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Abstract. Simultaneous measurements of current velocity and density profiles
at the Sill of Mainau (western Lake Constance) enabled the obuervation of the
internal response of the lake and the calculation of gradient Richardson number
over the entire water cohumn at the sampling site. Periodic changes of current
direction corresponded with predicted periods of the two-layer oscillation and could
be confirtned with therinocline oscitlation data. In general, the current profiles
confinued a two-layer structure. However, an activating wind of speeds higher than
4m/s produced three-layer profiles for a period of several hours at the sampling
site, when the velocities due to the two-layer oscillation traversed zero. At times the
implied current shear produnced supercritical values of gradient Richardson number
on a vertical scale of & few meters. This occurred during winds in the epilimnion and
after stvong (> 4dm/s) winds in the lower thermocline and the hypalimnion, In the
20 m-above the lake bed, topographical conditions hielped the gradient Richardson
nunber to go supercritical sporadically. Across the thermocline, no supercritical
gradient Richardson numbers could be confirmed at the measuring site. A lower
boundary for vertical mixing in the neasuring site dne to current shear could be

evaluated.

1. Introduction

Lake Constance {in German, Bodensee) in central
‘Burope can be classified as a deep lake, and with its vol-
ume of 48.5km? it may be called a small, large lake. It
is located at the northern edge of the Alps at a latitude
of 47°N. We consider the upper two parts (Figurel):
Obersee contains 94% of the water and is 253 m deep.
-Connected with it across the 99 m deep Sill of Mainau is
the relatively narrow and deep (145m) {berlinger See.
(For details on the hydrological aspects, see Bduerle et

* al. [1998)) In some long and deep lakes, current veloc-
ities have previously been measured, but either only a
small portion of a seiche period | Thorpe, 1977) was cov-
cred, or only 3 to 5 current meters were used over the
entive depth [e.g. Hollan and Stmous, 1978; Hamblin

;. .and Hollan, 1978; Hutter, 1986}

According to the simple two-layer model, & stratified
lake reacts to a wind with an internal oscillation [ Wed-

2 iPreviously at Institut fir Umweltphysik, Heidelberg,
“Uujversitit Heidelberg, Germany.

: “Copyright 2600 by the American Geophysical Union.

- Paper nuwber 2000JC800139,
0148-0227/00/20001C900139509.00

derburn, 1907; Mortimer, 1952; Tharpe, 1972; Zenger,
1989]. Two layers separated by the thermocline flow
in oppostte directions and reverse periodically. The pe-
riod of the oscillation can be estimated and comparison
with field data generally yields a good agreement (for:
Lake Constance, see Zenger {1989)). Numerical models:
have successfully reproduced the two-layer oscillation:
also including the oscillations of horizontal higher or-
der (Bduerle, 1981; Zenger, 1989; Bauer et al., 1994}
Hertkorn, 1996; Hutter et al., 1998].

Also more-layer oscillations can be considered and
their oscillation periods can be evaluated; however;
nature shows a dominant first bareclinic mode {two-
layer oscillation) in most lakes. Frequency analyses:of
temperature time series yield smaller contributions:of
higher modes. In ounly few lakes a higher mode pres
vails [Wiegand and Chamberlain, 1987; Miinnich et-al;,;
1992). '

Yet only little is known about the thickness ofthe
transition zone between the flowing layers. Addition:
ally, it is a challenge to investigate the current profile.
at the moment of the direction change of the predoniic
pant first baroclinic made. If the theorstical cons
ations of interfering waves of various baroclinic mog
is correct, the higher modes should show up, ifth
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Figure 1. The Western part of Lake Constance including the location of the sampling
stations (double capituls) and the cross section {Figure2) which forms the dividing line

between the luke parts Uberlinger See and Obersee.

contribution is large enough. Lake Constance’s large
depth, as well as its elongated shape and its steep side-
walls make it a well-suited laboratory for clearly defined
velocity profiles,

