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Detailed studies of wind-driven interbasin exchange in lakes, focusing on the underlying driving forces
and how they are affected by stratification, are presently lacking. We therefore investigated how strati-
fication modifies wind-induced exchange between the Petit Lac (PL) (depth 75 m) and Grand Lac (GL)
(depth 309 m) basins of Lake Geneva in winter, using field observations, 3D hydrodynamic modeling
and particle tracking. Early, weakly-stratified (December) and late, fully-mixed (March) winter condi-
tions in the PL were compared for a typical, strong along-axis wind forcing. During early winter, two-
layer exchange develops between the basins, with downwind surface outflow into the GL balanced by
intense bottom inflow of deep, cold hypolimnetic GL water into the PL which is enhanced by baroclinic
pressure gradients caused by upwelling in the GL. Furthermore, the transversal water-level setup gener-
ates barotropic pressure gradients that balance Coriolis force acting on the outflow. This produces unidi-
rectional along-wind epilimnion currents that strengthen interbasin exchange. In late winter, with the
thermocline deeper than the PL bottom, upwelling in the GL does not reach the confluence and baroclin-
icity plays no role, resulting in weaker exchange currents with a depth-veering structure in the upper lay-
ers due to Coriolis force. In late winter, interbasin exchange decreases by 50 %, is more local, affects only
waters near the confluence, and is more horizontal, with no deepwater upwelling from the GL. Our results
suggest that prolonged winter stratification due to global warming will make wind-induced hypolimnetic
interbasin-upwelling an increasingly important deepwater renewal process in large multi-depth basin
lakes.

� 2023 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction (Ahrnsbrak and Wing, 1998; Boyce et al., 1980; Reiss et al.,
Horizontal transport and mixing processes in lakes, induced by
wind and affected by thermal stratification, can cause the vertical
redistribution of biogeochemical tracers such as dissolved oxygen
and nutrients. This in turn can significantly impact water quality.
In multi-basin lakes, horizontal interbasin gradients in water qual-
ity can exist for a number of reasons, e.g., due to localized nutrient
loading (Lake Michigan: Hamidi et al., 2015), differences in the
thermal structure and productivity (Lake Erie: Bartish, 1987), or
different seasonal mixing regimes in adjacent basins of different
depths (Lake Garda: Salmaso, 2005; Lake Geneva: CIPEL, 2016).
Consequently, exchange processes between sub-basins, especially
between their hypolimnia, can have significant negative and posi-
tive ecological consequences, for example, by upwelling hypoxic
waters (Jabbari et al., 2021, 2019), or by ventilating deep layers
2022), respectively.
Wind stress is an important driver for interbasin exchange in

stratified lakes. It can act directly by two-way advective exchange,
where the downwind surface drift towards one basin is balanced
by a hypolimnetic counterflow into the other basin (Laval et al.,
2008; Niu et al., 2015; Reiss et al., 2022), or indirectly through
internal wave pumping (Flood et al., 2020; Imam et al., 2013;
Umlauf and Lemmin, 2005; van Senden and Imboden, 1989) and
geostrophic adjustment processes after the relaxation of coastal
upwelling fronts (Jabbari et al., 2021). Coastal upwelling near the
junction between basins can also produce interbasin density gradi-
ents that drive exchange flows (Lawrence et al., 2004; Liu et al.,
2018; Schertzer et al., 2008).

Density-driven interbasin exchange across constrictions, for
example, through narrow channels or over sills, has been widely
studied with simplified, steady analytical models, e.g., based on
inviscid internal hydraulic theory (Hamblin, 1998; Hogg et al.,
2001; Lawrence et al., 2004; Rueda and Cowen, 2005). However,
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Fig. 1. (a) Bathymetric map of Lake Geneva including the surrounding topography.
The white arrows indicate the direction of the two strong dominant winds called
Bise and Vent that frequently blow over large areas of the lake, channeled by the
Alps and Jura mountains. The red line approximately delimits the confluence
between the two basins composing Lake Geneva, i.e., the small Petit Lac and the
large Grand Lac. The blue cross in the center of the confluence shows the mooring
location. Meteorological data were recorded at the MeteoSwiss station in Nyon (red
circle) and the white diamond marks the location of the CIPEL monitoring station
SHL2 (depth 309 m). Depth is given in meters in the colorbar legend and by the
isobath contours (0, 25, 50, 60, 100, 150, 200, 250, 300 m). The model results shown
in Figs. 5 and 6 were obtained along the yellow and red lines. The red arrows
indicate the positive transversal and axial directions referred to in the momentum
budget analysis. (b) Cross-section of the two basins (vertically exaggerated)
showing bathymetry and stratification conditions. Horizontal black dashed line:
thermocline depth during early winter. Red dashed line: thermocline depth during
late winter. Vertical blue dashed line: mooring location (corresponding to the blue
cross in panel a). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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unsteady effects resulting from the interplay of realistic wind forc-
ing, the Earth’s rotation and irregular bathymetry cannot be repre-
sented by such simplified models (e.g., Rueda and Cowen, 2005).
Furthermore, large, deep lakes are often composed of sub-basins
with different depths, but with relatively similar widths that allow
an almost unrestricted exchange flow between the basins. For this
case, detailed studies of direct wind-driven interbasin exchange,
focusing on the underlying driving forces and how they are
affected by stratification, are presently lacking.

