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Abstract

We conducted a combined field and numerical study of the effects of episodic internal Kelvin-type waves on
bottom boundary turbulence and the exchange of a passive tracer between the main basin and the side basin of a
large lake (Lake Geneva). High-resolution measurements of the vertical current structure near the entrance of the
25-km-long and 70-m-deep side basin revealed that hypolimnetic current speeds frequently exceed 0.2 m s21, leading
to a turbulent bottom boundary layer several meters thick with logarithmic current profiles and to a region of strong
shear across the thermocline. The time series and vertical structure of the currents were reproduced by a three-
dimensional numerical model of the lake. It was demonstrated that, after episodes of strong winds from the northeast
and southwest, exchange flows due to internal Kelvin waves were able to temporarily half or double the hypolimnetic
volume of the side basin, leading to an irreversible exchange of up to 40% of the hypolimnetic water in the side
basin of Lake Geneva within only a few wave cycles. With the help of the numerical model, it was shown that the
key mechanisms of exchange are horizontal dispersion by resolved scales and, to a small extent, shear dispersion
in the bottom boundary layer. It is suggested that bottom boundary-layer turbulence and the interbasin exchange
can explain the structural differences in the oxygen profiles observed in the side basin and the main basin, respec-
tively.

Past hydrodynamic studies conducted in Lake Geneva
(Fig. 1a) present a consistent picture of a lake dominated by
the presence of several modes of wind-forced long internal
waves modified by the Earth’s rotation (Mortimer 1974;
Bäuerle 1985; Lemmin et al. 2005) and by a broad spectrum
of short internal waves (Thorpe et al. 1996; Thorpe and
Lemmin 1999; Thorpe and Umlauf 2002). The occurrence
of long internal waves, most notably internal Kelvin-type
and Poincaré-type waves, is a typical and well-known fea-
ture also observed in other lakes of comparable size and has
been documented in numerous field studies and numerical
experiments (Umlauf et al. 1999; Rueda et al. 2003; Appt et
al. 2004).

The present work concentrates on the role of internal
Kelvin-type waves on the exchange of matter between the
main basin of a lake and its smaller and shallower side basin,
taking Lake Geneva as an example. We will demonstrate that
this type of interbasin exchange has physics distinct from
the basin-wide residual- and direct-transport patterns de-
scribed by other authors (Ou and Bennet 1979; Strub and
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Powell 1986; Lemmin and D’Adamo 1996). Using field ob-
servations and a numerical model, the first objective of this
article is to illustrate how episodic events of enhanced
Kelvin wave activity lead to a strong net transport between
the side basin and the main basin. Second, we will demon-
strate that Kelvin-type waves in Lake Geneva lead to a tur-
bulent bottom boundary layer (BBL) in the side basin, with
a thickness of several meters and turbulence levels compa-
rable with those in the upper mixing layer under strong
winds. As recently pointed out by Lorke et al. (2003), the
presence of such a BBL is of considerable importance for
the hypolimnetic oxygen budget because it may completely
control the flux of oxygen through the viscous sublayer into
the sediment. Additionally, the existence of a turbulent BBL
with strong vertical velocity gradients and high diffusivities
suggests that shear dispersion may be an important mecha-
nism.

Previous modeling studies of long interval wave motions
in large lakes were either purely numerical in nature (e.g.,
Beletsky et al. 1997; Umlauf et al. 1999) or compared model
results with the thermal signatures of internal waves (Hodges
et al. 2000; Pan et al. 2002; Appt et al. 2004). Lemckert et
al. (2004) studied velocity profiles derived from a micro-
structure probe in a turbulent BBL induced by basin-scale
internal waves but did not attempt to compare their results
with a numerical model. In the context of long interval
waves in large and deep lakes, surprisingly, we only found
one direct comparison of results from a three-dimensional
model with currents, which were, however, measured at a
single depth and with low temporal resolution (Rueda et al.
2003). It appears that a comparison of three-dimensional
model results and measurements of high-resolution vertical
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Fig. 1. (a) Topography of Lake Geneva with the two subbasins,
Big Lake (main basin) and Little Lake (side basin). T2 and T3
denote measuring stations for high-resolution temperature profiles,
O1 and O2 for oxygen profiles and low resolution temperature pro-
files. ADCP indicates the position of two acoustic profilers. Mete-
orological data were obtained from Sta. Changins. (b) Curvilinear
numerical grid (thin lines); for clarity, only every third grid line is
displayed. Thick grid lines define the boundary of the side basin
and the vertical plane for along-basin plots shown below.

current profiles induced by long interval waves in a lake and
a combined field and model study of the interbasin exchange
due to such waves has not yet been carried out.

