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Numerical simulation experiments with an eddy-resolving ocean circulation model were 
performed to study nutrient transport to the surface layer by summer upwelling events in 
the Gulf of Finland. It is shown that upwelling along the southern coast of the Gulf, pro-
duced by easterly winds, brings more nutrients to the surface layer than upwelling along 
the northern coast produced by westerly winds of identical strength. The different ability of 
upwelling to transport nutrients to the surface layer along the southern and northern coasts 
is explained by features in the bottom topography. A steeper bottom slope and greater sea 
depth along the southern coast causes more nutrients to be transported to the surface layer. 
Offshore transport of upwelled nutrients is mostly caused by mesoscale structures — fila-
ments and eddies. It is also shown that upwelling events along both coasts transport nutri-
ents into the upper layer with a clear excess of phosphate. This phosphate excess might 
promote nitrogen-fixing cyanobacteria due to nitrogen limitation for other phytoplankton 
groups.

Introduction

Blooms of nitrogen-fixing cyanobacteria (Nodu-
laria spumigena, Aphanizomenon sp., Anabaena 
spp.) are common from the end of June to the 
end of August in the eutrophic and brackish 
Baltic Sea, including the Gulf of Finland (e.g. 
Finni et al. 2001). The occurrence of cyano-
bacteria blooms in the Baltic has been related 
to a low dissolved inorganic nitrogen (DIN) to 
dissolved inorganic phosphorus (DIP) ratio (e.g. 

Niemi 1979, Laamanen and Kuosa 2005). A sea-
sonal course of surface layer dissolved inorganic 
nutrient concentrations is observed, where nitrate 
and phosphate decline from winter maximum to 
summer minimum values (phosphate and nitrate 
concentrations below the detection level) preced-
ing the annual blooms (e.g. HELCOM 2002). The 
bloom-forming and nitrogen-fixing cyanobacte-
ria in the Baltic have generally high temperature 
requirements for efficient growth (Lehtimäki et 
al. 1997, Wasmund 1997). The growth-limiting 
nutrient for nitrogen-fixing cyanobacteria during 
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warm years is mainly phosphorus (Kangro et 
al. 2007) and bloom formation has been sug-
gested to rely on different sources of phospho-
rus: intracellular storage of spring bloom excess 
phosphate, remineralisation of the upper layer 
phosphorus pool and phosphate input trough tur-
bulent mixing and upwelling (e.g. Kononen et al. 
1996, Larsson et al. 2001, Lignell et al. 2003).

In summer when the water column is ther-
mally stratified a coastal upwelling caused by 
transient along-shore wind forcing usually brings 
up cold and nutrient rich water. Satellite sea sur-
face temperature (SST) data (e.g. Kahru et al. 
1995) and model simulations (e.g. Myrberg and 
Andrejev 2003) showed that the northern coast of 
the Gulf of Finland is an active upwelling region 
in the Baltic Sea. Upwelling frequently results 
in the formation of filaments/squirts and eddies 
(e.g. Bychkova and Victorov 1988, Siegel et al. 
1994, Kahru et al. 1995, Zhurbas et al. 2004) 
extending the domain of influence of upwelling 
from a narrow coastal zone into the basin inte-
rior. Numerical simulations by Zhurbas et al. 
(2008) showed that the relaxation of longshore 
baroclinic jets and related thermohaline fronts 
caused by coupled upwelling and downwelling 
events in the Gulf of Finland occurs in the form 
of cold and warm water filaments contributing to 
lateral mixing.

