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1. lntroduction 

The hydrographical conditions in the Gulf of Bothnia are quite unique with its brackish 
water and weak: vertical stratification. The low salinity in the area is explained by large river 
runoff in the area but also by a shallow connection to the rest of the Baltic compared to the 
pycnocline depth in the Baltic Proper. The entrance area to the Gulf effectively prevents the 
more saline water in the deeper parts of the Baltic Proper to enter the Gulf. The river runoff 
itself causes together with the general circulation in the area a decrease in salinity 
northwards. The salinity surplus to the Gulf originates from the surface layer in the Baltic 
Proper. On its way into the Gulf the deep water becomes more diluted by freshwater from 
the rivers. The saline water that enters the Gulf moves along the Finnish coast and continues 
further into the Gulf in a counter clockwise path. The dilution by freshwater and entrainment 
of old, cold winter water from below contribute to the gradient of salinity as well as the 
gradient of temperature between the Finnish and the Swedish side of the Gulf. 
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Figure 2. Vertical stratification oj salinity and temperature from the three open sea stations. Although the 
difference oj surface and bottom salinity is oj order 1 PSU, the mixed layer depth can be 
discerned at 50 - 70 m depth. The weak halocline is actually able to ejfectively separate the 
surf ace water from the deep water and prevent complete turnovers within the entire water 
column. Data are taken from one oj the hydrographic expeditions with RIV Argos du ring the 
Gulf oj Bothnia Field Y ear. 

Although the stratification in the Gulf seams weak (Figure 2) the well-mixed surface layer 
is efficiently separated from the deep water by the halocline. Thermal induced tumovers in 
the entire water column are rare processes within the area (Marmefelt and Omstedt, 1993a). 
They do occur, but they do not include the whole water column all the way to the bottom. 
Not even in the Bothnian Bay ( where the difference between the surface salinity and the 
bottom salinity is approximately 1 PSU) there are any indications of total tumovers. 
However, one should keep in mind that, as the Bothnian Bay is completely covered with ice 
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every winter, that limits the observations <luring winter time. 
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Figure 3. TS - diagram from the northern part oj the Baltic Proper (BY28), the southern part of the 
Bothnian Sea (SR5), the northern part of the Bothnian Sea (US5B) and the southern part of the 
Bothnian Bay (F9). The marked area in the BY28 and the US5B diagrams roughly indicate the 
water above the sill depth of the entrance to the Bothnian Sea and the Bothnian Bay, 
respectively. Data are taken from the ICES data hase covering the period.from 1970 - 1990. 

The deep water is renewed through major inflows of dense water ( dense compared to the 
vertical stratification in the Gulf) originating from the Baltic Proper. As the sill depth to the 
Gulf of Bothnia is of the same order as the thickness of the surface layer in the Baltic 
Proper, the water entering the Gulf from the Baltic Proper originates from its surface layer. 
The deep water in the Baltic Proper is efficiently prevented from continuing further north 
by the sill. The Baltic Proper surface water has a low annual variation of salinity (Figure 3), 
the renewal of the deep water therefore takes place <luring the winter when the low sea 
surface temperature contributes to a high density of the incoming water. Dynamically the 
Gulf of Bothnia is therefore regarded as an estuary. 

In an estuary like the Gulf of Bothnia, the area can be divided into three dynamically 
different zones; the open sea, the coastal zone and the straits. There are two straits in the 
Gulf. One of them, the Southern Quark, connects the Gulf to the Baltic Proper. The other 
one, called the Northem Quark, is situated within the Gulf and connects the Bothnian Sea 
to the Bothnian Bay. The Gulf ofBothnia Field Year, however, focuses on the coastal zone 
and the open sea. 