Sills and nacrows can enhance current velocities and
restrict flows to a smaller veytical scale and thus im-
ply higher velocity shear in a water volumn, Hence
it has been assumed and shown that they can be re-
sponsible for much of the vertical transport in 2 water
body [e.g., Koests et al., 1998]. A prominent candi-
date for investigating these effects in Lake Constance is
the Sill of Mainau which separates the wider basin of
Obersee from the narrower channel of Uberlinger See.
Vertical transport coefficients in the lower thermocline
[Heinz, 1990; Heinz et al., 1990] are enhanced in Lake
Constance and measurements of the turbulent structure
of the water column at the Sill of Mainau could prove
that dissipation of the internal wave energy is enhanced
within this region, contributing about 40% of the basin-
wide dissipation {Kocsis et ol., 1998].

In this contribution we present current profile mea-
surements in Lake Constance at the Sill of Mainau far
off-the shoreline with a high resolution over the entire
depth. Four events of an excited internal respouse of
Lake Constance have been covered with current veloc-
ity profiles. From simuitaneous current velocity profiles
and:temperature profiles we evaluate gradient Richard-
son.numbers and confinn supercritical values on a scale
of geveral meters and describe the spatial and temporal
pattern. We try to clarify, whether at all and at what
depths the shear Induced by the internal waves can con-
tribute considerably to the vertical transport through
the stratified water column.

2. Measurements

All sampling sites were named with double capitals
(KN, BM, MR, and MM in Figurel). At BM, thermis-
tor chains were deployed. Sampling gite MM carried
two current meters in depths of 25 and 80m. At KN
the "Deutscher Wetterdienst” ran a meteorological sta-
tion, which delivered the information about the wind
speed in this article. For a closer description of any of
these sampling sites and the deployed probes, we refer
to Heinz {1990},

The profile current meter (PCM, Aanderas, Norway)
was deployed at MR. The site was on the shallowest
part of the connection of Obersee and Uberlinger See,
where the water depth measured about 99m. An anchor
was set at 1100m from the shoreline (Figure2) with a
pulley mounted which led a rope. The lake side end
of the rope was tied to the PCM which was caried by
a buoy {together they applied a force of about 200N
in the rope), while its other end was tied to a winch on
the shoreline, This mechanism allowed sampling depths
between 5m below the surface and 1m above the bed.

The PCM carried sensors for pressure, temperature,
current direction, and current speed. For the current
direction s magnetic compass was used, and the speed
was measured mechanically. All sensors wete read at s
sampling rate of 30s and the data were transferred to
an electronic memory.

Usually, the PCM was pulled deeper at intervals of
1 min, synchronously with the sampling periods, The
measurements during the pulling action were removed,
leaving only the data acquived while resting at con-
stant depth. Sixty eight profiles were taken (64 of those
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Figure 2. Cross section of Uberlinger See through sampling site MR, including the construction
of the profile current meter (PCM): current meter, anchor carrying a pulley, winch, and buoys.

from surface to bottom) in a field experiment between
September 29, 1989 and November 9, 1989, all during
autumnal temperature stratification (Figure 3) at inter-
vals of 8 or 16 hours. The depth resolution was about
1.40m, which resulted in 70 data points per profile and
a duration of 70 min for the acquisition of most profiles.

A discussion of the accuracy of the velocity measure-
ments was done by Béhrer [{1990]. He considered the
following sources of error: the threshhold of 2cm/s,
the accuracy of the current meter in standard use, and
the impact of the vertical transport, for example trans-
port against the current in the angle of the rope by
‘the pulling action, possible pendulum movements, and
hidden effects, In conclusion, he claimed an accuracy of
1.4 cm/s plus 30% of the velocity difference in the previ-
ous step. The temperature was measured by a sensor on
top of the current meter. The absolute accuracy of the
temperature measurements was of the order of 0.17K.
The repolution of the thermistor was 0.023s with a re-
sponse time of 70s [Béhrer, 1990].

