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Abstract

We analyzed season-long water level records at 12 stations around the Lake of Geneva (local hame Léman) for
evidence of internal seiches modified by Coriolis force and compared the results with predictions from a two-layer
numerical model with real bottom topography for typical wind situations. Results are also compared with those
obtained from current and temperature measurements in the lake. Agreement was satisfactory in all cases. Model
predictions and measurements both indicated that only three internal seiche modes are excited: the 1st mode and
the 3rd mode, which are Kelvin-seiche oscillations, and the 12th mode, which is a Poincaré seiche. The model,
driven by winds from different directions, demonstrates that the wind field, constrained by the local topography,

determines which of the modes is generated.

Long internal waves in lakes commonly take the form of
standing waves (seiches) of frequency and structure deter-
mined by basin shape and density (temperature) stratification
in the water column (Wedderburn 1912; Mortimer 1953).
The history of research on such waves is reviewed by Mor-
timer (1993); and their rotation-affected roles in alarge lake
(Lake Michigan) are described in Mortimer (2004).

A controlling length scale is the Rossby radius of defor-
mation, a = ¢/f, in which f is the latitude-dependent Coriolis
parameter and ¢, is the speed of long, internal waves in the
absence of rotation. When the basin rotates and its width
exceeds a, the waves take the form of amphidromic internal
seiche modes. As described below, the first horizontal mode
resembles a shore-hugging wave of a form similar to a
Kelvin wave (Platzman 1971) traveling counterclockwise
(cyclonicaly) around the lake basin in northern hemisphere
lakes, as was first demonstrated in the Lake of Geneva by
Mortimer (1963) and later in Lake Biwa, Japan, by Kanari
(1975, 1984). We will use the term Kelvin seiche for this
wave in the present text.

Records of Lake Geneva currents and/or thermocline-
depth oscillations during the stratified season (Bohle-Car-
bonell 1986) occasionally revealed one or two whole-basin
circuits of shore-hugging internal Kelvin waves during calm
intervals following storms. Bohle-Carbonell and van Senden
(1990) viewed those responses as too ephemeral and inco-
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herent to be interpreted as whole-basin modes. They there-
fore concluded that currents in large lakes, at least those in
Lake Geneva, may be best described as transient in time and
only locally organized in space. Although those responses
are often short-lived, our results clearly identify them as
whole-basin internal seiche modes excited by wind action,
either singly or in combination.

It should be noted that the thermocline oscillations are
accompanied by oscillations at lake-surface level, which are
out-of-phase with and typically about 1/1,000 smaller in am-
plitude than the oscillations of thermocline isotherms. It is
therefore possible (e.g., Caloi et al. 1961; Sirkes 1987) to
use filtered deviations of surface level from equilibrium to
follow the progress of internal motions. Here we apply this
method to study internal wave dynamics in the Lake of Ge-
neva using data from 12 high-precision water-level recorders
spaced around the lake shore by the Swiss Service Fedérale
des Eaux, (SFE; 1954) in 1950 (Fig. 1).

Mortimer (1963) had plotted the SFE surface levels in
cyclonic order around the basin for eight stations. Following
an initiating wind impulse, the nearly constant counterclock-
wise progression of two cycles of an 80-h wave, with a speed
of progress close to ¢, = 45 cm s%, was made evident. The
internal wave speed ¢, was consistent with a basin width of
about 2a. The remarkably close correlation between the level
record at Sécheron (station 1 in Fig. 1) and the temperature
at the 15-m deep nearby Geneva water intake supported the
hypothesis that this wave was the surface signal of a much
larger thermocline wave (amplitude of order =5 m).

For higher horizontal modes, the resulting rotating internal
wave patterns in large lakes depend on the basin shape and
size and become more complicated. Observations are lack-
ing. The spatia structure of higher modes can best be vi-
sualized through comparisons of numerical model results
with observations. In the present study, we will use the SFE
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Fig. 1. Map of the Lake of Geneva (Léman) with surrounding
topography and positions of water-level recording stations. Eleva-
tion of surrounding land and depths within the lake are given in
meters with respect to the water surface of the lake. Also indicated

are the positions of mooring stations within the lake. For details,
see text.

(1954) surface-level data to first compare observations and
model results for the first-mode Kelvin seiche and then ex-
plore higher modes.