Analysis of nutrient data sampled in the 
western Gulf has revealed that the seasonal nutri-
clines lie in the thermocline, the phosphacline 
being shallower than the nitracline (Laanemets 
et al. 2004). Thus, the vertical separation of 
the phosphacline and the nitracline may result 
in excess transport of phosphate into the sur-
face layer, hypothetically favouring diazotrophic 
cyanobacteria. Field observations during an 
upwelling event along the northern coast of the 
Gulf, showed that upwelling brought mainly 
phosphate into the surface layer and that growth 
of cyanobacteria was promoted by the phosphate 
input with a three-week time lag (Vahtera et al. 
2005). However, field observations during an 
upwelling event in a cold summer showed that 
the phosphate input may also prolong blooms 
of the migratory dinoflagellate Heterocapsa tri-
quetra (Kononen et al. 2003). Compared with 
the Baltic Proper, the importance of phosphate 
input by summer upwelling events into the sur-

face layer may be emphasised in the Gulf of 
Finland because it is a narrow elongated basin 
experiencing frequent upwelling events.

The aim of the present paper is to evalu-
ate total input of phosphate (phosphorus) and 
nitrate (nitrogen) by summer upwelling events 
to the surface layer and to map their distribution 
in the Gulf of Finland using results of model 
experiments. Applying the same initial nutri-
ent and salinity fields, model simulations were 
performed with different wind forcing and upper 
layer temperatures.

Model setup and validation

Model setup

We apply the Princeton Ocean Model (POM) 
(Blumberg and Mellor 1983). The POM is a 
primitive equation, sigma coordinate, free sur-
face, hydrostatic model with a 2.5 moment tur-
bulent closure sub-model embedded. The model 
domain includes the whole Baltic Sea closed 
at the Danish straits; digital topography of the 
bottom is taken from Seifert and Kayser (1995). 
The horizontal step of the model grid is 0.5 nau-
tical miles in the Gulf (see Fig. 1) and reaches 2 
nautical miles in the rest of the Baltic Sea; there 
are 20 σ-levels in the vertical direction. A model 
resolution of 0.5 nautical miles allows resolving 
mesoscale phenomena, including upwelling fila-
ments/squirts (Zhurbas et al. 2008) controlled by 
the internal baroclinic Rossby radius which value 
varies within 2–5 km in the Gulf (e.g. Fennel et 
al. 1991, Alenius et al. 2003).

Model simulations were performed for a 20-
day period starting on 20 July covering a field 
measurements period onboard r/v Aranda, Finn-
ish Institute of Marine Research, (Fig. 1) from 
20 to 29 July 1999 in the western Gulf of Finland 
(Vahtera et al. 2005). Wind stress and surface 
heat flux components for the simulation period 
were calculated from a gridded meteorological 
data set established and maintained at the Swed-
ish Meteorological and Hydrological Institute 
(SMHI), the space and time resolution is 1° and 
3 h, respectively. To calculate winds at 10-m 
level from the geostrophic wind vectors, the 
latter were turned counterclockwise by 15° and 
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multiplied by a factor 0.6. Then 10-m-level wind 
components and other meteorological param-
eters were interpolated to the model grid. Since 
the surface winds calculated from the geos-
trophic gridded winds were too low as compared 
with the observations onboard the r/v Aranda 
and at the Kalbådagrund and Utö (59°46.8´N, 
21°21.6´E) weather stations (Fig. 1), the gridded 
wind stress field (τ) was multiplied by a correc-
tion factor of 2.04, i.e. the corrected wind stress 
field is τo = 2.04τ (see Zhurbas et al. (2008) for 
more detail). The comparison of the corrected 
along-gulf wind stress component τox (positive 
eastward) with the wind stress component meas-
ured onboard r/v Aranda is presented in Fig. 2.

Initial thermohaline fields were constructed 
with the help of the Data Assimilation System 
(DAS) coupled with the Baltic Environmental 
Database (available at http://nest.su.se/das) using 
the climatological data from July to capture the 
main large-scale features of temperature and 
salinity. In the Gulf of Finland, long-term inter-
polation of upper mixed layer temperature on 
20 July yielded values of approximately 16 °C 
(Fig. 3) versus approximately 19 °C measured 
on 20–21 July 1999 (Vahtera et al. 2005). There-
fore, the initial temperature field constructed 
using DAS was increased by 3 °C in the upper 
10-m layer of the whole Baltic Sea in order to 
fit the conditions of the specific year. Due to 
the smooth initial density field and weakness of 
related geostrophic currents, a windless model 

adjustment period was not found necessary in 
order to study the wind-forced upwelling events, 
and we started model run from zero currents 
and sea level with wind forcing switched on. 
A justification for such an approach is that the 
Baltic currents respond to changing wind within 
approximately a day (Krauss and Brügge 1991).