In Lake Constance the stratification was due to the
temperature gradient. The electrical conductivity gra-
dient indicated a much subordinate contribution due
to dissolved ions, gaining some importance only be-
low 75m of depth. We included additional informa-
tion from a conductivity-temperature-depth probe at a
nearby station and calculated density using the formula
by Biihrer and Ambiih! [1975] with a correction by Heinz
[1990] (included in the work by Biuerle et al. {1998])
for Lake Constance water. One example of the den-
sity profile was included in Figure3. During the entire
period of velocity measurements, thermistor data were
acquired at BM. Their reading supplied the information
for the depth of the 9°C isotherm shown in Figures4 -
7, third panel.

3. Results and Discussion

After a wind a stratified lake reacts with an internal
oscillation. Two layers separated by the thermocline
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Figure 8. Autumn profiles (profile 40, October 12, 1989) of Lake Constance; density and Brunt-
Viiisili-frequency calculated from the same measurements.
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flow in opposite directions and reverse periodically. For
many purposes, the Merian formula {e.g, Mortimer,
1952) is sufficient to estimate the oscillation petiod:

2L
[Ap hphy
9% he+hp

Including the acceleration due to Enrth’s gravity g =
9.8m/s?, and the values from Lake Constance of basin
length L = 60km, relative density difference Ap/p =
0.8 x 10™3, thickness of epilimnion and lypolimnion
hg = 20m and hy = 80m, we yielded an oscillation
period of about 4 days, which confirmed results of pre-
vious studies {Zenger, 1989; Heinz, 1990; Schimmele,
1993).

3.1. Weak Wind Events and Two-Layer
Oscillation

t=

(1)

t

Two observations of weak wind events (Figure4 and
Figure §) were made, both confirming the simple imag-
ination of the two-layer model. The oscillation started
after the exciting wind had released (Figured, first
panel), and the thermocline showed a close to sinusoidal
oscillation (third panel). Coinciding with the maxima
and minima of the elevation of the thermocline, the cur-
rent direction at 80m depth in station MM changed
abruptly (fourth panel). In the top panels we find the
temporal locations of the velocity profiles displayed in
the bottom panel as a staggered plot.

The reversal of current direction coincided with the
thermocline elevation in BM. The period for a cycle was
close to the predicted ¢ = 4 days. The zero transition of
the reversal of the current direction at the end of a half
cycle happened smoothly, at least no unexpected fea-
tures were observed. Neither did the wind blowing from
a northerly to northeasterly direction from day 2.2 to
2.5 affect this simple structure. Concidering an Ekman
deflection to the right, the wind might have supported
the epilimnion with its flow to the west. The results of
a simple two-layer structure were confirmed by a second
weak wind event (Figure5).

3.2. Strong Wind Events and Three-Layer
Profiles

After strong winds (Figure 6 and Figure 7, first panel),
the oscillation: could be confirmed with an oscillation
period of about 4 days (third panel). The maxima and
minima of the thermocline elevation coincided with the
current direction reversal (fourth panel). Most of the
profiles showed a two-layer structure (bottom panel).

The profile measured at the time of revursal of the
current direction showed a clear three-layer structure
(profile 37, Figure6, bottom panel). This feature was
clearly reproduced in the second strong wind event (Fig-
ure 7, bottom panel) by profiles 80, 81 and 82. The lat-
ter sequence could even prove that the feature persisted
for as long as 6 hours.

The origin of the waters of intermediate density which
flow out of Uberlinger See in the three-layer profiles is
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not known reliably. The most probable ptocess for the
production is an upwelling at the upwind end during the
wind event, as it was observed at other times [Bduerle
et al., 1998]. Also propagation speed of a second-mode
wave (cg = 0.1 m/s [Boehrer, this issue]) and the dis-
tance upwind end to MR (15 km) coincided with 2 days
pretty well, However, a quantitative evaluation of the
contributing effects was not feasible with the present
data. As indicated below, the current shear in MR did
not suffice to make the gradient Richardson nunber go
supercritical across the thermocline to enhance diapye-
nal mixing in the thermocline sufficiently.