2. The Coastal Zone 

The coastal zone in the Gulf is exposed to a large extent of hazardous outlets, see e.g. 
Monitor 1988. Direct outlets and also the numerous river runoffs in the area (Bergström and 
Carlsson, 1993) contribute to the exposure of the coastal zone. The dynamics of the water 
transport in the coastal zone and its exchange processes with its environment are vital for 
the impact on the area. 
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The Coastal Transect Experiment was carried out near Högbonden in the northern part of 
the Bothnian Sea starting on the 1 st June, 1991. Four Sensor data current meters were placed 
perpendicular to the local bathymetric contours at 12 m depth. The transect reached 8 km 
off the coast. The second mooring station off the coast also included a thermistor chain 
between 13 and 63 m depth, with the therrnistors placed every 5th m. The moorings were 
carried out every 32nd minute. The duration of the transport experiment was limited by the 
sto ring capacity of the Sensor data meters and ended on the 17th July. The thermistors were 
active until the 17 th September; see also Marmefelt and Omstedt (1993b). 

Figure 4. Progressive vector diagram from the Swedish Coastal 
Transect Experiment. The water transport within the 
coastal boundary zone is mainly following the coast 
southwards. Strong southerly winds turn the direction 
of the water transports northwards, but weak, 
jluctuating winds are not able to ajfect the main 
southward path. 

The coastal zone experiment was 
carried out well within the wind
induced surface layer. Observed 
currents were influenced by the 
wind, but, as expected, limited 
by the vicinity of the coast. The 
current pattern corresponds to a 
typical coastal boundary layer 
pattern, with the currents 
following the coast, and the 
speed decreases with the 
increasing distance to the coast 
(Figure 4 and Appendix B). 

As long as the winds were weak, 
the surface water mainly 
followed the coast southwards 
despite the wind direction. It 
requires fairly strong northerly 
winds to change the direction of 
the transports in the coastal 
zone. The transports within the 
surface layer are probably forced 
by the freshwater surplus, mainly 

from the rivers. The large river runoff in the area contributes to sustain the main circulation 
in the surface layer. 

Although the average circulation is anticlockwise, the transport in the surface layer is highly 
transient. Energy spectra (Figure 5) are of great help for studying the transient nature of the 
transports. The main part of the transport <luring the Coastal Transect Experiment varied 
with low frequency compared to the measuring period of 45 days, coupled to the response 
of the changes in the weather conditions within the surface layer. 

The high frequency changes in the wind do not affect the water transport in the coastal zone 
to the same extent. The coast and the local bathymetry affect the low frequency motions so 
that their main energy content is found in the velocity component along the coast or the 
local bathymetry (Appendix Cl - C4). The difference in energy content of the velocity 
components are more outspoken at the stations near the coast, where the coast as well as 
the local bathymetry are obvious, the further distance to the shore the smaller diff erences 
between the components (along and across the shore respectively) of the slow variations. 
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The total energy content reduces with the distance off the coast, an effect of the waves 
trapped by the coast due to the earth's rotation (Omstedt et. al., 1993). 

Except for the high energy content of low frequency motions only one energy peak in the 
energy spectra is significant at all four stations, namely the peak at the inertial period. 
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Figure 5. Energy spectrajrom weather station Holmögadd, stations Cl, C2, CJ and C4 (2.1 km, 3.8 km, 
6.0 km and 7.9 km off· the shore respectively ). Most of the energy content is associated with low 
jrequency oscillations. The energy content is decreasing with the increasing distance off the 
coast. Inertial currents (period oj 13.4 hours) are jound at all stations during the Coastal 
Transect Experiment. At station Cl (and Holmögadd station) there is also one peak with a period 
oj 24 hour representing the sea breeze. 
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Inertial currents are forced by the earth's rotation and have a period of 13.4 hours at the 
latitude of the coastal transect. The inertial currents are typical open sea phenomena. The 
vicinity of land prevents the clockwise circulation that the earth's rotation sets up. In an 
undisturbed area, the radius of the clockwise circulation (r) is detennined from the velocity 
(v) and the earth rotation (f = 1.25 · 10- 4

) as r~ v/f.The inertial currents are highly affected 
by the vicinity of the coast at least twice the radius off the coast. The average radius was of 
order 1 km <luring the experiment. The energy content at the inertial period is also found 
lower near the coast. Well outside the coastal boundary zone the energy content at the 
inertial period is not dependent of the distance to the coast (stations C3 and C4). 