Two equations describing passive tracer bal-
ance were added to the POM and were used to 
simulate nutrient (phosphate and nitrate) trans-
port. In order to estimate the total amount of 
nutrients transported from deep layers to the 
upper mixed layer, nutrients were considered as 
conservative passive tracers. Posterior behav-
iour of nutrients in the upper layer during the 
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Fig. 1. Map of the Baltic Sea (right) and a close-up of the Gulf of Finland, where the model grid is refined to 0.5 
nautical miles (left-hand side panel). Shown are the location of Kalbådagrund weather station (), r/v Aranda study 
area (within the rectangle), location of the fixed station (circle); and location of nutrient sampling used for construc-
tion of the initial field (square).
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Fig. 2. Along-gulf components of wind stress for the 
period from 20 July to 9 August 1999 calculated from 
measurements at r/v Aranda (black, solid line) and from 
interpolations of the SMHI gridded meteorological data 
set (grey, solid line). Gaps in the r/v Aranda time series 
were filled with wind measurements at the Utö weather 
station.
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relaxation phase of upwelling is however not 
conservative, e.g. due to rapid phytoplankton 
uptake. Nevertheless, the simulated nutrient dis-
tributions may be used to display the role of 
filaments and eddies in the offshore transport 
of nutrients remaining in the surface layer after 
upwelling favourable winds cease. The equa-
tions were solved numerically within the POM 
code in the same way as those for temperature 
and salinity. For details of numerical integra-
tion of the equation for a scalar variable with the 
sigma coordinate system we refer the reader to 
Mellor and Blumberg (1985).

To construct initial fields of nutrients, we 
used data on phosphate and nitrate collected by 
r/v Aranda on 20 July 1999 in the open part of 
the western Gulf (59°32´N, 23°40´E) (see Figs. 1 
and 3). The vertical separation between the phos-
phacline and nitracline was about 5 m (Fig. 3), 
which is typical for summer nutriclines in the 
western Gulf (Laanemets et al. 2004). The maxi-

mum sampling depth was 60 m, and we extended 
the profiles to greater depths using the data from 
previous cruises. Vertical profiles of nutrients 
presented in Fig. 3 were uniformly extended to 
the whole Baltic Sea. The model runs from the 
motionless state and zero surface elevation at 
00:00 a.m. of 20 July 1999.

Model validation

The ability of the model to reproduce upwelling 
and its relaxation process, including upwelling 
filaments and eddies that are mostly associated 
with baroclinic instability, was proven in Zhur-
bas et al. (2008) based on comparisons of simu-
lated SST maps with satellite SST images and 
field observations. In addition, for validation of 
the model performance it is worthwhile to com-
pare the simulated time series of temperature, 
phosphate and nitrate concentrations in the upper 
mixed layer with corresponding measured values 
at a fixed station (Fig. 1) during r/v Aranda cruise 
in July 1999. Measurements at the fixed station 
(59°42.5´N, 23°37.8´E) were carried out during 
two periods 22–23 and 25–27 July with the dura-
tions of 41 and 48 h, respectively (Vahtera et al. 
2005). The first measurement period coincided 
with the start of the upwelling and the second 
one covered the well-developed phase of the 
upwelling; the fixed station was located in the 
upwelling front. CTD casts were performed at 
1- to 2-h intervals and water samples for nutri-
ent analyses were collected at 2- to 4-h intervals. 
The model has reproduced the temporal course 
of temperature reasonably well. The largest dis-
crepancies between modelled and measured time 
series for temperature are likely caused by short-
term/sub-grid variability of the upwelling front, 
which cannot be resolved properly by the model. 
During the first sampling period, the nitrate 
(phosphate) concentrations, both measured and 
simulated, were clearly (in almost all cases) 
below the detection limit (Fig. 4). By the second 
sampling period, after the culmination of the 
westerly winds on 25 July, the cold and nutrient-
rich water covered the fixed station area which is 
clearly seen from both measured and simulated 
values. Taking into account the detection limit 
and the margin of error for the nutrient measure-
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ments (see legend to Fig. 4), we may assert that 
the course of both phosphate and nitrate con-
centrations associated with upwelling event are 
reasonably well reproduced by the model.

