately 20-km wide coastal areas (Fig. 3a). We relate this finding to the 311 

occurrence of coastal upwelling events. For instance, in 2009, when coastal upwelling events 312 

were observed off both coasts, the average temperature deviations were negative near both coasts 313 

(Fig. 3c). In 2010, when upwelling events occurred mostly off the southern coast, the negative 314 

values of average temperature deviations were detected only in the southern part of the transect 315 

(Fig. 3e).  316 

 317 

It is remarkable that, on average, the variability of temperature deviations was much higher near 318 

the coasts than in the central part of the study transect (Fig. 3a). In the case of upwelling events 319 

off the southern coast and their absence off the northern coast (in 2010), this high variability of 320 

temperature was concentrated only in the 20-km wide coastal area off the southern shore (Fig. 321 

3e). We suggest that this high variability of temperature in the coastal areas is mostly related to 322 

the upwelling activity and, therefore, we estimated the intensity of upwelling events based on 323 

data from the 20-km wide coastal zones. 324 

    325 

The average distribution of the surface layer salinity along the transect was characterized by 326 

higher salinity values in the southern gulf and lower values in the northern gulf (Fig. 3b). The 327 

salinity deviations were positive in the 28-km wide area off the southern coast (with clearly 328 

higher salinity in the first 10 km) and negative along the rest of the study transect. However, the 329 

minimum of the surface layer salinity was observed at about 20 km from the northern shore (or 330 

at a distance of 50 km from the southern end of the study transect) almost in every year (Fig. 3b, 331 

d, and f). The only exception was the year 2007 when the lowest salinity was observed on 332 

average in the cell closest to the northern shore. The low salinity water at the distance of 50 km 333 

indicates that, in summer, the outflow of the less saline Gulf of Finland surface waters occurs 334 

mostly in the northern part of the open gulf. The variability of the surface layer salinity did not 335 

differ between the coastal and open sea areas as much as the variability of the surface layer 336 

temperature. One can recognize slightly higher variability (RMSE) of the surface layer salinity in 337 

the coastal areas and the southern part of the open gulf at a distance of 20-30 km. 338 

 339 
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3.2 Upwelling characteristics  340 

 341 

As it is seen on the maps of temperature deviations (Fig. 4), the years 2007 and 2009 had a 342 

similar pattern – the upwelling events occurred off the southern coast in the first half of the 343 

season and off the northern coast in the second half. In 2008, upwelling events were observed 344 

near the southern coast in May and September, and they appeared near the northern coast in 345 

June. The year 2010 was an exceptional year when the upwelling events occurred mostly along 346 

the southern coast. It was exceptional also because the sea surface temperature outside the 347 

upwelling waters was the highest among the studied summers. A sequence of consecutive 348 

upwelling events near the northern and southern coast was observed in 2011. Upwelling events 349 

occurred mostly off the northern coast in 2012 and 2013.  350 

 351 

352 

353 

 354 

Figure 4. Temporal changes in spatial distributions of temperature deviations (in °C) from the daily transect mean value between Tallinn and 355 
Helsinki from 1 May to 30 September in 2007 (a), 2008 (b), 2009, (c), 2010 e), 2011 (f), 2012 (g) and 2013 (h); y-axis shows the distance from 356 

the Tallinn Bay (latitude 59.48 N) in km along the meridional transect. Maps are made using Ocean Data View software (Schlitzer, 2015) 357 

 358 
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We selected a criterion to detect whether an upwelling event occurs or not as the value of the 359 

upwelling index (UI) exceeded 40 °C (in absolute values while UI is by definition a negative 360 

number). The upwelling events found using the selected criterion were also the occasions when 361 

the maximum negative temperature deviation from the transect mean value was at least -2 °C 362 

(except one event on 10-17 September 2007 when the maximum deviation was -1.97 °C). 363 

Furthermore, no other cases with negative temperature deviations exceeding -2 °C were detected. 364 