Lake Geneva

Lake Geneva is Western Europe’s largest lake, situated at
approximately 478N in the prealpine region at the border
between Switzerland and France. It consists of a 310-m-deep
main basin, called the Grand Lac (Big Lake), and a smaller
side basin of about 25 km length and 4 km width, called the
Petit Lac (Little Lake) (see Fig. 1a). We use a grid line of
the curvilinear numerical grid discussed in detail below to
define the open boundary between the two basins of Lake
Geneva (see Fig. 1b).

During the summer/fall season (May–October), both ba-
sins of Lake Geneva are strongly stratified with a pro-
nounced thermocline between 15 and 30 m depth. In late
fall, the thermocline weakens considerably and usually de-
scends down to a depth of 80–100 m in winter (January–

March). The side basin, with a maximum depth of approx-
imately 75 m, is almost entirely mixed during parts of the
cold season. Complete mixing of the main basin has rarely
been observed (CIPEL 2003). Maximum temperatures in the
epilimnion during summer range from 188C to 248C, where-
as the temperature in the lower hypolimnion of the large
basin is between 5.58C and 68C. Density stratification by
salinity and suspended sediment plays a negligible role for
the overall dynamics of Lake Geneva. River inflow is rela-
tively small, resulting in a theoretical residence time of 12
years. Two very small rivers discharge into the side basin.
Their effect on hydrodynamics and water quality can be ne-
glected.

The wind field over Lake Geneva during summertime has
been carefully analyzed by Lemmin and D’Adamo (1996).
These authors pointed out the existence of two typical winds
over Lake Geneva resulting from meso-scale atmospheric
forcing, modified by the particular topography around the
lake. These winds are much stronger than the lake–land
breeze but are observed only occasionally during the strati-
fied season. The first of these winds comes from the north-
east and is called the Bise, the second, referred to as Vent,
blows from the southwest. Both winds are confined by the
blocking effects of the Alps in the southeast and the Jura
mountains in the northwest (Lemmin and D’Adamo 1996).
Given the geometry of the surrounding topography, both
winds have a long fetch and can generate considerable cur-
rents in the Lake. Lemmin and D’Adamo (1996) and Lem-
min et al. (2005) pointed out that, when studying long in-
terval waves, it is reasonable to consider the Bise and the
Vent as spatially homogeneous winds. Therefore, in the pre-
sent study, we will restrict our attention to those hydrody-
namic processes resulting from the fairly homogeneous Bise
and Vent. The wind records of the Swiss Meteorological
Service from the Sta. Changins (less than 2 km from the
lake shore; see Fig. 1a) will be used in our calculations. If
Bise and Vent dominate, this station is representative for the
whole lake, except for the easternmost part.

The numerical model

Shallow-water model—The three-dimensional numerical
model used in our study is based on the Reynolds averaged
Navier–Stokes equations with the Boussinesq and shallow-
water approximations invoked. The temperature equation is
solved simultaneously. Models based on these equations
have been shown to compare reasonably well with time se-
ries of measured flow properties as well as with the low
wave-number part of measured spectra (Laval et al. 2003;
Rueda et al. 2003; Appt et al. 2004).

In addition to the shallow-water equations, an equation
for a conserved passive scalar,

]c ]c ]c ]c ] ]c
c c c1 u 1 v 1 w 2 (v 1 v ) 2 D 5 0 (1)t H[ ]]t ]x ]y ]z ]z ]z

has been solved. Here, u, v, and w denote the velocities in
the coordinate directions x, y, and z, respectively. The effects
of vertical molecular and turbulent transport are expressed
in terms of the molecular and vertical turbulent diffusivities
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Fig. 2. Detailed view of the topography at the entrance region
of the side basin; see Fig. 1. ADCP1/2 indicates the location of the
two ADCPs, T3 the position where high-resolution temperature pro-
files were taken. Depth contours are given in meters.

of the tracer, vc and v , respectively. The subgrid horizontalc
t

transport of c is denoted by D . Because no specific tracerc
H

is considered in this study, we assume, for simplicity, that
the diffusivities of the tracer are identical to that of heat. The
governing equations for this type of model are discussed, for
example, by Haidvogel and Beckmann (1999). The model
used to compute the vertical turbulent diffusivities is ex-
plained below.

The numerical code is described in detail in Burchard and
Bolding (2002). It uses a horizontal curvilinear Arakawa C
grid with 300 3 70 grid points, approximately following the
shoreline of Lake Geneva. We used the flexibility of the
curvilinear coordinate system to achieve locally varying grid
spacing with a resolution comparable with the maximum wa-
ter depth in both basins (Fig. 1b). This high-resolution grid
is computationally demanding because a well-known stabil-
ity criterion requires that a time step of 1 s for the barotropic
mode and 120 s for the internal mode be chosen in order to
assure stability of the explicit, total variation diminishing
(TVD) advection scheme. The vertical grid corresponds to a
generalized topography-following (sigma-type) coordinate
system with 80 vertical layers and a refined vertical resolu-
tion near the sediment (grid zooming; see Burchard and
Bolding, 2002). With this technique, the vertical grid spacing
in the turbulent BBL of the 70-m-deep side basin is less than
0.5 m, and thus sufficient to resolve the observed logarithmic
velocity profiles (see below). The resolution of the turbulent
BBL is of fundamental importance for the correct represen-
tation of mixing and sediment–water fluxes of momentum
and matter. Note that a Cartesian vertical grid requires more
than 600 vertical layers for a comparable vertical resolution
of the BBL in the side basin because the depth of the main
basin is 310 m.

