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Abstract

This paper describes experimental and modeled wind-induced oscillations in Upper Lake Constance with an
emphasis on a coherent understanding of the basin-scale internal dynamics in this example of a large and stratified
lake. Data were collected with eight Lake Diagnostic Systems (LDSs) consisting of thermistor chains and wind
anemometers. The isotherm displacements as measured by the LDSs were interpreted using the three-dimensional
hydrodynamic Estuary and Lake Computer Model (ELCOM). Three types of basin-scale waves were found to
dominate the wave motion: the vertical mode-one Kelvin wave that had an observed period around 90 h, two
vertical mode-one Poincaré waves that had periods near 8 h and 12 h, and a vertical mode-two Poincaré wave that
had a period near 14 h. After strong westerly winds, upwelling of cold bottom water was observed east of the Sill
of Mainau, where the lake’s two subbasins connect. The width and length ratios of the subbasins, spatial variations
of the wind field, and rotational effects over the lake are shown to play critical roles in the details of the upwelling
structure. A sudden fall of the isotherms in Lake Überlingen formed a surge. The reflection of the surge from the
northwestern boundary induced a vertical mode-two response leading to an intrusion in the metalimnion that caused
a three-layer velocity structure in the smaller subbasin.

The energy path transferring mechanical energy from the
wind down to the smallest scales of motion begins with the
baroclinic basin-scale motions (Imberger 1998). In the pres-
ent study, field work and three-dimensional numerical mod-
eling were integrated to develop a coherent picture of basin-
scale baroclinic motions in Upper Lake Constance, Europe,
as an example for a large stratified lake with complex to-
pography, responding to some moderate and severe wind
episodes during a period of strong cooling. The term basin-
scale denotes motions with length scales that are fixed by
the basin topography. The study is an example for the pos-
sible extent to which numerical methods after proper vali-
dation and field measurements may be combined in order to
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gain a more coherent understanding of the behavior of large
stratified lakes.

Upper Lake Constance is used for drinking water supply
for about four million people, for recreational purposes, and
for commercial fishery (Fig. 1). Its basin has a length of 63
km and a maximum width of 14 km. Motions along the
talweg will be referred to as longitudinal, while transverse
motions are perpendicular to the talweg. Two subbasins form
the lake: the larger subbasin is the main basin with a max-
imum water depth of 252 m and a mean depth of 101 m;
the smaller subbasin of Lake Überlingen has a maximum
water depth of 147 m and a mean depth of 84 m (reviewed
in Wessels 1998). The mean width of the main basin is 9.3
km, while Lake Überlingen has a mean width of 2.3 km.
The subbasins are connected at the Sill of Mainau, where
the depth at the talweg reduces to 100 m. The seasonal den-
sity stratification is primarily due to the temperature, with
salinity having an effect only when temperatures are near
48C (Ollinger 1999). The prevailing synoptic-scale winds
come from the southwest–west (SW–W) and northeast (NE).
The former winds prevail particularly during strong wind
events that occur on 2–9 d per month and have a duration
between 1 and 7 d (Huss and Stranz 1970). A mountain ridge
south of Lake Überlingen leads to smaller wind magnitudes
over Lake Überlingen when the wind direction is SW–W
(Zenger et al. 1990). Periodically, foehn winds flow down
from the south along the Alpine Rhine valley and influence
the eastern main basin (Mühleisen 1977).

Basin-scale internal waves—Basin-scale internal waves in
Upper Lake Constance are significantly affected by the
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Fig. 1. Upper Lake Constance (478399N, 98189E) bathymetry with locations of LDS sampling
stations of the 2001 field program (index S). Locations of vertical transects (index C) for flow
visualization are indicated as dashed lines. (Original map courtesy of Martin Wessels.)

earth’s rotation, as is indicated by the Burger number Si, i.e.,
the ratio of the internal Rossby radius RR to a horizontal
length scale LS (Antenucci and Imberger 2001). For a typical
thermal stratification as observed in autumn

21c 0.3 m s1R 5 5 ø 2800 m (1)R 24 21f 1.07 3 10 s

where c1 is the two-layer estimate for the nonrotational bar-
oclinic phase speed, which may be defined, for example, as
by Mortimer (1952):

r 2 rh ec 5 g (2)1

r rh eÎ 11 2h hh e

where g is gravity, r is density, h is layer depth, and the
indices e and h define the upper and lower layer, respective-
ly. The inertial frequency at Upper Lake Constance is f. De-
fining LS as half of the respective mean subbasin width yields
Si 5 0.6 for the main basin and Si 5 2.4 for Lake Überlin-
gen. The basin-scale internal wave response is therefore
modified by the rotation into Kelvin-type waves, Poincaré-
type waves, and topographic waves. Kelvin waves propagate
along the shoreline with the shore to the right on the northern
hemisphere (Mortimer 1974). Poincaré waves have periods
less than the local inertial period of 16.3 h, and the associ-
ated velocity field rotates anticyclonically, i.e., clockwise on
the Northern Hemisphere (Antenucci et al. 2000).

The horizontal uninodal vertical mode-one Kelvin wave
is the most pronounced baroclinic signal in Upper Lake Con-
stance (Bäuerle et al. 1998). Observed oscillation periods in
autumn range between 90 and 120 h, with typical thermo-
cline displacements of around 5–10 m in Lake Überlingen

and smaller displacements in the eastern end of the main
basin (Zenger et al. 1989; Schimmele 1993; Bäuerle et al.
1998). Bäuerle (1981) showed that the observed Kelvin
wave can be modeled reasonably well with a simple two-
layer configuration referred to as the Bäuerle model in the
following. Available field data were too sparse, however, to
verify the propagation of the wave crest around the shoreline
(Schimmele 1993).

Poincaré vertical mode-one waves in Upper Lake Con-
stance have a more local character (Wang et al. 2000), with
periods in autumn typically around 12 h in the central and
eastern main basin (Hollan 1974; Heinz 1995; Wang et al.
2000), 9 h at the western end of the main basin (Heinz 1995;
Wang et al. 2000), and 4 h in Lake Überlingen (Hollan 1974;
Bäuerle 1994; Wang et al. 2000). Little seems to be known
about basin-scale internal waves of higher vertical modes.