Thus, the criterion UI < -40 °C gives quite similar results as the criterion based on the maximum 365 

negative temperature deviation of -2 °C.  366 

 367 

We identified in May-September 2007-2013 altogether 33 upwelling events, approximately half 368 

of them (17) near the northern coast and half (16) near the southern coast (Table 2). The number 369 

of days with the upwelling near the northern coast was 150 and near the southern coast 140. As 370 

the total number of days with measurements was 838, the upwelling occurred in 18 % and 17 % 371 

of days off the northern and southern coast, respectively. The maximum negative temperature 372 

deviation from the transect mean value was detected in August 2010 near the southern coast 373 

when it reached -7.78 °C. While the maximum temperature deviation characterizes the peak of 374 

the upwelling, the introduced cumulative upwelling index also takes into account the extent of 375 

the upwelling in space and time. As based on CUI the largest upwelling events were observed in 376 

2013 – on 15-30 September 2013 off the southern coast (CUI = -40.2 °C day) and on 11-31 377 

August 2013 off the northern coast (CUI = -39.7 °C day). The average CUI value of all 378 

upwelling events off the northern coast was -14.5 °C day and off the southern coast -16.2 °C day. 379 

The sum of CUI values of all detected upwelling events off the northern coast was -247.0 °C day 380 

and off the southern coast -258.4 °C day.  381 

 382 
 383 
 384 
 385 

 386 
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 387 

Figure 5. Temporal changes in upwelling index off the northern coast (at the top of each subplot; °C) and off the southern coast at the 388 
bottom of each subplot; °C) and along-gulf wind stress (black curve in the middle;  N m-2) in May-September 2007 (a), 2008 (b), 2009 (c), 2010 389 

(d), 2011 (e), 2012 (f) and 2013 (g). 390 

 391 

The total CUI for all measurement days in 2007-2013 was -405.3 °C day for the northern coastal 392 

area and -356.6 °C day for the southern coastal area. Thus, the negative temperature deviations 393 

from the transect mean were more common for the northern coastal sea area while the upwelling 394 

events were more intense in the southern coastal sea area.   395 

 396 

The highest number of upwelling events was observed in July – 10 events, 5 off the northern 397 

coast and 5 off the southern coast, and the lowest in May – 4 events. The sum of CUI values of 398 

all events in July and August were -185.3 °C day and -187.9 °C day, respectively, while it was 399 

only -28.6 °C day in May. Obviously, the revealed seasonal trend was partly related to the 400 

temperature difference between the surface layer and the cold layer beneath the seasonal 401 
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thermocline, which has its maximum in the Gulf of Finland in July-August (Liblik and Lips, 402 

2011).   403 

 404 

3.3 Upwelling characteristics in relation to wind forcing  405 

 406 

The occurrence of coastal upwelling events in the Gulf of Finland can be related quite well to the 407 

variations of the along-gulf wind stress (Fig. 5). The upwelling events appeared after a certain 408 

favorable wind pulses with long enough duration and magnitude. In the case of upwelling events 409 

off the northern coast, the positive along-gulf wind stress was usually observed a few days before 410 

the event and in the case of upwelling events off the southern coast, the wind stress was negative 411 

for a few days (Fig. 5).  412 

 413 

The estimated cumulative wind stress for the detected upwelling events varied between 0.31 and 414 

1.37 N m
-2

 day for westerly winds and between -0.09 and -1.08 N m
-2

 day for easterly winds 415 

(Table 2). The cumulative wind stress associated with each upwelling event was calculated based 416 

on daily average wind stress values by summing them up from the first day with favorable wind 417 

stress (within a period of 1 week before the event) to the last day with favorable wind stress 418 

before the end of the event. If only one day with opposite wind stress appeared in a sequence in 419 

the favorable wind stress series, then the calculation period was not broken. The average value of 420 

the cumulative wind stress for an upwelling event off the northern coast was 0.71 N m
-2

 day and 421 

off the southern coast -0.44 N m
-2

 day. It suggests that to produce a coastal upwelling event of an 422 

equal magnitude the required favorable along-gulf wind stress has to be larger for the upwelling 423 

events off the northern coast than for the events off the southern coast. This conclusion is drawn 424 

by taking into account the above result that the average upwelling intensity (estimated as CUI) 425 

was similar for the both coastal areas with slightly higher values of CUI for the upwelling events 426 

off the southern coast. This suggestion is also supported by comparison of relationships between 427 

the CUI and cumulative wind stress (CWS) related to the upwelling events near the opposite 428 

coasts (Fig. 6). The linear regression lines between the CUI and CSW indicate that at the same 429 