The Lake of Geneva environment—The Lake of Geneva
(Fig. 1) is a warm monomictic lake. It is composed of two
basins: a deep central eastern basin (310 m maximum depth,
157 m mean depth, mean width 10 km) and a relatively
small and narrow section in the west (maximum depth 70
m, mean width about 4 km). The lake has a total length of
70.2 km and a width of 13.8 km in the central part, which
corresponds to 2.4 Rossby radii under typical summer strat-
ification conditions.

The wind field over the lake is affected by the topography
(Lemmin and D’ Adamo 1996): The eastern part of the lake,
surrounded by high mountains, is sheltered from most strong
winds. Over the central and western part of the lake, it is
dominated by randomly occurring events of strong winds
from the northeast and southwest, which may last from sev-
eral hours to several days. The winds from the northeast
have been observed to cause thermocline depressions of
more than 20 m in the western part (Lemmin and D’ Adamo
1996).

Data and methods

Water level data—From the recorded water levels (4
June-30 November 1950), 6-h mean levels were tabulated
by the SFE at 3-h intervals, thereby filtering out level fluc-
tuations of 3-h periods or less (i.e., surface seiches, Forel
1895; for details, see SFE 1954). For the present analysis,
occasionally missing points were replaced by linear inter-
polation over five or six surrounding points. In the following
analysis, the SFE data set was divided into a summer period
from 4 June to 24 August and a fall period from 28 August
to 30 November.

1 «—— summer ——» < fall >
-0.04
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Time (days)

Fig. 2. SFE smoothed water-level records at stations 1 (west
end) and 6 (east end). The mean trends have been removed. The
level of station 6 has been shifted upward by 0.05 m for clarity.
Dashed vertical lines indicate some events during which strong level
excursions with opposite sign have been identified at the opposite
ends of the lake.

Changes in mean lake water levels have been eliminated
by subtracting the corresponding 12-station mean value from
each observation. The effect of wind setup is more difficult
to eliminate because wind-forcing events occur on time-
scales of hours to several days, which fall into the period
range of the internal seiches to be analyzed. Setup effects,
arising from short wind events, are reduced by the SFE filter.
No objective method for the elimination of setup effects of
wind events lasting a day or so from every station can be
devised. Also unknown is the influence on setup of local
topographic sheltering by surrounding mountains.

Typical examples of the smoothed water-level time series
areillustrated in Fig. 2 for stations at the east (station 6) and
west (station 1) ends of the basin. A systematic out-of-phase
behavior of the large-amplitude excursions can be seen.
Thus, even though strong wind forcing mainly acts over the
western and central part of the lake, the lake at the eastern
end still responds as though forcing had occurred along the
whole of the lake axis.

Data analysis techniques—For spectral analysis of re-
cords, such as those illustrated in Fig. 2, a standard fast
Fourier transform with segment overlap was used. Analysis
for all stations was carried out separately for the summer
and fall periods. Cross-spectral analysis, applied to station
pairs, was used to determine interstation coherence and
phase. These were compared with the spatial structures of
seiche modes, simulated by the two-layer, real topography
numerical model described below.

Numerical model—In order to gain insight into the re-
sponse of the Lake of Geneva to realistic winds during sum-
mer and autumn, we investigated the hydrodynamics of the
lake with the bottom topography as shown in Fig. 1 on the
rotating Earth (f-plane). We carried out the investigations in
the time domain and in the frequency domain.

A reasonable approximation of the vertical stratification
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Fig. 3. Definition sketch for a two-layer water column of vari-
able depth.

in summer and autumn is given by two layers of water with
dlightly different densities. A two-layer representation, as
adopted in the model, confines its application to the study
of only the first vertical mode.

Assuming that the motion in each layer is independent of
depth, and using the notation shown in Fig. 3, the linearized
eguations without friction between the layers are

for the upper layer (h, = constant)
aV. T

T2 4 fk XV, = ghVE, + @)

ot i

a9,
ViV, + = - 2= -
oot ot 0 @)
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The vectors of horizontal transport in the layers are V, =
(U, V) (i = 1, 2). § are the vertical displacements of the
surface (i = 1) and of the thermocline (i = 2), and 6 = p,/p.,
e = (p, — p)lp,- The wind stress, 7, at the surface is as-
sumed to be known and the stress at the bottom of the basin
must be expressed in terms of the flow field. Furthermore,
we assume that there is no momentum or mass transfer
across the interface. At the shoreline, the condition of zero
mass transport normal to the lateral boundaries has to be
fulfilled.