Overall, stratification plays an important role in wind-induced
interbasin exchange in lakes, not only by imposing a two-layer cur-
rent structure, but also by producing baroclinic pressure gradients
between the basins. Rueda et al. (2008) studied contaminant trans-
port in a shallow (mean depth 8 m), polymictic, large, multi-basin
lake and found that under stratified conditions, wind stress and
baroclinic pressure gradients acted together to enhance the
exchange through a narrow passage between two basins. On a lar-
ger scale, Anderson and Schwab (2017) investigated the exchange
between Lake Michigan and Lake Huron through the 6-km wide
and 30 to 80-m deep Straits of Mackinac, which is dominated
year-round by a barotropic Helmholtz mode, i.e., a special type of
a surface seiche (e.g., Roberts et al., 2019) due to regional-scale
meteorology (see also Anderson and Schwab, 2013). They showed
that during the stratified period a bidirectional baroclinic two-
layer exchange develops that can be modified or reversed by local
winds.

Global warming continues to weaken convective cooling during
winter, thereby altering the long-term thermal structure of lakes,
for example, by reducing the maximum mixed-layer depth of deep
monomictic or oligomictic lakes and by extending the stratification
period (e.g., Lemmin and Amouroux, 2013; Mesman et al., 2021;
Perroud and Goyette, 2012). This raises the important question of
how these expected stratification changes will impact wind-
driven interbasin exchange, for example, by modulating its
strength or by suppressing vertical exchange and hypolimnetic
upwelling between the basins.

Recently, Reiss et al. (2022) investigated the wind-driven
exchange between the two basins of different depths and widths
of Lake Geneva during early winter when the lake was still weakly
stratified. They demonstrated that regular along-axis winds gener-
ate a ‘‘current loop,” where deep, hypolimnetic waters from the
deep basin first upwell and penetrate far into the shallow basin,
carried by strong bottom currents, replacing �50 % of the shallow
basin volume, before descending back into the hypolimnion of the
deep basin after the wind ceased. This current loop provides an as
yet overlooked mechanism for hypolimnetic-epilimnetic exchange
and deepwater renewal in the deep basin.

In the present study, we will examine how the wind-driven
exchange between the two basins of Lake Geneva is modified
by the presence or absence of thermal stratification during winter
(see Fig. 1b), combining field observations, three-dimensional
(3D) hydrodynamic modeling and particle tracking. In particular,
we will detail and quantify for the first time in a large deep lake,
the driving forces behind wind-driven interbasin exchange under
stratified (December; early winter) and unstratified (March; late
winter) conditions using model-based momentum budgets, high-
lighting the role of baroclinicity and rotational effects. Further-
more, the implications of changes in stratification for the
flushing of the shallow basin and the vertical exchange between
the basins are evaluated, both being potential deepwater renewal
processes for the deep basin. The following questions are
addressed:

� How are the axial and transversal circulation patterns at the
‘‘confluence” between the basins affected by stratification?
Does this affect the strength of the interbasin exchange?
407
� How is the wind-induced circulation between the basins modi-
fied by the Coriolis force? Is there a difference during stratified
and fully-mixed conditions?

� How does stratification modify the vertical structure of the
exchange? Does hypolimnetic upwelling between the basins
occur when the shallower basin is fully mixed?

Details of the mooring setup and additional figures that comple-
ment the text are provided in the Electronic Supplementary Mate-
rial (ESM).
Material and methods

Study site

Lake Geneva (local name: Lac Léman), Western Europe’s largest
freshwater lake, is an oligomictic, perialpine lake located between
Switzerland and France. It has a volume of 89 km3, a surface area of



Fig. 2. Idealized temperature profiles representing the typical early (December;
black line, epilimnion depth, depilimnion of 35 m) and late (March; red line, depilimnion

of 100 m) winter stratification in Lake Geneva, used to initialize the 3D hydrody-
namic model. The horizontal dashed line marks the maximum depth of the
confluence. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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580 km2, and a theoretical residence time of 11 y (CIPEL, 2019). The
lake has a total length of 73 km and is composed of two basins: the
large, eastern Grand Lac (maximum width 14 km and depth
309 m), and the small, western Petit Lac (maximum width 5 km
and depth 75 m), joined at a 3.5-km wide and 65-m deep ‘‘conflu-
ence” (Fig. 1a). The shallow Petit Lac annually destratifies com-
pletely, typically by early January, whereas the deeper Grand Lac
remains weakly stratified throughout most seasons with the max-
imummixing depth reaching 100 to 150m in late February or early
March. Occasionally, complete convective overturning in the Grand
Lac occurs during severely cold winters (CIPEL, 2019).