Sea breeze can be developed in the momings <luring warm days when the sea surface 
temperature is low. The sea breeze only affects an area very close to the coast. An energy 
peak at a 24 hour period is therefore only found at station C 1 in the energy spectra. A 
corresponding peak at a 24 hour period is also found in the wind spectra. The summer of 
1991 was cold, with an average sea surface temperature 1 - 2 ° C below normal <luring June. 
The temperature increased in July to 1 - 2 °C above normal at the end of the Coastal 
Transect Experiment. 

3. The Open Sea Area 

Not only the coastal zone in the Gulf is affected by the large amount of polluted outlets in 
the area. The open sea area will also be affected indirectly through water exchanged between 
the coastal zone and the open sea and by inflows from the Baltic Sea. The water exchange 
taking place between the coastal zone and the open sea can carry pollutants far away from 
the source. The effects on the open sea are in the end a consequence of the dynamics in the 
area. In some areas the currents near the bottom will transport the pollutants further away, 
but in other areas with low currents the pollutants are able to settle and the storage of 
hazardous outlets can be immense. 

The Open Sea Experiment was carried out at three stations, located in the southern part of 
the Bothnian Bay (station F9), in the northem part (station US5B) and in the southem part 
(station SR5, at which the measurements were carried out by the FIMR) of the Bothnian 
Sea. The experiment focused on deep water dynamics. Three Aanderaa current meters 
w here placed at each station at 60 m depth, and at 5 m and 15 m above the sea floor 
respectively. The moorings were carried out every hour <luring the entire Field Year, starting 
in the beginning of November 1990, except when the capacity of the technical equipment 
was exceeded. For further details about the experiment, see Marmefelt and Omstedt 
(1993b). 

The three stations represent three dynamically different areas. The SR5 is situated near the 
entrance to the Gulf, the US5B in the inner part of the Bothnian Sea basin and the F9 near 
the en trance to the Bothnian Bay. The entrance areas to the Bothnian Sea (i.e. the entire 
Gulf) and the Bothnian Bay are dynamically very different. The Southem Quark is relatively 
deep and narrow. The water is transported through a deep canyon when it passes through 
the entrance area on its way into the Bothnian Sea. In that way the incoming water does not 
get in contact with surrounding water to any larger extent and it can carry on into the 
Bothnian Sea rather unaffectedly. The Northern Quark (the connection between the 
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low, and the main direction is detennined by the local bathymetric conditions. 

Near the entrance to the Bothnian Bay the main water transport in the deep is northwards 
into the basin (Figure 7 and Appendix Cl2). The water transport just above the permanent 
pycnocline varies more due to the wind influence, although it is mainly southwards to 

Figure 7. u-components vs v-components from the station 
F9 during the first obsavation period. The 
direction oj the transports at 60 m depth are 
highly fluctuating, while they near the bottom 
tends to follow the local hathymetry. The 
velocities are occasionally extremely highnear 
the bottom. 

co mpensate the incoming dense 
water in the deep. On its way into the 
Bothnian Bay the inflowing water is 
not confronted with any major 
impediments, like more shallow 
areas. It probably follows the 
smoothly sloping bott om 
continuously in time once it has left 
the Northem Quark. 

The characteristics of the transports 
are, as we have seen, very transient 
even near the bottom. The 
characteristics of the deep water 
transports show very distinct 
similarities near the entrances 
(station SR5, Appendix Cl3 - C15, 
and F9, Appendix Cl6 - Cl8), where 
the inertial currents are present at all 
depth <luring all observational 
periods. In the southem part of the 
Bothnian Sea the inertial currents 
below the wind induced surface layer 
are generated by the horizontal 
water-level slope (Marmefelt and 
Omstedt, 1994). The similar pattem 
found in the Bothnian Bay supports 
the idea that the inertial currents are 
generated in the same way here. In 
the northem part of the Bothnian Sea 
(Appendix Cl9 - C21), where the 
transports are not directly influenced 
by the inflowing dynamics, the 
inertial currents are only found in the 
surface layer <luring the second 
observational period, i.e. <luring the 
summer and autumn. On the other 

hand, the peak at the inertial period is the only significant one <luring this period. Other 
interesting phenomena that can be distinguished from the data are e.g. transports with a 
period of 11 days (found in the surface layer <luring the second observational period), which 
is the theoretical period for the seiche of the Kattegat-Skagerrak-Baltic Sea system 
(Svansson, 1980). 