Turbulence model

The vertical turbulent transport of momentum and heat is
computed from a so-called explicit algebraic stress model
(EASM), resulting from a reduced form of the second-mo-
ment transport equations for the turbulent fluxes. Canuto et
al. (2001) showed that, by neglecting the third-moment
transport terms and the rate terms in those equations, the
vertical diffusivities of momentum and heat for that type of
model could be expressed in the form vt 5 cm(S, Frt)k1/2l,
where k denotes the turbulent kinetic energy and l } k3/2«21

the dissipative length scale, computed from the rate of dis-
sipation, «. The stability function, cm, depends on the non-
dimensional shear-number, S 5 Mk21/2l, and the turbulent
Froude number, Frt 5 N21k1/2l21, where M 5 ((]u/]z)2 1
(]v/]z)2)1/2 is the shear frequency and N the buoyancy fre-
quency. Details and model parameters are discussed by Can-
uto et al. (2001), and a comparison of this and other models
for marine turbulence can be found in Burchard and Bolding
(2001).

The turbulent kinetic energy is prognostically computed
from its transport equation, and the dissipation rate « } kv
is assumed to be proportional to k and the turbulent fre-
quency, v, where the latter quantity results from a parame-
terized transport equation (Umlauf and Burchard 2003; Um-

lauf et al. 2003). Boundary conditions for mean and
turbulent quantities were derived by assuming that the log-
arithmic law of the wall is always valid between the sedi-
ment and the lowest grid point (see Burchard and Bolding
2002).

The most important properties of this turbulence model
can be summarized as follows. The model (i) has been thor-
oughly tested in a large number of unstratified flow cases
and shown to be superior to other two-equation models, such
as the k-« model (Wilcox 1998), (ii) does not require any
wall functions to predict turbulent quantities in the law of
the wall (Wilcox 1998), (iii) computes correct mixing effi-
ciencies in stably stratified shear flows (Canuto et al. 2001),
(iv) is in excellent agreement with experimental data for
mixed layer deepening by surface-wind stress (Umlauf et al.
2003, 2005), and (v) predicts the correct height of a shear-
driven turbulent BBL and correct dissipation rates within the
BBL (Lorke et al. 2002; Umlauf et al. 2005).

Field data

Routine measurements of coarse-resolution temperature
and oxygen profiles are conducted once or twice a month in
the center of the main basin and the side basin at Sta. O1
and O2 by the CIPEL (2003) (see Fig. 1a). In addition, we
took high-resolution temperature profiles during the years
1986–1992 near station O1 at the deepest point and at Sta.
T2 and T3 near the entrance of the side basin (see Figs. 1, 2).

A representative stratification profile for the month of Sep-
tember, the month of our measuring campaign, is depicted
in Fig. 3. This profile corresponds to the high-resolution pro-
file measured on 12 September 1989 at T1 in the main basin,
and exhibits the smallest root mean square error with respect
to the mean from all available profiles in September. From
this profile, an internal first-mode Rossby-radius of approx-
imately 4 km can be estimated. Also shown in Fig. 3 is the
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Fig. 3. Temperature profiles measured at Sta. O1 in the main
basin on 10 September 2002 and 12 September 1989. The latter is
a representative profile, exhibiting the lowest root mean square error
with respect to the mean of all measured profiles in September over
all years.

Fig. 4. Oxygen concentration for September 1992–2002 at (a)
Sta. O1 in the main basin and (b) Sta. O2 in the side basin. Dashed
lines in (a) correspond to profiles measured after February 1999,
when partial overturning occurred in Lake Geneva.

temperature profile on 10 September 2002, before the wind
event discussed in this article.

Figure 4 shows oxygen profiles routinely measured at Sta.
O1 and O2 every September for the decade from 1992 to
2002 (see Fig. 1). Profiles measured in the main basin for
this period in late summer (Fig. 4a) exhibit a characteristic
structure repeated every year. The most pronounced features
in these profiles are a metalimnetic oxygen minimum with
a peak at about 20–30 m depth and a strong oxygen deficit
in the lower hypolimnion, where concentrations near the bot-
tom are close to zero. This structure is also observed in other
deep alpine lakes of similar trophic level and has been dis-
cussed, e.g., for Lake Constance by Wagner and Kruse
(1995) and for Lake Ammer by Joehnk and Umlauf (2001).
These authors pointed out that, for this class of lakes, the
oxygen deficit in the lower hypolimnion is predominantly
controlled by the sedimentary oxygen demand (SOD).