The different mixing regimes in the two basins result in bio-
chemical gradients between the deep layers of the basins, notably
in dissolved oxygen (higher values in the Petit Lac) and nutrient
concentrations (higher values in the Grand Lac) (e.g., CIPEL, 2016;
Lavigne and Nirel, 2016). This implies that hypolimnetic exchange
and mixing processes between the basins may have important eco-
logical effects, since they can transport oxygen-rich waters from
the shallow basin to the deep basin, or nutrients from the deep
basin to the shallow basin.

Lake Geneva is bordered by the Alps in the south and the Jura
mountains in the northwest. Two large-scale, strongwindfields that
are guided by this topography dominate the region, namely the Bise
coming from the northeast and the Vent from the southwest; both
approximately aligned with the main axis of the Petit Lac (Graf and
Prost, 1980; Lemmin and D’Adamo, 1996; Wanner and Furger,
1990). These winds are characterized by high wind speeds (5–
15 m s�1) often lasting for several days that considerably impact
the lake’s hydrodynamics, for example, by causing deep coastal
upwelling (Reiss et al., 2020), wind-induced interbasin upwelling
(Reiss et al., 2022) and enhanced interbasin exchangedue to internal
Kelvin waves (Umlauf and Lemmin, 2005).

Field observations

In the present study, data from a mooring deployed at 65-m
depth in the center of the confluence between the Petit Lac and
Grand Lac basins (Fig. 1a, blue cross) are used. The mooring was
part of a larger field campaign carried out in winter 2018/2019
(see Reiss et al., 2022 for details). The mooring consisted of a
bottom-mounted, upward-looking 300 kHz Teledyne-RDI Work-
horse Sentinel Acoustic Doppler Current Profiler (ADCP), with a
10-m long thermistor line attached to the top of the ADCP frame.
The measured currents were projected on the along- and cross-
axis directions of the Petit Lac, hereinafter referred to as axial and
transversal directions, respectively (Fig. 1a). Prior to the analysis,
2-h and 10-min moving averages were applied to the ADCP and
thermistor data, respectively. The instrument settings are summa-
rized in ESM Table S1.

The typical depth of the thermocline in Lake Geneva during
early and late winter was inferred from Conductivity-
Temperature-Depth (CTD) profiles provided by the Commission
Internationale pour la Protection des Eaux du Léman (CIPEL, last
accessed on 28 October 2022; Rimet et al., 2020) at the deepest
point of the lake (309 m; SHL2 in Fig. 1a). Wind speed and direction
were recorded every 10 min at a meteorological station located in
Nyon, �5 km northwest of the confluence (Fig. 1a), maintained by
the Swiss National Weather and Climate Service (MeteoSwiss, last
accessed on 28 October 2022).

Hydrodynamic model

The three dimensional (3D) hydrodynamic model used here is
based on a hydrostatic version of the MITgcm code (Marshall et al.,
1997), with a configuration similar to that employed by
Cimatoribus et al. (2018) who studied nearshore boundary layer
408
dynamics in Lake Geneva and also performed a detailed validation
based on various field observations around the lake. The model
was thereafter further validated and successfully applied to Lake
Geneva to investigate the transport of inflowing water from the
lake’s main tributary, the Rhône River (Cimatoribus et al., 2019),
wind-driven coastal upwelling during winter (Reiss et al., 2020),
wind-induced interbasin exchange (Reiss et al., 2022), the effect of
basin-scale circulation on river plume dynamics (Soulignac et al.,
2021), submesoscale filaments in basin-scale gyres (Hamze-Ziabari
et al., 2022), and submesoscale frontal slicks (Foroughan et al.,
2022). Inall thesestudies, themodel resultscomparedwellwithfield
measurements. Following Reiss et al. (2022), the domain was dis-
cretized by a uniform horizontal Cartesian grid with a resolution of
113m and 100 size-varying z-layers, ranging from 30 cm at the sur-
face to 2.8 m at the deepest point of the confluence and 4.8 m at the
bottomof theGrand Lac. Realistic surface forcing for a typical winter
VentwindeventwasobtainedfromtheCOSMO-1numericalweather
model provided by MeteoSwiss (Voudouri et al., 2017).