CSW values, the upwelling events had higher intensities off the southern coast than off the 430 

northern coast. Nevertheless, the results are quite scattered, and the coefficient of determination 431 
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(r
2
) between the CUI and CSW is 0.30 for the southern and 0.19 for the northern upwelling 432 

events.  433 

 434 

 435 

Figure 6. The relationship between the cumulative upwelling index (CUI) and cumulative along-gulf wind stress (CWS) based on 33 436 
detected upwelling events in May-September 2007-2013. Red symbols indicate the events off the southern coast and blue symbols the 437 
events off the northern coast; circles correspond to the events with pronounced upwelling front (N_UF and C_UF) and triangles the 438 

events with a gradual decrease in temperature towards the coast (N_GD and S_GD). The linear regression lines for southern (solid line) 439 
and northern upwelling events (dashed line) are shown. 440 

 441 

The average along-gulf wind stress for the entire study period from May to September in 2007-442 

2013 was 0.016 N m
-2

. The seasonal averages had positive values in all studied years indicating 443 

that the westerly to southwesterly winds prevailed in the region. The average values of wind 444 

stress varied between 0.001 N m
-2

 in 2010 and 0.029 N m
-2

 in 2007, 2009 and 2012. In May-445 

September 2010, when five upwelling events occurred off the southern coast and only one event 446 

off the northern coast, the average along-gulf wind stress was close to zero indicating that the 447 

cumulative wind forcing was almost equal from both directions. Furthermore, the wind stress 448 

averaged over all observed upwelling events in 2007-2013 was 0.015 N m
-2

, which is very close 449 

to the average wind stress over the entire study period. This estimate was obtained based on the 450 

mean length of upwelling events of 8.8 days and mean cumulative wind stress values of 0.71 and 451 



19 
 

-0.44 N m
-2

 day off the northern and southern coasts, respectively. It can be concluded that the 452 

difference between the wind impulses needed for the generation of upwelling events with similar 453 

intensity near the opposite coasts is comparable to the average along-gulf wind stress in the 454 

region.   455 

 456 

Usually, the upwelling events occurred one or a few days after the start of the favorable wind 457 

pulse, and the maximum of upwelling intensity was reached one or a few days after the 458 

maximum wind stress (Fig. 5). We made an attempt to identify characteristic spatial temperature 459 

and salinity distributions in the surface layer from coast to coast at times of the maximum 460 

intensity of upwelling events. Surprisingly, the results did not differ significantly between the 461 

northern and southern coast – two characteristic shapes of upwelling events in the temperature 462 

distribution were identified for both coastal areas.  463 

 464 

 465 

Figure 7. Characteristic distributions of temperature and salinity along the ferry route Tallinn-Helsinki with coastal upwelling events off the 466 
northern coast (a, b) and off the southern coast (c, d); x-axis shows the distance from the Tallinn Bay (latitude 59.48 N) in km along the 467 

meridional transect. 468 

 469 
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Mostly the upwelling events were characterized by a sharp and very intense temperature front 470 

between the upwelling waters and the rest of the transect (red curves in Fig. 7a and c). The sharp 471 

upwelling fronts are usually associated with strong along-front jet currents, for instance, as 472 

measured by Suursaar and Aps (2007) in the Gulf of Finland in summer 2006. Typical for such 473 

events were an almost uniform temperature outside the upwelling area and the temperature 474 

minimum (maximum temperature deviation) close to the upwelling front. The other distribution 475 

pattern (dark blue curves in Fig. 7a and c) exposed a gradual decrease of temperature towards the 476 

upwelling waters. Typical for the latter events were the irregularities in temperature distribution 477 

with a characteristic scale of a few kilometers and the temperature minimum (maximum 478 

temperature deviation) in the cell closest to the shore. In some cases, e.g. the event near the 479 

northern coast with maximum intensity on 18 August 2013 (dark blue solid curve in Fig. 7a), the 480 

observed temperature deviations were as large as during the upwelling events with strong 481 

temperature front. There was also a third type of temperature distribution when the upwelling 482 

waters were not attached to the shore (red dotted curve in Fig. 7a) at least according to the 483 

measurements along the ferry route. All these types of upwelling events are well recognized on 484 

the maps of temporal changes of temperature and temperature deviation along the ferry route 485 