Profiles measured on the same dates at Sta. O2 in the side
basin exhibit a substantially different structure (Fig. 4b).
Measured hypolimnetic oxygen concentrations are very sim-
ilar to those in the same depth range at Sta. O1 in the main
basin, but no oxygen deficit in the hypolimnion is visible.
This is rather unexpected because production and sedimen-
tation are similar and SOD in the side basin should be of
the same order as that in the main basin. Moreover, the ratio
of sediment surface to hypolimnetic volume, a critical pa-
rameter for the effect of SOD on the hypolimnetic oxygen
deficit, is approximately nine times larger in the side basin
than in the main basin. In view of these findings and the
strong vertical density stratification, it is surprising that no
hypolimnetic oxygen deficit at all is found near the bottom
of the side basin. This fact motivated the idea that oxygen
concentrations in the side basin are controlled by a strong
horizontal exchange with the main basin.

In order to study the spatial and temporal variation of the

exchange flows between the two basins of Lake Geneva and
to investigate the dynamics of the turbulent BBL, vertical
current profiles were measured at the entrance of the side
basin at Sta. ADCP1/2 (Fig. 2). For a period of approxi-
mately 7 weeks from 06 September until 17 October 2002
(days 249–290), two acoustic Doppler current profilers
(ADCPs) with different vertical resolution and bin size were
mounted on a heavy platform, which was placed on the sed-
iment at a depth of about 54 m. The platform was installed
at a location relatively close to the northern shore (Fig. 2),
where currents produced by internal Kelvin-type waves com-
ing from the main basin and traveling along the northern
shore into the side basin were expected to be most pro-
nounced.

ADCP 1 was an RD Instruments profiler operating with
50 bins of 1 m size, the lowest bin being centered at 5.15
m above the sediment. This instrument allowed us to resolve
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Fig. 5. Wind data for days 266–274 in 2002: (a) wind speed
and (b) wind direction at Changins. Measured and modeled currents
at ADCP 1: (c) at 47.15 m above the bottom and (d) at 11.15 m
above the bottom. Local water depth is 54 m, currents are projected
onto a vertical plane rotated 35 degrees from the north. Flow toward
the main basin is positive. Vertical lines indicate specific times for
current profiles displayed in Fig. 6.

current profiles throughout the water column except for the
uppermost 4 m, where the signal was strongly affected by
backscattering from the water surface. ADCP 2 was a Nortek
Aquadopp profiler operating with 10 bins of 0.5-m size. The
head of the Aquadopp profiler is side looking, which allowed
us to locate the center of the lowest bin at only 0.65 m above
the sediment. The purpose of this instrument was to provide
a detailed description of the velocity structure of the BBL.
Both ADCPs where synchronized to record currents aver-
aged over 5 min. The ping rate was set to reduce the instru-
ment-induced standard deviation to less than 0.01 m s21.
Because we were only interested in low-frequency varia-
tions, the current data were low-pass filtered with a cut-off
period of 60 min.

The evaluation of the current records at ADCP 1 indicated
that directions of inflow and outflow are topographically
constrained to a small angle range around 35 degrees for
outflow and 215 degrees for inflow into the side basin. This
corresponds approximately to the basin axis near the en-
trance region (Fig. 2). Therefore, all data obtained from the
ADCPs have been projected onto this plane using the con-
vention that outflow from the side basin is to be taken as
positive.

Velocity time series and vertical current structure

The period during which vertical current profiles were re-
corded included a strong wind event corresponding to one
of the most typical wind fields over Lake Geneva, the Bise
from the northeast (Lemmin and D’Adamo 1996). Because
this wind event was preceded by a calm weather period of
more than 1 week with very low wind speeds from variable
directions, an almost ideal starting point was given for study-
ing the effect of episodic wind events on the long interval
wave field.

The Bise event

The period from 23 September to 01 October 2002 (days
266–274) was characterized by an event with wind speeds
reaching up to 10 m s21 from the northeast at the meteoro-
logical station at Changins (Fig. 5a,b). Figure 5c,d presents
the projected current speeds from ADCP 1 at representative
levels in the epilimnion and the hypolimnion, respectively.
Model results, also shown in this figure, will be discussed
below. The displayed time period starts with a strong wind
from the northeast, which pushes epilimnetic water into the
side basin on day 267 and the beginning of day 268, whereas
conservation of mass requires that hypolimnetic water leaves
it. Current speeds reach 0.25 m s21 in the hypolimnion dur-
ing this initial phase. After the collapse of the first wind
pulse on day 268, a current reversal is observed at ADCP
1. From day 268 to day 270.5, the wind speed is low. There-
after, it again increases to more than 5 m s21, until break-
down of the wind on day 272 (Fig. 5a). Thus, the second
wind pulse is approximately in phase with the surface cur-
rent, providing additional energy input into the oscillating
current and leading to even higher current velocities in the
epilimnion.