To determine the effect of stratification alone on interbasin
exchange, we ran two simulations, with identical external forcing
but different initial lake temperature fields. Two initial tempera-
ture profiles were generated (Fig. 2), representing the lake’s typical
stratification in December and February/March based on long-term
measurements (CIPEL, 2019), hereinafter referred to as early and
late winter, respectively. In order to allow comparing the two sim-
ulations, we forced the model for both simulations with the
COSMO wind for the period from 7 to 18 December 2018, which
included a 2.5-d Vent wind event (from the southwest), with mean
and maximumwind speeds of �6 m s�1 and 11 m s�1, respectively.
As will be shown in the Results and Discussion section, the actual
winds during the Vent event in December 2018 and in March 2019
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were comparable in duration and strength. For convenience, the
MITgcm calendar was set such that the two simulations ran from
7 to 18 December (early winter) and from 7 to 18 March (late win-
ter). The simulations were initialized with zero current velocity.
Since strong, persistent wind stress rapidly induced a strong circu-
lation, this initial condition did not noticeably affect the results, as
was confirmed by comparison with model results that included a
3-month spin-up (cf. Reiss et al., 2022 for details on the spin-up
simulation results).
Momentum budget

To shed light on the driving mechanisms behind the interbasin
exchange under different stratification regimes, momentum bal-
ances at the confluence were analyzed (Fig. 1). The MITgcm model
allows storing all terms of the momentum budget equations in
both horizontal directions of the grid at each grid cell. The vector
terms were linearly interpolated onto the vertical confluence tran-
sect and rotated to be aligned with the axial and transversal direc-
tions (see Field observations section and Fig. 1a). The horizontal
momentum budget equation considered here takes the form (e.g.,
Vallis, 2017):

@h

@t
¼ Pc þ Pt þ C þ Aþ D ð1Þ

where vh are the horizontal components of the 3D velocity vector
v ¼ u; v;wð Þ. Pc ¼ �g=q0

Rg
z rqdz is the baroclinic and Pt ¼ �grg

is the barotropic pressure gradient term, with reference density
q0, density q, gravitational acceleration g, free surface elevation g
and depth z. C ¼ fv;�fuð Þ is the Coriolis acceleration vector, with
Coriolis parameter f , A ¼ � v � rð Þvð Þh is the nonlinear advection
term (hereinafter referred to as the nonlinear term), and

D ¼ mtr2v
� �

h
represents the dissipation due to bulk and bottom

friction, with turbulent (eddy) viscosity mt . Note that the external
forcing term acting on the surface cells (e.g., Cimatoribus et al.,
2018), is not explicitly included since it is not relevant for the
cell-wise momentum balances in the interior. Instead, the effect
of the external forcing is included in the friction term D. The baro-
tropic pressure gradient term was calculated based on the modeled
surface elevation, whereas the remaining terms of Eq. (1) were
directly derived from the MITgcm diagnostics module output (e.g.,
Brett et al., 2020).
Particle tracking

The particle tracking algorithm used here, implemented by
Cimatoribus (2018) and based on the method described by Döös
et al. (2013), was previously applied to Lake Geneva to study the
transport of inflowing water from the lake’s main tributary, the
Rhône River (Cimatoribus et al., 2019), wind-driven coastal upwel-
ling at the northern Grand Lac shore (Reiss et al., 2020), and wind-
induced interbasin exchange between the Grand Lac and Petit Lac in
weakly stratified early winter (Reiss et al., 2022).

The origin of the deep Petit Lac waters was traced by backward
tracking of particles released in the bottom layers of the shallow
basin. Particles were released every 4 h during the first 5 d of the
wind event in a �3-km � 5-km wide area near the confluence at
every vertical grid point below 40-m depth (ESM Fig. S1), yielding
a total of more than 200,000 particles. Increasing the number of
particles by doubling the seeding frequency and increasing the ver-
tical seeding resolution did not significantly affect the results of the
particle tracking analysis, indicating their statistical robustness.
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Results and Discussion

In this section,wefirst compare the field observations at the con-
fluence during two Vent wind events with comparable speeds and
duration under different stratification conditions, i.e., under weak
stratification in December 2018 and under fully-mixed conditions
in March 2019 (Fig. 1b). Then, we analyze and discuss in detail
how stratification affects the Vent-induced circulation near the con-
fluence using 3D hydrodynamic modeling and particle tracking
results, again highlighting the differences between the different
stratification regimes or showing similarities when they occur. To
that aim, the model was initialized with two different temperature
profiles representing the different stratification conditions during
the two observation periods (Fig. 2), and forced in both cases with
the wind field taken from the December Ventwind event.
Field observations

Fig. 3 summarizes the wind data measured at the MeteoSwiss
Nyon station (for location, see Fig. 1a) and the currents and tem-
peratures recorded at our mooring in the center of the confluence
between the two basins (Fig. 1a, blue cross) during two typical Vent
wind events from 8 to 10 December 2018 and from 9 to 11 March
2019. Full-depth current velocity and direction profiles for both
periods are given in Fig. 4.