Response to strong wind forcing—Surface upwelling of
cold bottom water is frequently observed in the western part
of Upper Lake Constance during periods when winds with
speeds greater than 5 m s21 come from the SW–W (Hollan
1974; Zenger et al. 1989; Heinz 1995). The most extreme
upwelling of cold water from depths down to 50 m was
recorded at the northern shore in the main basin east of the
Sill of Mainau where the subbasins connect, while upwelling
at the upwind end of the basin, i.e., in Lake Überlingen, was
observed to be less pronounced. The factors for this unusual
upwelling structure have not been clarified. Little seems to
be known about the initial response to wind forcing in large
lakes that consist of two subbasins with different dimen-
sions, even though there are other examples where upwelling
has been observed, e.g., in Lake Biwa, Japan (Hayami et al.
1996). In a lake with no rotation, the relative strength of the
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Fig. 2. Vertical temperature profiles of daily averaged field data
at S7. The time of each profile is written on top of that profile. Dots
at 4.68C indicate the depth distribution of thermistors.

forcing can be parameterized with the dimensionless lake
number (reviewed in Imberger and Patterson 1990) as

MbcL 5 (3)N Mwind

where Mbc and Mwind are the baroclinic moment and the mo-
ment due to wind surface stress, respectively, about the cen-
ter of volume (see Eq. 7 for details). Low lake numbers (LN

K 1) are associated with upwelling of the thermocline to
the surface at the upwind end of the lake. In contrast, in
large lakes Csanady (1982) showed that upwelling will be
observed on the shore 908 to the left of the direction in which
the wind is blowing.

Strong downward movement of the metalimnion can gen-
erate nonlinear internal surges (e.g., Thorpe and Hall 1972;
Mortimer and Horn 1982; Lemmin 1987; Hayami et al.
1996). These may be characterized as nonlinear Kelvin
waves propagating as progressive waves of depression with
approximately the linear phase speed (Thorpe and Hall
1972). The evolution of internal surges in Upper Lake Con-
stance was observed after strong upwelling, but again field
data were too sparse to allow full understanding (Hollan
1974; Schimmele 1993; Heinz 1995). Observed internal
surges in autumn were characterized by two abrupt falls of
the thermocline, the first of which propagated to the western
end of the lake with velocities of 0.2–0.3 m s21, i.e., close
to the linear phase speed (Zenger 1989; Schimmele 1993;
Boehrer et al. 2000). At a location just east of the Sill of
Mainau, the thermocline fall was observed to be up to 60 m
over about 3 h. Associated horizontal velocities measured
near the bottom reached 0.14 m s21 in 190 m depth in the
main basin (Heinz 1995). Typically, the isotherm fall was
followed by a second, well-defined fall in Lake Überlingen
after the surge had been reflected at its northwestern basin
end (Zenger 1989; Schimmele 1993; Boehrer et al. 2000).
This phenomenon of two consecutive thermocline falls in
Lake Überlingen will be called two-step thermocline in the
following. From a review of measurements associated with
the two-step thermocline we may conjecture that the second
fall may be linked to the three-layer velocity structure re-
ported by Boehrer et al. (2000). These authors measured
velocity vectors in the metalimnion of Lake Überlingen that
were directed toward the main basin and in the opposite
direction from the velocities in the epilimnion and hypolim-
nion.

This study is an example of how an existing three-dimen-
sional numerical model and field measurements can be com-
bined in order to obtain a more coherent understanding of
the lake motion as a basis for understanding the lake eco-
system. Measurements of water temperature and wind ve-
locities from eight on-lake stations and one full meteorolog-
ical station on the lake were analyzed in order to construct
a coherent understanding of the interplay of individual phe-
nomena of the lake response to meteorological forcing. A
spatiotemporally distributed wind field and surface heat flux-
es were used to force the numerical model. Investigated phe-
nomena include internal waves of the Kelvin and Poincaré
type, an upwelling event of bottom water to the surface,
internal surges, and an intrusion in the metalimnion of Lake
Überlingen associated with a three-layer velocity structure.

Methodology

Field experiment—The temperature distributions of the
water column and the wind at the water surface were mea-
sured in 2001 over 33 d from day 288 of the year through
day 321 (15 October–17 November). Eight Centre for Water
Research (CWR) Lake Diagnostic Systems (LDSs) were
moored at locations shown in Fig. 1. Each station was
equipped with a single-cable thermistor chain of 100 m
length, as well as with a wind anemometer and a wind di-
rection sensor located at 2.4 m height above the water. Each
thermistor chain consisted of 51 thermistors with an accu-
racy of 0.018C and a resolution of 0.0018C. The thermistors
were placed at 0.75-m intervals in the upper 30 m and at
increasing intervals of 1.00 to 15.00 m below as shown in
Fig. 2. In addition, a meteorological station at station S7
recorded relative air humidity, air temperature, incident short
wave radiation, and total net radiation. Samples were col-
lected at 10- or 30-s intervals.

The wind, temperature stratification, and meteorological
conditions during the experiment were typical for autumn
and comparable to previous measurements in 1972 (Hollan
1974) and 1993 (Heinz 1995). The measurement period was
characterized by two periods with different wind and surface
cooling characteristics: during period I, from day 288
through day 310, the daily air temperature was approxi-
mately constant to day 304, after which it plunged to a little
over 178C (Fig. 3a). Weak and moderate wind with an av-
erage speed of 2.1 m s21 (Fig. 3b) induced small-amplitude
internal wave seiching (Fig. 3c,d). Surface water tempera-
tures decreased from 158C to 128C (Fig. 2). At the beginning
of period I, the surface mixing layer was approximately 10
m deep (Fig. 3c). The metalimnion was marked by a linear
temperature decrease between 10 and 40 m, below which



922 Appt et al.

Fig. 3. Examples of field data in the main basin and in Lake Überlingen: (a) 1-h average of air
temperature at Sta. S7 in 2.11 m height above the water surface; (b) 1-h averages of wind speed
and direction at S7 in 2.4 m height. Wind direction plotted as circle when speed exceeded 2 m s21,
horizontal bars and numbers w1–w9 denote individual wind events. (c) 1-h average of isotherm
response at S2, the bottom isotherm is 68C, with a 18C contour interval; (d) same as in panel c for
S9.

temperature decreased slowly throughout the hypolimnion to
4.68C at the bottom.

