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This work is about finding an appropriate modelling complexity for a mass-balance model
for phosphorus in Lake Vänern, Sweden. A statistical analysis of 30 years of water quality
data shows that epilimnion and hypolimnion have different water quality and should be treated
separately in a model. Further vertical division is not motivated. Horizontally, the lake should
be divided into the two main basins Värmlandssjön and Dalbosjön. Shallow near shore ares,
bays and areas close to point sources have to be considered as specific sub-basins if they are to
be modelled correctly.

These results leads to the use of a model based on ordinary differential equations. The
model applied is named LEEDS (Lake Eutrophication Effect Dose Sensitivity) and considers
phosphorus and suspended particles. Several modifications were made for the application of
the model to Lake Vänern. The two major ones are a revision of the equations governing the
outflow of phosphorus and suspended particle through the outflow river, and the inclusion of
chemical oxygen demand (COD) into the model, in order to model emissions from pulp and
paper mills. The model has also been modified to handle several sub-basins.

The LEEDSmodel has been compared to three other eutrophication models applied to Lake
Vänern. Two were simple models developed as parts of catchment area models and the third
was a lake model with higher resolution than the LEEDSmodel. The models showed a good fit
to calibration and validation data, and were compared in two nutrient emission scenarios and a
scenario with increased temperature, corresponding to the green house effect.
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1 Introduction and aim

Many lakes are, or have been, polluted by industrial and municipal wastes.
Computer simulation is a useful tool to determine the amount of remedial ac-
tions needed to restore the lake to the desired water quality. There are further
benefits of the better ecosystem knowledge provided by a model. Many dif-
ficult management questions, regarding for example maximum allowed emis-
sions from an industry or the possible need to reduce nutrient runoff from
farmland, would be easier to resolve with the information that a water quality
model can give. Unfortunately, water quality modelling is less mature than
many other applications of computer simulation. No standard ecosystem mod-
els exist the way they do in for example mechanics or chemical engineering,
with well known precision and application areas. The reason is the high cost
and low accuracy and precision of ecological data along with the large com-
plexity of ecosystems. There is also a need to keep a sampling program run-
ning for several years with at least monthly samples to collect enough data for
model calibration. Lake Vänern, Sweden, has an unusually long data series
spanning the last 30 years; for a few variables even the last 100 years, and is
therefore well suited for examination of models.

The aim of this thesis is to examine what is an appropriate model for long
term effects of emission of nutrients, mainly phosphorus, to Lake Vänern, to
develop such a model, and to apply it to some representative scenarios.

Nitrogen is not included in the model, which might be seen as a disadvantage,
as the nitrogen in Lake Vänern contributes to the eutrophication once it reaches
the sea through River Göta Älv, and predictions of the nitrogen reductions from
different remedial actions are therefore desired. From the perspective of an
ecosystem model for Lake Vänern, however, nitrogen is not important, as the
bioproduction is limited by phosphorus. Unimportant variables should not be
included in a model, because they contribute to the uncertainty of the model
without adding any extra information (Håkanson and Peters, 1995). Therefore,
nitrogen is not included in this study, but it has been in other model studies
of Lake Vänern (Sonesten, In prep.; Pers and Persson, 2003; Arheimer and
Brandt, 1998).
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2 Study area – Lake Vänern

Lake Vänern (figure 1) is the largest lake in Sweden, containing one third of
Sweden’s fresh water. With an area of 5,648 km2 and a volume of 153 km3

it is also the third largest lake in Europe, after the Russian lakes Ladoga and
Onega. The maximum depth is 106 m, the average depth 27 m, and the resi-
dence time is 9 years (Statens Naturvårdsverk, 1978). The catchment is 46879
km2 and consists mainly of forests (52%), lakes (19%), and farmland (12%)
(Wallin, 1994). The largest rivers enter from the north, and have humic and
nutrient-poor water from forests and mountains. The smaller rivers on the
south and south-west come from farmland and have higher nutrient concentra-
tions (Statens Naturvårdsverk, 1978).

Lake Vänern is oligotrophic, and especially the phosphorus concentration is
low (Wilander and Persson, 2001). As a consequence there is also little algae,
plankton, fish, and plants in the lake. The lake is also dimictic, which means
that the bottom and surface water mix twice a year, at spring and autumn, and
that there is generally ice cover in the winter and a temperature stratification in
the summer, with light warm water on top of cold heavier water, separated by
a rather sharp temperature gradient (Statens Naturvårdsverk, 1978).

The area around Lake Vänern is one of the centra for pulp and paper industry
in Sweden. The emissions of organic matter and nutrients to the lake started to
have noticeable effects on the water quality about 1910, and reached a peak in
1965, when 75% of the supplied organic matter came from the industry. The
industrial load has now decreased to 17% of the total organic load (Wallin,
1996), making the present organic matter concentration in the lake the lowest
since 1910. The use of elementary chlorine free bleaching of pulp has resulted
in drastically decreased emissions of chlorinated organic matter, and the emis-
sions of mercury from a chlor-alkali factory have stopped (Lindeström, 1995,
2001). The main sources of nutrients today are cities, farmland, and pulp and
paper mills. The cities and pulp mills built waste water treatment plants during
the 1970s (Wilander and Persson, 2001), but the emissions from farmland and
atmospheric deposition have proved more difficult to reduce. Pollution from
other sources is low, except the large emissions of zinc from a rayon factory
(about 70 % of the inflow of zinc in the 1960s). It has now decreased to 10%
of its maximum value (Wallin, 1996).

In the 1960s, when the lake was at its most polluted state, a project was initiated
to investigate the lake, the water quality, and to produce a mathematical model
to simulate cleanup scenarios. The project was carried out between 1972 and
1977 and resulted in two circulation models and a mercury model, but not the
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Figure 1: A map of Lake Vänern, including the sampling locations and the
pulp and paper mills adjacent to the lake.

ecosystem model intended. The reasons for this were mainly the absence of
knowledge in the field of ecosystem modelling, and a lack of relevant data for
Lake Vänern. Valuable results from the project include a report summarising
the investigations (Statens Naturvårdsverk, 1978), and a monitoring program
(samples taken once per month at ten representative locations in the lake). The
monitoring program is still in operation, but the number of sampling locations
was reduced to three in 1995.

In the middle of the 1990s, phosphorus and COD had approached their natural
levels (Sonesten, In prep.; Wallin, 1996). Despite this, further reduction of
phosphorus and COD was prescribed by authorities according to a BAT – best
available technology – policy. The waste water treatment plants are expensive
to build and run, and harm the environment due to energy consumption and
production of sludge. The energy consumption contribute to the green house
effect and acid rain. The sludge contains pollutants precipitated from the water,
and is normally transported to an incinerator and burned at high temperature,
with negative effects on the environment. Again, an ecosystem model of Lake
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Vänern became the object of discussion, and this modelling project started.
Today, there is 30 years of data from the measurement program initiated by the
1970s project (easily accessible fromhttp://info1.ma.slu.se/). There is
also much better software for modelling, and many models exist to study.

All the data used in this project are collected as part of standard measurement
programs. Monthly values of water chemistry and temperature from within
the lake and from the main rivers are achieved from a data base maintained by
SLU, the Swedish University of Agricultural Sciences (http://info1.ma.
slu.se/). Data on river flow in the main rivers, water level, and weather (air
temperature, rainfall etc.) comes from SMHI, The Swedish Meteorological
and Hydrological Institute. Data on point source emissions to the lake are
taken from the TRK project (Brandt and Ejhed, 2002), (http://www-nrciws.
slu.se/TRK/), from Wallin (1994), and in some cases from the industries and
municipalities in question.

