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Abstract-A twodimensional vertically averaged flow model was applied to study the circulation pat-
terns in Lake Belau (Northern Germany). The lake is north-south oriented, with a maximum extension
of 2.2 km and is situated in a dead ice hole with steep slopes on the east and west coasts. A part of the
coastal area is covered with forest, creating a strong shelter from prevailing south-westerly winds. The
system of shallow water equations is discretized with the modified Utnes (1990) scheme which is charac-
terized by a semi-decoupling algorithm. The continuity equation is rearranged to Helmholtz equation
form. The upwinding Tabata (1977) method is used to approximate convective terms. Extensive wind
(more than 60 observations) and current measurements (5 points) conducted all over the lake enabled
us to verify the simulation results with observations. Under spatially homogeneous wind conditions the
model predicts a two cell circulation system, that covers most part of the lake. Taking the spatial vari-
ation of wind speed due to shelter into account, the flow field changes drastically. The two cell system
is replaced by one large cell, with a strong reverse jet along the western shore. The sheltering effect of
the surrounding hills and vegetation have a pronounced effect on the circulation pattern. It appears
that in general this fact cannot be neglected in numerical lake flow simulations. 0 1999 Elsevier Science
Ltd. All rights reserved
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NOMENCLATURE INTRODUCTION

arbitrary mesh node,
boundary of a space domain,
upwind element of the node A,
Coriolis parameter,
acceleration due to -gravity,
C + h = total water depth,
water depth below a horizontal
datum,
wind resistance coefficient,
time layer index,
Manning roughness coefficient,
number of mesh nodes,
1D and 2D Euclid spaces,
arbitrary scalar function,
time,
upwind node for node A,
velocity vector,
wind velocity vector,
spatial Cartesian coordinates,
gradient ooerator.
&bit  rary space domain,

Wind induced currents play an important role in
the dynamics of aquatic ecosystems. The transport
of nutrients, pollutants and particulate matter
(Serruya, 1975; Neilson  and Stevens, 1987;
Mossman  and Roig, 1994),  vertical mixing pro-
cesses (Imboden et al., 1983; Monismith, 1985;
Reynolds,  1994),  the dis t r ibut ion and resuspension
of sediments (Bloesch, 1995),  processes in makro-
phyte stands,  reed zones and benthic systems (Losee
and Wetzel ,  1988; Ostendorp,  1989; Commit0 et  al.,
1995) are largely determined or at least influenced
by horizontal wind driven currents. The intensive
invest igat ions on the spat ial  heterogeneity of  phyto-
plankton (Colebrook, 1960; Jones and Francis,
1982; Stauffer, 1982; Verhagen, 1994) and zoo-
plankton (Lacroix and Lescher-Moutoue, 1995)
during the last decades have also shown the close
relationship between water flow and lake biolonv.time step,

global interpolation function,
water surface elevation above a horizontal

It follows that accurate diagnosis and prediction
datum. of lake currents are crucial for correct interpretation
horizontal eddy viscosity. of limnological data and that the coupling of hy-

drodynamic and biological processes plays an im-
portant role in understanding of aquatic systems

*Author to whom all correspondence should be addressed. (Reynolds, 1989; Denman,  1994). Despite this, the
[Tel.: + 358-3-2420111; Fax: + 358-3-2420266; e-mail: effects of currents are still not taken into consider-
victor.podsetchine@vyh.fi]. ation  in the interpretation of spatial patterns
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(Jakobsen and Johnson, 1987; Bast  and Seitz,
1993). The effect  of the littoral zone and shelter on
currents is more pronounced in small lakes, which
makes the model calibration more difficult.

in many applications the wind field over a lake is
usually considered to be spatially homogeneous
though the importance of spatial wind distribution
is widely recognized.  In the case of unsteady simu-
lations the available time series of wind measure-
ments are recalculated to near surface stresses using
the logarithmic law of vertical wind speed variation
(Henderson-Sellers, 1984). The necessity of consid-
ering the spatial variation of wind stresses was
pointed out by Jozsa (1990). The simulated currents
in Keszthely Bay of Lake Balaton  were in poor
agreement with the observations when a conven-
tional uniform wind shear pattern was applied. The
best fit of simulated flow to observed pattern was
achieved by empirically adjusting the spatial distri-
bution of wind shear stresses starting with zero
along the coast and increasing it linearly with a dis-
tance from the shore up to its full value in terms of
the fetch length. The reasons for this considerable
spatial wind variation are the surrounding topogra-
phy, the sheltering effect of trees and buildings on
the shore and the nonuniform lake surface rough-
ness.

