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ABSTRACT 

Current, temperature and water-level measurements in Lake Vänern 
from two epd:sodes in 1971, representing a stratified resp an 
unstratified situation~ have been used for the verification of a 
multi-la.yer hydrodynamic model. Concentrating 011 wind-driven lake 
circulation it is shown that, aside from the currents along the 
western shore of the eastern basin, the correspondence between 
model results and observations is satisfactory. The computed currents 
could therefore be used for studies on the transport and dilution 
of wasterwater in the lake. It is also concluded that neither a 
variation of model parametersnor an increased vertical or horizontal 
resolution will make the model reproduce the strong and mainly 
south-going current along the western shore of the eastern half 
of the lake. 

SAMMANFATTNING 

Verifiering av en flerlagers hydrodynamisk modell tillämpad på 
Vänern har utförts med hjälp av ström-, temperatur- och vatten
ståndsvärden från två perioder 1971 (representerande skiktade 
resp oskiktade förhållanden). De beräknade strömmarna visas 
stämma väl överens med observerade data och bör därför kunna 
utgöra ett bra underlag vid studier av transportvägar och ut
spädningsgrad för olika typer av utsläpp. De relativt starka 
strönunarna i västra delen av Värmlandssjön har inte kunnat be
skrivas i modellen trots försök med flera kombinationer av mo
dellens parametervärden och ökad horisontell och vertikal upp
lösning . 
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FIGURES 

Fig L Depth contours of Lake Vänern and posi tians of measurement 
stations. 

Fig 2. Current and temperature records available from measurement 
program 1971. Selected verification episodes indicated by 
shaded areas. 

Fig 3, Observed and computed water levels for selected stations 
during homogeneous verification episode, together with 
winds at intervals of 3 hours. 

Fig 4. Observed and computed currents for the surface layer at 
two stations during the homogeneous period. 

Fig 5, Observed winds over Lake Vänern during stratified modelimg 
period, together with a typical vertical temperature profile 
used as initial condition. 

Fig 6a, b, c. Computed and observed currents for selected stations 
during stratified modeling period. 

Fig 7a, b. Synoptic maps of computed currents for 1971-09-01 at 
time 00.00. Observed currents shown by heavy arrows. 

Fig 8 •. Observed and computed temperatures at 25 m depth for sta
tions in the eastern part of Lake Vänern. 

Fig 9, Observed high pass current for upper level of station B, 
and corresponding model results for vertical eddy viscosity 
of 50 cm2/s and 10 cm2/s. Campare Table 1, runs 2 and 3, 
respectively. 

Fig 10. Observed high pass current for station C at 25 m depth, 
and corresponding medel results for vertical eddy viscosity 
of 50 cm2/s and 10 cm2/s. Campare Table 1, runs 2 and 3, 
respectively. 

Fig 11. Observed low pass current for station C at depth of 7 m, 
and corresponding model result obtained from a double 
lattice anda single lattice grid. See runs 2 and 8 of 
Table 1. 

Fig 12. Same station as Fig 11 but model results obtained with and 
without horizontal eddy viscosity and for high and low 
vertical eddy viscosity. Campare runs 9, 10, 11 of Table 1. 

Fig 13, Temperature predictions for station C obtained from a 4-
lEzyer medel and an 8-layer medel. See Table 1, runs 11 
and 13, 
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FIGURER 

Fig 1. Djupförhållanden samt mätstationernas lägen i Vänern. 

Fig 2. Tillgätigliga ström- och temperaturdata från mätprogra.m
met 1971. De skuggade områdena utmärker verifikations
perioderna. 

Fig 3. Observerade och beräknade vattenstånd för olika stationer 
under perioden med homogena förhållanden, tillsammans med 
vindar var 3:e timme. 

Fig 4. Observerade och beräknade strömmar i ytlagret vid två sta
tioner under perioden med homogena förhållanden. 

Fig 5. Observerade vindar över Vänern under perioden med skiktade 
förhållanden samt en typisk temperaturprofil använd som 
startvärde i modellen. 

Fig 6a, b, c. Beräknade och observerade strömmar vid olika sta
tioner under perioden med skiktade förhållanden. 

Fig 7a, b. Synoptiska kartor med beräknade strömmar kl 00.00 den 
1,9 1971, Observerade strömmar är markerade med breda pilar. 

Fig 8. Observerade och beräknade temperaturer på 25 meters djup 
vid stationer i Värmlandssjön. 