3.3. Indication of Lateral Structure

The internal Rossby radius rp =¢/ f = 3.5km for a
two-layer oscillation using a phase velcity ¢ = 2L /¢,
with ¢ = 4 days the period of the two-layer oscillation,
and the Coriolis parameter f = 1.06 % 10~%/s at lat-
itude 47°N, was larger than the width b = 2.5km, of
Lake Constance at the Sill of Mainau. For higher mode
oscillations [see Boehrer, this issue], the result for the
Rossby radius would be considerably (and increasingly}
smaller. This indicated a two-layer flow would be only
slightly affected by Farth rotation in Uberlinger See,
while in Obersee effects should be visible. Because of
decreasing phase speeds [Boehrer, this issue], second-
mode waves in Uberlinger See were expected to show
rotational effects, while it was doubtful whether higher
(than second) modes could exist in pelagic waters (MR)
at all,

A close investigation of the lateral structure was be-
yond the scope of this paper; however, the data were
suited to give some clues whether lateral structure was
present, The net transport into the basin of Uberlinger
See included the fluxes through all boundaries. Neglect-
ing groundwater flows, only the dividing cross section
through MR had to be considered:

- - 98m
Vh:fﬁda:/ﬁda:—/ w(z)b(z) dz, (2)
s x=0m

where ¥ and u represented current velocity and current
speed, b(z) included the width of the cross section in
MR as a function of depth. The results are listed in
Table 1.

If the net transport yielded a higher value than sur-
face seiche (16cm from minimum to maximum water
level in 27 min; Hamblin and Hollan, [1978]) and mea-
surement accuracy would allow (together 1800m®/s),
‘ome lateral structure had to be present. This was the
case for early profiles (during the internal response af-
ter strong winds) as well as for the three-layer profiles.
While for the former case a definite answer could not be
evaluated, the latter might be attributed to rotational
effects (see also Boehrer, this issue].

4. Gradient Richardson Number

The gradient Richardson number represents the ra-
tio of inertial and buoyancy terms. Miles [1962] and
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Howard [1962] proved that a shear flow can go unsta- In a shear flow, two water parcels of finite thickness
ble, if the gradient Richardson number falls below 0.25. and equal size are considered. Relative to the center of
In this section we derive the stebility criterion from en-  mass, each parcel moves at a speed of Au/f2 (see Fig:
ergy arguments and consider an overturning process a ure8), Together their motion includes a kinetic energy
fully inelastic impact of two water parcels. of
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) 1A
E,=2. EﬂV('—EE)"', (8)
where p is the average density and V is the volume of
the parcels (which is valid for a small relative density
difference Ap/p).

By some process the parcels may be forced to ex-
change their position in the vertical. The only available
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energy source is the kinetic energy of the respective
overturning water parcels. Potential energy would bé

gained: =
By = gVApAz, 4)

where g is the acceleration due to gravity, Ap Is the -
density difference between the parcels, and finally Aziy:
the vertical distance of the centers of the water parceld.

o
53

—_
[
¥

KN

WIND SPEED square [m2/s2]

N
-
o o

WIND DIRECTION
@
(=

35

CURFENT DIRECTION
@
o

sof : l L B0

L 49 )

L } 4 [ |
T I

T L
Bl, | p3 :

Q 1 2 3

4 5 6 7 8
TIME [days trom 14th Oclober 1889])

0 T T

DEPTH [m]

sol

v T

100}
=20

40
CURRENT VELOCITY:(orVs]

100

Figure 5. Internal responge after October 14, 1989. For more details, see Figure4 caption.