For the undamped free modes of oscillation during sum-
mer stratification in the Lake of Geneva, we obtain the free
oscillations of the system by assuming that the variables
have a simple harmonic dependence on time of the form €,
where w is the frequency of oscillation,

™V, &) = (Q;, Z)e~ ®)

Here, Q, = (M,, N) are the complex amplitudes of the

horizontal components of transport in the respective layers
and Z are the complex amplitudes of the displacements of
the surface and the interface. The equations can then be con-
verted into an eigenvalue problem, which may be written as

iva + Na =0 (6)
where
Q.0 ofk X ghV 0 0 o
ozl Oveo v ol @
- zﬁ' e ﬁ 0 gohV fkX gshZVﬁ
0 oo 0 V- 0 o

The characteristic values w, (n = 1, 2, . . .) of the operator
N in (7) represent the frequencies of free oscillation, and the
a, are the corresponding eigenvectors. Each eigenvector a,
is a function of the horizontal coordinates and represents the
spatial structure of a normal mode associated with a partic-
ular frequency, w,.

In order to discretize the problem in the horizontal direc-
tions, a rectangular grid with a mesh size of 500 m X 500
m was used to cover the lake's surface. The grid of the eigen-
frequency model was identical to the one used by Bauerle
(1985). The numerical grid of the time-stepping model is
formed by ¢-points, which are placed centraly between
points where the components of the horizontal volume trans-
ports are evaluated (U—points in the x-direction, V—points
in y-direction, respectively). Horizontal discretization in both
models is done by central differences. Time stepping is done
by an alternate direction implicit (ADI) procedure with the
Coriolis term resulting from averaging of the surrounding
U-components at the grid-point where V is computed, and
vice versa. Wind stress is represented by a force driving the
entire upper layer.

Depending on stratification, the following assumptions
concerning the horizontal extent of the lake have been made:
In the calculation of the response during the summer and
autumn stratification, respectively, we introduce vertical
walls down to the intersection of the thermocline with the
bottom. The resulting depth contour is defined as the bound-
ary of the stratified lake, thus ignoring the influence of the
shallow parts of the lake with only epilimnic water. Conse-
quently, the lateral boundaries of the model differ dightly
between the seasons due to the deeper lying autumnal ther-
mocline.

In the model calculations we assumed, for the summer
(values in parentheses for the fall) atop layer h, = 15 (25)
m; a bottom layer h, = 175 (165) m; atop-layer temperature
T, = 19 (8)°C; and a bottom-layer temperature T, = 5.5°C.
The maximum wind velocity for the forcing is always taken
as 5 m s % The thermocline excursions predicted by the
time-stepping model are given in meters. However, no ver-
ification with measured data was possible. The amplitudes
of the excursions should therefore be considered as relative
to this forcing. The free modes of oscillation, which result
from the solution of the eigenvalue problem expressed by
Eqg. (6) with the boundary conditions, are found to be in
perfect agreement with the corresponding results of the time-
stepping model.
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Fig. 4. Response of the water level around the lake to an episode of southwest wind starting at
0000 h on 22 July 1950. Wind is shown (at bottom right) as speed squared of the component
directed 40° east of north, which peaked at 5 m st (18 km h=%) 2 days and 6 h from the start.

Comparison of data analysis and humerical modeling
for mode detection

The present section explores wave modes by (i) spectral
analysis of the SFE surface level records; and (ii) by nu-
merical simulation in atopographically realistic basin. In this
investigation, modes were identified by comparing the pe-
riods corresponding to prominent spectral peaks from the
data analysis with the predominant structures revealed by the
numerical model.

Surface-level data—The wavelike response is investigated
here by plotting the pattern of the SFE surface excursions
around the basin during a typical forcing event (Fig. 4).
Three different conclusions emerge:

1. As soon as a strong and steady wind from the southwest
sets in, the whole lake responds by a depression at the west
end (stations 1, 12) and arise at the east end (stations 4, 5,
and 6). The rise at station 5 was always found to be signif-
icantly higher than at stations 4 or 6. This may be attributed
to a combination of wind-induced surface elevation with the
inflow of the Rhone river (200 m? s%), which enters the
lake close to station 5. In the case of forcing from the op-
posite direction, the depression at station 5 is comparable
with those at stations 4 and 6, but the elevation at stations
1 and 12 at the narrow west end becomes very pronounced,
being about four times as high as the depression at the wide
east end.