More information about the lake can be found at Vänerns Vattenvårdsförbund
(www.vanern.s.se), at the Lake Vänern museum in Lidköping, and from Am-
bio Vol. 30, No. 8, Dec. 2001, which is a thematic issue on the four large lakes
of Sweden.

3 Lake models

A review of lake phosphorus models, the modelling procedure, and useful soft-
ware has been done as a part of this project (Dahl and Wilson, 2000). A short
summary of the report is given here. Part of the results have also been pub-
lished in a conference proceedings (Dahl et al., 2001).

The simplest phosphorus models for lakes are retention models, stating how
much of the incoming phosphorus that comes out through the outflow, and
how much is lost through other processes. The addition of more phenomena,
like resuspension or biological uptake, yields more complex equations. These
models, not considering changes over time, are namedsteady statemodels.
Models considering changes over time aredynamic. The simplest kind is the
lumpedmodel, consisting of ordinary differential equations and with the as-
sumption that the lake is perfectly mixed. Thepartial differential equation
models, finally, add the complexity of spatial variations in 1, 2, or 3 dimen-
sions.

Model building is a both complex and common task, and therefore a large
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number of instructions and flow-chart diagrams exist to aid in the procedure
(Jeppsson, 1996; Beck, 1983; Jørgensen, 1994; Gustafsson et al., 1982). Nor-
mally the first step is selection of model type and structure. Then follows
calibration, i.e. fitting of unknown model parameters so that the model out-
put fit experimental data. The final step isvalidation, a comparison of model
output to a new set of experimental data not used for the calibration. This is
an important step, as it reveals the quality of the model predictions. But in
many cases of ecological modelling there is such a shortage of data that it is
impossible to put aside good data for the validation. Validation of ecological
models is covered in an excellent way by Rykiel (1996).

Spreadsheet software is often sufficient for the steady state models. Ordinary
differential equation models requires more advanced mathematical software,
such as STELLA or MATLAB . The solution of partial differential equation
models is more complex, and the software is often expensive and tailored to
specific problems.

4 What’s an appropriate model for Lake Vänern?

It is generally easier to calibrate and test models based on ordinary differential
equations compared to models based on partial differential equations. To use
ordinary differential equations, one must assume that the lake is well mixed,
and section 4.1 examines water quality data to see how well mixed Lake Vän-
ern is. If the entire lake is not well mixed, but has several internally well
mixed sub-basins, each sub-basin can be modelled with ordinary differential
equations. Section 4.2 describes a case study concerning modelling of water
exchange between different sub-basins of such a model. The study is per-
formed using data from Östhammarsfjärden on the Swedish east coast, where
the water is brackish and the salinity can be used as a tracer.

4.1 The spatial resolution justified by data (II)

This section analyses water quality data to determine how well mixed Lake
Vänern is to aid in the selection of model structure. It starts with vertical
differences, between surface and deep water, and then proceeds to horizontal
differences between different sub-areas in the lake.
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Figure 2: The Lake Number calculated with data from location 7 (marked on
the map in figure 1). When the Lake Number is over 1, the lake
is stratified. When creating the closeup in the right plot, a density
profile is retained for a whole month, until the next sample is taken.

It is well-known that Lake Vänern is thermally stratified in the summer. The
stratification can be more or less stable. One measure of the stability is the
Lake Number, presented by Imberger and Patterson (1990), and modified by
Robertson and Imberger (1994) and Imberger et al. (1996). The Lake Number
is the ratio of the stabilizing force of density stratification to the mixing force
of the wind, and defined as:

LN =
St (H −ht)

u2∗A
3/2
s (H −hv)

(1)

whereH is the maximum depth,hv is the height to the center of volume (from
the lake bottom),ht is the height to the thermocline,As is the surface area, and
u∗ is the water shear velocity due to wind calculated as:

u∗ =
√

1.56·10−6U2
10 (2)

whereU10 is the wind speed averaged over three days 10 m above the lake
surface. All quantities are in SI units, and the heights are measured from the
lake bottom.St is the Schmidt stability (m5s−2):

St =
g

ρ(H)

∫ H

0
(hv−z)

(
103−ρ(z)

)
A(z)dz (3)

wherez is the distance above the lake bottom,g is the acceleration due to grav-
ity, andρ(z), A(z) are the water density and area at heightz above the bottom
respectively. The height to the center of volume (hv) was calculated from the
hypsographic curveA(z), presented in Håkanson (1978), to be 84.2 m.

When the Lake Number is above one, the lake is stratified, and when it is
below one, the lake is mixed by the wind. When the Lake Number is 1, the
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Figure 3: The algorithm to find the thermocline depth through a typical year
at location 1 (a-e). After the second sampling program reduction in
1995, finding the thermocline depth is hard since data is scarce (f).

wind is just sufficient to force the thermocline to the surface on the windward
side of the lake, on the edge of causing upwelling phenomena (Imberger et al.,
1996). At lake numbers slightly above 1 there is a tilt in the thermocline,
internal seiches and partial upwelling. When the thermocline rocks back and
forth with the seiche, large eddies are formed along the shores, mixing surface
and deep water. This is named boundary mixing and was observed in Mono
Lake, California at a Lake Number of 2 (MacIntyre et al., 1999).

A time series of the Lake Number for Lake Vänern between 1988 and 1993 is
shown in figure 2. The Lake Number is calculated from temperature profiles
measured approximately once per month at sampling location 7 (marked on
the map in figure 1). Lake Vänern is normally stratified (Lake Number above
1) for one or a few months in the summer, but as the maximum Lake Number
is about 2, the stratification is weak, and internal seiches, partial upwelling and
boundary mixing persist all through the summer. The right plot shows that
there is a lot of scatter between the sampling instants, with maximum values
exceeding 5 on calm days, but values well below 1 on windy days. For the
construction of this plot, a density profile was used for a whole month, until
the next sample was taken.
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Table 1:Statistical results for vertical differences using a pairedt-test.

Data Difference Confidence interval p-value

Temperature
Stratified yes 6.1±0.2 < 10−6

Mixed yes 0.07±0.01 < 10−6

COD
Stratified yes 0.4±0.1 < 10−6

Mixed no −0.05±0.15 0.47
Chlorophyll a

Stratified yes 0.94±0.06 < 10−6

Mixed no −0.02±0.03 0.24
Total phosphorus

Stratified yes 0.5±0.2 < 10−6

Mixed no −0.2±0.3 0.15
Dissolved phosphorus

Stratified no −0.03±0.09 0.73
Mixed no −0.1±0.2 0.25

The weak stratification indicated by the Lake Number leads one to believe
that the difference in water quality between the surface and bottom water is
small, if it exists. A statistical evaluation was performed to find out, using a
pairedt-test between the average epilimnion concentration and the average hy-
polimnion concentration of COD, chlorophylla, total and dissolved phospho-
rus. The depth separating the epilimnion and hypolimnion is the thermocline,
the steepest temperature gradient, examined from temperature data by fitting
an arctan curve. The algorithm to find the thermocline depth is demonstrated
in figure 3. A ‘reference’ test for non-stratified conditions was also made, with
the depth separating surface and deep water arbitrarily chosen to 20 m. Results
are shown in table 1. As expected, there is no difference between surface and
deep water when there is no temperature stratification. During stratified condi-
tions there is a small but statistically significant difference between epilimnion
and hypolimnion for COD, chlorophylla, and total phosphorus. Therefore, the
epilimnion and hypolimnion should be treated separately in a model.