BOEHRER ET AL.: CURRENTS IN WESTERN LAKE CONSTANCE

Table 1. Caleslated Net Transport at Cross Section
Theougl: Measuring Site MR Based on the Assmnption
of no Lateral Structare

Profilg Rnnmrk#

Net Transport
m?fs

i3 -2362 strong wind, ewrly profile
35 -9900 strong wind, early profile
49 1181 weak wind, early profile
T -1738 weak wind, wrly profile
19 -25 strong wind, late profle
ki 2787 strong wind, late profile
50 7456 wenk wimd, late profile
T 708 weak wind, late profile
37 -2526  strong wind, three-layer profite
80 -2647  strong wind, threelayer profile
52 ~2278 weak wind, divection change

be caleulated with any aceuracy., Qutside this contour
the velocity gradients were too sall and thus probably
of minor importance,

In the hypolisnnion, good results of Richardson num-
bers could be achieved during the internal vesponse to
a strong wind, where the results become denser (pro-
files 36 to 39 and profiles 82 and 83}). Reliable evaluation
of Richardson numbers was possibie more frequently in
the bottom 20m whore bottom stress might be felt, or
the topography might imply ligher gradients, The oc-
casions when the upper bound of the Richardson num-
ber foll below critical {< 0.25) are marked dark in Fig-
vre 10, Only isolated events force suporeritical Ki on a
vertical length scale of several maters.

4.2. Temporal Pattern

Above the thevmocline, supercritical Richardson num-
bers are found in profiles 32 to 34, and 68 to 74 during
strong winds. Two days after the wind released, high
velocity gradients were created by the three-layer pro-
files in the lower thermocline (30 to 40m depth). Af
ter both events of a strong wind, Richardson numbers
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drapped below 0.25, probably only for a relatively short
period of time, while the first-mode internnl wave trang-
versed zoro. Later during the response, supercritieal
Richardson numbers wete found in the hypolimnion,

Close to the lake bed (below 75m depth), supercriti-
cal Richurdson numbers appeared sporadicslly, without
a cloar temporal pattern, though events seermned to ou-
cur more densely during winds and toward the end of
the modal response.

In all cases the internal rosponse was exeited by wost~
erly winds, which were known to prevail at least dur-
ing the stratification perlod. Unfortunately, the Koesis
et al. [1998] measurements took place during the rare
ocrcasion of NE winds, which were not covered by this
approach. As o consequence, the Koesis et al. measure-
ments could not be divectly inserted into the observed
pattern,

4.3. Implication for Vertical Transport

The energy consideration above showed that for Bi <
0.25, instabilities con be sustained from the energy -
plied by the current shear. As a conseguence, below this
critical value an additional vertical trangport process is
permitted, which naturally will result in a rapid change
of vertical transport coefficients in the neighborhood of
Ri = 0.25.

Modified by interaction with any kind of disturbance,
we will see a more smooth transition in a natucal wa-
ters. Peters et al. (1988] and Minnich et al. [1992]
performed measurements to connect gradient Richard-
son number with vertical transport processes, in the
equatorial undercurrent or an alpine lake, respectively.
Imboden and Wiest [1995] combined the results in a
plot from which we read the turbulent diffusivity ver-
sus gradient Richardson number as

Ix W0 RIIE L7 1070 R
for Ri > 0.22, (8)

Ky =
+ 14x1077 [m?*/g)
where we also added the molecular diffusion of heat.

This curve yielded roughly a value of 2x 10~3m?/s at
the critical value of Ri = 0.25. It was very improbable

— Au/2

Au/2

Az, Ap

Figure 8. Two water paccels in a current ghear,
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velocity measurements have been shaded on the plot.
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that Ky kept on rising at the slope at Ri~%? toward
smaller Ri. In fact, the hourly averages displayed by
Peters et al. [1988, Fig. 15] indicated a coefficient 2 x
1073 m?fs < Ky < 2 x 10~2m?¥/s for 0.1 < Ri < 0.25.
In conclusion, Ky = 2 % 107 m?/s for 0.1 < Ri < 0.25
could be considered a lower boundary.