Period II on day 311 was marked by a strong west-south-
west (WSW) wind event (w7 in Fig. 3b), a rapid fall in air
temperature to below 148C, and a drop of the surface water
temperature. The WSW wind event at the beginning of pe-
riod II led to wind speeds of 14 m s21 causing upwelling in
the western part of the lake (Fig. 4a–d, day 313) and down-
welling in the eastern part of the main basin (Fig. 4h, day
313). Upwelling in the western part set up an internal surge
noticeable from the abrupt thermocline fall on day 314 (Figs.
3c and 4a–d). The propagation of the reflected internal surge
is marked by a second fall of the isotherms in the lower
metalimnion and their return between day 315 and day 316
(Figs. 3c and 4a–d).

Typical winds from the north-northeast–east-northeast
(NNE–ENE) and the southwest–northwest (SW–NW) were
observed most frequently during the measurement (Fig. 5).

The occurrence of winds reflects the wind shadowing over
Lake Überlingen, e.g., during the WSW breeze w7 the daily
averaged wind speed on day 312 was 5.4 m s21 over Lake
Überlingen at S2 and 9.6 m s21 over the main basin at S7.
The wind direction from the SW–NW was pronounced at all
stations, while the NE direction was particularly pronounced
in the western and central part of the main basin (e.g., S7).
Foehn winds from southern directions were observed in the
eastern main basin (S10).

Numerical simulation—Simulations were performed with
the CWR Estuary and Lake Computer Model (ELCOM),
code version 1.5, which has been shown to model success-
fully the baroclinic dynamics of stratified lakes (Hodges et
al. 2000; Laval et al. 2003). The code solves the three-di-
mensional Navier–Stokes and scalar transport equations sep-
arating mixing of scalars and momentum from advection and
making use of the hydrostatic and Boussinesq assumptions
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Fig. 4. Isotherm displacement during and after strong WSW breeze starting on day 310: (a–h)
1-h averages of field data; (i–p) 240-s interval model results. The first contour lines above the
station names represent the 68C isotherm. Isotherms with 18C contour interval.

(Hodges and Dallimore 2001). The cumulative effects of nu-
merical diffusion are reduced with a potential energy pre-
serving recursive filter applied immediately after the mo-
mentum calculation at each time step (Laval et al. 2003).
The model was applied to Upper Lake Constance without
specific calibration of model parameters. A uniform hori-

zontal grid with a mesh size of 400 m was used with the
orientation of the coordinate axes as indicated in Fig. 1. Ver-
tical grid sizes varied gradually between 2.5 m down to the
hypolimnion and 34 m near the deepest part of the lake. On
boundary faces, the velocity was assumed to be free-slip.
The model was initialized with a horizontally uniform tem-
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Fig. 5. Occurrence of 10-min averaged wind speeds at different stations in 2.4 m height above
the water surface between day 288 (15 October, 1800 h) and day 320.25 (16 November, 0600 h).
Direction defined as bins of 22.58.

perature profile, a horizontal free-surface, and zero velocity
everywhere. The simulated period covers days 292.0–320.0
with a time step of 240 s.

Stress at the surface boundary due to wind was modeled
as a momentum source distributed evenly over the homo-
geneous surface layer. The wind field over the water surface
was constructed from an interpolation of the measured wind
at the lake stations, averaged over the simulation time step,
to the surface of each numerical water column. Measured
wind speeds were adjusted to the 10-m reference elevation
assuming a simple neutral meteorological boundary layer

10.0 m
ln1 2z0

U 5 U 5 1.14U (4)W10 W2.4 W2.4

2.4 m
ln1 2z0

where UW2.4 and UW10 are the wind speeds at 2.4 and 10 m
height. The equation z0 5 1.15 3 1024 m is an estimate of
the roughness height of the water surface. In this study, first-
order variations of the wind field have been considered, such
as the wind shadowing effect over Lake Überlingen. The
model validation shows that the model results, and thus the
choice of z0, are acceptable for this purpose. Future inves-
tigations may improve the model results by reducing uncer-
tainties such as the atmospheric stability. Surface heat fluxes

were computed from measured air temperature, relative hu-
midity, wind speed, cloud cover, and incoming short wave
radiation using the standard bulk aerodynamic formulation
of ELCOM.

Basin-scale internal wave field

Theoretical velocity structure—The vertical modal struc-
ture corresponding to the average density profile between
day 289 and day 293 at Sta. S10 (Fig. 6a) was estimated
from a normal mode decomposition (Antenucci et al. 2000)
assuming a flat bottom and the average basin depth of 100
m. This assumption seems justified, since the calculation is
not very sensitive to variations of depth if temperature pro-
files are extended. The equation for the vertical velocity wn

(Kundu 1990) is

d 1 dw 1n 1 w (z) 5 0 (5)n2 21 2dz N dz cn

where cn is the phase speed of the nth vertical mode. The
vertical mode-one oscillation is characterized by a phase
speed c1 5 0.29 m s21 and largest isotherm displacement
amplitudes at a depth of about 25 m (Fig. 6b). The vertical
mode-two oscillation has a phase speed of c2 5 0.12 m s21

and largest isotherm displacement amplitudes in the upper
and lower part of the metalimnion (Fig. 6c). In order to
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Fig. 6. Vertical modal structure. (a) Background temperature
stratification between day 289 and day 293 at S10; (b) vertical
mode-one eigenfunction for vertical velocity w for the stratification
in panel a; (c) vertical mode-two eigenfunction.