The aim of the present work is to emphasize the
importance of the spatial wind irregularity to an
accurate description of lake currents. The finite el-
ement solution of shallow water equations is
described thoroughly. The proposed modification of
the Utnes (1990) scheme possesses good stability
properties and is suitable for long-term simulations.
Detailed current and wind measurements in and
over Lake Belau and their statistical processing are
also presented and discussed.

GOVERNING EQUATIONS

The dynamics of flow in shallow lakes can be
described with vertically integrated equations of
motion and continuity (Weijan, 1992),  given in vec-
tor form

avat +(V-V)V+fx v

gn21W= -gVc+klWW- F +vAV, (1)

asz+V-(HV)=O. (2)

Here V= (u, v) is a depth-averaged velocity vector,
H(x, y, I) =h(x,  y)+ C(x, y, t) is the total water
depth, C is the water surface elevation above a hori-
zontal datum, h is the depth below datum,
W=( Wx,  W,,)  is the wind velocity vector, f is the
Coriolis parameter, g is the acceleration due to
gravity, n is the Manning roughness coefficient, k is

the wind resistance coefficient and v is the horizon-
tal eddy viscosity.

The equations (1) and (2) belong to the class of
incompletely parabolic systems (Gustafson and
Sundstrijm,  1978) when v >O.  The boundary con-
ditions are (Weijan, 1992):

land boundary: Vie,  = 0 (3)

liquid boundary: ~1  B2  = se(t), VI ~~  = vB( t). (4)

When v = 0 the governing equations (1) and (2)
constitute a system of quasilinear hyperbolic partial
differential equations. In this case the non-slip
boundary condition (3) is replaced with the slip one

V l nlB, = 0, (5)

where n is the unit vector normal to the boundary
of the solution domain. Zero initial conditions are
frequently used in practical applications to start the
time integration

v = [It=-)  = 0. (6)

FINITE-ELEMENT SOLUTION

Using a time-splitting algorithm (Utnes, 1990) the
momentum equation (1) is discretized as follows:

v* - vm
+(V”

z

l  v)v* +f ⌧  vm

=  kl  wm+lI  wm+l  _ gn2L4yi  v* +vAV*,  (7)

vm+l - v*
z

= -gVGm+l. (8)

When the time derivative is approximated with the
forward difference the continuity equation takes the
form

s rn+  1 =  cm - TV l HVm+‘. (9

Multiplying equation (8) by H, taking the diver-
gence and substituting it in place of V*HV”‘+  ’ into
equation (9) the Helmholtz approximation of the
semi-implicit continuity equation is obtained

[I - r*gV-  HV]qm+'  = cf -'TV-  HV*. (10)

The calculations are organized in the following
way: an intermediate velocity V* is calculated with
equation (7),  the water level elevation

s m+l

is predicted with equation (10) and the corrected
velocity Vm+  *is obtained from equation (8).

The space domain Q is divided into a sum of lin-
ear triangular elements. Unknown variables are ap-
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proximated as a series of basis functions

N

$=  CGj'cpi9 (11)
j=l

where N is the number of mesh nodes and qi are
the global basis functions. After substituting the de-
compositions equation (11) into equations (7),  (8)
and (lo),  multiplying according to the Galerkin
method by the weighting functions <p,T,  integrating
over the space domain Q  and applying the Gauss
theorem for the second-order terms the system of
linear algebraic equations is derived

(M + z(CONV  + D +gn2F))V*

= M(V” -Z(fX vm -kpv”+‘~w”+‘))

(M+  gx2K)Grn+’ = Ms” - rG(HV)*  + gT2
(1%

MI/“+’ = MY* - zg&f+l, (14)

where the global matrices are expressed as follows:

Fig. 1. A definition of the upwind element.