Tallinn-Helsinki (Figs. 2 and 4).   486 

 487 

The spatial distribution of salinity in the surface layer from coast to coast drastically differed 488 

between the upwelling events near the northern coast and the events near the southern coast (Fig. 489 

7b and d). In the latter case, both the salinity difference across the gulf and the spatial variability 490 

at scales of a few to ten kilometers were much larger than in the former case. It is also interesting 491 

that in the case of southern upwelling events, the salinity minimum along the transect can be 492 

situated either very close to the upwelling front (e.g. on 28 July 2010) or near the northern coast 493 

(e.g. 8 July 2011). Although such diverse patterns are partly related to the history of water 494 

movements in the gulf, the salinity minimum (at least local minimum) close to the upwelling 495 

front might be caused by the westward current jet along the front as also revealed by model 496 

experiments (Laanemets et al., 2011). The salinity distribution across the gulf associated with the 497 

northern upwelling events is very uniform with some variability at scales of a few to ten 498 

kilometers, which have the amplitude several times less than spatial salinity variations associated 499 

with the southern upwelling events. 500 
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 501 

4. DISCUSSION 502 

 503 

Several studies have shown how the Ferrybox measurements are successfully used for different 504 

applications, such as for monitoring of coastal waters in combination with remote sensing 505 

(Petersen et al., 2008), estimating carbon fluxes and primary productivity (Schneider et al., 2014) 506 

and detecting cyanobacterial blooms (Seppälä et al., 2007). However, not enough attention is 507 

paid to the Ferrybox systems, especially to the question how the results are affected by the used 508 

technical solutions (like water intake depth and construction, piping, etc.). Furthermore, the 509 

particularities of geographical location as well as the ferry route and schedule often determine 510 

the most suitable applications and requirements for the data treatment. A good example of taking 511 

advantage of the geographical location and ferry route is demonstrated by Buijsman and 512 

Ridderinkhof (2007) who estimated the water and suspended matter exchange between the 513 

Wadden Sea and the North Sea using data collected along the ferry route Den Helder – Texel.   514 

 515 

The ferry route between Tallinn and Helsinki across the elongated Gulf of Finland and the 516 

schedule consisting of two cruises a day and a short 1.5-hour stay in Helsinki made it possible to 517 

introduce a procedure for correction of coordinates of measurement points and an additional 518 

quality check routine for the collected data. The correlation between the data from the two 519 

crossings on the same day must be sufficiently high; if not, the data is marked as suspicious. We 520 

found that the highest correlation between the two datasets is achieved when the data points are 521 

shifted by 3-4 minutes depending on the intake installation and the ferry. This analysis also 522 

demonstrates the confidence of the applied Ferrybox system even though the water is taken in 523 

through a relatively large sea chest. Furthermore, the ferry route across the relatively narrow gulf 524 

from coast to coast is very convenient to collect data on the offshore extension and intensity of 525 

coastal upwelling events.  526 

 527 

Various methods have been applied to reveal characteristic features of coastal upwelling events 528 

in the Baltic Sea based on data mainly from remote sensing and numerical models. Data of high-529 

resolution long-term Ferrybox measurements have not been analyzed with this aim until now. 530 

Certain temperature isoline as the boundary of the upwelling area was used by Uiboupin and 531 
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Laanemets (2009) and a temperature deviation (2 °C) from the mean temperature along zonal 532 

transects was employed by Lehmann et al. (2012). The latter method is similar to the approach 533 

applied in the present study, but we argue that the analysis of temperature deviations along 534 

meridional transects is more appropriate in the Gulf of Finland. This conclusion is justified by 535 

the fact that, on average, the north-south temperature gradient is negligible in the gulf (see Fig. 536 

3a) while the west-east temperature gradient could exist between the shallower and narrower 537 