The two wind events were comparable in duration and
strength, with overall mean wind speeds of 5.5 and 4.9 m s�1

and maximum hourly averages of 10.7 and 9.4 m s�1 in early and
late winter, respectively. As is typical for Vent conditions, the wind
fields were spatially relatively homogeneous and approximately
aligned with the main axis of the Petit Lac, as shown by the
COSMO-1 model wind fields (ESM Fig. S2). Prior to the early winter
event, the thermocline was at �35-m depth, with temperatures in
the Petit Lac epilimnion and hypolimnion of �10 �C and 6.3 �C,
respectively. In March, on the other hand, temperatures in the Petit
Lac were nearly homogeneous at �6.5 �C, with a weak thermocline
in the Grand Lac below 100-m depth (ESM Fig. S3).

In early winter (December), a two-layer flow pattern was estab-
lished approximately half a day after the wind started with a rever-
sal of current directions at the thermocline depth. The currents in
the epilimnion were approximately aligned with the wind and flo-
wed towards the Grand Lac (hereinafter referred to as outflow,
Fig. 3d, e), and a countercurrent into the Petit Lac prevailed in the
hypolimnion (hereinafter referred to as inflow, Fig. 3d, g). Current
velocities in both layers exceeded 20 cm s�1. However, the bottom
layer currents were steadier and stronger, with maximum veloci-
ties above 27 cm s�1 (Figs. 3, 4). Even though the bottom inflow
weakened after the wind stopped, it persisted for approximately
another 1.5 d (ESM Fig. S4), enhancing the total volume exchange
between the basins. The stronger bottom currents and sustained
bottom inflow were due to axial baroclinic pressure gradients as
will be further discussed below based on the model results. The
flow in both the epilimnion and hypolimnion was vertically unidi-
rectional; there was little variation in the current direction with
depth in each layer (Fig. 4b). Shortly after the bottom inflow
started, temperatures continuously decreased, reaching a mini-
mum of 5.96 �C approximately 1.5 d after the wind had stopped.
This temperature corresponds to water temperatures found at
�180-m depth as recorded at the CIPEL station SHL2 in December
2018 (ESM Fig. S3), and illustrates the upwelling of cold, hypolim-
netic Grand Lac water into the shallow Petit Lac (cf. Reiss et al.,
2022). The upwelling will be further discussed below based on par-
ticle tracking results.

In late winter (March), the currents at the confluence were
weaker and less steady than in December, even though wind forc-



Fig. 3. Field data recorded from 8 to 10 December 2018 (left column) and from 9 to 11 March 2019 (right column). Hourly-averaged wind vectors (a, h) and mooring data (b-
g, i-n). Absolute current velocity (b, i), depth-averaged temperature (T) in the bottom-most 10 m (D is depth) (c, j), ‘‘interbasin exchange velocity” (d, k), current velocity and
direction at 6-m depth (e, l), 26-m depth (f, m), and 10 m above the bottom (g, n). Interbasin exchange velocities were obtained by projecting the velocity vectors onto a plane
perpendicular to the confluence transect (Fig. 1a, red arrow). The colorbars give the magnitude of the absolute and interbasin exchange velocities. The scale of the wind and
current quivers is the same for both periods and is given next to panels h and m. The quiver heads point in the direction of travel, with the positive y- and x-directions
corresponding to north (0�) and east (90�), respectively. The red dashed lines mark the times of the velocity profiles shown in Fig. 4. Meteorological data were recorded at the
MeteoSwiss station in Nyon (Fig. 1a, red circle). See Fig. 1a (blue cross) for mooring location. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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ing was comparable. The highest current velocities of �10 cm s�1

were observed in the topmost ADCP bin at �6-m depth, coinciding
with the period of maximum wind speeds. The time history of the
measured velocities showed significant variability and no two-
layer structure. Different from the early winter situation: (i) the
upper layer currents were more often directed towards the Grand
Lac than those in the intermediate layers, (ii) they were never
aligned with the wind, but instead were deflected �30� to 90� to
the right, and (iii) the rightward deflection increased with depth,
producing a veering current structure resembling that of an Ekman
spiral (Figs. 3h-n and 4).
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The temperatures in the lower layer changed little throughout
the wind event, except for small fluctuations at �23:00 (local time)
on 9 March. These fluctuations were associated with increased cur-
rent velocities in the middle of the water column (Fig. 3i-k) and
were most pronounced at the topmost thermistor, 10 m above
the lakebed, suggesting the temporary downwelling of slightly
warmer surface waters. The temperatures 1 m above the lakebed
remained within ± 0.03 �C during the entire period (not shown).
Altogether, the observations during late winter showed no signs
of upwelling of cold, deep Grand Lac water into the Petit Lac (com-
pare Fig. 3c and j; discussed further below based on the model



