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Abstract

The sewage water of the city of Vaasa, located at the Gulf of Bothnia, pollutesthe surrounding
coastal areas and beaches near the city. The sewage outlet is planned to be moved to some
other placein order to decrease the harmful effectsin the most val uable areas closeto the city.
The currents and transport processes in the area were examined in order to find the most
suitable outlet location, which would minimize the effects of wastewater.

An extensive set of current measurements gives an ideaof typical current patternsin different
conditions. The currents were calculated with a 3-dimensional nested hydrodynamic model,
which was validated with the current measurements.

The calibrated transport model was used to describe the effects of sewage water, when the
outlet islocated in four different places. The main sewage water impact areavariesto agreat
extent depending on the outlet location. Also the outlet depth affects strongly the wastewater
mixing. Comparison between the present situation and one of the main alternative outlet
locations are discussed in this paper.

Mode simulations and analyzed current measurements describe the comparative effects of
different sewage water outlet locations. The results are of great practical value when the
location aternatives are examined.

Background

Municipa wastewaters are typically discharged in the vicinity of or just at the coastline, thus
affecting strongly the quality of the coastal waters. One solution to improve the situation, in
addition to reducethe wastewater load, isto removethe outl et [ocation to an offshore position.
The improved mixing conditions may lead to clear reduction of the negative effects in the
coastal area.



This paper deal swith a study on theimpacts of the municipal wastewatersdischarged fromthe
town of Vaasato the Gulf of Bothniain the Baltic Sea. In the study, theimpact of discharging
the wastewaters in various, aternative locations was investigated. The aternative outlet
locationswere sel ected within adistance of afew kilometersfrom the coastline, still insidethe
Vaasa archipelago. The archipelago is composed of a great number of islands with
complicated configuration. In this area the water depth istypically less than 10 metres.

Methods

Reliable information of the currents and mixing processes are of major importance when
assessi ng theimpacts and cost-benefit relation of relocating the wastewater outlet. Thisiswhy
special attention was paid to measuring the flow pattern in the Vaasa archipelago. Nine
measurement |ocations were selected (figure 1). M easurementswere made cl oseto the surface
at each site and close to the bottom at the deepest sites. The deepest siteswerelocated on the
side of the shipping channel (sites 2, 4 and 8), considered also as potential area of the new
outlet. Aanderaa recording devices were used for wind and current measurements with a
sampling interval of 10 minutes. The measurement period lasted about two months. With the
absence of tide, wind isthe predominant current inducing factor in the Finnish coastal waters.

Varisselka Sit€s

Figure 1. The study area.



Several outlet locations were considered. In this paper a comparison between two main
aternativesisdone. One of themisthe present one and the other is sited 2 kilometersfromthe
shore on the side of the main shipping channel from Vaasato the sea (site 2, seefigure 1).

The changes were calculated with a 3-dimensional hydrodynamic and water quality model
(Koponen et al. 1992) which has been used in a great number of coastal applications in
Finland. Currentsare cal culated with the 3-dimensional baroclinic multilayer model (Simons,
1980, Virtanen et al., 1986, Koponen et al., 1992). The water mass is treated as horizontal
layers. Horizontally themodel areais subdivided into rectangleswith arbitrary mesh intervals
in both directions. Explicit finite-difference schemes are used for the numerical solution of
flow velocities and water level elevations. The currents in the model are determined by the
following factors. wind force (or ice friction), atmospheric pressure at the surface,
conservation and incompressibility of water, internal friction (viscosity), transport of velocity
differences with water currents (advection), the Coriolisforce, density differences and water
level gradients (hydrostatic pressure) and bottom friction. The values of the principal model
parametersin Vaasa application are shown in table 1.

Table 1. Principal hydrodynamic model parameters.

parameters and units used value
Ay  vertical diffusion of momentum (m2/s) 0.0045
Ap  horizontal diffusion of momentum (m2/s) 1

Cq  quadratic wind friction coefficient 0.0007
Cp  quadratic bottom friction coefficient 0.0025

A nested grid was used with three nesting levels (6.5 kilometers resolution for the Gulf of
Bothnia, 0.5 kilometers for the outer Vaasa archipelago and 100 metres for the inner
archipelago. The innermost grid covers the area where the impacts of the outlet removal are
expected to appear.

Water currents are cal cul ated separately from material transport and water quality in order to
save computer time. Short time-steps (often 10-30 s) needed in the calculation of flow
velocities are unnecessary to repeat in the calibration runs of the water quality model. Either
stationary or averaged flow fields are used for the water quality model.