2. During the initial phase of the forcing, geostrophic ad-
justment is revealed by adight risein level at stations 2 and
3 and afdl in level at stations 10 and 11. This effect of the

Coriolis force was also found in all other wind-forced events
investigated.

3. During the first half of day 2, the wind event died down
rapidly. It can be seen (Fig. 4) that the corresponding lake-
level changes occurred at a much slower rate. Furthermore,
a cyclonic pattern was set in motion at the east end of the
lake. The appearance of the peak of maximum elevation in
the records of stations 6-11 was systematically shifted in
time and occurred at station 10 a full day after station 6.
This pattern continued into the western basin with a reduced
amplitude at station 11.

A similar picture was also observed during other events.
Risesin surface level correspond to thermocline depressions.
As will be shown later, evidence for internal Kelvin seiches
in current and temperature measurements in the water col-
umn are always related to thermocline depressions. It can
thus be seen from the surface-elevation data in Fig. 4 that
Kelvin seiches are set in motion at the east end of the lake
in the case of wind forcing from the southwest, even though
that end is not under direct influence of the wind. This is
different from forcing by northeastern wind, when the west
end is directly affected by the wind. The high surface ele-
vations, observed in this case, cause strong depression of the
thermocline at the west end.

Spectral analysis revealed that independent of season and
station location, only certain modes were excited. The most
prominent is the first (L1) mode (Fig. 5). Its period is near
81.5 h in summer, increasing to above 130 h in fal, as the
density structure of the water column changes and ¢, de-
creases. Spectra from the narrow western end of the lake
aways showed the L1 mode response most clearly. A weak
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Fig. 5. Top: spectra of SFE water-level fluctuations at stations
2 and 7 during the summer interval 4 June-24 August 1950. Bot-
tom: coherence and phase angle between stations 2 and 7.

second mode (L2) signal could be detected in the spectra of
some stations in the central part of the lake (stations 3 and
8), but not at other stations. The L3 mode, with periods of
33.3 h and near 50 h during summer and fall, respectively,
was found at all stations around the lake. A weak mode L4
seiche was found in some summer spectra but not in those
for the fall. Modes L5-L9 were not observed in any spectra.
Mode L10 is interpreted as the first cross basin or transverse
mode with summer and fall periods of 10.7 and 13.5 h, re-
spectively. Modes L11 and L12, which are also transverse
mode waves, are very close to the L10 period and cannot
be distinguished in the spectra. As will be seen below, by
comparing data and numerical simulations, it is found that
the L12 mode occurs the most often. We will call it T1
hereafter. Transverse modes were seen most clearly in the
spectra in the central part of the lake basin and were often
found in the eastern part. Modes higher than T1 cannot be
detected with certainty because of the cut-off imposed by
the SFE filter.

Numerical model results—Numerical simulations were
carried out for summer stratification for an 18-h pulse of 5
m st wind from the northeast tapering off from the center
of the lake toward the eastern end. The amphidromic patterns
obtained from the numerical simulation are presented in Fig.
6. Only modes L1, L3, and T1 have amplitudes that reach
over 60% of the initial thermocline excursion in significant
parts of the near-shore area. For mode L1, the amplitude is
more than 20% higher near station 2 than near station 7.

mode L3, model-predicted period 33.3 h

Fig. 6. Amphidromic structure and seiche periods for different
seiche modes predicted by the model. Results are presented as co-
range lines (dashed) in 20% steps of the maximum and cophase
lines in 30° increments. Some phase angles are indicated on the
cophase lines in order to indicate the sense of rotation and the re-
lation between the cells. Seiche periods relate to the summer situ-
ation. Top: L1 mode. At each station, phase and coherence with
reference to station 2 obtained from the SFE data are also indicated;
for details, see text. Center: T1 mode; bottom: L3 mode.

This explains the difference in the spectral peaks of L1 (Fig.
5). The amplitude for the L3 mode is highest at the eastern
end of the basin. It will be shown below that this mode is
best documented in the eastern part of the lake. Mode T1
has the highest amplitudes near the shore in the center of
the lake. As will be detailed below, the T1 seiches are found
most often in this part of the lake.