Results of model simulations

Dependence of nutrient transport on 
wind forcing, bottom topography, and 
temperature stratification

To investigate how nutrient transport into the 
upper mixed layer depends on wind forcing, 
model experiments were performed with wind 
forcing of 0.25, 0.5, 1.0 and 1.5 times the cor-
rected wind stress τo. The reverse wind stress 
(–0.25τo, –0.5τo, –1.0τo and –1.5τo) was applied 
to investigate the nutrient transport by upwelling 
along the southern coast of Gulf, which is char-
acterized by a steep bottom topography and 
larger sea depth (see Fig. 1). For all simulations 
the same initial nutrient, salinity, and tempera-

ture (the upper layer temperature of 19 °C) fields 
were used.

To evaluate the total nutrient input by an 
upwelling event the content of nutrients in the 
upper 10-m layer was calculated by integrating 
over the whole Gulf area. The longitude 23°E is 
treated as the western boundary of the Gulf of 
Finland basin in the present study. The chosen 
depth of the upper mixed layer approximately 
corresponds to the depth of the euphotic zone, 
the depth where surface light intensity falls to 
1% of that of the surface. In the relatively turbid 
Gulf of Finland the depth of the euphotic zone is 
about 10 m (e.g. Kononen et al. 2003).

Temporal courses of total content of phos-
phate phosphorus (PO4-P) and nitrate nitrogen 
(NO3-N) in the upper 10-m layer of the Gulf 
corresponding to the 8 different wind forcing 
regimes are depicted in Fig. 5. Transport of both 
phosphate and nitrate into the upper layer was 
remarkably larger in the southern (where the 
bottom slope is much steeper) than in the northern 
coastal sea area for all wind forcing magnitudes 
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applied. Since the nitracline is situated deeper 
than the phosphacline, nitrate transport into the 
upper layer during the course of an upwelling 
event begins later than that of phosphate. The 

increase of nitrate content was also faster in the 
case of upwelling along the southern coast. The 
upper-layer content of nutrients reached maxi-
mum values by the time when upwelling pro-
moting winds died down at t = 9.84 days. The 
exception is in the case of weak wind forcing |τ| = 
0.25|τo| when the nutrient contents were relatively 
low and grew even after the winds ceased, likely 
due to vertical turbulent diffusion.

Nitrogen transport by the upwelling along the 
northern coast was minor, maximum estimated 
values were from 5 to 217 tonnes. During the 
relaxation phase, starting from the 10th day of 
simulations (30 July, Fig. 2) the content of nitro-
gen in the upper layer decreased remarkably, up 
to 74% from maximum value in the surface layer 
due to sinking of upwelled cold and dense water. 
The phosphorus transport was larger, ranging 
from 166 to 661 tonnes depending on the wind 
forcing, and the relative decrease of total content 
in the upper layer by the end of simulation was 
smaller than for nitrogen (up to 33%).

Upwelling events along the southern coast 
transported remarkably larger amounts of nitro-
gen (from 47 to 918 tonnes) and phosphorus 
(from 284 to 1160 tonnes) into the surface layer 
in relation to those of the northern coast. Moreo-
ver, out-flow of nitrogen and phosphorus from 
the upper layer due to sinking of upwelled water 
was smaller (up to 48% and 24%, respectively, 
versus 74% and 33% along the northern coast).