Fig. 4. Current velocity (a) and direction (b) recorded at the confluence center (Fig. 1a, blue cross) during the Ventwind events in December 2018 (solid black lines) and March
2019 (red lines). The exact dates are given in the legend in (a). The black dashed lines mark the outflow and inflow directions. The times of the profiles are marked in Fig. 3 by
the red dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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results). Furthermore, the currents were significantly weaker than
in early winter, with their vertical structure in the upper layers
apparently strongly influenced by the Coriolis force.
Model results

The field observations above showed that the Vent-induced flow
patterns at the confluence in early stratified winter were markedly
different from those in late destratified winter. In the following
sections, the impact of stratification on the temporal development
of the wind-induced circulation at the confluence is further inves-
tigated using 3D hydrodynamic model results. Model results (tem-
perature, velocities, and momentum budget terms) were analyzed
based on 4-h moving averages.
Fig. 5. Modeled temperatures along a curved transect, approximately following the cent
early (a) and late (b) winter, �1.5 d after the wind started (corresponding to times marke
confluence center, where the mooring was deployed (Fig. 1a, blue cross). Temperatures ar
depicted by the solid white lines (see isotherm labels for values). The white dashed lines
started (compare with profiles in Fig. 2). Distance is given along the transect starting at i
with velocity profiles in Fig. 4. (For interpretation of the references to color in this figur
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Temperature field
Fig. 5 presents the modeled temperatures near the confluence

along the transect marked in Fig. 1a, before and 1.5 d after the wind
started. The latter approximately corresponds to the time of the
measured current velocity profiles at the confluence center shown
in Fig. 4 and was chosen to allow for rotational effects to be fully
developed (local inertial period �16.5 h). In early winter, the lake
was stratified, with a thermocline at �35-m depth. By late winter,
the thermocline had descended to �100-m depth, resulting in a
fully-mixed Petit Lac and a hypolimnion confined to the Grand
Lac (Fig. 5). The initial temperature fields below 120-m depth were
identical in both simulations (dashed 6.1 �C isotherm lines in
Fig. 5; see also Fig. 2).

Under both stratification regimes, the Vent wind coming from
the southwest caused upward tilting of the isotherms towards
the western end of the Grand Lac near the confluence. This will
ral axis of the lake and perpendicular to the confluence (Fig. 1a, yellow line), during
d by the red dashed lines in Fig. 3). The white vertical lines mark the location of the
e given by the colorbars (note the different ranges in a and b). Selected isotherms are
show the corresponding initial horizontal position of the isotherms before the wind
ts southwestern end, �500 m west of the confluence (Fig. 1a, yellow line). Compare
e legend, the reader is referred to the web version of this article.)
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hereinafter be referred to as upwind upwelling in the Grand Lac,
since it resembles wind-driven upwelling that occurs at the
upwind end of a closed basin (e.g., Laval et al., 2008).

In early winter, the maximum upward displacement of the iso-
therms occurred�2 to 4 km east of the confluence in the Grand Lac.
Further westwards, in the Petit Lac, the isotherms were also dis-
placed upwards compared to pre-wind conditions, but to a lesser
extent (Fig. 5a). The upwind upwelling in the Grand Lac and the
discontinuous upward tilt of the isotherms across the confluence
are due to the different widths of the two basins; thus, the wind-
induced surface drift in the narrow Petit Lac was not sufficient to
balance that in the wider Grand Lac. As a result, a horizontal cur-
rent divergence east of the confluence caused upwind upwelling
in the Grand Lac, similar to what has been observed in Lake Con-
stance (Appt et al., 2004). This was confirmed by comparing the
net downwind transport through a north–south transect at the
confluence with an adjacent transect in the western Grand Lac.

Due to the deeper thermocline in late winter, the two basins
were baroclinically decoupled, and the upwind upwelling was lim-
ited to the Grand Lac below the confluence (Fig. 5b). Consequently,
the shallow Petit Lac basin remained well-mixed throughout the
entire wind event, as discussed in the Field observations section.

Development of the axial and transversal circulations at the
confluence

To investigate the temporal development leading to the mea-
sured bottom-intensified inflow and unidirectional outflow in
early winter, as well as the veering surface currents in late winter
(Fig. 4), the following three phases are considered: (i) initialization
phase: �4h after the wind started, (ii) adjustment phase: �12 h
after the wind started, and (iii) fully-developed circulation: �1.5
d after the wind started. Note that the selected times do not neces-
sarily mark the start or end of each phase, but instead are represen-
tative for the prevailing currents. Since the focus of this study is on
wind-induced interbasin exchange, the circulation at the conflu-
ence between the two basins is discussed here. Important implica-
tions for the basin-scale circulation will be further examined below
based on particle tracking simulations.