The next issue concerns the horizontal differences to see if the water qual-
ity is different in different parts of the lake. The statistical test used is an
ANOVA (analysis of variance) to see if the 10 sampling locations used in
1972–1995 (marked 1–10 in figure 1) have similar water quality. If they do
not, the ANOVA is followed by a multiple comparison test, in this case the
Tukey’s honestly significant difference criterion, to see which ones are dif-
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ferent. Both the ANOVA and the multiple comparison test are described in
statistical textbooks, see e.g. Aczel (1999). To get a fair comparison between
shallow and deep locations, the comparison is only based on surface water
samples, down to 10 m depth. To remove the effects of time trends in the data,
a two-way ANOVA was performed (location and time), but only the location
is of interest.

The test was performed for COD, total and dissolved phosphorus, Secchi depth,
and chlorophylla. None of them indicated a fully mixed lake, and figure
4 shows the results from the multiple comparison test. Starting with COD,
Dalbosjön is well mixed, and has a distinctly lower concentration than Värm-
landssjön, which is also well mixed except for locations 4 and 5 near the north-
ern shore. The pattern for total phosphorus is similar, but the uncertainty is
larger. For Secchi depth, and chlorophylla, there is no difference between the
basins, rather large uncertainties, and the near-shore locations 2 and 4 stand
out from the rest. The pattern is similar for dissolved phosphorus, except for
location 2 which has moved to the main group.

For the modelling purpose both basins can be treated as well mixed horizon-
tally, except for some shallow and near-shore locations. If one considers the
results from COD, the basins should be modelled separately from each other,
but if the analysis is based on phosphorus, Secchi depth, or chlorophylla this
is not deemed necessary.

In summary, the model to be used should have either 2 boxes, epilimnion and
hypolimnion, or 4 boxes, epilimnion and hypolimnion in Dalbosjön and Värm-
landssjön respectively. If near-shore areas are of interest, extra boxes have to
be added to the model for each sub-area.

4.2 How to model mixing between basins (III)

With the 2 sub-basin setup, there is a need to know the amount of mixing
between the basins Värmlandssjön and Dalbosjön. As the water exchange is
not well known, a simple study was performed to find a way to model the water
exchange between interconnected basins. This study was carried out for three
basins near Östhammar on the Swedish east coast, where salt can be used as
an inert tracer. A map of the bays is shown in figure 5. Fresh water enter
through rivers into the bays, and water exchange over the narrow straits bring
brackish water from the Baltic Sea. The data available is a series of salinity
measurements from the summer of 1996, shown along with model results in
figure 6.
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comes from the GSHHS database (Wessel and Smith, 1996)

The simplest model tested is the double flow model, using two continuous
flows in opposite directions to approximate the real flow which oscillates back
and forth at a high frequency, governed by the wind. It was also the model fi-
nally used for Lake Vänern, and it is given a full description here. A schematic
diagram of the model with explanation of the symbols is given in figure 5,
whereQ is inter-basin flow (m3/s), S is salinity (%), andV volume (m3). As-
suming that the volume of the bays is constant,dV1/dt = dV2/dt = dV3/dt = 0,
the intermixing flowsQ12, Q23, andQ34 can be eliminated from the equations,
and a salt balance model is given by:

V1
dS1

dt
=S0Q01+S2Q21−S1(Q01+Q21) (4)

V2
dS2

dt
=S0Q02+S1(Q01+Q21)+S3Q32−S2(Q01+Q02+Q21+Q32) (5)

V3
dS3

dt
=S0Q03+S2(Q01+Q02+Q32)+S4Q43

−S3(Q01+Q02+Q03+Q32+Q43) (6)

where the parameters to be regressed are the flowsQ21, Q32 andQ43 in order
to fit the salinitiesS1, S2, andS3 to experimental data. The inlet river flows are
Q01 = 0.25, Q02 = 0.2 andQ03 = 0.05 m3/s (Fries and Göransson, 1998).S0
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is the salinity of river water (0.008 %) andS4 is the time varying salinity of the
Baltic.

Optimal values for the parameters computed using a standard unconstrained
nonlinear optimiser areQ21 = 1.6, Q32 = 6.8 andQ43 = 7.1 m3/s. The simu-
lation trends given in figure 6 show results well in agreement with the experi-
mental data.

With the lack of tide, the primary mixing agent in both the Baltic and in Lake
Vänern is the wind. A model for wind-driven flow across a strait developed by
Thierfelder (1995) was tested and some small modifications were introduced
and presented in paper III. As can be seen from figure 6, this model does not fit
data as well as the double flow model. It is very sensitive to strong winds, and
predicts too much mixing during storm events, such as July 9 or the storms
in early October. Therefore this model was not used for Lake Vänern, and
the model equations are not presented here. Paper III also investigated three
partial differential equation models. These models were never intended to be
used for Lake Vänern, since the previous section (4.1) found an appropriate
model structure to be 2 or 4 internally well mixed boxes.
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5 Application of the LEEDSmodel to Lake
Vänern

The demands for a water quality model stated so far is that it should model
phosphorus and that it should treat surface and deep water separately, and be
possible to use with one or two sub-basins. The LEEDS (Lake Ecosystem
Effects Dose Sensitivity) model meets these demands. Its vertical resolution
is epilimnion – hypolimnion – sediments, and apart from phosphorus it also
models suspended particulate matter, which is interesting for modelling the
effects of the fiber emissions from the pulp and paper industry.

LEEDS was originally a model for the phosphorus cycle, used to predict the
effects of phosphorus emissions from fish farming (Håkanson and Carlsson,
1998). A model description is given by Håkanson (1999) and Håkanson et al.
(2003). The model has been merged with a model of suspended particles
(SPM) (Håkanson et al., 2000), where the particulate phosphorus and the sus-
pended particles are closely connected, in the way that the equations governing
their behavior are similar. More detailed SPM models exist, e.g. by Weyhen-
meyer et al. (1997), but this one fits the resolution of the phosphorus model
and the desired model resolution for Lake Vänern. The combined model is
throughout this thesis named LEEDS. A full model description including a list
of symbols is given in appendix. Other present work on the model is done by
Malmaeus and Håkanson (2003) and Malmaeus and Håkanson (In press).

While modifying and calibrating the model to fit Lake Vänern it was found that
due to the slow dynamics of the sediment states the calibration runs need to be
at least 50 years, which means it needs to start before 1972, when the water
quality monitoring program started. These findings are reported in section 5.1.
Modifications to the model are described in section 5.2 and section 5.3 show
the use of different model resolution, using one, two, and five sub-basins.

5.1 The need of long data series for calibration (I)

It is well known, see e.g. (Jørgensen, 1994), that one must have a long enough
time series of data for calibration. It is not uncommon to see studies based on
data series from just one year, e.g. Nyholm (1978) and Reynolds et al. (2000).
Longer studies exist where the nutrient loading to the lake has changed, and
one wants to model the lake response, not just a typical year. Common data
series for this type of investigations are 5–10 years, and the longest series of
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nutrient data used are 23 years (Jørgensen et al., 1978) and 17 years (Varis,
1993). Therefore the calibration data available for Lake Vänern seemed to be
adequate, with monthly measurements since the early 1970s.

For the first calibration, the model structure was basically unchanged from
Håkanson (1999) and Håkanson et al. (2000), five parameters were fitted, and
the run time was 1970–2000. But the slow dynamics of the sediment states
made them dominate the whole simulation. The most important factor govern-
ing the model fit to experimental data was the initial amount ofxpa (phosphorus
in accumulation area sediments), and not the model parameters. Starting the
calibration runs in 1900 solved this problem, since the initial conditions played
out their role until about 1950, and the fit was judged by the model parameters.