Maps of phosphate and nitrate concentrations 
in the surface layer (at 1-m depth) for upwelling 
events along both coasts are presented in Figs. 6 
and 7. Selected simulation times, 9.84 and 14.76 
days, correspond to the maximum of nutrient 
input and to the time when out-flow of nutrients 
from the upper layer had almost ceased, respec-
tively. The evident difference is that upwelling 
events along the southern coast bring more nutri-
ents to the surface layer and cover larger areas by 
nutrient-rich upwelled water along the coastline 
(left panels in Figs. 6 and 7). It is clearly seen 
from the nutrient concentration maps, that trans-
port of upwelled nutrients from the coastal zone 
to the open sea is mainly caused by mesoscale 
disturbances of the longshore upwelling front/jet 
in the shape of filaments and eddies.

To investigate how nutrient transport into 
the upper layer caused by upwelling depends on 

0

200

400

600

800

1000
0

200

400

600

0 2 4 6 8 10 12 14 16 18 20
0

200

400

600

800

1000

1200

Time (day)

b

d

503 484 (4%)

205
140 (32%)

312 288 (8%)

42 17 (60%)

887

679 (23%)
611

319 (48%)

536 387 (28%)

135
36 (74%)

1160

878 (24%)918

520 (43%)

661

447 (33%)

217
66 (74%)

0

200

400

P
, N

 (
to

nn
es

)

a

166
223

284
355

47 52

c

NE

NE

NE

PE

PE

PE

PE

NE

NF

NF

NF

PF

PF

PF

PF

NF
5 5

Fig. 5. Time series of total content of PO4-P (P) and 
NO3-N (N) introduced to the upper 10 m layer due to 
upwelling events caused by different wind forcing in the 
Gulf of Finland. The initial upper layer temperature was 
19 °C in all model experiment runs. Upwelling along the 
Finnish coast: P: solid line with dots, N: solid line with 
triangles. Upwelling along the Estonian coast: P: solid 
line, N: dashed line. (a) model runs with wind stress 
0.25τo and –0.25τo. (b) model runs with wind stress 
0.5τo and –0.5τo. (c) model runs with wind stress 1.0τo 

and –1.0τo. (d) model runs with wind stress 1.5τo and 
–1.5τo. The numbers above the curves show maximum 
contents of P and N (tonnes) and those at the end of 
simulations. Percentage decrease of P and N contents 
during relaxation of upwelling are given in parentheses.



Boreal Env. Res. V ol. 14  •  Upwelling-mediated nutrient transport in the Gulf of Finland	 219

22 24 26 28°E22 24 26 28°E
59.0

59.5

60.0

60.5
59.0

59.5

60.0

60.5
59.0

59.5

60.0

60.5
59.0

59.5

60.0

60.5
59.0

59.5

60.0

60.5
59.0

59.5

60.0

60.5

t = 14.76 dayst = 9.84 days
0.5to; Phosphate   0.5to; Phosphate   

1.0to; Phosphate   1.0to; Phosphate   

1.5to; Phosphate   1.5to; Phosphate   

0.5to; Nitrate   0.5to; Nitrate   

1.0to; Nitrate   1.0to; Nitrate   

1.5to; Nitrate   1.5to; Nitrate   

mmol m–3

0 1 2 3 4 5

0 0.2 0 .4 0 .6 0 .8 1

°N

mmol m–3

thermocline strength, model simulations were 
performed for upper layer temperatures of 16, 19 
and 22 °C. The upper layer temperature of 16 °C 
corresponds to cold and 22 °C to warm summers 
in the Gulf (e.g. Kononen et al. 2003, Laanemets 
et al. 2006).

Temporal courses of total content of phos-
phorus and nitrogen in the upper 10-m layer, 
corresponding to the three types of initial strati-
fication situations, are depicted in Fig. 8. In the 
case of upwelling along the northern coast, an 
increase of thermocline strength resulted in some 
decrease of the maximum values in the temporal 
courses of total nutrient content, while, in the 
case of upwelling along the southern coast the 
concentrations remain practically unchanged. In 

any case the changes in total nutrient content 
caused by changes of the upper layer tempera-
ture do not exceed 20%.