In Vaasaapplication total phosphorus and nitrogen were cal cul ated with awater quality model.
Only transport and settling were modelled because the main emphasis was on comparing the
mixing, transport and sedimentation from different outlet locations. Calcul ated results were
compared with measured concentrationsin order to ascertain that the cal culated concentrations
are not unrealistic. 3 cm/day settling velocity was used for total phosphorus.

Results

Measured flow patterns

Statistical analysis of the dependence between the winds and currents gave agood picture of




the flow mechanism in the study area. This concerns both the large scale circulation through
the archipelago and the currentsin the vicinity of the optional outlet location at the shipping
channel. Asan example, the statistical relationisgiven at thislocation (in two depthsat site 2)
by the following equations

vn  =-0.14Wn+0.38We-0.03 R2=0.60

ve  =-057We+0.17 R2=0.62

Vn  =0.18We+0.26 R2=0.36

Ve  =0.23Wn-0.24We-0.3 R2=0.77

where

vn = the velocity of the north component of flow at surface
ve = the velocity of the east component of flow at surface

Vn the velocity of the north component of flow at depth 8 m

Ve the velocity of the east component of flow at depth 8 m
Wn  =thevelocity of the north component of wind
We  =thevelocity of the east component of wind

The general flow through the archipelago depends on the north-south component of wind.
Southerly windstransport watersto the north and northerly windsto the south. This meansthat
wastewater once brought in a pipeline to the sea on the western side of the town may be
brought back to the town beaches by the current e.g. during SW wind, which is a frequent
wind directionin thisarea. The measurements show, however, that the currents do not behave
like thisin the vicinity of the shipping channel. In the SW wind case they are directed to the
west from site 2, i.e. opposite to the wind. The windward current, linked to the general anti
clock-wise circulation occurs on the southern side of site 2. Actually, the currents along the
shipping channel tend to move opposite direction relative to the east-west wind component.
According to the measurements, this occurs at site 2 through the whole water column. Thisis
an essential feature from the point of view of smulating the wastewater transport and the
effect will be seen in the model calculations.

Water level rising accelerates flow to the north, falling level does the opposite. Water level
changes seldom dominate the flow pattern because the amplitudeis small.

Comparison between measurements and models

Theresults of the hydrodynamic model cal culations over atwo months period are shown from
points 2 and 3 in figures 2 and 3. The fitting is very satisfactory at point 2 for both flow
direction and speed. At point 3 the modelled current direction fitswell with the measurements,
whereas the model underestimates the speed. However, in general the cal cul ated flow speeds
are in agreement with the measured ones. At the point 5 (fig. 4) the calculated flow speed
correspondsrather well with the measured val ues at the beginning and end of the measurement
period. Thislocation has special importancein relation to the transports between the outer and
inner archipelago. The modelled direction deviates from the measured one especialy in the
beginning of the calculation period. Bathymetry is very complicated in this shallow area and
the modd resolution may not be enough to describe the currents in detail. Even the
information on the bathymetry israther limited. In case of northeast current in the beginning of
September, the fitting is reasonable.
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Figure 2. Measured and cal culated flows from point v2.
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Figure 3. Measured and calculated flows from point v3.
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Figure 4. Measured and calculated flows from point v5.
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Figure 5. Flow field and cal culated flows by regression equations from surface layer (0-2 m).
Wind is 5 m/sfrom west.

Figure5. Flow field and cal culated flows by regression equations from depth 6-8 m. Windis5
m/s from west.



In figures 5 and 6 calculated flow fields are compared with the values obtained from the
statistical analysis. Wind isfromwest 5 m/s. The statistical flowsthat correspond to thiswind
are shown with thick black arrows and the calculated values with thin ones. The directions
agree generaly very well except in the northern-most point near a small isand. There the
model resolution can not describe accurately the topography. The agreement between the
measurements and the calculated results is rather remarkable taking into consideration the
complicated flow pattern of the region.

Vdidation of the water quality model was fairly successful and proved the modelled
concentrations of total P and total N to be on the right level. There was a large database
available, originating from the regular monitoring of the wastewater impact as well as
intensive sampling carried out for this specific project during the current measurements. In
some pointstherewere problemsin fitting the model to the measurements. The reason seemed
to be unknown nutrient loads from land and, occasionally, from the open sea. Also thefact that
nutrient uptake by algae is not included in the model further complicates the comparison
between modelled and measured nutrient concentrations.