The strong velocities being observed <luring the Gulf of Bothnia Field Year most certainly 
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Figure 8. Currents observed 5 m above the sea floor at the stations F9, US5B and SR5 du ring the Open 
Sea Experiment. Critical velocities oj resuspension for those depths are indicated for silt, very 
fine sand and fine sand. They are adjusted to the 5 m level by an ordinary logarithmic velocity 
profile. In addition the observed data have beenjiltered through a low pass filter with a 18 to 
24 hour cut-off. The highfrequency motions are mostly necessary to cause a resuspension in the 
area. It is very interesting to note how frequent those periods with high speeds are even so close 
to the bottom as 5 m, especially when taking into account that all three stations are placed in 
areas where the bottoms are classified as accumulation bottoms. 

affect the sea floor itself. The average speed 5 m above the sea floor is between 1.0 and 2.4 
cm/s (Appendix B ), but speeds above 10 cm/s were quite frequent <luring the experiment 
(Figure 8). The strong currents set up a bottom boundary layer that is highly turbulent. The 
turbulent motion near the bottom can dislodge loose particles from the sea floor. Once 
suspended into the water the sediment particles are carried away with the water transport 
until they reach areas where the water transports are less intense and where they could settle 
again. Through cycles of resuspension, advection and finally resedimentation the particles 
can be carried away far from the coastal zone and their source before they finally settle 
again. The critical velocities for resuspension are based on the properties of the turbulence 
within the bottom boundary layer and on properties of the sediment grain itself (Dyer, 1986 
and Appendix A). The bottom boundary layer is thin, of order 1 m, and moorings made 5 
m above are not able to catch the dynamics within the bottom boundary layer. The 
roughness of the bottom itself decreases the motions almost completely by friction. The 
threshold velocities for different sizes of the particles have therefore been adjusted to the 5 
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Figure 9. Monthly distribution of possible resuspension obtained from the simple assumption that the 
current velocities are associated to the resuspension through the size of the sediment grain. 
Months when the observations did not cover the entire month are marked with a square. 

m level above the sea floor by an ordinary logarithmic velocity profile. 

All three stations are placed in areas where the bottoms are classified as typical accumulation 
bottoms (Brydsten, 1993), where the currents near the bortom is supposed to be so low that 
resuspension is not possible. Nevertheless, the calculations show that the observed currents 
are strong enough to resuspend the settled materia, but also that it mostly requires high
frequency motion superimposed on the low-frequency transport for resuspension to occur. 
The possible resuspension is more intense and frequent <luring autumn and winter near the 
entrances (Figure 9), related to more vigorous water-level forcing. In the northem part of 
the Bothnian Sea the annual distribution of events with resuspension is not as apparent as 
near the entrances, although resuspension is also more common <luring January far away 
from the entrance areas. The classification where the bottoms in the area are thought to be 
accumulation bottoms is based on the assumption that the resuspension can be determined 
directly from the wind fetch and the wave energy in the area and does not account for the 
currents near the sea floor. 

Summary 

The observations made <luring the Gulf of Bothnia Field Y ear 1991 have shown the complex 
dynamics in the area. Measurements made near the sea floor in areas where the bottoms are 
classified as typical accumulation bottoms, show that velocities of 20 - 30 cm/s are common 
also in those areas. It implies that the resuspension process cannot be overlooked. To be 
able to determine the resuspension one has to take the near bottom boundary layer currents 
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into account as well as the local fetch and wave energy in the area. 