Fig 9, Observerad kortperiodig ström för övre lagret vid station 
B och motsvarande resultat från modellen med vertikala 
virvelviskositeten lika med 50 cm2/s respektive 10 cm2/s. 
Jämför tabell 1, körning 2 respektive 3, 

Fig 10. Observerad kortperioig ström på 25 meters djup vid station 
C och motsvarande resultat från modellen med vertikala 
virvelviskositeten lika med 50 cm2/s respektive 10 cm2/s. 
Jämför tabell 1, körning 2 respektive 3. 

Fig 11. Observerad långperiodig ström vid station C på 7 meters 
djup och motsvarande resultat från modellen med två olika 
typer av grid ("double lattice" respektive "single lattice") . 
Jämför tabell 1, körning 2 respektive 8. 

Fig 12. Samma som fig 11 men modellens resultat har erhållits med 
och utan horisontell vi:rvelviskosi tet samt med stort och 
litet värde på vertikala virvelviskositeten. Jämför kör
ning 9, 10, 11 i tabell 1. 

Fig 13. Beräknad temperatur vid station C med 4-lagersmödell och 
8-lagersmodell. Se tabell 1, körning 11 och 13. 





SMHI SMHI RAPPORT NR RHO 9 1 

1. INTRODUCTION 

Lake Vänern, the largest lake in Sweden, with a volume of 150 km3 , 
has received increasing attention as a fresh water r eser vo ir, 
recreation area and fishing-ground as well as a waste- water 
recipient and navigable passage. It is polluted in the north by 
the pulp mill industry and in the south by small rivers from the 
densely populated farming district . The yearly amount of fresh 
water supplied is about 17 km3 of which 5.2 km3 is discharged 
from the nonpolluted Klarälven in the northeastern part of Lake 
Vänern. 

The lake is divided inte two basins which are connected by a 
shallow sound. The maximum depth is about 100 m and situated in 
the eastern basin. The western basin hasa depth of about 70 m. 

The inflow of wastes is mainly into the northeastern part of the 
lake. This has created a significant difference in water quality 
between the two basins. Until the beginning of the 1960's, the 
effluents were becoming increasingly polluted but later because 
of the closing of factories and cleaner industrial processes this 
trend was stopped and pollution has been decreasing ever since . 

The water quality which earlier was rather bad has since 1970 
steadily grown better. 

An intense research program was started by SMHI in 1971 to study 
the circulation and temperature structure of the lake . Extensive 
field measurements were carried out and model studies of the l ake 
were undertaken. 

The computed pictures of the lake's circulation under diff'e rent 
weather conditions can after verification forma base for studies 
of the transport and dilution of waste water from sources ashore. 

Financial support for the project came from Swedish Environment 
Protection Board and from SMHI. 
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2, MEASUREMENT PROGRAM AND DATA ANALYSIS 

The measurements during spring 1971 were the beginning of an ex
tensive mapping of the dyna.mics and the variations of physical 
and chemical parameters in Lake Vänern. In the following the 
measurements of interest for verification of the numerical medel 
will be briefly summarized . 

Automatic Aanderaa current meters were placed at 7 stations (for 
location see Fig 1). The reliability of the current meters and 
their vertical positions are shown in Fig 2. Temperature was 
recorded at 11 levels at 6 stations with thermistor chains also 
manufactu.red by Aanderaa. Timesteps of 10 and 20 minutes were 
used for current resp temperature recordings. At the strait 
joining the two parts of the lake some additional measurements 
of the same kind were made during two periods of 14 days, partly 
coinciding with the first verification period. 

Water level was continually recorded at 3 permanent stations P4, 
P7 and P9, whose location is shown in Fig 1. During the verifi
cation periods 6 additional gauges were working at stations Pl, 
P2, P3, P5, P6 and P8. 

Comparison between model results and field records is based on 
1~urrents, temperatures and water levels for two selected episodes, 
each lasting 10 days. Records from the 1971 measurement program 
were extracted to correspond to the two episodes when the model 
was run. These data sets then were analysed in the same way as 
the medel output . 

Magnitude and direction of the current were recorded every 10th 
minute and the values closest to the exact hour were used for 
time series of hourly values. After smoothing with a low-pass 
filter, only waves with periods longer than 14-18 hours remained 
in the series. As the intertial waves at the latitude of Lake 
Vänern have a period of about 14 hours, the filtered series 
represent the large-scale changes of the lake circulation. As 
the aim of this study is to get a knowledge of the net transport 
rather than a full description of the small-scale oohaviour of the 
current, it is natural to concentrate on time and space scales 
corresponding to meteorological changes like passing fronts. The 
inertial waves will however be discussed in the last chapter. 