Role of upwelling as a source of 
phosphate

To evaluate the importance of phosphorus inputs 
by summer upwelling events we compare the 
estimated inputs with estimates of monthly bio-
available external loads of phosphorus to the 
Gulf of Finland. Annual total waterborne loads 
of phosphorus to the Gulf of Finland have been 
estimated to be up to 6030 tonnes, including 
phosphate phosphorus and organic phospho-

Fig. 6. Maps of phosphate 
(left panels) and nitrate 
(right panels) distributions 
in the upper layer at t = 
9.86 and 14.76 days. The 
initial surface layer tem-
perature was set 19 °C 
and wind stresses 0.5τo, 
1.0τo and 1.5τo favour-
able for upwelling along 
the Finnish coast were 
applied. Separate colour 
scales for phosphate and 
nitrate were used.
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rus compounds approximately in equal shares 
HELCOM (2004). The proportion of bioavaila-
ble organic phosphorus compounds varies within 
a large range. Nausch and Nausch (2006) esti-
mated 8%–65% of organic phosphorus com-
pounds to be bioavailable in the Baltic Proper 
pelagic areas. If we make an approximate esti-
mation that half of the organic phosphorus com-
pounds would be bioavailable, then the monthly 
external phosphorus load would reach values of 
380 tonnes. Since external loads are to a large 
extent correlated with river runoff (e.g. Grimvall 
and Stålnacke 2001) it can be assumed that this 
number is rather overestimated since river runoff 
is small during late summer (Richter and Ebel 
2006).

The amount of phosphorus remaining in the 
upper layer after relaxation of upwelling along 
the southern coast, even for weak wind forcing, 
were comparable and in the cases of stronger 
winds clearly exceeded the monthly exter-
nal load of 380 tonnes (Fig. 5). Regardless of 
smaller amounts of phosphorus remaining in the 
upper layer after relaxation of upwelling along 
the northern coast, depending on wind forcing, 
223–447 tonnes of phosphorus was brought to 
the surface layer.

Calculated total nutrient inputs to the upper 
layer were with clear excess of phosphorus. To 
illustrate the excess of phosphate in the upwelled 
water along the both coasts, we prepared maps 
of the nitrate/phosphate ratio for wind forcing 
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1.0 and 1.5τo at t = 9.84 days (Fig. 9). Distribu-
tions of the nitrate/phosphate ratio displayed 
very low values, even in the narrow coastal zone 
where the nitrate concentrations were the highest 
(Figs. 6 and 7) the ratio remained below 5, much 
smaller than the Redfield ratio of 16 traditionally 
used to depict the nutrient demand ratio of rap-
idly growing phytoplankton (Sterner and Elser 
2002). When the upwelling promoting wind dies 
down the ratio decreased due to the larger out-
flow of nitrate from the upper layer due to sink-
ing of cold and dense water.

The clear excess of phosphate in the upwelled 
water displayed by all simulated scenarios sug-
gests that a large part of the phosphate remain-
ing in the upper layer after relaxation might be 
utilized by nitrogen-fixing cyanobacteria due to 
nitrogen limitation of other phytoplankton groups 
(Kangro et al. 2007). Besides this, Kononen 
et al. (2003) showed that phosphate input by 
upwelling may promote development of deep 
chlorophyll maxima of migratory dinoflagellates 
such as H. triquetra during cold summers.