The oscillation of the current has a clear physical inter-
pretation in terms of an internal Kelvin wave traveling cy-
clonically around the basin. The observed period of slightly
more than 3 d is in good agreement with the numerical anal-
ysis of Lake Geneva’s eigenmodes and a variety of mea-
surements (Mortimer 1963; Bäuerle 1985; Lemmin et al.
2005). Manifestations of internal Kelvin waves were also
clearly visible in our three-dimensional model results, e.g.,
as strong thermocline excursions and velocity signals trav-
eling counterclockwise along the shoreline (not shown).

Vertical profiles of horizontal currents at selected times
indicated in Fig. 5 are displayed in Fig. 6. The upper 4 m
of the water column are not shown because acoustic back-
scatter disturbed the velocity data from ADCP 1 close to the
free surface. The selected days, 269, 271, and 273, corre-
spond to phases of high current speeds in the epi- and hy-
polimnion during the wave cycle. Figure 6 supports the clas-
sical current pattern of a first vertical mode internal wave,
with currents in the upper layer driven by the barotropic
pressure gradient and currents in the lower layer by the bar-
oclinic pressure gradient. It should be noted that the shear
across the central region of the profiles can be quite sub-
stantial (see, for example, day 271 in Fig. 6), possibly lead-
ing to instabilities of the Kelvin–Helmholtz type. The pro-
files in Fig. 6 also exhibit some evidence of friction effects
because all profiles show the onset of a BBL at their lower
end. This aspect of the flow will be investigated in the fol-
lowing section with the help of the high-resolution data from
ADCP 2 in the turbulent BBL.

Turbulent bottom boundary layer

The lower parts of the profiles in Fig. 6 suggest that, close
to the sediment, the flow is affected by bottom friction and
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Fig. 6. Measured and modeled current profiles for the times
indicated in Fig. 5. Local water depth is 54 m. Note that the upper
4 m are not displayed (acoustic backscatter).

Fig. 7. Plotted for days 267–275 in 2002: (a) speed 11.15 m
above bottom, (b) data (circles) and logarithmic fits at the times
indicated by dashed lines in (a). Note the numbering of the profiles.

that a turbulent BBL may have developed. To investigate
this point further, data from ADCP 2, resolving the lowest
5 m of the water column with bins of 0.5-m vertical extent,
were evaluated. The measured profiles were therefore fitted
to the logarithmic boundary layer expression,

u 1 z
5 ln (2)

u* k z0

where k denotes the von Kármán constant, u* the friction
velocity, and z0 the bottom roughness length. The latter two
quantities are obtained from the slope and the abscissa in-
tersection of the fitted profiles. The results of these curve
fits at selected times during the Bise event (Fig. 5) are dis-
played in Fig. 7. When the current speed is high, the fit is
satisfactory, confirming the idea of a logarithmic BBL ex-
tending over at least 100.6 ø 4 m above the sediment. Above
this level, the law of the wall may break down (see Fig. 6).
As would be expected, the fit is less satisfactory during low
speeds, in particular during flow reversal (not shown).

Numerical results

The numerical model was driven with winds measured by
the Swiss Meteorological Service at the Sta. Changins (Fig.
1a) for days 266–274. Because winds were low and variable
for more than a week before day 266, residual currents from
previous wind events were small and model results become
comparable with the data after a short spin-up time. As ex-
plained above, the Sta. Changins can be considered repre-
sentative for the purpose of this study. The sensitivity of
model results to variations of the wind field is discussed
below.

Apart from the empirical formulas for the meteorological
fluxes (see Burchard and Bolding, 2002), the only free model
parameter is the bottom roughness length which was set to
z0 5 0.01 m, a value suggested by the results of the loga-

rithmic fits in the BBL (see above). The model was initial-
ized with zero velocities and with the temperature profile
from 10 September 2002 (Fig. 3).

Comparison with modeled currents

The analysis of the model results revealed two major os-
cillations dominating the internal wave field: the first one
consists of superinertial standing Poincaré-type waves with
periods between 10 and 12 h in the main basin. The second
one is the first vertical-mode Kelvin-type wave traveling
counterclockwise along the shore of the lake with a period
of approximately 3 d. The appearance of these internal
waves in Lake Geneva is well-documented and agrees with
earlier analyses of Bäuerle (1985) and Lemmin et al. (2005).

The internal Kelvin-type wave dominates the currents near
the entrance of the side basin. Modeled and measured time
series of the currents at ADCP 1 in the hypolimnion and the
epilimnion are compared in Fig. 5c,d. Close agreement dur-
ing the first 2 d, when velocities were low, cannot be ex-
pected because the numerical model started from rest. After
day 268, however, the model reproduces the speed and phase
of the internal oscillation in both layers with good agree-
ment. In the lower layer, the model slightly underestimates
the maximum velocities.