The cotidal lines indicate that water mass displacement,
produced by these three waves, progress around the whole
lake basin. Modes L1 and L3 show counterclockwise rota-
tion in al cells, which is evidence for Kelvin-type seiche
modes. For mode T1, the rotation in the central part of the
lake is clockwise, and in the cells toward the lake ends, it
is counterclockwise. This will be discussed in detail below.
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Fig. 7. Time series of thermocline excursions resulting from a
numerical simulation; for details, see text. The station location is
given in Fig. 6 and is indicated on each curve.

Evidence for the existence of seiche modes

Wave propagation pattern for the L1 mode and evidence
for Kelvin-seiche response—Cross-spectral analysis reveals
the wave propagation pattern. In each case, coherence and
phase were determined between pairs of stations. In most
cases, coherence was well above the 95% confidence limit.
This is illustrated for the first horizontal mode L1 at end-
basin stations 2 and 7 in Fig. 5.

Taking station 2 as the reference station, cal culations were
made for all possible station combinations. The progression
of the L1 mode is presented in Fig. 6 (top panel), where
corresponding coherence and phase angle are indicated for
selected stations. Coherence was high for most station pairs,
decreasing from west to east aong the southern shore. For
the stations along the northern shore, coherence increased
again from east to west and became high for the stations in
the narrow western basin. The phase angles calculated from
the data can be compared with those predicted by the nu-
merical model, as indicated by the corange lines. Along the
southern shore, satisfactory agreement in phase angle is
found. Agreement is less satisfactory on the northern shore,
in particular, at the entrance to the western basin at stations
10 and 11, even though coherence is high. At the western
end of the lake, agreement improved again. The cyclonic
progression of this seiche is clearly established.

Numerical simulation may help explain the west—east deg-
radation of the correlation coefficient. We forced the model
with a 8-h pulse of 5 m st wind from the northeast and
simulated the topographic sheltering effect by tapering off
wind velocity from the center of the lake toward the eastern
end. Figure 7 shows that the modeled wave amplitude ishigh
and the waveform is regular, almost sinusoidal, at the west-
ern end of the basin. At the eastern end, however, the am-
plitude is greatly reduced and the waveform is perturbed by
either T1 mode seiches, to be discussed below, or nonwave
effects.

Evidence for the Kelvin wave character of the L1 mode
wave also comes from current and temperature recordings
carried out in the northern part of the lake in 1982—1983.
Figure 8 shows an extract from December to January when
the lake was still weakly stratified with a thermocline at
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Fig. 8. Current and temperature records of fall/winter 1982—
1983. For station locations, see Fig. 1.

about 90 m depth. Further details can be found in Mortimer
(1993). Station A1l is close to shore, whereas station A3 is
further offshore (for station location, see Fig. 1). Three wind
events occurred between 9 and 20 December.

At roughly 100 h after the start of each wind event, the
currents at mooring A1 (15 m depth) suddenly reversed from
east-going to west-going. Those reversals, R1, R2, R3, and
R7, were each accompanied by a sudden depression of the
thermocline (i.e., a sudden temperature rise) at mooring Al.
Figure 8 indicates a pattern starting on the south shore that
had traveled around the lake at internal seiche speed.

After the wind event R3, a free Kelvin-seiche oscillation
(L1; period of 136 h) persisted for three cycles. Amplitudes
of the current reversals R3—-R5 and amplitudes of the asso-
ciated temperature waves decrease steadily in time. At each
wave passage, strong current reversals in the upper layer
occurred at station Al. The temperature records again sup-
ported the Kelvin wave pattern. Pronounced signals were
observed at Al.

At that time of the year, the thermocline was below the
depth of the western basin. The path of a Kelvin wave
should, therefore, be confined to the contour of the main
basin. The signal from the L1 mode is seen in the alongshore
(east—west) component at A1, whereas it appears as south-
going currents at G (Fig. 8), confirming that the Kelvin wave
is confined to the main basin.

Wave propagation of the T1 mode and evidence of a Poin-
caré-seiche response—For the only other strongly expressed
mode, the transverse mode T1, coherence is only found for
stations that are part of the same amphidromic cell. The re-
sults of the cross-spectral analysis for cross-basin stations 3
and 8 are given in Fig. 9.
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Fig. 9. The transverse mode T1 during the interval 4 June-24
August 1950: coherence and phase between stations 3 and 8. For
station locations, see Fig. 6.