The average circulation within the surface layer <luring the Field Year confinns the 
circulation pattern presented by Palmen in 1930, although it has been found highly transient. 
The vicinity to the coast and the local bathymetry have large effects on the transports, but 
also horizontally extended phenomena as inertial oscillations are present in the coastal zone. 
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Appendix A 

Critical Conditions for Resuspension 

The critical conditions for resuspension is based on turbulence characteristics of the oscilla
tions near the bottom, which can be described by a grain Reynold number, based on the 
particle's diameter: 

Du 
Re - -•, 

V 

(1) 

where D is the particle diameter, u* the friction velocity and v the kinematic viscosity. The 
friction velocity is determined through a conventional drag law, 

where the drag coefficient cct is put equal to 2 · 10 -3
• The velocity u is taken from the current 

meter at 5 m above the sea floor. The turbulent boundary flow can be regarded as smooth 
when the partide Reynold number is below 5.0 (Dyer, 1986), which is the case in this study. 
A threshold shear stress for resuspension within a smooth turbulent flow can be determined 
by (op. cit. White, 1970): 

(2) 

where p g is the density of the sediment grain. 
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Swedish current measurements: 

Station Depth Period 
(m) 

US5B 60 7/11-11/5 

US5B 60 9/6-15/11 

US5B 110 7/11-19/4 

US5B 110 2/6-15/11 

US5B 120 7/11-3/5 

US5B 120 2/6-15/11 

F9 60 9/11-8/5 

F9 60 3/6-16/11 

F9 105 9/11-28/3 

F9 105 3/6-16/11 

F9 115 9/11-3/4 

F9 115 3/6-16/11 

Cl 1/6-17/7 

C2 1/6-17/7 

C3 1/6-17/7 

C4 1/6-17/7 

"') Distance from shore (km) 

u 
(cm/s) 

average variance 

.41 11.85 

.25 23.04 

.27 20.72 

1.18 8.89 

.34 18.59 

.66 6.38 

-.55 15.50 

-1.86 22.04 

-1.16 7.50 

-.62 9.46 

-.61 7.00 

-.47 7.96 

-8.31 115.96 

-7.9 96.16 

-4.21 70.40 

-3.45 43.67 

V Salinity 
(cm/s) (PSU) 

average vanance average vanance 

3.67 16.88 5.77 .21 

2.43 29.44 5.75 .01 

1.67 15.00 6.13 .13 

1.35 9.18 6.10 .01 

.55 7.06 6.00 .00 

1.14 7.71 6.15 .01 

-.17 15.99 3.43 .14 

.19 21.40 3.61 .01 

1.88 14.67 4.02 .01 

1.60 14.22 4.00 .00 

2.25 19.32 3.98 .22 

2.01 20.66 4.07 .00 

-3.27 60.27 - -

-4.29 73.28 - -

-2.85 65.72 - -

-2.39 54.29 - -

Temperature 
(OC) 

average vanance 

2.71 2.72 

3.68 1.23 

3.64 .16 

3.09 .07 

3.63 .10 

3.14 .08 

1.58 2.22 

2.64 .48 

3.61 .39 

1.91 .77 

3.50 .65 

2.00 1.10 

9.28 3.30 

8.29 1.76 

5.75 1.91 

9.37 4.65 

> 
"0 
"0 
~ = Q. ~-
= 



Finnish current measurements: 

u V Salinity Temperature 
Station Depth Period (cm/s) (cm/s) (PSU) (OC) 

(m) 
variance average vanance average average vanance average variance 

SR5 60 28/11-26/1 -2.08 25.06 -.96 23.82 6.86 1.18 3.80 .15 

SR5 60 23/4-30/7 -.26 2.85 -.35 4.45 5.99 .02 2.87 .27 

SR5 60 9/10-20/11 .26 13.09 -.65 11.08 6.36 .09 4.86 2.61 

SR5 103 28/11-26/1 -1.67 31.67 -1.32 29.08 6.35 .03 3.48 .15 

SR5 103 23/4-2/5 -.99 1.82 1.12 5.20 6.66 .00 3.62 .00 

SR5 103 9/10-20/11 -2.60 23.22 1.30 20.53 7.01 .35 5.46 .14 

SR5 113 28/11-26/1 -2.84 28.21 -1.02 33.19 6.89 .00 3.92 .01 ..... 
.i:::. 