Fig. 7. Spectral analysis of field (solid lines) and simulated data
(dotted lines). (a) Spectra of PE for simulated data as well as for
1-min averaged field data of the interval days 288.0–310.0 for S1,
S2, S3, S7, and S9, days 293.0–310.0 for S6 and S10, as well as
days 288.0–306.0 for S5; (b) same as in panel a for period days
310.0–320.0 at all stations. Confidence at the 95% level shown by
the dashed lines. Coordinates of spectra staggered between adjacent
stations.

estimate the sensitivity of the results to depth variations, the
same calculation was done for a depth of 200 m. This in-
creases the phase speed by about 10%.

Frequency content of motion—The frequency content of
the integrated potential energy (PE) per unit area of the water
column was analyzed using a power spectral method (Bendat
and Piersol 1971). Only the upper 100 m of the water col-
umn were considered for this calculation, which includes the
region with a significant temperature gradient. The PE signal
selects the vertical mode-one components of the signal pref-
erentially relative to higher vertical modes (Antenucci et al.
2000). Time series of PE were calculated from the density
stratification by

H

PE(t) 5 r(z, t)gz dz (6)E
zr

where H 5 100 m, r is the water density due to temperature,
t is time, z is the vertical coordinate positive upward, g is
gravity, and zr 5 0 is the reference elevation. During period
I there was an increased spectral density around 90 h at all
stations (Fig. 7a, solid lines) corresponding to the basin-scale
vertical mode-one Kelvin wave. The increase was most pro-
nounced at Stas. S1, S2, and S3 in Lake Überlingen. Another
statistically significant peak occurred at 12 h (2.3 3 1025

Hz), particularly at S10, S9, and S7. At Stas. S6 and S5 this
peak had shifted to a period of 8 h (3.5 3 1025 Hz). This
energy peak corresponded to a vertical mode-one Poincaré
wave, the period of which Wang et al. (2000) has previously
shown to be dependent on the station location. The spectra
from the model results are also shown in Fig. 7a (dotted
lines), which shows that ELCOM successfully reproduced
the vertical mode-one Kelvin and Poincaré wave energies
and frequencies. This result is similar to that already noted
in the Lake Kinneret simulations by Hodges et al. (2000).
During period II only the Poincaré wave at Stas. S7, S9, and
S10 was statistically significant (Fig. 7b), the main basin-
scale waves being overwhelmed by the forced motions (see
below).

The frequency content and rotation of the simulated ve-
locity field was determined through rotary spectral analysis
of isopycnal velocities (Gonella 1972; Antenucci et al.
2000). The 12.08C, 9.08C, and 5.58C isotherms represent the
lower epilimnion, the center of the metalimnion, and the
hypolimnion, respectively (Fig. 2). An example of typical
spectra of the main basin is presented in Fig. 8 for the ve-
locity at the 9.08C isotherm, i.e., in the metalimnion, illus-
trating the particularly strong energy peak around 14 h,
which will be shown to belong to a vertical mode-two os-
cillation. Other spectra of velocities in the epilimnion and in
the hypolimnion (not shown) confirm that the 12-h and the
8-h oscillations, i.e., vertical mode-one, also have in com-
mon an anticyclonically (clockwise) rotating velocity field.

Kelvin wave—As indicated above, the increased spectral
density around 90 h is the signal of the Kelvin wave. Its
counterclockwise travel along the shoreline is evident from
the excursion of the metalimnion that is represented by the
98C isotherm (Fig. 9c). The travel history is more clearly
seen from band-passed PE variations shown in Fig. 9d with
the internal crests labeled 1–6 and internal troughs labeled
a–e. The phase speed around the main basin, from Sta. S6
to Sta. S5, is almost constant, as indicated by the linear pro-
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Fig. 8. Rotary power spectra of isopycnal velocity, decomposed
into clockwise and anticlockwise rotating components of 9.08C is-
opycnal velocity at S7. Model data of the velocity field between
day 293.0 and day 310.0. Line markers show Fourier frequency
discretization with spectra smoothed in the frequency domain. Con-
fidence at the 95% level shown by the dashed lines.

Fig. 9. Measured 1-h averages at S7 of (a) wind direction; (b)
wind speed squared. Horizontal bars and numbers w1–w6 denote
individual wind events; (c) 98C isotherms staggered at 15-m inter-
vals. 10-min averaged field data (solid lines) and 4-min ELCOM
model results (dashed lines). (d) Butterworth-filtered time series
(limits: 60–200 h, fourth order) of PE. The time series pf PE are
staggered with dots denoting the wave crests 1–6, and 1 denoting
wave troughs a–e.

Fig. 10. Isotherm displacement after two wind episodes from
the western direction at S1, S2, and S3: (a) 98C isotherms from 10-
min averaged field data; (b) 78C isotherms from 1-h averaged field
data. Depth plotted with 30-m shift between adjacent stations.

gression of the crests and troughs. Observed periods vary
between 72 and 105 h with an average of 90 h. The crests
steepen when they pass Sta. S5 and enter Lake Überlingen
through the contraction and over the Sill of Mainau. Given
a finite amplitude, this steepening leads to a surge formation
that moves the warmer surface water into Lake Überlingen.
This is evident from the arrival of crest 5 when an abrupt
thermocline fall was observed in the order S3, S2, and finally
S1 (Fig. 9c). In Fig. 10a an expanded plot shows how the
surge passed Sta. S2 on day 306.65 traveling westward to-
ward S1, reaching it on day 306.85. Upon reaching the
boundary, the surge reflected and returned eastward toward
the main basin, passing S1 on day 307.16, S2 on day 307.37,
and S3 on day 307.65. Parts of this surge formation, prop-
agation, and reflection were documented previously by Hol-
lan (1974), Schimmele (1993), and Heinz (1995).