5.2 Model modifications for Lake Vänern (IV)

Several modifications to the LEEDS model were necessary when applying it
to Lake Vänern. Three major changes were done to the model structure: the
introduction of multiple basins, the modification of the equations governing
the outflow of phosphorus and SPM through Göta Älv, and the inclusion of
chemical oxygen demand (COD) into the model.

The results when combining the mixing model from section 4.2 with LEEDS

are given in the next section (5.3). The modifications regarding the outflow
through Göta Älv and the inclusion of COD will be treated in this section,
along with a short note on the calibration. Some smaller changes to the model
are not mentioned here, for details see paper IV.

The old equations for the outflow were developed to handle stratified lakes,
where water locked in the hypolimnion during stratified periods does not take
part in the water exchange. This was accomplished with an algorithm based
on the water residence time. The equations are:

Dout = xde·Fe · 1.386

T
( 10

Tw+9+0.5)/1.5
w

(7)

Pout = xpe·Fe · 1.386

T
( 10

Tw+9+0.5)/1.5
w

(8)

Sout = xse·Fe · 1.386

T
( 10

Tw+9+0.5)/1.5
w

(9)

whereDout, Pout, andSout are the outflow of dissolved phosphorus, particulate
phosphorus and suspended particles.xde, xpe, andxse is the amount in the epil-
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Figure 7: The regression between COD and Secchi depth.

imnion of dissolved phosphorus, particulate phosphorus and suspended parti-
cles,Fe (= 1) is the fraction of the inflowing water leaving the lake through the
outflow (instead of evaporating), andTw is the water residence time. With the
long residence time for Lake Vänern (108 months), these equations severely
overestimates the outflow. They have been replaced by:

Dout = θoutuQypo4 ·10−9 (10)

Pout = θoutuQ
(
ytp−ypo4

) ·10−9 (11)

Sout = θoutuQyspm·10−6 (12)

whereuQ is the water flow through Göta Älv, andypo4, ytp, andyspm are the
lake average concentrations of dissolved phosphorus, particulate phosphorus
and suspended particles. A similar approach is suggested by Håkanson et al.
(In press). The factorθout = 1.6, fitted during calibration, is included because
the water flowing out through Göta Älv is different from the lake average.
This is probably because the bay where Göta Älv leaves (Vänersborgsviken)
is different from the lake average, like many other bays are. This has not been
confirmed since there are not enough measurements from Vänersborgsviken.
Though improbable, other possible explanations exist, where one is that the
sampling location in River Göta Älv is badly located, and not representative of
the whole river.

COD was incorporated into the model because a long data series is available
(starting in 1896), because the measurements are reliable (little noise), and
because it is a measure related to the industrial pollution from pulp and paper
mills. Using the water quality data base, a covariation was found between
COD and Secchi depth, which is already included in the model. COD was
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Table 2:Parameters fitted during calibration of the LEEDS model for Lake
Vänern. Old values as given by Håkanson (1999); Håkanson et al.
(2000) and values fitted in this study.

Parameter Unit Old value This study

AgeA months ≈ 1·105 a 696
Ageet months 12 10

Fr – 2 10
Kspm – 1.8 1.7
Rd month−1 2.5·10−5 0

vspm m/month 42 0.63
θout – 1 1.6

aAgeA was not a constant in the original LEEDSmodel.

thus introduced as a linear regression from Secchi depth.

ycod = 85.9−14.3ysec (13)

The data and regression line are shown in figure 7.

During the calibration of the model, 7 parameters were fitted. They are pre-
sented in table 2. The changes are small for parameters governing the outflow
(θout) and primary production (Kspm). The large changes, and thus the most
uncertain part of the model, is in the sedimentation (Fr andvspm) and sediment
dynamics (AgeA andRd). The result of the calibration is shown in figure 8,
which shows model results compared to all the reference data available. The
general impression is that the model fits experimental data well before 1940
and after 1980, but the polluted conditions in the middle of the century are not
modelled very well. The model results for gross sedimentation (lower left plot)
is far from the reference data. This is due to the low value of the sinking speed
of suspended particles (vspm = 0.63 m/month). A value of 9 instead of 0.63
gives gross sedimentation in accordance with measured data, but also gives
phosphorus, Secchi depth and COD at a constant level throughout the whole
simulation period, with no change in water quality during the ‘polluted’ period
1940–1980.vspm is chosen to 0.6 as a good fit for the water quality outputs is
prioritized.

In summary, the LEEDSmodel has been modified to fit Lake Vänern by chang-
ing the equations governing the outflow of phosphorus and suspended particles
through River Göta Älv, by the introduction of chemical oxygen demand, and
by a recalibration of 7 key parameters.
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Figure 9: The water flows in the 2-basin model.

5.3 Running the LEEDSmodel with 1, 2, and 5 sub-basins
(IV)

The LEEDSmodel has a division of surface and bottom water, and this section
shows the results of expanding it from one to two basins (representing Värm-
landssjön and Dalbosjön), and further to five basins, with the inclusion of three
coastal areas. All the model equations and parameters are retained from the 1-
basin version, and the only modification is the addition of the mixing model,
the ‘double flow’ model described in section 4.2. In the case of two basins, the
flows are shown in figure 9. River inflowQ1 andQ2 are inputs to the model,
the inter-basins flowQ3 is a fitted parameter, and the other flows are calcu-
lated with mass balances, to keep the volume of the basins constant. The best
fit is achieved withQ3 = 2300 m3/s, which is six times the outflow through
Göta Älv. Simulation results for COD, Secchi depth and dissolved phospho-
rus for both basins are shown in figure 11. The results are almost identical to
the results for the one-basin model, shown in figure 8 and repeated in figure
10 to ease comparison. The difference in COD between Värmlandssjön and
Dalbosjön is captured rather well by the model, but is too small to be seen in
the plots.

Three coastal areas were added to the 2-basin model to construct the 5-basin
model. The first one is Kattfjorden, an enclosed bay at the northern shore
shown in figure 9. The other two are created by separating the 2 basins Värm-
landssjön and Dalbosjön into coastal and pelagial areas, with the intention to
increase the horizontal resolution of the model, and to improve the fit to exper-
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imental data for the pelagial basins by using the coastal areas as buffer zones.

The fit of the 5-basin model to experimental data is poor, as seen in figure 12.
The model performs quite well for the enclosed bay Kattfjorden, but the split-
ting of Värmlandssjön and Dalbosjön into near-shore and pelagial areas gives
poor results for both the coastal and pelagial areas. If these coastal areas are
to be included, a full recalibration of the model is needed. The 2-basin model
and the Kattfjorden sub-basin did well enough with just fitting the intermixing
flow. As the resolution for the main lake should be 2 basins, and there is no
special interest in any of the bays, no recalibration has been performed and
the 2-basin model has been used for all simulations. The lack of data for the
coastal area basins, especially for the coast of Dalbosjön (figure 12(a)), also
makes a recalibration difficult.

In summary, the LEEDS model works for several basins, but different param-
eters may be needed in all computational elements, and it is therefore not ad-
visable to have elements without reference data.