The current profiles on days 269, 271, and 273 (Fig. 6)
again show good agreement between the measured and mod-
eled vertical current structure. A more detailed examination
of the model results corroborates that the observed strong
currents at the entrance are associated with incoming Kelvin
waves from the main basin. Kelvin waves are reflected at
the end of the side basin and decay exponentially away from
the shore. It is worth pointing out that, in combination with
the modifications of the currents due to the distorted topog-
raphy near the entrance, this leads to a highly variable ver-
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Fig. 8. Vertical transect (see Fig. 1b) of modeled turbulent dif-
fusivity along the side basin for days 269, 271, and 273 in 2002.
Arrows illustrate in- and outflow across the entrance, black contour
lines at 108C and 158C mark the thermocline region. Distance cor-
responds to arc length along the vertical transect (Fig. 1b).

Fig. 9. Modeled temperature and diffusivity profiles at Sta. T3
for days 269, 271, and 273 in 2002.

tical structure of inflow and outflow events across the en-
trance region. Thus, the reproduction of the observed current
profiles at ADCP 1 is a stringent test for the quality of any
numerical model.

Vertical transects through the side basin along the grid
plane indicated in Fig. 1b are presented in Fig. 8. The con-
tours of the modeled turbulent diffusivity and the 108C and
158C isotherms indicating the thermocline region are shown
for days 269, 271, and 273, corresponding to the profiles in
Fig. 6. Note that the Kelvin-wave–induced exchange cur-
rents cause large thermocline excursion in the side basin. It
can be seen that both surface and bottom stress lead to pro-
nounced turbulent boundary layers with turbulent diffusivi-
ties up to vt 5 1022 m2 s21. This is in contrast with the
thermocline region, where turbulence is strongly suppressed
by stable stratification and turbulent diffusivities range be-
tween vt 5 1026 and 1025 m2 s21. These are typical values
for thermocline and boundary layer turbulence in lakes with
strong wind forcing (Wüest and Lorke 2003). Figure 8
shows that enhanced turbulence in the BBL is predicted
throughout the side basin with greatest thickness and inten-
sity of the turbulent BBL near the entrance, where hypolim-
netic velocities are highest. The location and the vertical
extent of the turbulent BBL are in agreement with the log-
arithmic velocity profiles shown in Fig. 7.

Modeled vertical profiles of temperature and turbulent dif-
fusivity for days 269, 271, and 273 at Sta. T3 in the side
basin near the entrance (see Fig. 1a) are compiled in Fig. 9.
These results clearly indicate that the model predicts a tur-
bulent BBL with nearly homogeneous temperature profiles
in all cases, topped by the strong temperature gradient in the
thermocline. The lower row in Fig. 9 demonstrates that the
vertical extent of the BBL is consistent with enhanced values
of the turbulent diffusivity. Recalling the high hypolimnetic

velocities and the strong velocity shear due to the law of the
wall in the BBL (Fig. 7b), these results suggest that vertical
shear dispersion in the entrance region could be an important
mechanism determining the mixing of water masses between
the main basin and the side basin.

Evidence for the existence of strong BBL mixing at Sta.
T3 comes from an older set of temperature observations pre-
sented in Fig. 10. High-resolution temperature profiles were
available for late summer (August and September) during
the years 1986–1992 at Sta. T2 in the main basin and T3 in
the side basin, located on either side of the open boundary
(see Fig. 1a). At both stations, profiles are displayed for the
depth range 40–80 m, which includes the lower hypolimnion
of the side basin. Corresponding profiles at the two locations
were taken on the same days with a maximum delay of 60
min. The persistent temperature gradient at T2 in the main
basin, typical for the upper hypolimnion of Lake Geneva, is
strongly contrasted by the existence of a rather well-mixed
BBL at T3 in the side basin. The vertical extent and the
vertical structure of the profiles at the latter station are in
qualitative agreement with the modeled profiles displayed in
Fig. 9. These data, taken at random dates, indicate that a
well-mixed BBL at T3 is the rule rather than the exception.

Interbasin exchange

A sketch of the principal processes relevant to the renewal
of hypolimnetic water in the side basin of a large lake is
given in Fig. 11. The hypolimnetic volume, V(t), is defined
by the volume of water with a temperature below a certain
threshold, taken here to be 108C (see Fig. 3). V(t) can be
changed by reversible motion of the bounding isothermal
surface, i.e., by thermocline excursion, as well as by irre-
versible displacement of the isothermal surface caused by
diapycnal mixing (Vmix in Fig. 11). The total volume change
with respect to the initial volume is DV(t). The balance of
mass in an incompressible fluid requires that the reversible
part of DV(t) must be balanced by the time-integrated vol-
ume flux through the open boundary with the main basin,
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Fig. 10. Hypolimnetic temperature profiles (a) at T2 in the main basin and (b) at T3, the side
basin, measured over several years in August and September (see Fig. 1a). Dates as indicated.