The currents from the different layers of the model were compared 
to current meter data from 7, 15, 25 and 40 m. No interpolation 
was made to get recorded values to correspond to the layer division 
of the mo del. 

Temperature records were analysed in analogy with the current meter 
data . Recorded temperatures served as abasis for partly defining 
the initial state of the lake when the model runs started. As the 
layer division of the model is relatively coarse there was no 
reason to try a detailed description of the thermocline behaviour. 
Nor has the horizontal variation of temperature been included in 
the initial state of the model. 
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Observations of surface pressure and windstress are taken every 
third hour at a few stations around Lake Vänern. Alone they are 
insufficient to give a good picture of the windfield over the 
lake. Therefore routine analyses of 3-hourly synoptic weather 
maps were further analysed to show the windfield. In this manner 
winds for five fictitious stations, each representing a specified 
area of the lake surface, were obtained. Quadratic interpolation 
intime then produced the half-hourly values used as continous 
input to the model. 

Objecti ve methods are insufficient and hardly sui ted for the 
present kind of model verification. Instead a subjecti ve way of 
s tudying time series from field measurements and corresponding 
gridvalues from the model is 1wed. In verif.ying the currents the 
time series are of two kinds: one with vector plats and the other 
wi th plats of both magni tude and direction. Instantaneous pictures 
of the modeled circulation of the whole lake are also of interest. 
The pictures still contain near-inertial waves and the represented 
currents in the surface layer are strongly dependent on water 
depths. But in this wa;y the reaction of the lake to different 
wind situations and bottom topography effects can be partly 
studied. The recorded currents are also plotted on these charts. 
They are not to be used either for verification nor corrections 
to the modeled circulation. Possible phase-differences in short
periodic waves in both kind of data may be sufficient to create 
large deviations in both magnitude and direction. 
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3. NUMERICAL MODEL 

The mathematical model extends the framework of the familiar 
storm surge model to include a description of the three-dimen
sional current and temperature distributions in the lake. 'rhe 
model employs the hydrodynamical-numerical methods developed 
in the context of numerical weather forecasting and subsequently 
applied to oceanographic problems (see e.g., Bryan, 1969). The 
governing equations are the principle of mass conservation, the 
equations of motion, and the thermodynamic energy equation . A 
number of approximations are introduced in this basic set of 
physical relationships. It is assumed that vertical accelera
tions can be neglected and that the flow is quasi-hydrostatic . 
Density variations are ignored except where they influence 
buoyancy so that the water is effectively imcompressible. Effects 
of motions smaller than the numerical grid scale are incorporated 
in the form of mixing coefficients. These mixing processes are 
simulated in analogy to the gradient diffusion concept such that 
turbulent friction and heat diffusion are parameterized by eddy 
viscosities and diffusivities. Using these approximations, the 
equations of motion, the first law of thermodynamics, and the 
mass continuity condition can, respectively, be written as follows 

au 
V. (vu - A Vu) a ( au) f'v -

a 
(P + Q) (1) -+ +- wu-A - = 

at rv H az v az ax 

av + V. (z-u - AH Vv) a 
(wv - A av) -fu - a 

(P + Q,) ( 2) - +- = 
at az V az ay 

cl'l' (vT VT) 
a aT 

( 3) -+ V. - K +- (wT - K -) = 0 
at "' H az V az 

aw au av ( 4) = - - -
clz ax ay 

where t is time, x and y are the horizontal coordinatesj z i s 
the vertical coordinate measured upward, V is the horizontal 
gradient operator, u, v, w are the velocity components along 
the three coordinates, vis the horizontal velocity vector, and . ~ . 
T is t~mper1:1-t1;1re. \r and AV represent the liori~ontal and. vert~ cal 
eddy v1scos1t1es, KH and KV are the correspond1ng heat d1ffus 1-
vities, f denotes tlie Coriolis parameter, and P and Q repres ent 
barotropic and baroclinic pressure components def'ined below 

p = gr;; + p /p 
S 0 

r;; f, 
Q = g · J QQ. dz 

z Po 

where r;; denotes the free surface elevation, e; is the earth's 
gravitational acceleration, P is the atmospheric pressure at 
the air-sea interface, p0 is 1.he mean water densi ty, and f.p is 
the density anomaly. For fresh water the latter can be related 
to temperature by the simple quadratic expression 