The CONV denotes the global convective matrix,
modified according to the upwinding Tabata
scheme (Tabata, 1977). This technique is a clear
generalization of upwind finite differences for finite
element method and can be briefly illustrated at an
element level in the following way.

Let I? 52  -+ R2 be a given velocity and S: Q  -+ R
be a scalar function. Consider a mesh node A. Let
us define an upwind element EA  as such an element
that A is a vertex of EA  and the line segment orig-
inating from A with a direction -V(A) crosses EA
(Fig. 1). In the case of a piece-wise linear interp-
olation function VS(A) is a constant and the con-
vection term can be approximated with a first order
formula (Tabata, 1977) .

(V= V)S(A)Z,V(A),‘~~(~)  r, sh(u)‘. W)

The systems of linear equations (12)-( 14) are solved
sequentially using a direct Gaussian elimination
method (Weijan, 1992).

The discretization method presented above is
different from the original Utnes (1990) scheme in
two ways. First of all, the convection, diffusion and
bottom friction terms are treated implicitly. This
removes the stability limit imposed by the explicit
treatment of the convection terms. No second order
‘diffusion’ term, following from the Taylor expan-
sion of the convection term to balance the diffusion,
is introduced. Instead, an intuitively clear, upwind-
ing Tabata scheme is applied directly to.  the convec-
tion terms. Secondly, the same bilinear
interpolation functions are used both for the
velocity and water level, allowing for analytical cal-
culation of integrals (15). This model was used ear-
lier to study the water exchange in the northern
part of Lake Ladoga (Podsetchine et al., 1995),
flow and sediment transport in Lake Karhijarvi
(Podsetchine and Huttula, 1994) and in other appli-
cations.

CASE STUDY

Data collection

The main part  of the Bornhiived  Lakes in
Schleswig-Holstein (Northern Germany) is a chain
of four north-south oriented eutrophic lakes con-
nected by the creek Alte Schwentine. One of the lar-
gest lakes is Lake Belau, with a maximum extension
of 2.2 km, a surface area of 1.1 km2  and an average
depth of 9 m. Along the east and west coasts steep
slopes rise to the glacial sediment plateaus, which
are up to 22 m above the lake level (Fig. 2). The
surroundings of Lake Belau are for the most part
under intensive agricultural use. Only the slopes
and some parts of the plateau on the west coast are
covered with forest dominated by beech, fir and
larch. The beech forest is nearly a hundred years
old with a height of about 20 m. The other forested
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Fig. 2. A bathymetry (positive direction downward) of Lake Belau and a topography (positive direction
upward) of its surroundings (North Germany).
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areas and the narrow degenerated alder bogs along
the  larger part of the shoreline do not exceed a
height of 10 m (Fig. 2).

All measurements on Lake Belau have been con-
ducted with a small boat. During work it has been
fixed in its position with two anchors. The position
has been determined by using small buoys, GPS
and was additionally estimated by using fixed
objects on the shoreline. The time required to con-
duct measurements varied between 2 and 4 h. Flow
velocities have been measured with the mobile
inductive current meter ISM-2000 (MesSen Nord).
Reliable current values down to some mm s-l  can
be obtained when three minute averaging intervals
are used. Currents were recorded in one meter to
two meter vertical layers starting from a depth of
0.2 m down to the lake bottom.

For spatial measurements of wind speed and
direction at a height of 1 m above lake a mobile
anemometer of Thiessen Co. was used. Recorded
wind speed was averaged over one minute interval.
Additional wind data from a height of 1 m and
with a time resolution of 10 min was provided by a
floating station at the centre of Lake Belau. For
long-term analysis of wind between 1990 and 1994,
data from a meteorological station (a height of
16 m, 10 min recording interval) were used. The
station is located about 200 m’ from the western
shoreline of Lake Belau on the highest parts of the
plateau on agricultural land. The values were aggre-
gated to daily averages and supplied by E.
Hollwurtel.