It could be shown that K4 < 5 % 10~2m?/s for
0.1 < Ri < 0.25: the assuruption of Ky = 5% 10~?m? /s
and claiming the velocity profiles at MR represented the
conditions of at least 1% of the area of Lake Constance
(=~ 0.5km®), the vertical transport in this area sur-
mounted the vertical transport within the entire lake,
as from Heinz [1990] (see below).

The observations included 55 velocity profiles from
the lake surface to the lake bed. We assumed they were
distributed statistically over the entire period (at least
within the required accuracy) and they were assumed
to represent current shear over the entire period appro-
priately. Hence we took the average of the diffusion
coefficient (calculated foliowing (6)) over all profiles at
all depths.

As the Richardson number, and thus the value for Ky,
was evaluated from differences over a depth increment
of the order of 5m, we additionally disptayed averages
over 5m in the vertical (Figure11, solid line).

The vertical diffusivities were compared to the results
by Heinz [1990} and Heinz et al. [1990] calculated with
the gradient flux method each over a period of most of
a summer: 1987, 1988, or 1989, respectively. Both ap-
proaches yielded a similar pattern. The vertical trans-
port coefficients in Lake Constance showed a minimum

23,833

at the depth of the thermocline (~20<30m) with & value
in the range of 10~% to 10~8m?*/s. In the epilimnlon and
in the hypolimnion the transport coefficients were rig-
ing to values aroutid 104 m?/s, The caleulation using
the gradient Richardson number yielded highat valites
(roughly factord), though lower boundary values were
applied and only mixing due to internal waves shear was
cousidered.

Kocsis et al. [1998] calculated that mixing above Sili
of Mainau should be enhanced by a factor of 34 com-
pared to the lake average, which explaing the discrep-
ancy of a factor 4 from above. Keeping in mind that
the Kocsis et al. measurement was done under different
conditions (easterlies), and the factor 34 is a rough es-
timate, the ratio indicates that at least {upper estimate
for Ri) 4/34 = 12% of the vertical dispersive transport
in MR is caused by large-scale current shear.

5. Conclusions

During the internal response the velocity profiles in
western Lake Constance showed a two-layer structure,
periodically changing direction as expected from mea-
surements of the thermocline oscillation. Measuretnents
were conducted at the measuring site MR on the Sill of
Mainau in western Lake Constance. The velocity pro-
files corresponded well with meteorological data and the
measurements at other stations.

During the zero transition of the two-layer oscilla-
tion, current profiles were measured, showing a three-
layer structure, if the exciting winds exceeded 4m/s.
For weaker winds no similar feature could be found.

0 . r .
20t .
T 40} -
£
%
© 60r y
— cutoff Ri<1/4 ®
X X 1987 Heinz
80r |+ + 1988 Heinz O y
O O 1989 Heinz o
100 N saal i 1
107 107 107 107 107

vertical diffusivity [m?/s]

Figure 11. Vertical diffusivities versus depth; solid line: calculation from measured Richardsen
number in measuring site MR; symbols: measurements and calculations according to gradient
flux metliad Heinz el ol [1990] for various years Heinz [1990).
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Caleulating discharges over the sill showed that some
lateral structure had to be present at the beginning of
the response and duting periods exhibiting three-layer
profiles,

Together with the simultaneously acquired temper-
ature profiles, the velotity profiles were suited for eal-
culating the gradient Richardson number in the epil-
imnion and in the thermocling and at times in the hy-
polimnion ou a vertical length seale of about 5m. At
various depths, supereritical values were confirmed on
several occasions,

I the epilimnion we confiemed supercritical Richard-
son numbers in the upper 10w quite frequently, during
winds especially during strong winds. With one single
exception, no supercritical Richarson number was found
in the thermocline. The three-layer velocity profles
caused supercritical Richardson numbers in the upper
hypolimnion, 2 days after a strong wind., Later veloc-
ity profiles indicated supercritical Richardsan numbers
in the lower hypolinmion. In the bottom 20m, super-
critical Richardson numbers could be confinmed spo-
radically, with a slightly higher frequency during the
internal response to strong winds.