The simulated Kelvin wave signal plotted in Fig. 9d
(dashed lines) shows a delay of some hours. The wave at-
tenuation during the calm period (crest 4 and troughs c and
d) is stronger in the simulated than in the measured data,
possibly indicating that the steplike topography in the model
retards the momentum too much (Gomez pers. comm.).
Bäuerle’s basin mode model yielded a Kelvin wave eigen-



927Basin-scale motion in Lake Constance

Fig. 11. Measured 1-h averages at S7 of (a) wind direction; (b)
wind speed squared. (c) Butterworth-filtered time series (limits: 4–
18 h, sixth order) of PE variations. The dots denote local maxima
that were used for calculations. Field data (solid lines) and ELCOM
model results (broken lines).

Fig. 12. Simulated velocity field at S10. Time series of hori-
zontal velocity vectors from ELCOM simulation plotted for three
depths: (a) unfiltered, (b) band-pass filtered (limits: 10.5–13.0 h),
(c) band-pass filtered (limits: 13.0–15.0 h). Ordinate is day in 2001,
coordinate is velocity in m s21.

function period of 109 h (Bäuerle pers. comm.), which was
very similar to that obtained with an ELCOM simulation that
was forced with an impulsive wind lasting for 1 d and no
wind afterward (108 h, not shown). By comparison, the ob-
served Kelvin wave period (Fig. 9d) in the field was closer
to 90 h. This suggests that direct wind forcing may have
been responsible for the periodical resetting or at least mod-
ification of the free Kelvin wave, thus forcing an apparent
smaller period.

Poincaré-type waves—The dominant 12-, 8-, and 14-h os-
cillations are of Poincaré wave type. The 12-h oscillation is
observable in Fig. 9c (e.g., on day 306) at S10, S9, and S7.

Details of the period between day 304 and day 310 are
shown in Fig. 11 as the band-passed time series of PE. The
signal was particularly clear at S10 after the onset of winds
w5 and w6. Vertical excursions of the upper and lower me-
talimnion were in phase and largest near the center of the
metalimnion (Fig. 3d, day 307), suggesting a vertical mode-
one oscillation. The 12-h signal is particularly well captured
by ELCOM at S10, where the phases and amplitudes are
quantitatively reproduced for more than 5 d (Fig. 11) with
a mean phase deviation from field data of less than 1.2 h.
The simulated velocity field at S10 (Fig. 12a) was used to
identify the vertical structure of the velocity field. Time se-
ries of velocity in three depths are presented, i.e., in the
epilimnion (10 m), metalimnion (30 m), and hypolimnion
(60 m), respectively. Band-pass filtering of the simulated ve-
locity field around the 12-h period (Fig. 12b) suggests a
vertical mode-one structure of the oscillation. In a similar
way, the 8-h oscillation in the western main basin, particu-
larly at S5 and S6, was identified as an oscillation of the
vertical mode-one Poincaré wave type (not shown). The 14-
h oscillation is dominant in the simulated velocity field of
the main basin but not in the temperature signal (see Fig.
11). Filtering the velocity around the 14-h period (Fig. 12c)
suggests a vertical mode-two structure at S10. At other sta-
tions in the main basin, the vertical mode-two structure is
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Table 1. Upwelling of the 98C isotherm to the water surface.
The parameter t9 is defined as the time when the measured water
temperature in 0.75 m depth fell below 98C, and tmin is the time
when the lowest surface temperature gmin was recorded.

Station t9 (d) tmin (d) gmin (8C)

S1
S2
S3
S5
S6
S7

313.1
313.6
313.7
312.5
313.3
313.1

314.8
314.1
314.1
313.3
313.3
313.1

8.0
7.6
7.8
5.4
9.0
8.5

Fig. 13. Schematic of thermal structure of upwelling during
westerly strong breeze.not as clear, possibly indicating the involvement of even

higher vertical modes.

Response to strong wind forcing

As shown in Fig. 3a, the weather became progressively
cooler over the study period, and on day 310 the strong
WSW breeze w7 marked the beginning of period II, with
maximum wind velocities of 12 m s21 (Fig. 3b) on day 313.
This strong westerly wind imparted momentum to the sur-
face layer water, subtracting momentum from the Kelvin
wave and finally moving the surface layer eastward from
Lake Überlingen into the main basin. Fig. 4a–h shows mea-
sured isotherm displacements during and after the breeze.
The time t9 when upwelling of the 98C isotherm was to the
surface at S1, S2, S3, S5, S6, and S7 is given in Table 1.
Upwelling of bottom water to the surface commenced not at
the upwind end of Lake Überlingen but at S5 on day 312.5
(Fig. 4d), i.e., at the northern shore east of the Sill of Mainau
when the 98C isotherm in Lake Überlingen was still 12–14
m below the water surface (Fig. 4a–c). At the end of the
breeze, on day 313.3, the minimum surface water tempera-
ture qmin 5 5.48C was measured at S5 again. Corresponding
downwelling caused the 98C isotherm to fall to a depth of
30–40 m in the eastern main basin (Fig. 4h). The metalim-
nion was also tilted about the longitudinal lake axis down-
ward toward the southern shore, implying a net transport of
the surface layer water to southern directions, i.e., opposite
to the transverse wind shear stress component. Figure 13
shows the spatial temperature structure along the longitudi-
nal basin axis sketched from field data: colder water east of
the sill split the surface layer over the whole width of the
lake, particularly near the northern shore.

Figure 4i–p shows simulated isotherm displacements dur-
ing upwelling. The basin-scale response, the cooling of the
water column, and the upwelling are quantitatively repro-
duced. Figure 14 shows the simulated vertical temperature
structure along one longitudinal (C1–10, indicated in Fig. 1)
and six transverse (C1, C2, C3, C5, C7, C10) transects. The
transects on day 313.17 show the split surface layer and the
transverse tilt of the thermocline. Model results suggest that
wind-induced horizontal water velocities near the surface
during the breeze w7 were significantly smaller in Lake
Überlingen than in the main basin due to wind shadowing.
For example, on day 312.4, i.e., during the strongest wind
forcing, the simulated average longitudinal velocity in 2.5 m

depth was 9 cm s21 along the transect C2 in Lake Überlingen
and 18 cm s21 along C7 in the main basin. The difference
in the wind drag therefore caused different horizontal vol-
ume fluxes per unit width of the transects. Total volume
fluxes through the transects differed even more due to the
smaller width of Lake Überlingen. The total volume fluxes
were estimated from simulated data assuming a two-layer
structure and using the 98C isotherm as a dividing line be-
tween the upper and lower layer. Longitudinal volume fluxes
through the respective layers in transect C2 were QU 5 1.7
3 103 m3 s21 and QM 5 11.4 3 103 m3 s21 through C7; i.e.,
the total volume flux in the upper layer in the main basin
was significantly larger than in Lake Überlingen.