To get a detailed picture of the spatial wind
structure over the lake surface and in order to cal-
culate the shelter effects when south-westerly winds
blow it was necessary to use all available wind
measurements. For a wind direction of 220 degrees
6 recordings at 6 locations from July 27, 1997, 43
recordings at 5 locations from September 16, 1997
and 12 recordings at 12 locations from April 7,
1998 were used. The positions of all measurement

-points can be seen in Fig. 3.

app Iica  t ion

The linear triangular mesh was created with the
commercial software package ArgusONE  version
3.0 (web site: www.argusint.com) and consisted of
5 16 nodes, 869 elements with the element size vary-
ing from 10 m in the south bay to 100 m in the cen-
tral part of the lake. A time step of 15 s was used
for the computations. The Manning roughness coef-
ficient was set to 0.015 rnV113  s, the horizontal diffu-
sion coefficient was equal to 0.01 m2 s-l  and the
Coriolis parameter was 1.176. lOa s-l.  The zero
normal flow condition was applied at the closed
boundary instead of the slip boundary condition
taking into consideration a small value of horizon-
tal diffusion. This, otherwise would require a con-
siderable refinement of the boundary layer and
would be too time-consuming. Taking into account

the small size of the lake, the integration period of
3 h was adequate to reach a steady state solution.
Two wind scenarios were considered: spatially uni-
form south-westerly wind (a heading of 220”) with
a speed of 6 m s-i and a spatially variable wind
field obtained with bilinear interpolation of 67
measurement points. For processes affected by hy-
drodynamic, like transport, resuspension and sedi-
mentation the knowledge of the flow under the
south-westerly wind in Lake Belau is of utmost im-
portance. That is why we concentrated our efforts
on these specific wind conditions.

RESULTS

Most coastal parts of the lake are, to a certain
extent, sheltered from wind by vegetation. The
narrow north-south oriented valley with high ridges
along the east and west coasts creates additional
strong shelter from easterly and westerly winds. The
forested plateau along the west coast, which rises
up to 40 m above the lake level, affects most parts
of the lake when westerly winds blow, On the other
hand, winds coming from south to south-west and
from north to north-west are channeled by the val-
ley and can have strong effects on the lake.

Data over a 5-year period from 1990 to 1994
have been analyzed to investigate the probability of
various wind. directions in the BornhGved  lakes
area. Only wind measurements at the height of
16 m above surface and 36 m above lake level were
considered in an attempt to exclude topographical
disturbances and effects of vegetation. Wind direc-
tions between NW and NE have a probability of
11%. South-westerly winds (180-270 degrees) have
the highest probability of 42% in this area. On
average there are about 50 d per year when the
wind speed exceeds 6 m s-l  at the height of 16 m.
The share of south-westerly winds in these strong
wind events is 63%. Not only do the south-westerly
winds have the highest impact on the lake and the
highest frequency but they are also related to high
wind speeds more often than winds of other direc-
tions.

Calculated flow fields and their comparison with
the observations are presented in Fig. 4. As
expected under the uniform wind the flow follows
the wind in shallow coastal areas and is directed
against the wind in the central deep part of the
lake, thus forming a two cell circulation system
(Fig. 4(a)). Under the variable wind it is replaced
by one large cell with a strong reverse jet along the
western shore (Fig. 4(b)). This is in a good agree-
ment with the measurements depicted in the same
figure.

D I S C U S S I O N  A N D  C O N C L U S I O N S

The morphometrical properties of Lake Belau
differ from those of the other 67 lakes in
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Fig, 3. Measured wind speed and direction as well as interpolated wind speed (contours in % of maxi-
mum value) for the model simulation. The measured data are a compilation of three sampling dates
with prevailing wind from SW (April 7, July 27 and September 16, 1997) and average maximum wind

speed of 6 m s-‘.
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fl c<fM Measurements

Velocity scale
1Ocni

Fig. 4. Comparison of the simulated currents under the spatially constant (a) and variable (b) wind (a)
with measurements.