6 Comparison of eutrophication models for Lake
Vänern (V)

This chapter describes a comparison of four eutrophication models applied to
Lake Vänern. The comparison is focused on phosphorus because it is the lim-
iting nutrient and included in all models. Two of the models are rather simple,
with no horizontal or vertical differences, and designed to be part of catchment
area models. One is the FYRISÅ model developed at SLU (Sonesten, In prep.)
and the other one is the HBV-NP lake module developed at SMHI (Bergström,
1995; Arheimer and Brandt, 1998; Andersson et al., 2002). The other two are
more complex lake models, the 2-basin version of the LEEDS model and the
BIOLA model developed at SMHI (Pers, 2002; Pers and Persson, 2003).

Table 3 shows the states variables and other outputs from the four models. The
FYRISÅ and HBV-NP models only consider phosphorus and nitrogen at the
lake outflow, while the LEEDSand BIOLA models have more states and model
in-lake conditions. The most important difference between the models is the
inclusion of the sediments in the LEEDSand BIOLA models. The sediments are
needed to model long term buildup of nutrients during the polluted conditions
and the subsequent release when pollution is reduced. Another difference is the
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Figure 10: Simulation results of the one-basin LEEDSmodel and experimental
data for COD, Secchi depth, and dissolved phosphorus.

0

20

40

60

C
O

D
 (

m
g/

l)

2

4

6

S
ec

ch
i d

ep
th

 (
m

)

1900 1920 1940 1960 1980 2000
0

2

4

6

8

Time (years)

P
O

43−
 (

µg
/l)

LEEDS
Dalbosjön basin
Gothenburg

(a) West basin – Dalbosjön

0

20

40

60

C
O

D
 (

m
g/

l)

2

4

6

S
ec

ch
i d

ep
th

 (
m

)

1900 1920 1940 1960 1980 2000
0

2

4

6

8

Time (year)

P
O

43−
 (

µg
/l)

LEEDS
Värmlandssjön basin
Gothenburg

(b) East basin – Värmlandssjön

Figure 11: Simulation results of the two-basin LEEDSmodel and experimental
data for COD, Secchi depth, and dissolved phosphorus.

Figure 12: (Opposing page) Simulation results of the five-basin LEEDSmodel
and experimental data for COD, Secchi depth, and dissolved phos-
phorus.
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Table 3:The variables of the models, divided into state variables (•) and other
output variables (◦).

Variable Model
FYRISÅ HBV-NP LEEDS BIOLA

Water temperature - - - •
Lake volume • • - -
Dissolved phosphorus - • • •
Particulate phosphorus - • • -
Total phosphorus • ◦ ◦ ◦
Phosphate in sediments - - - •
Total phosphorus in sediment - - • -
Organic nitrogen - • - -
Dissolved inorganic nitrogen - • - •
Total nitrogen • ◦ - ◦
Nitrate in sediment - - - •
Ammonium in sediment - - - •
Oxygen - - - •
Suspended particles - - • -
Detritus - - - •
Organic matter in sediment - - • •
Chemical oxygen demand (COD) - - ◦ -
Secchi depth - - ◦ -
Chlorophyll - - ◦ -
Phytoplankton - - • •a

Zooplankton - - - •
aIn addition to phytoplankton, cyanobacteria is modelled separately.

higher physical resolution, mainly of the BIOLA model, which has 5 horizontal
‘basins’ and 34 depth layers at the deepest part of the lake. The input data
needed is about the same for all models.

The model fit to experimental data for the period 1990–1995 is shown in figure
13, and the fit expressed as root mean square error for the entire calibration
and validation periods is given in table 4. The fit is good, and similar for
all models except for the slightly high results with BIOLA. Measured data is
monthly averages from 5 locations for the Värmlandssjön basin and monthly
samples for River Göta Älv. The FYRISÅ and LEEDSmodels aim at modelling
monthly averages, while the HBV-NP and BIOLA models aim for daily values.
This gives comparison of similar variables only for HBV-NP at Göta Älv and
LEEDS at Värmlandssjön. The other comparisons are slightly wrong. The
standard deviation of sampling and analysis is 1.3µg/l for total phosphorus
and 0.7µg/l for dissolved phosphorus, as determined by comparing samples
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Table 4:The model fit to experimental data (expressed as root mean square
error). The calibration time is 1985–1992 and the validation is 1993–
2000 except for BIOLA with calibration 1990–1993 and validation
1985–1989 and 1994–2000.

Värmlandssjön Göta Älv
PO4 TP PO4 TP
(µg/l) (µg/l) (µg/l) (µg/l)

FYRISÅ Calibration − − − 4.7
Validation − − − 3.6

HBV-NP Calibration − − 1.3 4.7
Validation − − 1.7 3.6

LEEDS Calibration 0.5 1.5 1.9 4.8
Validation 1.0 1.8 1.7 3.7

BIOLA Calibration 2.2 3.1 − −
Validation 1.8 3.6 − −

from adjacent depths on the same location and sampling day.

Three scenarios were run comparing the models. The first one simulates in-
creased emissions by 40 % from the Skoghall pulp and paper mill. That means
an increase of 10 kg phosphorus per day, 150 kg nitrogen per day, and 1500
kg SPM per day. The second scenario is taken from Sonesten (In prep.) and
simulates the installation of septic tanks to all households not connected to
municipal sewage treatment. The decrease of nutrient emissions are 145 kg
phosphorus per day (14 %) and 1300 kg nitrogen per day (3 %). The third sce-
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Table 5:The change in dissolved phosphorus and total phosphorus for the
three scenarios. The average concentration (1990-2000) is 2µg/l for
PO4 and 7µg/l for total phosphorus.

Variable Model
FYRISÅ HBV-NP LEEDS BIOLA

Pulp and paper mill expansion
PO4 (µg/l) − 0.00 0.01 0.01
Ptot (µg/l) 0.09 0.12 0.02 0.01

Nutrient load reduction
PO4 (µg/l) − −0.6 −0.1 −0.25
Ptot (µg/l) −1.3 −0.6 −0.4 −0.35

Climate change
PO4 (µg/l) − 0 −0.34 −1.2
Ptot (µg/l) 0 0 −0.36 −1.2

nario simulates the effect of a temperature increase in the lake due to the green
house effect. The simulation considers the years 2070–2100, and climate sim-
ulations by Rummukainen et al. (2001) estimates the temperature increase in
the air to be 3 degrees, which gives about 2 degrees in the water.

The changes in phosphorus predicted by the models are shown in table 5. The
effects from the pulp mill expansion are small. The models predict between
0 and 1 % increase of phosphorus concentration. The effect from the installa-
tion of septic tanks is much larger, as expected with a much larger change in
nutrient load, up to 19 % decrease of dissolved phosphorus and 8 % decrease
of total phosphorus is suggested by the models. The effects of the climate
change vary a lot between the models. The FYRISÅ and HBV-NP show no
effect at all. The LEEDSmodel shows a decrease in phosphorus about as large
as for the installation of septic tanks, and BIOLA shows an even larger de-
crease. Note, however, that the increased temperature is the only phenomenon
included. Changed rainfall or other possible effects of the green house effect
are not considered. It is worth noting that the last two scenarios are extrapola-
tions outside the area of calibration and validation.

There is no clear answer to which model that is the best. They all have advan-
tages and disadvantages. Starting with their description of the present situa-
tion, the FYRISÅ, HBV-NP and LEEDSmodel are equally good, while BIOLA

has slightly poorer fit. An advantage of the FYRISÅ and HBV-NP models are
that they are part of catchment area models, and an advantage of the LEEDS
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and BIOLA models that they include more variables and processes (like sed-
iment storing) which makes them able to simulate more types of scenarios.
The daily input data required by HBV-NP and BIOLA is not available for river
loads, and has been replaced with interpolated monthly data. BIOLA has a
long run time (2 hours for a 15-year simulation on a PC), which slows down
the simulations a bit. This is most troublesome during the model calibration.
The same problem exist in a smaller amount for the LEEDSmodel.