Gulf of Finland and the deeper and wider Northern Baltic Proper due to differential warming and 538 

cooling.  539 

 540 

Nevertheless, it is interesting that our results on upwelling frequencies of about 17-18 % near the 541 

northern and southern coast are very close to the results of Lehmann et al. (2012) if their results 542 

based on remote sensing data were considered. They concluded that upwelling events were 543 

present more than 15 % of time near the northern coast and about 15 % of time near the southern 544 

coast. At the same time, the estimates of corresponding upwelling frequencies based on 545 

numerical experiments differ from the values obtained from the remote sensing data and the 546 

results of the present study. Based on model results, the northern coastal area has been suggested 547 

as the main upwelling area in the Gulf of Finland with the upwelling occurrence up to 30 % of 548 

time (Lehmann et al., 2012; Myrberg and Andrejev, 2003) while near the southern coast 549 

downwelling should prevail (Myrberg and Andrejev, 2003).  550 

 551 

Analysis of wind data has also suggested that the coastal upwelling events should occur more 552 

often along the northern coast than along the southern coast of the Gulf of Finland (Lehmann et 553 

al., 2012; Uiboupin and Laanemets, 2009). The data set consisting of 838 days of measurements 554 

from coast to coast used in the present analysis has revealed that, on average, the frequency of 555 

upwelling events and their intensity are similar near the northern and southern coast of the gulf 556 

although the wind data from the same period suggest prevalence of upwelling events off the 557 

northern coast. Partly, this outcome can be explained by the higher position of the thermocline, 558 

steeper bottom slope and greater depths in the southern part of the gulf as suggested by some 559 

earlier studies (e.g. Väli et al., 2011; Laanemets et al. 2009). Based on a simple theory of 560 

upwelling dynamics linking the position of the onshore return flow with the bottom slope and 561 

stratification (Lentz and Chapman, 2004), Laanemets et al. (2009) estimated that the onshore 562 
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return flow should occur in the near-bottom layer for both northern and southern upwelling 563 

events in the Gulf of Finland. Due to the steeper slope and greater depths, the upwelling outcome 564 

in the vertical transport of cold and nutrient rich waters could be more intense in the southern 565 

gulf (Väli et al., 2011; Laanemets et al., 2009).  566 

 567 

An additional explanation could be suggested if taking into account the estuarine character of the 568 

Gulf of Finland – the basin has free water exchange with the Baltic Proper in the west while it is 569 

closed in the east where the main freshwater source is located. First, this basin configuration and 570 

the prevalence of southwesterly winds together with the Coriolis force cause a general cyclonic 571 

circulation in the surface layer of the gulf (Alenius et al., 1998). Such circulation, in accordance 572 

with the geostrophic balance, yields in a higher sea level and deeper thermocline at the northern 573 

part of the gulf (e.g. see Andrejev et al., 2004). A similar transverse thermohaline and residual 574 

flow structure has been noted by Thomson et al. (2007) in the Juan de Fuca Strait. Liblik and 575 

Lips (2016) also concluded that the thermocline is on average at a deeper depth in the northern 576 

Gulf of Finland based on their analysis of the data from 35 cross-gulf CTD surveys conducted in 577 

2006-2013. Thus, the wind impulse needed for the initiation of a coastal upwelling event near the 578 

southern coast can have a smaller magnitude. This suggestion is supported by the comparison of 579 

the lowest cumulative wind stress values, which have initiated upwelling events in 2007-2013 580 

near the two coasts. The lowest CWS value related to an upwelling event along the northern coast 581 

is larger than the CWS values for five upwelling events along the southern coast (see Fig. 6).  582 

 583 

Secondly, we suggest that for a stronger wind impulse during a longer period, the estuarine 584 

character of the basin has a significant influence on the outcome. The strong southwesterly (up-585 

estuary) winds counteract to the estuarine circulation and cause an inflow (convergence) in the 586 

surface layer (Elken et al., 2003; Lips et al., 2008b), and thus, a downward movement of the 587 

thermocline in the gulf as a whole. In contrary, the down-estuary winds intensify the outflow 588 