Upper estimates for the gradient Richardson number
allowed a lower estimate for the implication for ver-
tical mixing. In conclusion, the vertical transport at
MR due to large scale current shear was shown to be
a factor 4 above the lake-average trausport coefficient
calculated by Heinz [1990] using the gradient Hux ap-
proach through all depths. These results confirnred the
importance of the sill overflow for vertical mixing in the
lake during stratification,

Acknowledgments. The measurements were funded
by the Deutsche Forschungsgemeinschalt, SFB 248: "Stoff-
haushalt des Bodensees.,” Mauy thanks to Gerhard Heinz
and Michael Schimmele for their helpfulness, while this
study was carried out. They were responsible for the ac-
companying measurements {thermistor chaiu and orher an-
thored stations) during this study. Josef Halder is thanked
for his great support during field work. Karl Otto Minnich
was supervising the messurements and contributed to this
paper in wmany discussions. However, for health reasons he
sould not participate in the final drafting of the paper.

leferences

3suer, G, 8. Diebels, and K. Hutter, Nonlincar internal
waves in ideal rotating basins, Gesphys. Astrophys, Fluid
Dyn., 18, 21-46, 1994,

Hiuerle, E., Die Eigenschwingungen abgeschlossener Wasser-
becken bei variabler Topograpbie, dissertation, Christian
Albrecht Univ. Kiel, Germany, 1981.

iuerle, E., D. Ollinger, and J. lmberger, Some meteoro-
logical, hydrological and hydrodynamical aspects of Up-
per Lake Constance, Arch. Hydrobiol. Spec. Issues Adv.
Limnniol,, 58, 31-83, 1598,
oehrer, B., Modal response of a deep stratified lnko: west-
erni Lake Constance, J. Geophys. Hes., this issue.
dlirer; ‘B., Vertikalstruktur der Stromungen im Bodensee
withrend des Sommers - Messungen an der Mainnuschwelle,

BOEHRER ET AL.: CURRENTS IN WESTERN LAKE CONSTANCE

Master's thesis, Tust, fiir Umweltphysik, Univ. of Heldel
burg, Heldelberyg, Germany, 1990,

Biihrer, H., and H. Ambiihl, Die Einleitung von gersinigten
Abwasser in Scen. Schweiz.Z Hydrol 87 (2], 347-309,
1975,

Hamblin, P.F., and &, Hollan, On the gravitationa! seiches of
Lake Coustance and thelr generation, Schweiz, 2. Hydrol
40(13, 110-154

Heing, G., Mischungs~ und Strémungsverhilinisse im West.
teil des Bodensees, dissertation, Inst. filr Umweltphysik,
Univ, of Heidelberg, Heidelberg, Germany, 1090,

Heinz, G., J. Dmberger, and M. Schimmele, Vertical Mixing
in Uberlinger See, western part of Lake Constance, Agual.
Sei., 52 (3), 256-268, 1990,

Hertkorn, G, Zweischichtenmode!l des geschichteten Bo-
densees zur Simulation windgetriebener Seestrfmungen,
Master's thesis, Fak. filc Phys., Univ. of Konstanz, Kon-
stanz, Germany, 1096,

Hollan E., and T.J. Simons, Wind-induced changes of tem-
perature and currents in Lake Constance, Arch. Met
Geoph. Biokl. Ser. A, 27, 333-373, 1978,

Howard, L.N., Note on a paper of John W, Miles, J. Fluid
Meeh., 10, 509, 1962,

Hutter, K., Hydrodyusmic modeling of lakes, Encyclopedia
of Fluid Dyn., pp. 897-098, Gulf, Houston, Tex., 1986.
Hutter, K., G. Bauer, Y. Wang, and P. Giiting, Forced mo-
tion response in enclosed lakes, in Physical Processes in
Lakes and Oceans, vol. 5§ Ceastal and Eslusrine Stud.
edited by J. huberger, pp., 137-166, AGU, Washington,

D.C,, 1998.