Fig. 11. Sketch of volume and mass fluxes for the hypolimnion
of the side basin. The vertical line to the right indicates the open
boundary with the main basin (see Fig. 1b). The grey-shaded area
marks the total volume change of the hypolimnion, DV(t), caused
by vertical motion of the isothermal surface (thermocline).

2Vout. The budget of a passive tracer can be developed in a
similar way, except for the fact that reversible volume
changes, evidently, do not change the total tracer mass. The
extent to which water is renewed depends on how the out-
flowing tracer mass, Mout, is advected away from the entrance
and/or mixed with water of different tracer concentration in
the main basin. Similarly, the inflowing tracer from the main
basin, 2Mout, is dispersed and internally mixed with water
from the side basin. These are the key processes determining
the water renewal in the side basin.

Idealized cases

We numerically investigated the tracer exchange between
the main basin and the hypolimnion of the side basin. The
initial stratification corresponded to the representative profile
of 12 September 1989 (Fig. 3). The hypolimnion of the side
basin was marked by a passive tracer of concentration 1 and
zero tracer flux from or to the sediment. Because we were
interested in the exchange between the two basins, the tracer
concentration in the main basin was set to zero.

The subgrid scale horizontal transport in Eq. 1 was set to
D 5 0 for the following reasons: First, we wanted to avoidc

H

the application of the commonly used Fickian diffusion
models, which are known to have a rather weak theoretical

basis and require diffusion coefficients that are not precisely
known. Setting D 5 0 implies that all our results representc

H

lower bounds for the interbasin exchange. Second, the nu-
merical grid near the entrance region is very fine. Therefore,
it can be expected that a large fraction of the total horizontal
dispersion is performed by resolved scales. Resolved-scale
dispersion can be reliably estimated because it does not re-
quire any modeling assumptions.

The temporal evolution of the total tracer concentration
and the tracer exchange with the main basin was studied for
several patterns of the typical wind fields Vent from the
southwest and Bise from the northeast. For both directions,
the surface wind stress was linearly increased to its maxi-
mum value, tmax, during the first day, then left unchanged
during the second day, after which it was set to zero for the
rest of the run. The scenario was considered to be a simple
representation of a typical strong wind event on Lake Ge-
neva. Different temporal variations of the wind stress, e.g.,
without linearly increasing stress during the first day, yielded
similar results, provided the time-integrated momentum flux
was identical. Varying the wind directions by 20 degrees
around northeast and southwest (larger variations are un-
likely due to topographical constraints) changed the results
presented in the following by less than 10%. We also inves-
tigated the possible effect of the wind stress curl by tapering
off the wind in the easternmost part, as suggested by Lem-
min et al. (2005). This only produced small variations of the
results. We found, in accordance with Lemmin et al. (2005),
that the structure of the Kelvin waves in the entrance region
is not sensitive with respect to the spatial structure of the
wind field supplying energy and momentum to these waves.

In contrast with the wind-field orientation, the magnitude
of the wind stress was found to be an important factor. We
investigated the effects of weak, intermediate, and strong
maximum surface stresses, setting tmax 5 0.05, tmax 5 0.1,
and tmax 5 0.15 Pa, respectively. With the quadratic friction
law used in the numerical model, these correspond to wind
speeds of 5.2, 7.3, and 9.0 m s21, respectively. These values
approximately span the range of maximum wind speeds dur-
ing the northeasterly winds displayed in Fig. 5a,b.

Shown in Fig. 12 a,b are modeled time series of the vol-
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Fig. 12. Budget of the hypolimnetic volume and tracer mass in the side basin. (a) Volume
change with respect to initial volume, integrated outflow toward main basin, and mixing across
108C isotherm for the Vent from the southwest and (b) same for the Bise from the northeast; (c)
and (d) the same as (a) and (b), but now for tracer mass. For details, see text.

ume change, DV(t), the time-integrated outflow, Vout(t), of
hypolimnetic water from the side basin, and irreversible vol-
ume changes due to mixing, Vmix(t) (see Fig. 11). All quan-
tities have been nondimensionalized by the initial hypolim-
netic volume, V0. Because the overall dynamics are
qualitatively similar for the three wind-stress cases, only the
case of intermediate wind stress, with tmax 5 0.1 Pa is dis-
cussed in detail. The effect of varying the wind stress is
discussed below.