~ = -6.8 10-(i ('11 - 4°) 2 
Po 

( 5) 

( G) 

whcrc T is given in degrces ccntigrade (see, e.g:, Simons, 1973 ). 
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The continuity equation (4) serves to compute the vertical velo
city from the horizontal flow divergence, by recourse to the 
lower boundary condition that the flow normal to the bottom must 
vanish. Vertical integration of the same equation results in the 
conventional prediction equation for the free surface elevation, 
which determines the barotropic pressure function (5). If the 
short-term variations associated with free surface oscillations 
are not considered of interest, the latter equation can be used 
to define a streamfunction for the vertically-integrated flow, 
which can be predicted from the vorticity equation for this flow . 
In the present model, the free surface prediction is included for 
comparison with water level observations. 

Boundary conditions for fluxes of momentum and heat normal to 
the free surface and the bottom are 

A clu 
Is 

clv 
Is 

clT 
Is = T pAV az = T PI\, az = qs p V az sx sy 

clu 
lb = 

av 
lb 

= 'by clT 
lb pAV az 'bx P¾ az PJ\r az = 0 

where, and 'bare the surface windstress and the bottom drag, 
5 . T respect1.vely, and q 1.s the downward surface flux of heat. he 

. s . 
w1.ndstress and bottom dragare related to surface w1.nds and 
bottom currents by the conventional quadratic stress laws, while 
the heat flux is specified in terms of external parameters. 
Finally, at the lateral boundaries the normal components of 
temperature fluxes and current must vanish, while the tangential 
velocity component will be subjected to free-slip or no-slip 
conditions depending on the type of model. 

Numerical solutions of the above equations are obtained by finite
difference methods, with the variables being distributed on a 
staggered grid. In a horizontal plane, the free surface, the 
vertical velocity and the temperature are located at the center 
of gridsquares, whereas horizontal currents are defined at the 
boundaries of these squares. Two types of medels are utilized. 
In the first case, normal velocity components are specified at 
the sides of a grid square and hence the two horizontal velocity 
components are not available at the same points. '.föis is the 
single lattice model which has been found very us eful for storm 
surge forecasting, although it has the disadva.nt0.ge that the 
Coriolis terms mus t be avera.ged over four points and thu:; allow:..; 
for spurious inertial frequencies. In this model the tangential 
velocity components never coincide with the s horer.i and it i:3 
most convenient to impose free-slip lateral boundary conditions. 
The second type of model hasa double-lattice structure with both 
velocity components defined at the corners of the grid squares. 
In this case the tangential velocity along the shores is set equal 
to zero together with the normal velocity. This type of model 
requires some form of lateral smoothing to prevent lattice 
dispersion problems (see, e.g., Platzman, 1963). 

The vertical structure of the multi-layered model consists of a 
syste.m of fixed horizonta.l levels where the vertical movement of 
the water is calcula.ted . This procedure appears more convenient 
than moving material interfaces when dealing with high vertical 
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resolution and irregular bottom topography. The levels are spaced 
apart by arbitrary intervals along the vertical. Vertical velocities , 
stresses and vertical fluxes are computed for each level, whereas 
temperature and current are defined as averages for the interme
diate layers. The layered system of equations is transformed into 
an equivalent system consisting of one equation for the vertically
integrated flow anda set of equations for the shearing flow bet
ween adjacent model layers. 'l'his procedure effectively eliminates 
the effects of the free surface oscillations on the internal flow 
computations and therefore the latter are not subjected to the 
stability condition associated with time extrapolation of the 
former. All time extrapolations are carried out by explicit 
methods except for the Coriolis term which is treated by an impli
cit scheme. Central time differences are employed for pressure
divergence terms and forward differences for friction-diffusion 
terms. Nonlinear terms are treated by a two-step method similar 
to the Lax-Wendroff scheme. A more detailed discussion of the 
physical and numerical approximations employed in the model, has 
been presented by Simons (1973). 
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4. MODEL VERIFICATION 

Two episodes during the 1971 field measurement program were 
selected to test the model. During the first period, Aug 26 -
Sept 4, the lake was stratified with a well-defined thermocline . 
During the second episode, Oct 31 - Nov 9, the lake was homo
geneous and well-mixed in the vertical. The episodes will be 
referred toas "stratified" and "homogeneous", respectively . 
Since the homogeneous lake is presumably easier to model than 
a stratified situation, the second episode was actually studied 
first and it seems logical to discuss the results in the same 
order. 