The conclusions from the model comparison are that the models all have sim-
ilar fit to reference data, but still give rather different results when used for
extrapolation in the scenarios. Finally, it is interesting to note that a tempera-
ture increase of 2 degrees in the water has as large an effect on lake phosphorus
as a 40 % decrease in phosphorus load.

7 Conclusions

This work examines what is a suitable model complexity for modelling nutri-
ents in Lake Vänern. Statistical analyses of 30 years of water quality data show
that an appropriate water quality model for Lake Vänern shall treat the epil-
imnion and hypolimnion separately. Higher vertical resolution is not justified.
Horizontally, the main lake needs to be divided into 2 basins, Värmlandssjön
and Dalbosjön. Shallow near shore areas, bays, and areas close to point sources
need to be treated as their own basins if they are to be included in a model.

The LEEDSmodel, for phosphorus and suspended particulate matter, has been
applied to Lake Vänern. Two major modifications were made to the model.
The first one is the modification of the terms for the outflow of phosphorus and
SPM through the outlet river Göta Älv. The old regressions to handle the fact
that part of the water is trapped in the hypolimnion during the summer did not
work for a lake as large as Lake Vänern, and had to be replaced. The second
modification is the inclusion of COD into the model.

Due to the slow dynamics of the sediment states, the calibration run for the
LEEDSmodel needs to be at least 50 years. Otherwise the initial conditions of
the sediment states will dominate the simulation and incorrect parameters will
be found.

It is possible to get better horizontal resolution by using the LEEDSmodel for
several sub-basins within a lake and just fit the intermixing flow, as done with
the 2-basin version. Including shoreline sub-basins in the 5-basin version gave
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drastically different results, and a full recalibration of the model, with different
parameters in the different sub-basins, would have been necessary to achieve a
good result.

The LEEDS model has been compared to three other eutrophication models
applied to Lake Vänern regarding their suitability as tools for eutrophication
management. The FYRISÅ, HBV-NP and LEEDS models show similar fit to
the present conditions, both in calibration and validation, while the BIOLA

models shows slightly poorer fit. The two simple models (FYRISÅ and HBV-
NP , developed as parts of catchment area models) gain on their ease of use
and calibration. The more comprehensive lake models LEEDSand BIOLA gain
on their more realistic structure, and higher number of included variables.
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Appendix: Description of the LEEDSmodel

The model description given here is identical to the one given in paper IV. An
overview of the model inputs, states, outputs, and reference data is shown in
figure A.1, and a flowchart diagram of the states and flow terms is shown in
figure A.2. The states are further described in table A.1, and the parameters
are presented in tables A.2 and A.3. A full list of symbols is given in table A.4.

Inputs States Outputs

xsa
xse
xsh
xst

xde
xdh
xf
xpa
xpe
xph
xpt

ychl

ycod

yf

ypo4

ysec

yspm

ytp

Output 
regressionsst

at
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ulight urain uwind

ute uth
Weather

River inflow and point sources

us ud up uQ

Other basins

us ud up uQ

Chlorophyll a
COD
Phytoplankton
Dissolved phosphorus
Secchi depth
SPM
Total phosphorus

Data
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m

pa
ris

on

(table 2) 

Parameters (table 3)

Figure A.1:An overview of the model inputs, outputs, states, and validation
data.

Table A.1:The states in the LEEDSmodel. All units are ton dry weight.

State Explanation

Suspended particulate matter (SPM)
xsa In deep lake sediments
xse,xsh Epilimnion, hypolimnion
xst In shallow sediments

Phosphorus
xde,xdh Dissolved in epilimnion, hypolimnion
xf In phytoplankton
xpa Particulate in deep lake sediments
xpe,xph Particulate in epilimnion, hypolimnion
xpt Particulate in shallow sediments

The kernel of the dynamic model is the differential mass balances for each of
the 11 states given in Table A.1. Each state is a box in figure A.2.

dxsa

dt
= Ssed3−Sbury (A.1)

dxsh

dt
= Smix +Sresh +Ssed1−Sminh−Ssed3 (A.2)
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Table A.2:The constants used in the LEEDSmodel for Lake Vänern.

Symbol Value Unit Comment

Constants changed to fit the model to Lake Vänern
AgeA 696 month Age of A sedimentsa

Ageet 10 month Age of ET sediments
Fr 10 How much faster resuspended SPM sinks,

compared to fresh SPM from the inflows
Kspm 1.7 – Calculation constant SPM
Rd 0 month−1 Default diffusion rate for P
vspm 0.63 m/month Default settling velocity for SPM
θout 1.6 – How much higher the phosphorus concentra-

tion in the outflow is, compared to the lake.
Constants found from maps or experimental data.

A † km2 Lake area at normal surface level
Ct pdep 0.5 mg/m3 TP concentration in precipitation
Dmax † m Maximum depth
Fet † – Fraction of erosion and transportation areas
Q † m3/s Average flowa

urain 54 mm/month Average precipitation
ute 8 ◦C Mean annual epilimnion temperaturea

V † km3 Lake volumea

ysec 5 m Average Secchi deptha

Constants kept at their original value from
Håkanson (1999); Håkanson et al. (2000)

Bd 6.32 Default bioturbation
Da 0.1 m Depth of active sediments
Fpdep 0.1 – Fraction of TP in deposition being in particu-

late form
Fpp 0.0203 – Part of phytoplankton being phosphorus
Rcp 41.1 gC/gP C to P ratio in phytoplankton
RminS 0.1 month−1 Mineralization rate of SPM
Rp 2.5 month−1 Phytoplankton uptake rate of phosphorus
Tp 0.107 month Turnover time for phosphorus in phytoplank-

ton
Tr 4 ◦C Reference temperature

† Basin specific constant. Value given in table A.3.
a Not a constant in the original LEEDSmodel (Håkanson, 1999).
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Table A.3:Values for the basin-specific constants in the different runs. See
table A.2 for explanations of the symbols.

A Dmax Q V Fet

km2 m m3/month km3 –

1 basin
Vänern 5650 106 9.6·108 153 0.50

2 basin
Dalbosjön 2068 86 9.6·108 44 0.61
Värmlandssjön 3582 106 6.5·108 109 0.43

5 basin
Dalbosjön 1718 86 9.6·108 42 0.61
Värmlandssjön 3000 106 6.5·108 104 0.43
Kattfjorden 54 65 1.8·108 1 0.19
Dalbosjön coast 350 20 3.1·108 4 0.90
Värmlandssjön coast 582 20 4.7·108 5 0.90

dxst

dt
= Ssed2−Sresh−Srese (A.3)

dxse

dt
= Sdep+us+Sdie+Srese−Sout−Smine−Smix −Ssed1−Ssed2 (A.4)

dxpa

dt
= Psed3−Ddiff −Pbury (A.5)

dxde

dt
= Ddep+ud +Pmine−Dgrow−Dout−Dmix (A.6)

dxdh

dt
= Ddiff +Pminh +Dmix (A.7)

dxpt

dt
= Psed2−Prese−Presh (A.8)

dxpe

dt
= Pdep+up +Pdie+Prese−Pmine−Pmix −Pout−Psed1−Psed2 (A.9)

dxph

dt
= Pmix +Presh +Psed1−Pminh−Psed3 (A.10)

dxf

dt
= Dgrow−Pdie (A.11)

The flows of phosphorus and SPM, corresponding to the arrows in figure A.2
are described by algebraic equations.