Discussion and conclusions

The above described results of model experi-
ments display a striking feature of wind-
driven upwelling events in the Gulf of Finland. 
Upwelling along the southern coast produced by 
easterly winds brings much more nutrients to the 
surface layer than upwelling along the northern 
coast produced by westerly winds of identical 
strength. The different ability to transport nutri-
ents displayed by upwelling events along the 
southern and northern coasts is most pronounced 
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Fig. 9. Maps of nitrate 
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days. The initial upper 
layer temperature was 
set 19 °C. Colour scale is 
shown in lower left-hand-
side panel.
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in the case of nitrate. The ratio of the maximum 
(residual after relaxation) values of respective 
nitrate inputs varied within 4.2–9.4 (7.9–10.4) 
(see Fig. 5). In the case of phosphate, the ratio 
is smaller but still considerably above unity, 
1.6–1.8 (1.7–2.0). It seems worthwhile to discuss 
possible reasons, which may be responsible for 
the above mentioned differences.

Since the undisturbed concentrations of nutri-
ents increase with depth (see Fig. 3), the amount 
of upwelled nutrients will depend on the vertical 
position of the onshore return flow that balances 
the offshore Ekman transport in the surface layer 
in the course of an upwelling event. Lentz and 
Chapman (2004) showed that the vertical posi-
tion of the onshore return flow is controlled 
by the Burger number s = αN/f, where α is the 
bottom slope, N is the buoyancy frequency, and f 
is the Coriolis parameter. For s << 1 (weak strati-
fication and/or gentle bottom slope) the bottom 
stress balances the wind stress, and the onshore 
return flow is primarily in the inclined bottom 
boundary layer. For s ≈ 1 or larger (strong strati-
fication and/or steep bottom slope), the nonlinear 
cross-shelf momentum flux divergence due to 
wind-driven cross-shelf circulation acting on the 
vertically sheared geostrophic alongshelf flow, 
balances the wind stress, the bottom stress is 
small, and the onshore return flow is in the inte-
rior and shifts to just below the surface boundary 
layer for s ≈ 1.5–2.

Using temperature and salinity differences 
in the themocline layer between 10-m and 50-m 
depths (Fig. 3), the buoyancy frequency is cal-
culated at N = 0.025 s−1. The typical value of 
the bottom slope α in the Gulf of Finland can 
be estimated at 0.002 and 0.004 for the north-
ern and southern shores, respectively. Taking f 
= 0.000125 s−1 and the above values for α and 
N, we obtain s = 0.4 and s = 0.8 for upwelling 
events along the northern and southern shores, 
respectively. A priori we cannot decide whether s 
= 0.8 relates to the s << 1 or s ≈ 1 regimes. How-
ever, it is seen from Fig. 7 that the maximum 
value of phosphate and nitrate concentration 
simulated in the surface layer due to upwelling 
along the southern coast can be estimated at 
1 and 4.5 mmol m−3, respectively. Comparing 
these values with the undisturbed vertical pro-
files of nutrients (Fig. 3), we can conclude that 

the onshore return flow related to upwelling 
along the southern coast originates from layers 
of approximately 60 m or deeper, which can be 
practically identified with the bottom boundary 
layer of the Gulf. Since the value of the bottom 
slope and Burger number for the northern coast 
are twice as small as those of the southern coast, 
the onshore return flow is in the bottom boundary 
layer whether it be upwelling along the northern 
or southern coasts.

To be delivered from a level H to the surface, 
a liquid particle containing nutrients should cover 
a distance H/α within the inclined bottom layer, 
and nutrient concentration in the particle decrease 
during the course of delivery due to mixing with 
ambient waters. Therefore, the time required for 
a nutrient-containing liquid particle to reach the 
surface and the decrease of nutrient concentration 
in it will be roughly proportional to α−1.

The above simple consideration which, 
neglects transverse density gradients and 
pycnocline slopes due to the mean circula-
tion (Andrejev et al. 2004), can explain why 
upwelling along the southern coast of the Gulf 
with relatively steep bottom topography brings 
much more nutrients to the surface layer than 
that of the northern coast, where the bottom 
slope is relatively gentle.