Initially, a four- layer model was selected with a horizontal 
resolution of 5 km. The timestep for the free-surface prediction 
was 3 min and the timestep for the internal flow prediction was 
taken to be 15 min. The windstress coefficient was set at 
2. 5 w 10-3 and a similar value was adopted for the bott om drag 
coefficient: The ~omo~eneous c~mputations we~e ca~ried out6on ~ 
double latt1ce gr1d w1th a hor1zontal eddy v1scos1ty of 10 cm /s, 
wh~le the vertical eddy viscosity varied between 50 and 250 
cm /s. The nonlinear inertial terms were neglected . Initial 
simulations for the stratified episode were carried out with 
the same model but ~ncl~ding temperature predictions ~ith eddy 
diffusivities of 10 cm/sin the horizontal and l cm/sin th e 
vertical. Subsequently, a variety of model configurations and 
parameters were applied to the stratified lake to investigate 
if any of the shortcomings of the initial simulations could be 
remidied. A detailed comparison of these results will be presented 
in the next section. The present discussion is devoted toa general 
verification of the initial model results. 

The two verification episodes were naturally selected for their 
interesting meteorological conditions, so that it would be easier 
to study the response of the lake to windforcing. Considering 
first the homogeneous period (31.10 - 9.11), the weather was 
initially dominated by a cold front passing eastwards over northern 
Europe after a prolonged period of high pressure . After the fir st 
few days, weakly developed ridges interrupted the effects of passing 
fronts. A deep low whose center passed almost over the lake, caused 
considerable changes in winds on Nov 6. Winds for this episode arc 
shown at the centre of Fig 3 nt interval of 3 hours. 

The model verification for the homogeneous period is concerned with 
water levels and currents. The primary purpose of the water l evel 
comparison is to verify that the wind stress coefficient is properly 
estimated. There are nine water level stations situated around Lake 
Vänern as shown in Fig 1. For comparison with the model results, 
Fig 3 shows observed and computed water levels for two stations 
along the NE shore and two stations along the SW shore . The agree
ment between model results and observations is good except for 
Nov 6. Since the observed setup at this time i s much larger than 
computed, one would conclude that the wind was probably more from 
the NE instead of the SE as shown in the figur e. Since the ampli
tudes of the surface variations are otherwise of the right magni
tude, it is assumed that the s tress coefficient is acceptabl e. 
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The current verification is based on the observations listed in 
Fig 2. In the first experiment the model layers were separated 
at levels of 10, 25 and ~Om below the surface and the vertical 
eddy viscosity was 50 cm /s. It was quite apparent that the model 
produced much larger near-inertial oscillations in the currents 
than the observations showed. 2The vertical eddy viscosity was 
therefore increased to 250 cm/sin the next experiment. As 
will be seen in the next section, this tends to reduce short
term current oscillations without causing essential changes in 
the long-term solutions. Now the current speeds are reasonably 
well simulated but the directions are sometimes in error by up 
to 90 degrees. Examples are shown in Fig 4. 

The computations were repeated with different positions of the 
model layers, but the effects of this change were minor . It was 
decided to concentrate on the more interesting stratified period 
fora complete series of modeling experiments. 

An interesting weather situation during 26.8 - 4.9 was the reason 
for choosing this period to represent a stratified situation. Both 
days of weak winds, when the lake could adapt itself toa rather 
unaffected situations, and days with increasing winds were found 
during this period. 

A study of weather-bulletins shows the importance of an extensive 
high for the large-scale atmospheric circulation up to 27.8. (A 
description of the wind for the centre of Lake Vänern is shown 
in Fig 5). The lows passed north of Scandinavia and winds over 
the lake were changing and seldom reached 8 m/s. The high was 
gradually weakening and the rest of the period was characterized 
by a series of passing-lows. The wind was mainly from south or 
west and only 30.8 colder air from the north was advected behind 
a front. 

The stratified model has initially four layers separated at 10 , 
20 and 35 m below the surface. The initial temperature was uniform 
in the horizontal and varied from 17 °c in the upper layer to 
7 °c in the lower layer. A typical vertical temperature distribu
tion for the stratified period is shown at the bottom of Fig 5. On 
the basis of the extensive series of experiments discussed in the 
following section, it appeared that four layers would be sufficient 
to produce an acceptable simulation. Thus the present discussion 
of model verification is2based on a four-layer model with a vertical 
eddy viscosity of 100 cm /s. It will be shown later which effects 
result from different coefficients. 