Is this T1 mode a Poincaré wave? The effect of the Cor-
iolis force is sufficiently strong to affect an internal seiche
with near 11-h period. This is supported by results from the
numerical model, which predict clockwise rotation in the
amphidromic cells in the central part of the lake and coun-
terclockwise rotation in the remaining cells. The current pat-
tern for this T1 mode, integrated over one wave cycle, is
presented in Fig. 10. In the counterclockwise-rotating cells,
the current ellipses are elongated and predominantly oriented
along the shore. In the clockwise-rotating cells, the current
ellipses are nearly circular in the central parts of the basin,
as predicted by the theory for idealized basins (Mortimer
1993). The ellipses become progressively elongated as they
approach the shore or the neighboring counterclockwise ro-
tating cells. By definition, the shore normal velocity com-
ponent is zero at the shore and the transport is along the
shore.

To investigate the structure of the T1 mode, current re-
cords taken during summer 2001 at station P on the central
plateau (see Fig. 1 for station location) at 304 m depth, 5 m
above the lake bottom using an Aanderaa RCM9 current
meter were examined. This station is located in the center
of the central clockwise-rotating cell (Fig. 10). Spectra (Fig.
11) of the north and the east current components, which are
nearly lined up along and across the principal axis of the
lake, revea two peaks: A broad peak at the L1 frequency
and a sharp peak at the T1 frequency. The L1 peak is broad
because of changes in stratification characteristics over the
recording interval. The energy of the east component is high-
er than the north component, indicating predominantly
alongshore movement. The instrument was close to the cen-
ter of the lake, where L1 Kelvin-wave information is strong-
ly attenuated.

At the T1 frequency, we find a sharp peak with the energy
of the two components being nearly equal. This is typical
for the rotating pattern of a Poincaré wave. Indicated in this
figure are aso the results of the cross-spectra analysis. As
discussed above, coherence is high, close to one, only for
the two frequency bands of L1 and T1 waves. The phase
progression changes from counterclockwise for L1 to clock-
wise for T1. Progressive vector diagrams (not shown here)
derived from these data show the clockwise looping pattern

Fig. 10. Current pattern of the T1 mode calculated with the
numerical model for the lower layer. The sense of rotation in the
different regions of the lake is indicated.

characteristic for Poincaré waves. The same looping pattern
can be found in a progressive vector diagram of the currents
at A3 in Fig. 8 (not shown here). This station was located
in the western clockwise-rotating cell (Fig. 10). From this
analysis, the current field at the T1 frequency shows al char-
acteristics of a Poincaré wave.

The results of the numerical simulation using the same
wind field, which produced clear L1 signals at stations 1 and
6 (see Fig. 7), are given for stations 3 and 8 in Fig. 12. The
Kelvin-seiche period and progression is again seen in this
figure. The most striking feature is the strong, superimposed
excitation of the T1 mode in this central part of the main
basin.
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Fig. 11. Energy-density spectra of the north and east component
of the currents recorded at station P (see Fig. 1 for position) during
the summer 2001. Also shown are the coherence (reference to the
left axis; plotted on a logarithmic scale) and the phase angle (ref-
erence to the right axis) between the two components. A positive
phase angle corresponds to a counterclockwise rotation and a neg-
ative phase angle to a clockwise rotation.
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Fig. 12. Time series of thermocline excursions resulting from a
numerical simulation; for details, see text. The station location is
indicated for each curve.

On average, the phase angle between the two stations cor-
responds to a value close to 165°, which is similar to the
one observed in the water level data shown in Fig. 9. How-
ever, it can be seen in Fig. 12 that the phase angle varies
over time. This can be explained by recalling the results of
the numerical modeling. They indicated that, in addition to
mode L12 (which we named T1) presented in Figs. 6 and
10, modes L10 and L11, with somewhat different amphid-
romic patterns and slightly longer periods (11.5 and 10.9 h),
also show Poincaré characteristics (clockwise-rotating cells)
in the central part of the basin. For these two modes, the
phase angle between stations 3 and 8 is closer to 120°.