Comparison of the alternative outlet locations

In the study, three new locations for the wastewater outlet |ocationswere investigated. Inthis
paper two of them are compared with each other i.e. the present one at the coastline (site 0)
and one at the shipping channel 2 kilometersfrom the harbor (site 2). Theimpact assessment
is made by

-comparing the differences in wastewater distributions in the surface water (filtering out the
background concentrations)

-simul ating the transport and mixing in stable wind conditions (SW and NE presented here) in
order to assess the extreme extent of high wastewater concentrations

-simulating the transport and mixing when waste waters floated to the surface (maximum
shore line impact) and in bottom waters (assuming an optimal mixing)

-simulating the transport and mixing in dynamic conditions in order to assess the appearance
of concentration peaksin various parts of the shoreline and at the islands

The phosphorus discharge used in the model simulationswas 12 kg/d. In the present situation
(atenative 0) high wastewater concentrations appear during most wind directions at the
shoreline of the town. The phosphorus concentration increase due to the wastewater may
exceed 10 mg/m3. During northern winds the wastewaters are transported to the beach of the
nearby camping area. Examples of stable wind conditions (NE and SW, 3m/s) are shown in
figure 6. Inthe alternative 2 the concentration increase in the archipelago west of Varissalkais
typicaly 2-3 mg/m3 during southerly winds when the wastewaters are discharged to the
surface. Theimpacts at the town beaches are small. In figure 5 the same situations are shown
in case of discharging the wastewaters at the bottom and assuming an effecting mixing in the
bottom layer. In this case the surface concentrations due to wastewater input remain clearly
smaller inthealternative 2. Dueto the shallowness of the site 0, the benefits of bottom release
are much less. The distribution of the highest concentrations is somewhat changed as a result
of the near bottom currents.
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Figure 6. Increase of total phosphorus by sewage waters during constant winds 3 m/s. Current
discharged to the surface.
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Figure 7. Increase of total phosphorus by sewage waters during constant winds 3 m/s. Current
situation and wind NE (above, |eft), current situation and wind SW (above, right), aternative 2
and wind NE (down, left), scenario 2 and wind SW (down, right). Sewage waters are
discharged to the bottom.



X as W

increase of total phosphorus by sewage waters (mg m ‘3]|

Figure 8. Avegrage increase of total phosphorus concentration during simulation period 1.8.-
9.10.1998. The concentration maps are site 0 surface rel ease (abovel eft), site O bottom release

(aboveright), site 2 surface release (down left) and site 2 bottom release (down right).



The average concentration increase during adynamic simulation period are showninfigure 8.
The biggest concentration increase (more than 10 mg/m3) is seen in thevicinity of therelease
when discharged to the surface. In the present situation concentration increase more than 5
mg/m3 covers the entire Bay on the northern side of the town. In the aternative 2 the
concentration increase in the archipelago remains below 3 mg/ma3. In case of bottom release
the situation is clearly improved in alternative 2, because of the greater depth (8-9 m) and
strong bottom currents. The surface concentration increaseisin the order of 1 mg/ma3. Inthis
case (atenative 2) therelative change of surface concentrations, when compared to the present
situation, would be approximately a 30 % decrease in the vicinity of the town and a 10 %
increase in the vicinity of the new outlet location 2. (fig. 9)
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Figure 9. Percentual changes compared to current situation left surface release and right
bottom one.

Time seriesfrom two sites near the camping areaand inside the archipel ago were are presented
infigure 10. Three time serieswith alternative outl et |ocations are shown in the figures. Peak
wastewater phosphorus concentrations near the camping area reach about 10 ug/l, once even
15 ug/l. When the outlet location is removed the maximum concentrations are diminished
below 2 ug/l. Within the archipelago peak values are about the same (3 ug/l) with different
outlet locations, but the mean concentrations are higher with the planned outlet. The bottom
discharge in the new location diminishes the concentrations about 30 % compared to the
surface discharge or wastewater floating to the surface.
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Figure 10. The timeseries of tota phosphorus concentrations from two areas and two
alternatives with current situation (site 0).

Conclusions

Discharging the wastewatersin the vicinity of the shipping channel about 2 kilometers out of
the harbour would decrease the area of highest surface concentrations and their extension to
the archipelago and the beaches. This phenomenon isevident in most cases, although in some
wind situations the concentrations may rise inside the islands. The wastewater impacts
decrease significantly in the innermost archipelago and the bays of the town. Especially great
improvement in the surface concentrations is achieved when the wastewater is discharged in
the bottom and guaranteeing an effective mixing in the bottom layer at the shipping channel. In
this case the surface concentrations will rise only about 1 mg/m3 in the vicinity of the
discharge site. Sufficient depth and favorable currents further the mixing and dilution of the
wastewaters.

When considering the decision on the wastewater outlet |ocation one hasto bear in mind that
the positive effects of removing the outlet would belessthan calculated in the first years after
the change. Thisisdueto theinternal |oad impacts of nutrient rich sedimentsin thevicinity of
the present discharge location and the innermost archipelago. Theinternal load has not been
estimated in the model calculations.
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