Schleswig-Holstein. The relatively high maximum
depth of 25 m as well as the high average depth of
9 m leads to the development of a strong and stable
thermocline, which is not typical for North German
lakes (Schernewski et al., 1998a). The surface area
of Lake Belau is 1.57 times larger than the median
of 67 lakes in North Germany (0.7 km2).  The me-
dian value of the shore development index is equal
to 1.6 compared to that of 1.5 in Lake Belau. For
geographical conditions of North Germany, Lake
Belau can thus be classified as a large lake with a
typical basin shape. Most lakes in Schleswig-

Holstein are located in the hilly area of glacial ori-
gin and have a genesis similar to that of Lake
Belau. It is likely that most lakes in Schleswig-
Holstein are characterized  by a strong spatial vari-
ation of the wind field. The assumption that wind is
spatially homogeneous could result in considerable
errors of the flow field simulations.

The bottom roughness and wind drag coefficients
vary within a wide range and are commonly used
for model calibration (Henderson-Sellers, 1984).
The reason for that is the complexity of the pro-
cesses at air-water and water-bottom interfaces
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and insufficient  amount of experimental data. Due
to the small horizontal dimensions (order of 1 km)
the  fetch length in small lakes is limited and the in-
fluence of the surrounding topography on the wind
field is greater  than in big lakes. In addition to that,
the part  of the water surface under the shelter is lar-
ger in small lakes. Altogether these factors increase
the error related to wind field approximation. The
results also demonstrate that the spatial current and
wind measurements with mobile instruments are
possible and give reliable estimates of winds and
currents. The spatial measurements of currents
under steady state wind conditions provide more in-
formation about the horizontal circulation than
sparse time-series at a few points because of the
short transition periods in small and medium size
lakes.

The models of Verhagen (1994) and Webster and
Hutchinson (1994) clearly reflect that currents can
be a dominating factor for phytoplankton patchi-
ness in small lakes. Years ago, Colebrook (1960)
stated that the passive drift with moving water is
the main reason for the heterogeneous distribution
of zooplankton in Lake Windermere as well. In ad-
dition to the observations of the phytoplankton
patchiness (Stauffer, 1982; Camarero and Catalan,
1991) and horizontal zooplankton heterogeneity
(Bast and Seitz, 1993; Lacroix and Lescher-
Moutoue, 1995; Lair et al., 1996) covering the
whole lake, the investigations of the horizontal het-
erogeneity of biological or hydrochemical par-
ameters focused on small spatial scales have
increased in number. The examples are the works
of Jakobsen and Johnson (1987) and Lauridsen and
Buenk (1996) in the littoral of small lakes. Most of
these recent studies, especially on zooplankton,
attempt to explain the observed spatial pattern
exclusively by trophic interactions or by the strong
swimming abilities of some species and neglect the
possible effects of the water flow (Betsill  and van
den Avyle, 1994; Lair et al., 1996; Lauridsen and
Buenk, 1996).

Current measurements and the simulations in
Lake Belau show that the flow velocities in the lit-
toral in front of the reed belt can reach values of
several centimeters per second. Even in the reed
belt, horizontal currents exceeding 1 cm s-l  are no
exception (Schernewski et al., 1998b,c).  These cur-
rents are above the swimming speed of even larger
zooplankton. For example, during their die1 vertical
migration in Lake Constance the  hyalina
moves with an average speed of about 0.08 cm s-’
(Stich and Lampert, 1981). There is no doubt that
this is far below the maximum speed of this species,
but it shows that even in small sheltered lakes cur-
rents can have considerable potential effects on the
spatial distribution not only of phytoplankton, but
of zooplankton as well. Therefore, flow models,
with the ability to describe the flow pattern in shel-

tered and small lakes should become a commonly
accepted tool in biological investigations.

The necessity to interpret small scale variations
of biological parameters requires high resolution
hydrodynamic  models, which could simulate flow in
small lakes with high accuracy. For most appli-
cations in the shallow littoral two-dimensional flow
models are sufficient, but they should take wind
shelter and the effects of the littoral, like the
increased roughness in reed belts, properly into
account. The modern computational facilities allow
for high resolution flow calculations with the spatial
scale of biological studies. At fine scales the more
accurate description of subgrid scale processes
requires special attention. More complex turbulent
closure schemes instead of a constant eddy-viscos-
ity model,  such as the X--E  turbulence model
(Younis and Chaudhry, 1994) could be a suitable
choice.
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