In Fig 6a, band c time series of current vectors from three sta
tions nea.r the coast in the eastern basin are plotted. Locations 
of the three stations are shown in Fig 1. Station D shows that the 
model is quite capable of describing the southern part of the 
general cyclonic circulation of' the lake. In the first days wi th 
weak winds the measured data show a circulation that is clearly 
the result of previous disturbances. As the model starts from 
r e st it needs a certain time with a marked windstress to compute 
a circulation pattern that corresponds to the real one. From the 
vcctor plats it seems that a good agreement is reached already on 
the third day, though the first two days were very calm. During 





~)Mlll SMIII RAPP0R'r NH RH0 9 9 

the rest of the period there is good agreement in both magnitude 
and direction. The weakening currents on 30.8 must be related to 
the only occasion with northern winds and probably the short
term wind from the north didn ... t influence the current at 7 m 
depth to the same extent as they affected the upper layer of the 
model, which represents the integrated current from the surface 
down to 10 m. 

At the strait that divides the lake into two parts the circula
tion is rather complicated . The current at station F and G often 
runs indifferent direction i e NE or SW currents at F are mostly 
related to NW resp SE currents at G. Here only results from station 
G will be shown. The agreement again is very good and the prevai
ling westgoing current, almost against the wind, only changes 
during 30.8. Then the aforementioned wind causes small turning 
and decrease in magnitude of the currents which appears a little 
earlier in the measurements than in the model results. It is 
probably not due toa timelag in the windstress but the relatively 
strong current before the decrease in magnitude points toan over
estimate of the circulation in the surrounding area . 

Looking at station C it is difficult to find any resemblanc e bet
ween model and data. The measured and empirically known strong 

. southgoing current is closely :i:-elated to the upwelling along the 
coast which is also confirmed by more detailed measurements in 
1972. To explain the model results one could argue that although 
the current is increasing during storms, it never tends to zero 
thus indicating that the current hasa relatively long history. A 
simulation of ten days, starting form rest therefore does not seem 
to be adequate to produce this part of the lake circulation . It 
is likely that a proper simulation of currents along the western 
shore is only possible if the initial circulation and horizontal 
density structure are included in such short-term modeling experi
ments. At any rate, it will be shown later that different model 
resolutions and parameters do not lead to essential improvement 
of these results. 

The character of the comparisons between model results and observa
tions at the remaining stations A, B, F and Hand the lower layers 
at station Dis not significantly different from what is shown in 
Fig 6a and b . ~~erefore the conclusion of th e current verification 
for the stratified period is that the model simulation of the long
term pattern of the lake circulation is in good agreement with ob
servations with the exception of the strong currents along the 
western coast of the eastern basin. 

Synoptic pictures of currents from each layer were plotted along 
with the recorded values (Fig 7a and b). As mentioned before 
attention should be paid to the momentary character of the plotted 
circulation . Here only current maps from one instant, 1 .9. 1971 at 
time 00 . 00, will be discussed. Under the influence of the mostly 
Sto SW winds from the previous two days a general cyclonic cir
culation had developed in the eastern basin. The same pattern is 
computed for the other layers . As an example the result from the 
third layer is shown. In the upper layer of the western basin there 
is a mea.n current to the north, rri,ther weak in the middle but 
c,tronger along thc s hore. ~'he water is returning in the third 
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layer thus giving different types of circulation in the two 
parts of the lake. The medel also tells that there isa great 
exchange of water between the two parts with a mixing of the 
upwelling water from an underwater canyon east of the strait . 
The far too weak currE?nts in isolated gridareas like the NW 
part of the lake and the long and shallow bays are effects of 
the course resolution of bottorn topography and shorelines in 
the model. 

To illustrate the quality of temperature predictions, Fig 8 
shows observed ternperatures at a depth of 25 m for the sta
tions in the eastern half of the lake, together with model 
results. In this case , an 8-layer model was used with a ver
tical eddy viscosity of 50 cm2/s for all stations, except sta
tion C, for which a lower eddy viscosity gives better agreement 
with observations. This will be discussed in more detail in the 
next section . The figure illustrates that the time variations 
of temperature show the same character in the model and in the 
real lake. Thus stations A and B indicate downwelling, station 
C shows pronounced short-term oscillations, and station D dis
plays waves of longer periods. At the same time it is clear 

. that a detailed comparison shows considerably differences bet
ween model results and observations. 
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5. VARIATION OF MODEL STRUCTURE 