It is evident from Fig. 12a,b that, for both wind fields,
DV(t) is balanced to first order by the oscillating outflow,
Vout(t), which clearly shows the signature of Kelvin waves.
The contribution due to mixing, Vmix(t) is seen to be a sec-
ond-order effect resulting in a loss of hypolimnetic volume
due to mixing, causing a gradual lowering of the 108C iso-
therm. We observed in the model results that the mixing
contribution is the sum of several processes related to bound-
ary mixing, entrainment, and upwelling near the shoreline.
For the Vent from the southwest shown in Fig. 12a, inflow-
ing hypolimnetic water from the main basin has nearly dou-
bled the initial volume of the hypolimnion of the side basin
on day 2.3; for the Bise from the northeast in Fig. 12b, the
hypolimnion has lost more than 40% of volume on day 1.9.
Compared with these values, the volume loss caused by dia-
pycnal mixing is relatively small, but not negligible. Thus,
the most important observation from these simulations is that
internal Kelvin waves provide for the exchange of a consid-

erable fraction of the hypolimnetic water between the two
basins. Note that large thermocline excursions, and thus
large volume changes, are also evident from the realistic run
(see Fig. 8). The question is to what extent these exchange
flows are irreversible.

The fundamental difference between volume and tracer
exchange is illustrated in Fig. 12c,d, showing the budget of
the tracer mass, nondimensionalized by the initial tracer
mass in the side basin, M0. For the Vent from the southwest,
fresh water from the main basin with zero tracer concentra-
tion enters the hypolimnion of the side basin until day 2.3
(see Fig. 12a), leaving the total tracer mass in the hypolim-
nion almost unchanged. During the outflow phase on days
2.3–4.2 (Fig. 12a), approximately 35% of the initial tracer
mass is advected out of the hypolimnion of the side basin
into the main basin. After flow reversal, inflow due to the
internal wave motion on days 4.2–5.8 causes only a small
portion of this tracer mass to be advected back into the side
basin. This fact clearly illustrates the irreversible nature of
the exchange process due to resolved-scale dispersion, lead-
ing to a large net exchange of tracer between the subbasins
on a short time scale. It can be seen from Fig. 12d that, apart
from the different timing, similar processes take place for
the Bise wind field from the northeast. As mentioned above,
only resolved-scale dispersion has been considered in this
study. The effect of the ignored subgrid scale dispersion
would lead to even larger exchange rates.
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Fig. 13. Time series of total tracer mass in the side basin for different wind stresses (a) for the
Vent from the southwest and (b) for the Bise from the northeast.

We also isolated the effect of vertical shear dispersion by
comparing a standard run (with the vertical turbulent diffu-
sivities of the tracer computed from the turbulence model),
with a run with zero vertical tracer diffusivity, v 5 0, andc

t

thus no shear dispersion. Because the tracer is passive, this
has no influence on the other fields. It was found that, for
both wind directions, vertical shear dispersion accounts for
less than 10% of the total irreversible exchange.

Figure 13 illustrates the effect of variations of the strength
of the wind stress on the total tracer mass in the hypolimnion
of the side basin. It is evident from this figure that, for both
wind directions, varying the wind stress does not change the
qualitative picture of the exchange process. However, tracer
exchange is seen to be a nonlinear function of the wind
stress. It is particularly evident that very strong winds only
slightly increase the tracer exchange. Recalling the low sen-
sitivity of model results with respect to changes in wind
direction, temporal variation, and wind stress curl, this im-
plies that model results for intermediate wind speeds provide
a representative estimate for the interbasin exchange due to
episodic internal Kelvin waves.

It is evident that these results have strong implications for
the dynamics of biogeochemical parameters in the side basin
(see Fig. 4). The suggested exchange process can, for ex-
ample, explain the absence of a hypolimnetic oxygen mini-
mum in the side basin. The occurrence of a turbulent BBL
is also chemically relevant; Lorke et al. (2003) pointed out
that such turbulent boundary layers are of crucial importance
for the oxygen transport through the viscous sublayer toward
the sediment

Our results are likely to be applicable to other large lakes
with a well-defined side basin. For example, recent studies
on Lake Constance, Western Europe’s second largest lake,
revealed that Kelvin-type waves after wind events may lead
to strong (several 10s of meters) vertical thermocline excur-
sions in the Lake of Überlingen, an elongated side basin of
Lake Constance with a similar geometry as the side basin
of Lake Geneva (Appt et al. 2004). Even though these au-
thors did not directly measure current speeds, their simula-
tions clearly show that, after strong wind events, the ob-
served thermocline excursions in the side basin imply strong
exchange currents with the main basin of Lake Constance.
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, C. H. MORTIMER, AND E. BÄUERLE. 2005. Internal seiche
dynamics in Lake Geneva. Limnol. Oceanogr. 50: 207–216.

http://www.aslo.org/lo/toc/vol_49/issue_4/0919.pdf
http://www.aslo.org/lo/pdf/vol_45/issue_3/0603.pdf
http://www.aslo.org/lo/toc/vol_48/issue_3/0983.pdf
http://www.aslo.org/lo/toc/vol_50/issue_1/0207.pdf


1611Interbasin exchange by internal waves

LORKE, A., L. UMLAUF, T. JONAS, AND A. WÜEST. 2002. Dynamics
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