Imboden, D.M,, and A. Wiisst, Mixing mechanisms in lakes:
in: Physics und Chemistry of Lakes, 2ud ed,, vdited by
A. Lennan, D.M. Imboden and JLR. Gat, pp. 83-138,
Springer-Verlag, New York, 1995,

Kaocesis, O., B, Mathis, M. Gloor, M, Schurter, and A. Wiiest,
Enhanced mixing in natrows: A case study at the Mainau
stll {Lake Constance), Agual. Sei., 80, 236-252, 1998.

Lemmin, U., and CH. Mortimer, Tests of an extension
to internal seiche of Defant’s procedure for deterruina-
tion of surface seiche characteristics in real lakes, Limnol
Qceanogr., 31 (6), 1207-1231, 1986.

Miles, J.W., On the stability of heterogencous shear Bows,
J. Fluid Mech., 10, 458-508, 1962,

Mortimer, C.H.;; Water movements in lakes during summer
stratificatiot: evidence from the distribution of tempera-
ture in Windermere; Philos, Trans. R. Soe. London, Ser
B, 236, 355-404, 1932,

Miinnich, M., A. Wilest, and DM, Imboden, Observations
of the second vertical mode of the internal seithe in an
alpine lake, Limnol. Qcesnogr., 57 (8}, 1705-1719, 1992

Peters, H.,, M.C. Gregg, and JM. Toole, On the parame-
terization of equatorial turbuleuce, J. Geophys. Res., 95,
1199-1218, 1988,

Schimmele, M., Anregung interner Seiches im Bodensce
durch den Wing, dissertation, Inst. fiir Umweltphysik,
Univ. of Heidelberg, Heidelberg, Germany, 1893,

Thorpe, S.A., The internal surge in Loch Ness, Nature, 237,
96-98, 1972.

Thorpe, 8.4., Turbulence and mixing in a Scottish lach,
Philos. Tvans. R, Soe. London, Ser. A, 286, 125-181,
1977,

Weddetburn, B.M., An experimental investigation of the
temperature changes occurring in fresh-water lochs, Trans.
R, Soc. Edinburgh, {5, 407

Wiegand, R.C., and V. Chamberlain, Internal waves of
the second vertical wode in a stratified lake, Limnal
Oceanogr., 32 (1}, 2842, 1987,

Zenger, A., Ursachen und Auswirkungen von Transport—
uud Mischungsprozessen im westlichen Bodensee, disger-
tation, Heidelverg, Cermany, 1989,



BOEHRER ET AL.: CURRENTS IN WESTERN LAKE CONSTANCE

Zenger, A., L. Hmberger, G. Heing, M. Schimmele, and K.0.
Minnich, Untersuchungen zur Struktur der internen Se-
iches des Bodensees, Wasserwirischafl 79, 616-624, 1989,

Zenger A, J. Dinbetger, G. Heinz, M, Schimmele, D.M, Im-
boden, and K.0, Miinnich, Behaviour of a Medium Sized
Busin Connected to a Large Lake, in Large Lokes: Ecolog-
ical Structure and Function, pp. 133-155, edited by M.M.
Titzer and C. Serruya, Science Tech. Publ, Springer Ver-
lag, Heidelberg, 1990.

8,838

B. BHoshrer, UFZ-Umweltforschungsaentrum Leipaig-
Halle GmbH, Sektion Gewisserforschung, Briickstr, 3a, D-
39114 Magdeburg, Germany (e-mail: boehrer@gm.ufzde)

J. Imberger, K.O. Milnnich, Institut file Umweltphiysik,
Im Neuwenheimer Feld 229, D-60120 Heldelberg, Gertunng
(e-mail: Jobann.limbecger@ivp.uni-heidelberg.de)

(Recelved August 13, 1099; revised June 14, 2000;
accepted June 23, 2000.)