Features of bottom topography are likely 
also responsible for the smaller decrease of 
nutrient content of the surface layer during the 
post-upwelling relaxation period for the south-
ern coast in relation to the northern coast (see 
numbers in Fig. 5). After upwelling promoting 
wind cease, surface layer nutrient content is 
maintained by the geostrophically balanced front 
separating cold upwelled waters from warm off-
shore waters. If the geostrophic balance is vio-
lated due to friction, the upwelling front will 
move towards the shore decreasing the upwelled 
water area and, therefore, decreasing total sur-
face layer nutrient content. Due to steep bottom 
topography, the thickness of the water column 
under the upwelling front is larger and efficiency 
of bottom friction is smaller along the southern 
coast in comparison with the northern coast 
where the sea depth is shallower.

The above presented results demonstrated 
that an upwelling along the southern coast 
brought much more nutrients (phosphate) into 
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the upper layer compared with upwelling along 
the northern coast. Therefore, the net input of 
nutrients is largely determined by the frequency, 
strength and duration of westerly and easterly 
wind events during the warm season. A crucial 
point is also the depth and the vertical separa-
tion and strength of the phosphacline and nitra-
cline that determines the amount and ratio of 
nutrients transported into the upper layer by 
upwelling. Besides physical factors, the forma-
tion of nutriclines depends on biogeochemical 
nutrient transformations, seasonal dynamics of 
phytoplankton biomass and species composition 
as well as inter-annual changes in external and 
internal loads.

The clear excess of phosphate in nutrient 
transport to the surface layer can be assumed to 
favour nitrogen-fixing cyanobacteria over other 
phytoplankton species (Niemi 1979, Kangro et 
al. 2007). The spatial distribution of the bloom 
biomasses of nitrogen fixing cyanobacteria is 
affected by wind induced advection (Kanoshina 
et al. 2003) and by the vertical transport of 
nutrients (Vahtera et al. 2005). However, these 
processes work on different temporal scales. 
The winds that induce upwelling events cause 
an instantaneous advection of already existing 
surface accumulations of cyanobacteria, along 
with the old surface water. Due to the positive 
buoyancy of bloom forming cyanobacteria this 
causes existing bloom biomasses to accumulate 
in frontal zones and on the downwelling side of 
the Gulf.

Phosphate inputs by upwelling events pro-
mote cyanobacteria blooms with a time lag of 
two to three weeks (Vahtera et al. 2005) there-
fore the timing and frequency of upwelling 
events are important when considering potential 
bloom promotion by upwelling events. Phos-
phate input by upwelling during early summer 
more likely promotes cyanobacteria blooms than 
phosphate inputs during the bloom peak. Phos-
phate excess introduced to the surface layer 
during early summer may be stored and used 
during the short time window with warm surface 
waters and high irradiance suitable for rapid 
cyanobacteria growth (Lehtimäki et al. 1997, 
Vahtera et al. 2007).

 The northern shore of the Gulf is more fre-
quently affected by upwelling due to dominant 

westerly or south-westerly winds (Myrberg and 
Andrejev 2003). Therefore, during summers of 
frequent upwelling the northern shore of the Gulf 
might be less affected by pelagic cyanobacteria 
blooms due to flushing of the surface layer by 
deeper and colder waters with less cyanobacteria 
biomass and due to the fact that the cyanobacte-
ria grow rather slowly even under optimal condi-
tions (e.g. Vahtera et al. 2007). However, periods 
of weak westerly or south-westerly winds or 
reversed winds, cyanobacteria grow and accu-
mulate also along the northern coast of the Gulf 
(Vahtera et al. 2005), as can be seen also in com-
posite satellite images of cyanobacteria surface 
accumulations (Kahru et al. 2007).

The different ability of upwelling to transport 
phosphate to the surface layer along the northern 
and southern coasts might also affect the poten-
tial bloom promotion of upwelling in the Gulf. 
The notion that upwelling along the southern 
coast is less frequent and brings considerably 
more phosphate to the surface layer may render 
it more susceptible to bloom occurrence. Further 
studies are needed to quantify net phosphate and 
nitrate inputs by upwelling events to the surface 
layer along with studies on the timing and fre-
quency of the events and the effect on the spa-
tial and temporal distribution of cyanobacteria 
bloom biomasses.
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