(cause divergence) in the surface layer, and thus, a general upward movement of the thermocline 589 

in the gulf. Consequently, the up-estuary southwesterly winds, on the one hand, cause upwelling 590 

along the northern coast, but on the other hand downwelling in the gulf as a whole that could 591 

weaken the outcome. In the case of the down-estuary easterly to northeasterly winds, a general 592 

upward movement of the thermocline in the gulf supports the coastal upwelling along the 593 
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southern coast. Such response of the water movements to the forcing could be an explanation 594 

why, in general, the cumulative upwelling indices (presented in Fig. 6) increase faster with the 595 

strengthening of the favorable wind stress (CWS in Fig. 6) for the southern upwelling events than 596 

for the northern upwelling events.   597 

 598 

The average cross-gulf distributions of temperature and salinity were described based on the 7-599 

year data set of horizontal profiles. On average, the surface layer temperature did not have any 600 

horizontal gradient while the surface layer salinity was higher in the southern part than in the 601 

northern part of the gulf. The result that the surface water with the lowest salinity was on average 602 

at about 20 km from the northern coast supports the suggested general circulation scheme in the 603 

Gulf of Finland (e.g. Andrejev et al., 2004). At the same time, if the wind forcing favorable for 604 

upwelling events near the southern coast prevailed (as it was observed in summer 2010) the low 605 

salinity water appeared in the southern part of the open gulf, close to the upwelling front. This 606 

phenomenon was also observed during an intense upwelling event in August 2006 (Lips et al., 607 

2009); it was modeled by Laanemets et al. (2011) and noted by Liblik and Lips (2016) based on 608 

an analysis of CTD data from surveys across the gulf in 2006-2013. 609 

 610 

 611 
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 612 

the Estonian coast on 17-23 August 2010 (left panel) and 5-11 July 2011 (right panel). 613 

 614 
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The most intense upwelling events regarding temperature deviations were observed near the 615 

southern coast as it was also found by Uiboupin and Laanemets (2009, 2015). However, we did 616 

not identify clear differences in the temperature distribution patterns between the upwelling 617 

events off the two coasts. Instead, near both coasts, the classical distributions with a sharp 618 

temperature front as well as the distribution characterized by a gradual decrease in temperature 619 

towards the coast have been observed. We suggest that the upwelling events with the gradual 620 

temperature decrease could be associated with the development of upwelling filaments, which 621 

occurred under certain conditions and stayed in our measurement window.  622 

 623 

In the case of the upwelling events along the southern coast, the wind speed was on average 624 

higher before the events with the sharp temperature front (see Fig. 6 and Table 2). For instance, 625 

the polar histograms of wind stress vectors shown in Fig. 8 are very similar except the 626 

distribution of wind stress magnitudes. The period before the culmination of the upwelling event 627 

with the sharp temperature front observed on 19 August 2010 had a large share of wind stress 628 

values > 0.15 N m
-2

. Nevertheless, the two prominent upwelling events along the northern coast 629 

– the most intense event (on 11-31 August 2013) and the event corresponding to the largest 630 

cumulative wind stress (on 18-27 July 2012), were both characterized by the gradual decrease in 631 

temperature towards the coast (Fig. 6).  632 

 633 

The filaments of upwelled waters are characteristic features of the upwelling events in the Gulf 634 

of Finland (Uiboupin and Laanemets, 2009). Zhurbas et al. (2008) have shown based on a 635 

numerical experiment that the cold/warm water squirts and filaments could develop after the 636 

weakening of the upwelling favorable winds. Similarly, the squirts and filaments could develop 637 

if the wind forcing is strong enough to initiate an upwelling event but not as strong as needed to 638 

retain the mesoscale frontal dynamics. In the case of the southern upwelling events, it explains 639 

why upwelling events with the gradual decrease of temperature mostly occurred when the wind 640 

forcing was on average weaker.  641 

 642 

As shown by Zhurbas et al. (2006), the baroclinic instability of the upwelling jet is expected to 643 

occur when the bottom slope is smaller than the isopycnal slope. Thus, for the strong upwelling 644 

events, the filaments might appear with a higher probability in the case of northern upwelling 645 
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events since the bottom slope is about two times shallower in the northern gulf than in the 646 

southern gulf (Uiboupin and Laanemets, 2009). The prevailing westerly to southwesterly winds, 647 

which cause an inflow in the upper layer and a compensating outflow in the deeper layers (Elken 648 

et al., 2003; Liblik and Lips, 2012), could lead to the deepening of the seasonal thermocline in 649 

the gulf in 2012 and 2013. The two very intense upwelling events with the gradual temperature 650 

decrease were observed in these summers along the northern coast. Since the upwelling 651 

dynamics is dependent on the vertical structure of the water column before the event (e.g. Lentz 652 

and Chapman, 2004), these suggestions have to be studied further in the future by combining 653 