The stratified episode, Aug 26 - Sept 4, has been simulated by a 
variety of model structures, resolutions, and parameters, in order 
to investigate which type of model would best simulate the observed 
phenomena in Lake Vänern. This series of experiments is surnrnarized 
in Table 1. With regard to model structure, two types of grids were 
used, namely, a single lattice (SL) anda double lattice (DL), as 
discussed in section 3. Some computations on the double lattice grid 
included the nonlinear (NL) advection terms in the equations of mo
tion. The experiments indicated by an asterisk were carried out 
with a homogeneous model as well as with the stratified model. With 
regard to resolution, the horisontal grid mesh varied from 2.5 to 
5 km and the nurnber of layers varied from 4 to 8. In the 4-layer 
models, the layers were separated by horizontal levels at 10, 20, 
and 35 m below the surface. In the 6-layer version the levels- were 
at 10, 17, 20, 23, and 35 m, thus allowing fora better representa
tion of the thermocline. In the 8-layer model the levels were 10 , 
17, 22, 27, 33, 40, and 50 m. With regard to model parameters, 
different values were considered for horizontal and vertical eddy 
viscosities (AH, AV) and the corresponding eddy diffusivities of 
heat (KH, KV) . The vertical eddy viscosity was taken to decreas e 
from a maximum at the surface, presented in the Table, to half 
that value at the thermocline and below. 

A discussion of current simulations must differentiate between 
different frequencies, in particular, between near-inertial oscilla
tions and long-term variations. The inertial period for lak~ Vänern 
is approximately 14 hrs and thus a digital filter with a cut-off at 
15 hrs was used to separate all observed and computed currents into 
a low-pass anda high-pass series. If this is done, it becomes clear 
that the most pronounced results of model variations are the effect s 
of vertical eddy viscosity on the near-inertial oscillations. Thi s 
is illustrated in Fig 9 which presents obs erved high-pass current 
for station B togeth2r with model results for vertical eddy vi scosi
ties of 50 and 10 cm /s, respectively. All stations, except s t ation 
C, show the same behaviour as station B, thus indicating that the 
higher eddy viscosity is to be preferred. On the other hand, sta
tion C shows consistently higher amplitudes in the near-inertial 
range, which are best simulated by the lower eddy viscosity. This 
is illustrated in Fig 10. Although the vertical structure of the 
short-term fluctuations may be altered by a different model eon
figuration or resolution, none of these effects are comparable 
to the above. 

The primary purpose of the present modeling project is to simulate 
water movements on a longer time scale and henc e our discussion will 
concentrate on that . At the outset it should b e noted that the low
pass currents show no dramatic variations as a function of either 
model structure or model parameters. However, some systemat ic dif
ferences become apparent and, ra.ther than reviewing th e whole seri es 
of experiments, a few examples will be taken to illustrate these 
changes. Since station C showed the l eas t agrcernent between rnod cl 
results and observation, it n.ppears of particular interest to con
centrate on this station. 
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Considering first the change from a double-lattice toa single
lattice medel, it is generally found that the nearshore currents 
become larger in the second model. This was to be expected because 
the tangential velocity is forced to go the zero at the lateral 
walls of the double-lattice medel, whereas the single-lattice 
model imposes such a condition only on the normal component. Since 
the majority of the present stations are located close ta the 
shores of the lake, the low-pass currents tend ta be larger in 
the single-lattice models. The directions, however, remain gene
rally the same. · To illustrate this effect, Fig 11 shows filtered 
currents for station C as obtained from a single anda double 
lattice model, respectively, for the same resolution and parame
ters. The southerly flow is somewhat increased in the single 
la.ttice model but still rnuch smaller than observed. 

Effects of increased resolution are considerably less than pro
portional to the increase in cornputing effort, at least in regard 
to current simulations. In effect, the additional information cre
sulting from a smaller grid or a larger number af layers is in 
general not different from that which would be obtained by inter
polation results from a coarser grid. There is no doubt that high 
resolution is required to simulate near-shore processes in a 
stratified lake, in view of the small radius of deformation af the 
thermocline. However, for the present observation stations, no im
provement in model performance could be detected after the resolu~ 
tian was increased. The same conclusions also apply ta the nonlinear 
inertial terms in the equations af motion. Again the computational 
effort is greatly increased without a corresponding improvement 
in model verification. 