The time variance of the phase angle seen in Fig. 12 in-
dicates that, over time, the Poincaré wave is not a standing-
wave pattern of only one mode. Instead, it oscillates between
the three possible standing modes (L10-L12) with L12 be-
ing dominant. Due to the small difference in period between
the three modes and the data-recording interval, spectral
analysis of the recorded currents and the surface elevations
is not capable of resolving these differences. A beat pulsa-
tion is apparently in progress (similar to those seen in Lake
Michigan; Mortimer 2004), most obvious at 48 and 198 h.

Wave propagation for the L3 mode—The amphidromic
pattern obtained from the numerical simulation is presented
in Fig. 6. The cotidal lines indicate that water-mass displace-
ment produced by this wave progressed around the whole
lake basin. In the eastern part of the basin, severa stations
fall into the same cell of a mode L3 wave. The cyclonic
progression is revealed by the phase angles of stations 5 and
7 with respect to the central station 6 (Fig. 13). Thus, the
L 3 seiche has Kelvin-wave characteristics.

The excitation of the L3 mode is observed to be partic-
ularly strong during fall at the eastern end of the basin (Fig.
13). We forced the lake model (with fall stratification) by a
5-m st wind for 12 h from the southeast, tapering off to
zero toward the center of the lake. This simulates the effects
of valley wind, documented for the Rhone valley (Lemmin
and D’ Adamo 1996). The time series of thermocline excur-
sions (Fig. 14) shows undulations with a period of about 50
h, which is the L3 period disclosed by spectral analysis of
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Fig. 13. Left-hand panel: Spectra of SFE surface-level fluctua-
tions at station 6, upper spectrum for the summer interval, lower
spectrum for the fall period (note the scale break in the energy
scale). Also shown (right-hand panels; for the summer period) are
the phase-angle diagrams for the station pairs 6/5 and 6/7, indicating
cyclonic progression of mode L3 (eastern amphidrome; see Fig. 6).

the SFE data during the fall (Fig. 13). It is also evident from
Figure 14 that an L3-mode pattern is only established after
the excitation has passed through the whole basin.

The excitation of seiche modes by wind

Mode excitations produced by model winds—The numer-
ical model was used to explore why only certain modes are
excited. Winds of equal strength and duration, but from dif-
ferent directions (south, west, southwest), were applied to
the model lake and the responding mode structures were
analyzed. For the L1 mode, highest amplitudes were pro-
duced by winds from the west and southwest. These are the
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Fig. 14. Time series of thermocline excursions at different sta-
tions resulting from a numerical simulation; for details, see text.
The station location (see Fig. 6) is indicated on the curves.
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Fig. 15. Thermocline excursions at station 2 resulting from a
numerical simulation for different wind-event durations; for details,
see text. The wind-event duration is indicated for each curve.

wind directions that occur most often over the whole basin
or a significant part of it. Those winds, however, do not
excite a second mode of significant amplitude. Only winds
from the south can generate L2 mode waves with noticeable
amplitude. However, sheltering by the Alps along the south-
ern shore of the lake rules out strong, persistent wind forcing
from that direction (Fig. 1). Winds from the south may come
down the narrow valley, which cuts into the Alps behind
station 3, thus exposing a limited area of the central part of
the lake basin. We found high coherence between stations 3
and 8 in the central basin (Fig. 9) at the L2 period but not
with other stations.

The response of the L3 mode is highest for winds from
the west and is comparable with that for the L1 mode. Modes
four to nine are excited by all winds but have generally very
low amplitudes. The T1 mode is again excited by all ob-
served winds and it has an amplitude that is comparable with
that found for the L1 and L3 modes. From this analysis, it
follows that typical winds over the lake can only excite those
three modes with sufficient amplitude. This conclusion and
the model prediction are supported by the observations.

Coupling between different mode excitation—We used the
numerical model to explore the possibility of such coupling.
When comparing two stations (3 and 8) in the center of the
lake (Fig. 12) subjected to the same wind regime, the results
were as follows: The T1 mode was strongly excited and out-
of-phase on the two sides, whereas the dominant L1 mode
was excited at the same time and out-of-phase at the basin
ends. Wind events from the southwest show the same cou-
pling between the L1 and T1 modes.