Ferrybox data (restricted to the surface layer and single transect) with the remote sensing and 654 

water column data. 655 

 656 

5. CONCLUSIONS 657 

 658 

We showed that Ferrybox data from the Tallinn-Helsinki ferry route could be successfully 659 

employed to describe the characteristics of coastal upwelling events in the Gulf of Finland. An 660 

advantage of the geographical location of the ferry route across the relatively narrow gulf and the 661 

schedule consisting of two crossings a day allowed to control the quality of the data and 662 

introduce the upwelling index based on the data from a single crossing and the cumulative 663 

upwelling index. In total, 33 coastal upwelling events were identified in May-September 2007-664 

2013. It is shown that the upwelling occurrences of 18 % and 17 % of days, as well as intensities 665 

of upwelling events, are similar near the northern and southern coast. The most intense events 666 

occur in July-August, most probably because of the warmest surface layer (strongest 667 

thermocline) during those months. It is shown that the wind impulse needed to generate 668 

upwelling events of similar intensity differs between the two coastal areas. We suggest that the 669 

general thermohaline structure (adapted to the prevailing forcing) and the estuarine character of 670 

the basin are reasons for the found different outcome. The thermohaline structure of the Gulf of 671 

Finland is characterized by a deeper position of the thermocline in the northern gulf; thus, the 672 

upwelling initiation requires a stronger southwesterly wind impulse to cause upwelling along the 673 

northern coast as compared to a weaker northeasterly impulse to cause upwelling along the 674 

southern coast. Furthermore, the estuarine character of the basin leads to the weakening of the 675 

upwelling created by the westerly (up-estuary) winds and strengthening of the upwelling created 676 
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by the easterly (down-estuary) winds. Two types of upwelling events were identified – one 677 

characterized by a strong temperature (upwelling) front and the other revealing gradual decrease 678 

of temperature from the open sea to the coastal area with maximum temperature deviation very 679 

close to the shore. We suggest that the spatial variations in temperature with scales of a few 680 

kilometers, which were characteristic for the upwelling events with the gradual temperature 681 

decrease, could be signs of the meso- and sub-mesoscale features (filaments and squirts) 682 

associated with the upwelling dynamics.  683 

 684 
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 820 

 821 

Table 1. Periods of measurements along the ferry route Tallinn-Helsinki in 2007-2013, number 822 

of days with measurements and number of days with upwelling events off the northern coast (N) 823 

and off the southern coast (S). 824 

Year Ferry Period Number of 

days with data 

Number of days 

with upwelling 

    N S 

2007 Galaxy 1 May – 30 September 141 26 21 

2008 Galaxy 1 May – 13 July 90 8 11 
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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 

 825 

 826 

Table 2. Characteristics of detected upwelling events; dates, coastal area (N – off northern coast; 827 

S – off southern coast), type (UF – with strong upwelling front, GD - - with gradual decrease of 828 

temperature), maximum temperature deviation from the transect mean value, cumulative 829 

upwelling index calculated for each event and cumulative along-gulf wind stress calculated for 830 

upwelling favourable winds before and during the upwelling event.   831 

No Dates Coast Type Maximum 

temperature 

deviation 

(°C) 

Cumulative 

upwelling 

intensity (°C 

day) 

Cumulative 

wind stress 

(N m
-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
(1)

 N GD -1.97 -7.5 0.75 

6. 26-28 May 2008
(2)

 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
(3)

 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
(4)

 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
(5)

 S GD -2.22 -9.3 -0.09 
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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
(6)

 N UF -4.90 -3.1 0.47 

28. 26-30 September 2011
(7)