Pbury =
xpa

Agea
(A.12)

Sbury = Ssed3 (A.13)
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Figure A.2:The states (x), and flows of dissolved phosphorus (D), particu-
late phosphorus (P), and suspended particulate matter (S). The
flow terms inside ellipses have been modified during calibration
for Lake Vänern.

Ddep= 10−6Ct pdepAurain
(
1−Fpdep

)
(A.14)

Pdep= 10−6Ct pdepAurainFpdep (A.15)

Sdep=
(uwind

3.27

)2 Ddep+Pdep

0.02
(A.16)

Pdie = xf
0.693
0.5Tp

(A.17)

Sdie = Kspm·
(

Dgrow+Pdie+xf

Fpp

)
(A.18)

Ddiff = xpa ·Rd ·ρflow ·ρsed· uth

Tr
(A.19)

Dgrow = xde·Rp ·ρlight ·ρsec·ρtemp (A.20)

Sminh = xsh·RminS· uth

Tr
(A.21)

Pmine = xpe·RminS· ute

Tr
(A.22)
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Pminh = xph ·RminS· uth

Tr
(A.23)

Smine = xse·RminS· ute

Tr
(A.24)

Smix = (xse−xsh)Rmix (A.25)

Dmix = (xde−xdh)Rmix (A.26)

Pmix = (xpe−xph)Rmix (A.27)

Dout = θoutuQypo4 ·10−9 (A.28)

Pout = θoutuQ
(
ytp−ypo4

) ·10−9 (A.29)

Sout = θoutuQyspm·10−6 (A.30)

Sresh = xst
0.693
Ageet

(uwind

3.27

)2 Vd

3
(A.31)

Prese = xpt
0.693
Ageet

(uwind

3.27

)2
(

1− Vd

3

)
(A.32)

Presh = xpt
0.693
Ageet

(uwind

3.27

)2 Vd

3
(A.33)

Srese = xst
0.693
Ageet

(uwind

3.27

)2
(

1− Vd

3

)
(A.34)

Psed3= xph
vspm

DA
ρspmg(FPh) (A.35)

Psed1= xpe(1−Fet)
vspm

DT/A
ρspmg(FPe) (A.36)

Psed2= xpe·Fet · vspm

Det
·ρspmg(FPe) (A.37)

Ssed3= xsh
vspm

DA
ρspmg(FSh) (A.38)

Ssed1= xse(1−Fet)
vspm

DT/A
ρspmg(FSe) (A.39)

Ssed2= xse·Fet
vspm

Det
ρspmg(FSe) (A.40)

Only outputs corresponding to experimental data available for Lake Vänern
have been implemented in the model. The outputs are chlorophylla, COD,
phytoplankton, dissolved phosphorus, Secchi depth, suspended particulate mat-
ter, and total phosphorus.

ychl =
Dgrow ·Rcp

30V
(A.41)

ycod = 85.9−14.3ysec (A.42)

yf =
12.8xf

AysecFpp
(A.43)
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ypo4 =
xde+xdh

V
(A.44)

ysec= 10(0.676−0.698log10(yspm)) (A.45)

yspm= 10−3xse+xsh

V
(A.46)

ytp =
xde+xdh+xpe+xph+xf

V
(A.47)

The model includes additional algebraic equations describing components of
the flow equations given previously. They are separated for clarity.

DA =
Dmax−DT/A

2
(A.48)

Det =
DT/A

2
(A.49)

Dm =
1000V

A
(A.50)

DT/A =
45.7

√
A

21.4+
√

A
(A.51)

FPe =
Prese

Pdep+Pdie+up +Prese
(A.52)

FPh =
Presh

Presh +Psed1
(A.53)

FSh=
Sresh

Sresh +Ssed1
(A.54)

FSe=
Srese

Sdep+us+Sdie+Srese
(A.55)

g(x) = 1+x(Fr −1) (A.56)

Rmix = min(1,Rmix1) (A.57)

Rmix1 =

{
u2

wind
3.272|ute−uth| , |ute−uth| ≥ 4

1, |ute−uth| < 4
(A.58)

Sg =
Ssed3

A(1−Fet)
(A.59)

Tw = 109V

Q
(A.60)

Vd =
3Dm

Dmax
(A.61)

ρflow = 1+1

(
Tw

6
−1

)
(A.62)

ρlight = 1+0.2
(ulight

11.2
−1

)
(A.63)
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ρsec= 1+0.25

(
ysec

ysec
−1

)
(A.64)

ρsed=

{
1+1.35

(
Sg

15−1
)

, Sg ≥ 15

1, Sg < 15
(A.65)

ρspm= 1+2
(yspm

1
−1

)
(A.66)

ρtemp=
ute

ute
(A.67)

Table A.4: List of symbols

SYMBOL EXPLANATION

A Lake area (km2)
Agea Average age of active accumulation area sediments (month)
Ageet Average age of erosion and transportation area sediments (month)
Ct pdep total phosphorus concentration in precipitation (mg/m3)
D Flow of dissolved phosphorus (ton/month). The different flows are

shown in figure A.2.
DA Mean depth of accumulation areas (m)
De Depth of the epilimnion (m)
Det Mean depth of erosion and transportation areas (m)
Dm Mean depth (m)
Dmax Maximum depth (m)
DT/A Depth separating transportation and accumulation area bottoms

(wave base) (m)
Fet Fraction of the lake bottom being erosion and transportation areas
Fpdep Fraction of total phosphorus in atmospherical deposition being in

particulate form
FPe Fraction of phosphorus in epilimnion being in particulate form
FPh Fraction of phosphorus in hypolimnion being in particulate form
Fpp Fraction of phytoplankton being phosphorus
Fr How much faster resuspended SPM sinks, compared to fresh SPM

from the inflows
FSh Fraction of resuspended SPM in hypolimnion (as opposed to

’fresh’ SPM)
FSe Fraction of resuspended SPM in epilimnion (as opposed to ’fresh’

SPM)
Kspm Calibration constant for SPM
P Flow of particulate phosphorus (ton/month). The different flows

are shown in figure A.2.
Q Water flow (m3/s)
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SYMBOL EXPLANATION

Q Mean value of water inflow (simplification from original LEEDS
model) (m3/month)

Rcp Carbon to phosphorus (weight) ratio in phytoplankton
Rd Default diffusion rate of phosphorus from sediments (month−1)
RminS Mineralization rate of SPM (month−1)
Rmix Mixing rate between epilimnion and hypolimnion (month−1)
Rp Phytoplankton uptake rate of phosphorus (month−1)
Rsed Sedimentation rate (month−1)

The logotype of Blue Öyster Cult
S Flow of suspended particulate matter (ton/month). The different

flows are shown in figure A.2.
Sg Gross sedimentation of SPM (ton dw/(month·km2)
Tp Turnover time for phosphorus in phytoplankton (month)
Tr Reference temperature (◦C)
Tw Theoretical retention time for water (month)
ud Inflow of dissolved phosphorus from rivers, point sources and

other basins (ton/month)
ulight Monthly value of average daylight (hours of daylight per day)
up Inflow of particulate phosphorus from rivers, point sources and

other basins (ton/month)
uQ Monthly value of water inflow (m3/month)
urain Average precipitation (monthly value) (mm/month)
us Inflow of SPM from rivers, point sources and other basins