The modeled currents at the confluence during the three
phases, both in the axial (in- and outflow; blue and red colors)
and transversal (cross-shore flow at the confluence; black arrows)
directions are shown in Fig. 6. Full-depth current velocity and
direction profiles at the confluence center are given in Fig. 7 with
the corresponding profiles of the axial and transversal velocity
components presented in ESM Fig. S5. Hereinafter, unless stated
otherwise, rightward and leftward transversal currents are with
respect to the outflow direction into the Grand Lac, that is, when
looking into the page in Fig. 6.

Initialization phase. A few hours after the wind started, the current
patterns were similar under both stratification regimes (Fig. 6a, b).
The strong wind stress initiated an outflow towards the Grand Lac
in the uppermost 10 m, which was balanced by a weaker inflow
distributed over the entire depth range below 10 m. The currents
were strongest near the surface, reaching 10 cm s�1 in early winter
and 8 cm s�1 in late winter. A weaker secondary circulation devel-
oped in the transversal direction, with the highest velocities
�1.5 cm s�1 near the surface (see also ESM Fig. S5a, b). The
transversal currents in the upper layers were oriented to the right
(towards the southern shore) and were balanced by weaker oppos-
ing currents towards the northern shore in the layers below
(Fig. 6a, b). Under both stratification regimes, the net currents in
the upper layers at the center of the confluence displayed a spiral-
ing motion, i.e., with increasing depth, magnitudes decreased and
directions veered to the right (Fig. 7, black curves). In early winter,
the isotherms began to tilt upward towards the northern shore,
412
indicating the onset of Coriolis force-induced coastal upwelling
(Fig. 6a).

Adjustment phase. As the wind stress continued, both the axial and
transversal circulations strengthened, and clear differences
between the two stratification regimes emerged (Fig. 6c, d). In
early winter, the stratification imposed a two-layer pattern with
a strong, bottom-intensified inflow in the hypolimnion that bal-
anced the downwind epilimnetic outflow. The thermocline contin-
ued to tilt upwards towards the northern shore (Figs. 6c and 7a, b).
In late winter, however, the downwind outflow was more pro-
nounced in the shallow nearshore regions, where it extended over
the entire water column. Away from the shores, the outflow was
limited to the uppermost 10 m and a weak upwind inflow pre-
vailed in most of the transect. This resulted in a dome-shaped zero
isotach (Figs. 6d and 7c). Due to the stronger and deeper-reaching
outflow in early winter, the net currents in the epilimnion gradu-
ally approached a more unidirectional structure, whereas their
depth-veering structure remained unchanged in late winter
(Fig. 7b, d).

In both cases, the transversal circulation resembled a horizontal
clockwise vortical motion, with near-zero velocities in the center,
leftward currents in the lower layers balancing the rightward
near-surface currents, and downwelling at the right and upwelling
at the left boundaries. This transversal vortex was confined to the
epilimnion when stratification was present, whereas it spanned
the entire water column in the fully-mixed case (Fig. 6c, d). The
strength of the transversal secondary circulation was comparable
in both cases.

Fully-developed circulation. In early winter, the two-layer pattern
strengthened and both inflowing and outflowing velocities
exceeded 20 cm s�1. The net currents in both layers were nearly
unidirectional and aligned with the axial direction, with a sharp
current reversal at about the thermocline depth (Figs. 6e and 7a,
b). Furthermore, the upwelling at the northern shore continued,
with the 9 �C isotherm, initially at 42-m depth, reaching �10-m
depth. This illustrates that the bottom inflow was strongly modi-
fied by the Coriolis force, as will be discussed below in the momen-
tum budget analysis (see Reiss et al., 2022 for details on the coastal
upwelling dynamics in the Petit Lac basin).

In late winter, the dome-shaped zero-isotach developed into an
inverse U-shape. Downwind currents were strongest in the shallow
nearshore regions, with the interior dominated by weaker upwind
inflow. At the confluence center, the upper layer currents main-
tained their depth-veering structure, confining the outflow to the
uppermost 5 to 10 m. The transversal vortex grew stronger
(Figs. 6f and 7c, d). In both cases, the modeled along-axis velocity
profiles compare well with measured profiles (Fig. 4).