In a second case, awind stress was again applied over the
western 60% of the basin, tapering off to the east. In this
case, the duration of the wind pulse was changed from 4 h
to 24 h in 4-h steps. Such variability of the wind field has
been observed over the lake (Lemmin and D’ Adamo 1996).
With increasing duration of the wind pulse, the signal (Fig.
15) progressively took the form of a smooth sinusoidal (lin-
ear) Kelvin seiche. With an increase of wind duration, pro-
gressively less direct contribution to T1 seiche excitation
was observed. However, when wind during the 24-h forcing
was varied in 4-h steps around a 5-m st mean with constant

direction, T1 mode waves were again excited, together with
the smooth L1 Kelvin seiche (not shown here).

From the different simulations, it appears that the same
wind sets up both L1 and T1 modes. Short pulses and short-
term variability of the wind field favor the development of
T1 seiches, whereas the excitation of Kelvin seichesisweak.
The Kelvin-seiche response will dominate with winds lasting
18 h or more.

Discussion

Coherence and phase angle patterns, evident in the present
study, demonstrate that basinwide modes do occur. We do
not find support for the hypothesis put forth by Bohle-Car-
bonell and van Senden (1990), who suggested that basinwide
modes do not exist in the Lake of Geneva. The rates of
frictional damping, observed in the measurements (Fig. 8)
and applied in numerical simulations (not shown here), may
explain why their particular statistical net caught so few ba-
sin modes.

The finding that we could reliably identify only Kelvin
modes L1 and L3 and Poincaré mode T1 in the Lake of
Geneva suggests that, in large and small lakes, different fac-
tors control the generation of internal seiches. In large lakes,
the excitation of selected modes is direct and can be linked
to the structure (stress distribution and curl; Lemmin and
D’Adamo 1996) of the wind field. Topographic sheltering
also plays an important role. Thisis different in small lakes,
where a more homogeneous wind field over the lake can be
expected, and higher modes are generated in a continuous
mode sequence when the seiches are reflected at the ends of
the basin (Lemmin 1987). Seiches of the second vertical
mode, described in detail in a small lake (Lemmin 1987),
were not found in the Lake of Geneva. Therefore, a two-
layer model is sufficient for the interpretation of the internal
seiche dynamics.

Observations and numerical simulation indicate that, most
of the time, internal seiches are excited by wind events that
have much shorter duration than the seiche periods. It is
further seen that, the shorter the wind pulse, the more front-
like the initial Kelvin-seiche response will be in the lake.
Frontal steepness of internal seiches has been observed after
strong wind pulses in lakes of all sizes (Mortimer 1955;
Thorpe et a. 1972; Farmer 1978; Hamblin 1978; Lemmin
1987). The observed fronts in the Lake of Geneva evolve
into regular seiches as time passes. This justifies the use of
alinear model for the determination of seiche characteristics.
We did not observe the same frontal steepening for the Poin-
caré seiches.

The passage of the large-amplitude, shore-hugging Kelvin
seiches produce thermocline displacements over bottom
slopes, sometimes extending laterally 100 m or more off-
shore (Thorpe et al. 1996). This creates strong bottom shear
associated with high turbulent energy-dissipation rates and
the potential for sediment resuspension.

The importance of internal seiches in lake dynamicsin the
generation of short progressive internal waves during the
passage of an internal seiche has been demonstrated (Thorpe
et a. 1996). Those authors suggest several ways in which
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Kelvin and short-internal waves may be linked and energy
transferred from internal seiches to short internal waves.
Horn et al. (2002) confirm the suggestion, and Saggio and
Imberger (1998) have provided evidence of such a link in
Lake Biwa. This constitutes another process by which tur-
bulence in the benthic boundary layer is produced. Imberger
(1998) has noted the importance of internal wave-slope in-
teraction in determining the particle-flux path.

The present detailed study of internal lake dynamics was
mainly based on water-level records and has confirmed the
potential value of these records, which was initially dem-
onstrated by Mortimer (1963). Easily installed and main-
tained, water-level recorders can be operated year-round,
without interfering with other activities on the lake, such as
commercial drift netting, which precludes the use of mid-
water moorings. As an alternative, near-bottom temperature
recorders may be employed (Thorpe and Lemmin 1999).

The coupling of the analysis of different types of field
data with numerical modeling has proven to be a powerful
approach to the understanding of the phenomena observed
in the Lake of Geneva. Although we have used a relatively
simple model in hindcasting mode, it provides a satisfactory
interpretation of the observed motions and will be useful in
designing strategies for future measurement campaigns con-
cerning internal seiches.
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