 N UF -3.27 -13.8 1.26 

29. 18-27 July 2012
(8)

 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
(9)

 
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 

 832 

(1)
 temperature deviation was less than -2 °C during the event on 10-17 September 2007 833 

(2)
 data absent before 26 May 2008 for more than 1 day 834 

(3)
 data analysed until 30 September 2009 (upwelling event did further) 835 

(4)
 data absent before 12 June 2010 for more than 1 day 836 

(5)
 early spring with possible contribution of difference in surface water warming 837 

(6)
 no data available after 14 September 2011 838 

(7)
 no data available before 26 September 2011, wind data missing on 24-26 September 2011 839 

(8)
 wind data on 14-15 July 2012 not available 840 

(9)
 ferrybox data on 20-21 July 2013 not available 841 

 842 

 843 

 844 

 845 

Figure captions 846 

 847 

Figure 1. Map of the Baltic Sea (a) and the study area with the Ferrybox transect and 848 

Kalbadagrund meteorological station. Maps are made using Ocean Data View software 849 

(Schlitzer, 2015). 850 

 851 

Figure 2. Temporal changes of temperature (in °C) and salinity (in g kg
-1

) distributions between 852 

Tallinn and Helsinki from 1 May to 30 September in 2007 (a, b), 2008 (c, d), 2009, (e, f), 2010 853 

(g, h), 2011 (i, j), 2012 (k, l) and 2013 (m, n); y-axis shows the distance from the Tallinn Bay 854 
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(latitude 59.48 N) in km along the meridional transect. Maps are made using Ocean Data View 855 

software (Schlitzer, 2015). 856 

 857 

Figure 3. Distributions of temperature (in °C) and salinity (in g kg
-1

) deviations from the transect 858 

mean value along the ferry route Tallinn-Helsinki for all measurements in May-September 2007-859 

2013 (a, b), 2009 (c, d) and 2010 (e, f). Mean values for each 0.5-km cell (solid curves) and 860 

plus/minus RMSE (dashed curves) are shown; x-axis shows the distance from the Tallinn Bay 861 

(latitude 59.48 N) in km along the meridional transect. Maps are made using Ocean Data View 862 

software (Schlitzer, 2015).    863 

 864 

Figure 4. Temporal changes of spatial distributions of temperature deviations (in °C) from the 865 

daily transect mean value between Tallinn and Helsinki from 1 May to 30 September in 2007 (a), 866 

2008 (b), 2009, (c), 2010 e), 2011 (f), 2012 (g) and 2013 (h); y-axis shows the distance from the 867 

Tallinn Bay (latitude 59.48 N) in km along the meridional transect. 868 

 869 

Figure 5. Temporal changes of upwelling index off the northern coast (at the top of each 870 

subplot; °C) and off the southern coast (at the bottom of each subplot, °C) and along-gulf wind 871 

stress (black curve in the middle; N m
-2

) in May-September 2007 (a), 2008 (b), 2009 (c), 2010 872 

(d), 2011 (e), 2012 (f) and 2013 (g). 873 

 874 

Figure 6. Relationship between the cumulative upwelling index (CUI) and cumulative along-875 

gulf wind stress (CWS) based on 33 detected upwelling events in May-September 2007-2013. 876 

Red symbols indicate the events off the southern coast and blue symbols the events off the 877 

northern coast; circles correspond to the events with pronounced upwelling front (N_UF and 878 

C_UF) and triangles the events with gradual decrease of temperature towards the coast (N_GD 879 

and S_GD). The linear regression lines for southern (solid line) and northern upwelling events 880 

(dashed line) are shown. 881 

 882 

Figure 7. Characteristic distributions of temperature and salinity along the ferry route Tallinn-883 

Helsinki with coastal upwelling events off the northern coast (a, b) and off the southern coast (c, 884 
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d); x-axis shows the distance from the Tallinn Bay (latitude 59.48 N) in km along the meridional 885 

transect. 886 

 887 

Figure 8. Polar histogram of wind stress vectors (N m
-2

) based on the wind data from a weekly 888 

period before the peak of upwelling events off the Estonian coast on 17-23 August 2010 (left 889 

panel) and 5-11 July 2011 (right panel). 890 

 891 