SR5 113 23/4-27/7 .11 3.00 -.12 3.25 6.59 .01 2.73 .25 

SR5 113 9/10-20/11 -.36 14.02 1.24 12.09 7.27 .03 5.28 .22 
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Appendix Cl . Energy spectrafrom station Cl during the Coastal Transect Experiment. 
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Appendix C2. Energy spectra from station C2 during the Coastal Transect Experiment. 
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Appendix C3. Energy spectra from station C3 during the Coastal Transect Experiment. 
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Appendix C4. Energy spectra from station C4 during the Coastal Transect Experiment. 
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Appendix CS 

Appendix C6 

Appendix C5 and C6. Current speedfrom the stations US5B and F9 re.spectively. The dashed fine mark the 
average speedfor every period 
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Appendix C7 

Appendix C7. u-components vs v-components from the station SR5 during the first period. 
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Appendix CS 

Appendix C8. u-components vs v-components from the station SR5 during the second period. 
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Appendix C9 

Appendix C9. u-components vs v-components from the station SR5 during the third period. 
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Appendix ClO 

Appendix CJO. u-components vs v-componentsfrom the station US5B during thefirst period. 
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Appendix Cll 

Appendix Cl 1. u-components vs v-components from the station US5B during the second period. 

24 



Appendix C12 

Appendix Cl 2. u-components vs v-components from the station F9 during the second period. 
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Appendix Cl 3a. Energy spectrafrom station SR5, 60 m depth durinK the.first period. 
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Appendix Cl 3b. Energy spectra from station SR5. 60 m depth during the second period. 
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Appendix Cl 3c. Energy spectra from station SR5, 60 m depth during the third period. 
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Appendix Cl 4a. Energy spectra from station SR5, 103 m depth during the first period. 
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Appendix Cl4b. Energy spectrafrom station SR5, 103 m depth during the second period. 
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Appendix CJ4c. Energy spectrafrom station SR5, 103 m depth during the third period. 
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Appendix C 15a. Energy spectra from station SR5, 113 m depth during the first period. 
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Appendix Cl 5b. Energy spectra from station SR5, 113 m depth during the second period. 
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Appendix Cl 5c. Energy spectra from station SR5, 113 m depth during the third period. 
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Appendix C16a. Energy spectrafrom station F9, 60 m depth during thefirst period. 
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Appendix Cl 6b. Energy spectra from station F9, 60 m depth during the second period. 
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Appendix Cl 7a. Energy spectrafrom station F9, 110 m depth during the first period. 
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Appendix Cl 7b. Energy spectra from station F9, 110 m depth during the second period. 
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Appendix Cl 8a. Energy spectra from station F9, 120 m depth during the first period. 
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Appendix Cl 8b. Energy spectra from station F9, 120 m depth during the second period. 

40 



Appendix C19 

1E+4 

1E+3 

1E+2 

lE+l 

1E+4 

1E+3 

1E+2 

lE+l 

PERIOD (h) 

1E+4 1E+3 1E+2 lE+l lE+O 

USSB 
Depth: 60m 

1st period 
a =340.36° 
-- total 

lE-4 lE-3 lE-2 lE-1 lE+O 

1E+4 1E+3 1E+2 lE+l lE+O 

-- clockwise 

lE-4 lE-3 lE-2 lE-1 lE+O 

FREQ (cph) 

PERIOD (h) 

1E+4 1E+3 1E+2 lE+l lE+O 

lE+S ~.LL.J...L....1.-..ww..u...JL-..11w..u...L.1...--.11Wu.u.-'-~ 

1E+4 

1E+2 

lE+l 

lE-4 lE-3 lE-2 lE-1 lE+O 

1E+4 1E+3 1E+2 lE+l lE+O 

lE+S ~.L&.J...L_,_..w.u..i.......__,.__...........__._._---""" .......... _._~ 

1E+4 

1E+3 

1E+2 

lE+l 

lE-4 lE-3 lE-2 lE-1 lE+O 

FREQ (cph) 

Appendix CJ9a. Energy spectrafrom station US5B, 60 m depth during thefirst period. 
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Appendix C 19b. Energy spectra from station US5B, 60 m depth during the second period. 
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Appendix C20a. Energy 5pectra from station US5B, 110 m depth during the jirst period. 
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Appendix C20b. Energy spectra from station US5B. 110 m depth during the second period. 
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Appendix C2Ja. Energy spectrafrom station US5B, 120 m depth during thefirst period. 
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Appendix C2 J h. Energy spectrafrom station US5B. 120 m depth during the second period. 
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