(ton/month)
ute Mean monthly temperature in epilimnion (◦C)
ute Mean annual epilimnion temperature (◦C)
uth Mean monthly temperature in hypolimnion (◦C)
uwind Mean monthly values of wind speed (m/s)
V Lake volume (km3)
Vd Volume development, also named form factor (–)
vspm Default settling velocity for SPM (m/month)
x State variable, see Table A.1 and figure A.2 (ton dw)
ychl Chlorophyll (µg/l)
ycod Chemical oxygen demand (mg/l)
yf Phytoplankton biomass ’total volume’ (mm3/l)
ypo4 Dissolved phosphorus (µg/l)
ysec Secchi depth (m)
ysec Average Secchi depth (m)
yspm Concentration of SPM (mg/l)

34



SYMBOL EXPLANATION

ytp Total phosphorus (µg/l)
θout How much higher the phosphorus concentration in the outflow is,

compared to the lake.
ρflow Dimensionless moderator for water flow
ρlight Dimensionless moderator for light
ρsec Dimensionless moderator for Secchi depth
ρsed Dimensionless moderator for sedimentation
ρspm Dimensionless moderator for SPM
ρtemp Dimensionless moderator for temperature influence on plankton

growth
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Summary in Swedish

Lämplig modellkomplexitet: En tillämpning på massbal-
ansmodellering av Vänern, Sverige

Matematiska modeller och datorsimulering av vattenkvalitet är användbara
verktyg i många vattenkvalitetsfrågor, till exempel koncessionsärenden. Det-
ta arbete handlar om att välja en lämplig komplexitet och upplösning för en
modell för fosfor i Vänern. Kontinuerliga vattenkvalitetsmätningar har pågått
sedan början av 1970-talet, vilket gör Vänern lämplig för att testa och utvärde-
ra vattenkvalitetsmodeller. Kväve är inte inkluderat i modellen eftersom sjön är
fosforbegränsad, och kväve bidrar inte till modellresultaten, utan bara till osä-
kerheten. Sådana variabler bör inte vara med i en modell (Håkanson and Peters,
1995). Kväve ingår i andra modellstudier av Vänern (Sonesten, In prep.; Pers
and Persson, 2003; Arheimer and Brandt, 1998).

Vänern (figur 1) är Sveriges största sjö, och med en yta på 5893 km2 och
en volym av 153 km3 är den också den tredje största i Europa efter de ryska
sjöarna Ladoga och Onega. Maxdjupet är 106 m, medeldjupet är 27 m och
vattnets utbytestid är 9 år. Sjön är karakteriserad som oligotrof (näringsfattig).
De största älvarna kommer norrifrån, och har näringsfattigt vatten från skogs-
, fjäll- och myrmarker. Flera mindre älvar kommer från jordbruksområden,
framförallt syd och sydväst om sjön, och har högre koncentration av närings-
ämnen. Från tidigt 1900-tal påverkades vattenkvaliteten av orenat avlopp, men
sedan 1970-talet har avloppsreningen byggs ut, och nu är vattenkvaliteten i
många fall nära en naturlig, opåverkad nivå. Det största undantaget är kväve-
halten, som fortfarande är hög. (Statens Naturvårdsverk, 1978; Wallin, 1994;
Wilander och Persson, 2001).

En statistisk analys av vattenkvalitetsdata (löst fosfor, totalfosfor, COD (ke-
misk syreförbrukning) och klorofylla) från de senaste 30 åren har gjorts för
att undersöka vilken upplösning som är lämplig för en fosformodell. Ett parvis
t-test visar en statistiskt signifikant skillnad mellan vatttenkvaliteten i epilim-
nion och hypolimnion under skiktade förhållanden. Därför bör yt- och djup-
vatten behandlas separat. När det inte är någon termisk skiktning finns ingen
skillnad i vattenkvalitet mellan yt- och djupvatten. Högre vertikal upplösning
(än ytvatten–djupvatten) är inte motiverat. Horisontella skillnader mellan de
10 olika provtagningslokaler som markerats 1-10 på kartan (figur 1) analyse-
rades med hjälp av ANOVA och simultana konfidensintervall beräknades med
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Tukeys metod (resultaten redovisas i figur 4). Sjön bör delas upp så att de två
huvudbassängerna Värmlandssjön och Dalbosjön behandlas separat, men de
är internt väl omblandade. Grunda kustnära områden, vikar och områden nära
punktkällor måste behandlas som egna (extra) bassänger om de skall modelle-
ras korrekt.

Resultaten ovan leder till en modell baserad på ordinära differentialekvationer,
eftersom en detaljerad beskrivning av rumsliga variationer inte behövs. Model-
len som använts kallas LEEDS (Lake Eutrophication Effect Dose Sensitivity)
och behandlar fosfor (både i löst och partikelbunden form) och suspendera-
de partiklar (Håkanson and Carlsson, 1998; Håkanson, 1999; Håkanson et al.,
2000). LEEDS-modellen har modifierats för att klara av flera delbassänger. För
att dela upp Vänern i två bassänger (Värmlandssjön och Dalbosjön) räcker det
att uppskatta vattenutbytet mellan dem. Modellparametrarna i bägge bassäng-
erna är lika. Ett försök att dela upp Vänern i fem delbassänger gjordes, men då
går det inte längre att ha samma parametrar i alla delbassängerna, och försöket
lades ned. Fler förändringar krävdes för att applicera modellen för Vänern. De
två största är en modifiering av ekvationerna för utflödet av fosfor och suspen-
derade partiklar genom Göta Älv samt införandet av COD i modellen (för att
modellera industriella utsläpp från massa- och pappersindustrin).

LEEDS-modellen har jämförts med tre andra fosformodeller som applicerats på
Vänern. Två (FYRISÅ och HBV-NP ) är enkla modeler som utvecklats som de-
lar av avrinningsområdesmodeller. De andra två är mer komplexa sjömodeller,
LEEDS(versionen med två delbassänger) och BIOLA, som har fler tillståndsva-
riabler och har högre upplösning både vertikalt (34 skikt) och horisontellt (5
bassänger). FYRISÅ, HBV-NP och LEEDShar bra anpassning till kalibrerings-
data. BIOLA något sämre. Alla modellerna passar valideringsdata (1993–2000)
ungefär lika bra som kalibreringsdata.

Modellerna användes för att simulera tre utsläppsscenarior. Ökade utsläpp med
40 % från ett pappersbruk ger försumbara förändringar i vattenkvaliteten. Mins-
kad fosfortillförsel med 14 % (genom bättre avloppsrening från glesbygdshus-
håll) gav minskade totalfosforkoncentartioner med mellan 3 och 8 % (löst fos-
for 8–19%). Ökad vattentemperatur med ca 2◦C (växthuseffekten) gav också
en betydande minskning i fosforhalt. Resultaten i scenarierna varierade en hel
del mellan modellerna, speciellt för ökad temperatur. Man bör notera att sce-
narierna är extrapoleringar.

Alla modellerna har sina för- och nackdelar. FYRISÅ och HBV-NP vinner på
att vara enkla att kalibrera, ha snabb exekveringstid och att ingå i avrinnings-
områdesmodeller. LEEDS och FYRISÅ har en mer realistisk struktur och har
därför större chans att prediktera bra i extrapoleringar. En nackdel är deras
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längre exekveringstid, och speciellt för BIOLA (2h för en 15-års-simulering)
gör det kalibreringen tidsödande. Kalibreringen försvåras också av att de har
fler parametrar. En nackdel med HBV-NP och BIOLA är att de är konstruerade
för att få dagliga mätvärden på indata. Det kunde inte tillgodoses för utsläpp
från punktkällor eller för inflöde via älvarna. Interpolerade data har använts i
stället.
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