In conclusion, the observed upwelling structure is char-
acterized by the most extreme upwelling occurring at the
northern shore east of the Sill of Mainau, while a layer of
warmer surface water remains in Lake Überlingen.

Longitudinal force balance—The lake number concept
was applied in order to evaluate the relative strength of the
longitudinal wind component of wind w7 based on the tem-
perature stratification of day 309. Upwelling to the surface
is defined here as the intersection of the 98C isotherm with
the water surface. Equation 3 can be extended (Imberger and
Patterson 1990) as

S (z 2 z )t s TL 5 (7)N 2u*A (z 2 z )0.5Ls s v

where the length scale A of the original lake number def-0.5
s

inition is replaced by 0.5 3 L, which is half of the basin
length. The parameter zs is the height of the water surface,
zT is the height of the seasonal thermocline that was assumed
to be located in 25 m depth, zv is the height of the center of
volume, and As is the surface area of the lake. The stability
of the vertical water column is defined as

g
S 5 (z 2 z )m (8)t s gr(z )s

where r(zs) 5 999.97 kg m23 is the water density at the
surface, zg is the height of the center of gravity, and m is
the mass of the water body. The shear velocity component
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Fig. 14. Thermal structure along longitudinal (C1–10) and transverse vertical transects (C1, C2,
C3, C5, C7, C10). Each row presents the transects at a certain time, each column a certain transect.
Transverse transects plotted with the northern shore on the left. The time (day of the year 2001) is
noted at the top of each figure. A gray scale bar of temperature (in 8C) is included on the right.

along the longitudinal lake axis is given by

rair2 2u* 5 C U cos a (9)D W10r0

where rair 5 1.2 kg m23 is the density of air, CD 5 1.5 3

1023 is the wind drag coefficient, and a 5 558 (i.e., for
WSW) is the angle between the wind direction and the lon-
gitudinal lake axis. The wind speed UW10 at the reference
level 10 m above the water surface on day 312 was near 10
m s21. This lake number is then close to 1 assuming either
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Fig. 15. Conceptual model of upwelling: (a) plan view of ide-
alized basin of Upper Lake Constance; (b) vertical section with
volume fluxes Q during upwelling. Indices M and U denote the
main basin and Lake Überlingen, respectively.

a continuous tilt of the thermocline through the whole lake
(L 5 63 km) or a complete decoupling of the subbasins,
calculating the lake number only for the main basin (L 5
47 km). There was, thus, approximately enough wind mo-
mentum to cause upwelling of bottom water to the surface
in the longitudinal direction.

Length and width ratios of the subbasins—Upwelling of
bottom water occurs east of the sill while there is still warm-
er water in Lake Überlingen. In order to explain this first
qualitatively, the lake basin may be idealized by two rect-
angular subbasins (Fig. 15). Rotation, mixing, and surface
heat fluxes are not considered. The two-layered subbasins
(upper layer depth h1, lower layer depth h2, h1 , h2) have
equal total depths for simplicity (HM 5 HU 5 H 5 h1 1 h2).
The larger main basin has a length (lM 5 47 km) and width
(wM 5 9.3 km) comparable to the main basin of Upper Lake
Constance, and the smaller subbasin has the length of Lake
Überlingen (lU 5 16 km) but a width wU varying between
zero and the width of the main basin (0 # wU # 9.3 km).
Wind shear stress is assumed to act uniformly along the lon-
gitudinal axis from the smaller subbasin toward the main
basin. If the width of the smaller subbasin is infinitesimally
small, there is no effect on the upwelling structure in the
larger subbasin; full upwelling in the main basin will be that
of a rectangular basin of length lM. If the subbasins have the
same width, the upwelling structure will be that of a simple
rectangular basin of length lM 1 lU, with upwelling com-
mencing at the upwind end of only the smaller subbasin and
no split upper layer at the upwind end of the larger basin.
The mean width ratio of Lake Überlingen and the main basin
is 0.25; therefore, the actual behavior of the lake may be
expected to be somewhere between these extremes.

In order to gain a quantitative understanding, the rigid-lid
assumption is applied at the free water surface of the ide-
alized basin with wU 5 2.3 km and the flow is averaged over
the transverse direction. The principle of the volume con-
servation requires longitudinal volume fluxes in the upper
layer across any transverse transect to equal the opposite
compensation flux in the lower layer. Let QM be a represen-
tative forced volume flux for the main basin and QU for the
smaller subbasin, assuming that the basin ends are distant
enough to have no significant effect on these fluxes. If QU

is smaller than QM, volume conservation requires that only
part of the water from the lower layer of the main basin
moves across the basin interface into the smaller subbasin.
The remaining lower layer flux (QM 2 QU) in the main basin
is deflected upward and replaces the upper layer flux QM that
is driven away and that is not replaced by the smaller upper
layer flux QU. The region of cold water near the surface then
spreads toward the center of the main basin. A sill between
the subbasins may support the upward deflection of the low-
er layer east of that sill, but the principle explanation of the
phenomenon seems not to depend on its existence. This is
important to note, since much attention was drawn previ-
ously to the sill alone (e.g., Kocsis et al. 1998). Two reasons
for the assumed different volume fluxes are the smaller
width of Lake Überlingen and the wind shadowing over
Lake Überlingen. This wind shadowing effect also causes a
smaller longitudinal tilt of the metalimnion in this subbasin
compared to the main basin.