The present series af experiments again appear ta confirm the con
clusion that mixing parameters are the primary means to affect modcl 
solutions. Among these, the vertical eddy viscosi ty is the most im
portant one since it effectively determines the vertical current 
profile. Comparison of simulations with and without heat diffusion 
in the horizontal ar vertical failed ta show any effects for the 
time scales considered here. Horizontal eddy viscosities of the 
order of magnitude included here, lead to minor changes in the 
open lake but can result in reduced current speeds in the nearshore 
zones. However, the effect is closely linked ta the type of lateral 
boundary condition and the lattice structure of the grid, which de
termines where the velocity points are defined in relation ta the 
shore. Again taking station C as an example, Fig 12 a shows result s 
from a. single lattice 4-layer model with and without horizontal eddy 
viscosity. Finally Fig 12 b illustrates effects af vertical eddy 
viscosity on low-pass currents. The differences are nöt comparable 
to those for the high-pa.ss currents shown in Fig 10, but they are 
not negligible. Aga.in, this effect cannot be separated completely 
from model cont'iguration and other parameters. For instance, varia
tions af vertical eddy viscosity appear ta lead to more pronounced 
changes of computcd currcnts in single lattice medels without hori
zontal viscosity than in double lattice medels with horizontal 
smoothing . 
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Considering next the temperature predictions, it is clear that 
they are influenced by the quali ty of the current simulations a.s 
well as by the vertical resolution by which th e thermocline is 
represented. To illustrate the lat ter, Fig 13 present s tempen1.-
ture predictions for station C as obtained from the l~-layer mode l 
and the 8-layer model, respective~y. The coefficients are the s ame 
in both cases, namely, AV = 10 cm / s and AH= 1Sr = ¾ = 0. The solutions 
from both models show the same tendency for the layer temperatures 
to converge, which means that the thickness of the thermocline 
layer tends to increase. However, the short-term variations are 
much larger for the high-resolution model because the vertical 
temperature gradients are better represented. Thus the same ver
tical motion results in larger temperature changes in the 8-layer 
model than in the 4-layer model. These temperature waves are 
connected with the near-intertial current oscillations and hence 
the amplitudes depend on the vertical eddy viscosity. Thus, tem
perature predictions fr~m the same type of model by a verticai 
eddy viscosity of 50 cm /s, show a simular variation over a 10-
day period but they display essentially no short-term oscillations. 

The conclusion of this series of experiments with varying model 
configurations and parameters is that the basic character of the 
mode1 results does not change, in particular when dealing with 
slowly varying currents. In fact, the changes of results between 
different experiments are mostly predictable and relatively small . 
Thus the results of this experiment do not seem to indicate a need 
for very expensive, nonlinear, high resolution models, when dealing 
with lake-wide circulations. The more economical model discussed in 
the previous section appears to produce a quite comparable verifi 
cation. 



• 
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TABLE 1. Summary of medel experiments for stratified episode, 
Aug 26 - Sept 4. DL= double-lattice grid; SL = single-lattice ; 
NL = nonlinear inertial accelerations; asterisk indicates baro
tropic plus barocline simulation . Grid spacing given in km and 
levels of 4-layer model located at depths of 10, 20, 35 m, for 
6-layer model at 10, 17, 20, 23, 35 m and for 8-layer model at 
10, 17, 22, 27, 33, 40, 50 m. 

!Hand AV are horizontal and vertical eddy viscosities in cm2/s , 
11! and Ky are corresponding heat diffusivities. AV varies from 
maximum at the surface, given in the Table, to half that value 
at the thermocline level. 

Run Medel Grid 

1 DL 5,0 

2 DL 5 , 0 

3 DLX 5,0 

4 DL 5,0 

5 DL 2,5 

6 NLx 5,0 

7 NLx 5,0 

8 SL 5,0 

9 SL 5,0 

10 SL 5.0 

11 SL 5,0 

12 SLx 5,0 

13 SL 5.0 

14 SLX 2.5 

15 SLx 2.5 

Layers 

4 

4 

4 

4 

6 

4 

4 

4 

4 

4 

4 

8 

8 

8 

8 

100 

50 

10 

10 

100 

50 

10 

50 

50 

50 

·10 

50 

10 

50 

10 

106 

106 

106 

105 

106 

5•106 

106 

106 

106 

0 

0 

0 

0 

106 

0 

0 . 1 

0.1 

0 . 1 

0.1 

0.1 

0.1 

0.1 

0 . 1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 0 

10 5 + 
105 

105 

104 

105 

10 5 

105 

105 

0 

0 

0 

0 

0 

0 

0 
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