A further aspect is the length ratio of the subbasins. One
may think of the case where the warmer surface layer moves
out of Lake Überlingen into the main basin before upwelling
to the surface commences east of the sill. At the time of full
upwelling east of the sill, there would be cold water every-
where in Lake Überlingen and no split surface layer would
be observed. To investigate the likelihood of this, it is as-
sumed that the upper layer of Lake Überlingen moves as a
slab of constant velocity toward the main basin. The time
Tremoval when the upper layer is removed from Lake Überlin-
gen may be scaled by the length of Lake Überlingen lU 5
16 km divided by the simulated average speed of the upper
layer in Lake Überlingen v1

lUT 5 (10)removal v1

The time for full upwelling to develop at the western end of
the main basin may be scaled as one-fourth of the internal
seiche period of the main basin; thus

1 2lMT 5 (11)upwell 4 c1

Setting Tremoval . Tupwell yields a generalized condition for a
split surface layer to be observed as

l vM 1 , 1 (12)
2c l1 U

Using the above calculated v1 5 0.07 m s21 as a velocity
estimate for the upper layer, lM 5 47 km as the length of
the main basin, and a phase speed of 0.3 m s21, Eq. 12 yields
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Table 2. Transverse force balance.

S5 S7

h1 (m)
v1 (m s21)

(m s22)2 21u h* 1

fv1 (m s22)

10
10.16
21 3 1025

1.7 3 1025

30
10.20
23 3 1026

2.1 3 1025

Fig. 16. Schematic of evolution of an internal surge.

a time ratio of 0.3. Thus, a split surface layer east of the sill
may be expected.

Rotational effects—The earth’s rotation causes the stron-
gest upwelling at the northern shore east of the sill for a
predominantly transverse wind component from the south-
western direction, as can be demonstrated with a model run
without Coriolis forces (not shown). In the real lake, the
upper layer moved away from the northern shore opposite
to the direction of the transverse wind stress component. As
done by Csanady (1982), a three-layer fluid may be consid-
ered with the equilibrium depth of the upper layer h1 and
the vertical surface displacement h1. The x and y direction
are defined as in Fig. 1, and the z-axis is positive upward.
u1 and v1 are the velocities in the upper layer in the x and y
direction, respectively. Supposing the pressure to be hydro-
static, the linearized equation of motion considering Coriolis
forces for the upper layer in the x direction is

2]u ]h u*1 12 fv 5 2g 1 (13)1]t ]x h1

The force balance may be calculated for day 313.0 at Stas.
S5 and S7. The transverse wind shear speed component was
estimated as

2 26 21 2u* 5 1.5 3 10 (10 m s ) sin(558)
24 2 225 1.2 3 10 m s (14)

h1 is defined as the water depth where the reversal of the
modeled transverse velocity component occurred, and v1 is
the average velocity component in the upper layer. The re-
sults shown in Table 2 indicate that the acceleration due to
the transverse wind stress momentum is smaller than the
acceleration due to the Coriolis force. This can be balanced
in Eq. 13 by a gradient of the surface displacement h1, which
requires a prior movement of the upper layer away from the
northern shore, i.e., against the transverse wind component.
As long as there is no balance among these three terms there
is an acceleration of the upper layer opposite to the wind
stress. The scaling analysis confirms that the Coriolis force
acceleration was in the same order or even larger than the
transverse wind acceleration.

Internal surge and intrusion in the metalimnion

Upwelling in Lake Überlingen continued after the cessa-
tion of wind w7. For example, the upwelling of the 98C
isotherm at S3 did not occur before day 313.7 (Table 1). It
can be shown by model runs without surface heat transfer
that the surface cooling influenced the water temperature
near the surface to some extent, but the overall picture of

the continuing upwelling remains. In contrast to the situation
in Lake Überlingen, upwelling stopped in the main basin
almost immediately after the cessation of the wind. The
wedge of warmer surface water in the eastern main basin
started to evolve into an internal surge, i.e., much in the way
described by Thorpe (1974) for the internal surge in Loch
Ness that begins when the thermocline, having previously
being tilted, returns to the level position. The thermocline
both in the eastern part of the main basin and in Lake Über-
lingen therefore moved upward while it fell at locations of
preceding upwelling in the central part of the main basin
(Fig. 16). As the surge approached the narrower and shal-
lower western end of the main basin, its leading edge steep-
ened. This agrees with the behavior of surges in Babine Lake
(Farmer 1978), where a decrease in cross section increased
the wave’s amplitude while nonlinear effects associated with
their finite amplitude steepened their leading edge. The
strongest fall of the thermocline was measured at S5, where
the 68C isotherm fell from the lake surface to a depth of
around 90 m within 2 h. This amplitude seems much larger
compared to surges reported for other lakes (Hunkins and
Fliegel 1973; Farmer 1978). The internal surge was associ-
ated with a reversal of the transverse tilt of the metalimnion
falling toward the northern shore after the passage of the
surge (Fig. 14).

The surge passed the Sill of Mainau in the morning of
day 314. Its propagation in Lake Überlingen is marked by
the first of two isotherm falls at S3, S2, and S1 (Fig. 10b).
This passage of the surge was associated with unstable ver-
tical temperature gradients (not shown). The propagation
speed of this disturbance was 0.21–0.24 m s21, i.e., slightly
more than the linear vertical mode-one phase speed of c1 5
0.16 m s21 at that time. In the evening of day 314, the in-
ternal surge arrived at the northwestern end of Lake Über-
lingen, and by the evening of day 315 water of medium
density filled this basin end down to a depth of 50–60 m
(Fig. 4a). Warmer water arriving from the main basin flowed
on top of the medium-density water and forced the water of
medium density to intrude into a layer being centered around
approximately 50 m depth. The propagation of the reflected
internal surge in the direction of the main basin is marked
in Fig. 10b as the second fall of the two-step thermocline at
S1, S2, and S3 between day 315 and day 316. The propa-
gation speed of the reflected surge was 0.20 m s21, i.e., sim-
ilar to the surge before the reflection. No clearly identifiable
remnants of the reflected surge were apparent in the main
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Fig. 17. Simulated horizontal velocity data plotted along lon-
gitudinal model axis at S2 (solid lines) and S3 (dashed lines). Stag-
gered plot with an offset of 0.4 m s21 between profiles.

Fig. 18. Schematic of intrusion in Lake Überlingen.
basin, which is similar to records of Farmer (1978) in Babine
Lake, where the signal of internal surges diminished as the
cross section increased after passing a narrow.

It is remarkable that the already mentioned observation of
the weak two-step isotherm around day 306 is very similar
to the strong internal surge. As in the case of the strong
surge, the reflected signal is not clearly identifiable in the
main basin.

The comparison of simulated and field results in Fig. 4
shows that the model captures the evolution and propagation
of the strong two-step thermocline associated with the inter-
nal surge after day 313 and its reflection at the northwestern
end of Lake Überlingen. In the case of the weak surge, the
numerical simulation underestimates the amplitude of the
Kelvin wave and, thus, its nonlinear behavior. It can be dem-
onstrated that the lack of a weak two-step thermocline in
simulation results is not a principal insufficiency of the mod-
el but is clearly related to the already mentioned underesti-
mated amplitude of the Kelvin wave.

Figure 14 shows validated model results for the arrival of
the strong internal surge at the Sill of Mainau on day 313.94,
the start of the reflection of the internal surge at the western
end of Lake Überlingen on day 315.22, warmer water
spreading on top of the water of medium density forcing the
latter to intrude into southeast direction on day 316.22, and
the propagation of an intrusion in the metalimnion to the
southeast on day 318.06. Corresponding simulated longitu-
dinal velocities at S2 and S3 are presented in Fig. 17.

When the strong internal surge reached Lake Überlingen,
the preceding two-layer velocity structure in Lake Überlin-
gen (Fig. 17, day 313.17) was reversed. After the surge pas-
sage water velocities near the surface reached more than 0.2–
0.3 m s21 toward the NW (Fig. 17, day 315.22). At the same
time, a strong current in the opposite direction evolved in
the hypolimnion with speeds up to 0.1 m s21. There was,
thus, essentially a two-layer velocity structure. This reversal
of the two-layer velocity structure of Lake Überlingen on
the arrival of the surge appears to be similar to the obser-
vation of Farmer (1978) in Babine Lake.

However, while the velocity in a depth of 30–50 m re-
mained directed toward the main basin, there was another
flow reversal in the hypolimnion of Lake Überlingen. This
flow reversal was closely related to the propagation of the
reflected internal surge that is marked by the second ther-
mocline fall. This three-layer structure formed an intrusion
with water in the middle layer in about 20–40 m depth flow-
ing out of Lake Überlingen toward the main basin (Fig. 18,
Fig. 17 on day 316.22). This is similar to records of Boehrer

et al. (2000). The Coriolis force deflected the intrusion to
the southern shore as is seen in cross sections C2 and C1
(Fig. 14, day 316.22), while rapid cooling eroded the density
stratification. The three-layer structure was again changed
into a two-layer structure when the flow direction in the
upper layer changed toward the main basin, while inflow into
Lake Überlingen persisted.

The goal of the present study was to develop a coherent
overview of the baroclinic basin-scale motions of a large
lake with a complex geometry and nonuniform wind field.
The coarse-grid three-dimensional numerical model ELCOM
was shown to be capable of reproducing the dominant in-
ternal oscillations without lake-specific calibration. Periods,
amplitudes, and phases of dominant internal waves were re-
solved down to periods of 8 h. A nonuniform wind field as
model input appears to be significant in order to simulate
the baroclinic basin-scale dynamics of this large lake, par-
ticularly the upwelling structure. This study made use of
both field work and three-dimensional numerical modeling.
Two examples for the benefit of this approach were given:
first, combining field measurements with validated simula-
tions allowed us to identify the local vertical velocity struc-
ture of internal waves, particularly to recognize a 14-h Poin-
caré-type wave of the second vertical mode. Second, it was
possible to use simulated velocities for a quantitative anal-
ysis of force balances.

Typical strongest upwelling in Upper Lake Constance for
westerly wind does not occur at the upwind end of the lake
but near the interface of the subbasins, while part of the
warmer surface layer still remains in Lake Überlingen. The
width and length ratios of the subbasins, the wind chronol-
ogy, and wind shadowing over Lake Überlingen, as well as
the Coriolis force, seem to play significant roles in this. This
particular upwelling behavior causes colder bottom water to
reach the surface first east of the Sill of Mainau. Layers of
warmer surface water in Lake Überlingen and in the main
basin are thus split by this cold bottom water. Warmer water
from the smaller subbasin flows on top of colder water when
it is dragged across the interface into the main basin. This
may result in an additional efficient mixing mechanism that
is to be further explored. ELCOM runs with different sea-
sonal temperature profiles suggest that the phenomenon of
the split surface layer may frequently occur in the lake dur-
ing strong westerly wind events.

The relaxation of the water body and the nonlinear Kelvin
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wave were observed to be internal surges moving toward the
northwestern end of Lake Überlingen. The internal surge and
its reflection cause a two-step thermocline that can be easily
distinguished in temperature profiles. It is thus a suitable
indicator for the nonlinearity of the lake response such as
suggested by field data by Schimmele (1993), Boehrer et al.
(2000), Zenger (1989), and Kocsis et al. (1998). The two-
step thermocline and the transition of the velocity field in
Lake Überlingen from a two-layer velocity structure into a
three-layer velocity structure are closely linked. The pre-
sented weak two-step thermocline around day 307 and a sim-
ilar event during a period of days 293–303 in the year 1993
show strong quantitative similarities concerning the stratifi-
cation and the wind forcing (Kocsis et al. 1998). This agree-
ment may help to explain increased vertical diffusivities
measured by Kocsis et al., since the observed two-step ther-
mocline in their measurements indicates that the authors had
measured the increased diffusivities when a weak internal
surge had just passed the sill. Further analysis is suggested
in this direction, since this may help to shed further light on
mixing and transport processes in Upper Lake Constance
and other large lakes of similar geometry.
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