In both cases, the outflow and rightward transversal currents
were strongest at the northern shore (Fig. 6e, f). This is probably
due to gentler slopes and shallower banks along the northern Petit
Lac shore causing stronger downwind currents in both cases (ESM
Fig. S6), and nearshore divergence at the northwestern end of the
Grand Lac in early winter, which results in a surface depression
northeast of the confluence and produces strong barotropic pres-
sure gradients accelerating the outflow in this section of the con-
fluence (ESM Figs. S6, S7, and S8). This highlights the importance
of bathymetric effects and spatial heterogeneity and is further dis-
cussed in the Momentum budget analysis section below.

Momentum budget analysis
In this section, the processes that produce the observed current

patterns at the confluence are investigated by model-based
momentum budgets. The temporal development is discussed
below by considering the same three phases: initialization, adjust-



Fig. 6. Modeled current velocities at the confluence in early winter (left column) and late winter (right column), during the initialization (a, b) and adjustment (c, d) phases,
and when the circulation was fully developed (e, f). Axial velocities are depicted by color (see colorbar in panels a and b) and transversal velocities by black arrows. The grey
contour lines in the left panels mark the 7, 8 and 9 �C isotherms (from bottom to top). Red indicates outflow into the Grand Lac and blue, inflow into the Petit Lac. The black
curve above each 2D transect shows the shape of the corresponding modeled free surface elevation. Distance along the transect is given from the northern shore. The location
of the transect and orientation of the axial and transversal directions are shown in Fig. 1a. The transversal velocity scale is given in panel (c). For better visualization, vertical
velocities are scaled up by a factor of 20. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ment, and fully-developed circulation. Figs. 8 and 9 show the lead-
ing terms (Eq. (1)) in the axial and transversal momentum bal-
ances, along a full-depth profile at the confluence center in early
(left panels) and late (right panels) winter. Positive terms are direc-
ted into the Grand Lac in the axial balances and towards the north-
ern shore in the transversal balances (Fig. 1a, red arrows). To allow
for a comparison between the governing momentum terms, full-
depth profiles at the confluence center, i.e., at the mooring location
(Fig. 1a, blue cross), are considered here. The corresponding time-
averaged terms at the entire confluence transect are shown in ESM
Figs. S8 and S9 for the axial direction.

Initialization phase. Shortly after the wind started, the axial
momentum balances in the upper layer were similar in both sim-
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ulations. Wind stress-induced friction by far dominated, penetrat-
ing to a depth of �30 m (Fig. 8a, b). The positive friction term was
partially balanced by a negative barotropic pressure gradient, due
to a water level setup induced by downwind surface drift (ESM
Fig. S7). The rightward, transversal currents near the surface
induced an axial, negative Coriolis acceleration. Its magnitude
decreased with depth and changed sign below 20-m depth, i.e.,
the depth where the transversal currents changed from right- to
leftward (Fig. 6a, b). The net axial balance in the upper 15 to
20 m produced a strong acceleration towards the Grand Lac.

In the fully-mixed late winter case, all axial terms below 30-m
depth were constant, with the balance between the barotropic
pressure gradient and the Coriolis acceleration resulting in an
acceleration into the Petit Lac. Note the constant total pressure gra-



Fig. 7. For early winter (upper panels) and late winter (lower panels): Modeled current velocity (a, c) and direction (b, d) at the confluence center during the initialization
(black) and adjustment (red) phases, and when the circulation was fully developed (blue). Dates and times are given in the legend in (a) and (c). The vertical black dashed
lines in (b) and (d) mark the outflow and inflow directions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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dient throughout the water column, thus confirming that baroclin-
icity was negligible in late winter (Fig. 8b). In contrast, in early
winter, negative baroclinic pressure gradients emerged below the
thermocline at �35-m depth, enhancing the inflow near the bot-
tom (Fig. 8a).

Similar to the axial direction, the transversal momentum terms
in the upper layers were comparable under both stratification
regimes. In the uppermost 10 m, the wind-driven outflow pro-
duced a strong, negative Coriolis acceleration, which was largely
balanced by positive wind-induced friction, illustrating that the
wind stress was not perfectly aligned with the along-axis direction
(Fig. 9a, b).

In early winter, there was a geostrophic balance in the transver-
sal direction between the positive Coriolis acceleration below the
thermocline due to the inflow, and the baroclinic pressure gradi-
ents due to the onset of coastal upwelling (Fig. 9a). In late winter,
all transversal terms were small below the wind-affected surface
layers, with the barotropic pressure gradient opposing the Coriolis
acceleration caused by the weak inflow in the interior.

Adjustment phase. The increasing wind-induced axial friction was
partially balanced by the Coriolis and barotropic pressure gradient
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terms, accelerating the upper layer currents towards the Grand Lac
(Fig. 8c, d). In fully-mixed late winter, the wind stress almost pen-
etrated down into the entire water column, whereas it was con-
fined to the epilimnion when stratification was present. Since the
same wind energy was distributed over a smaller volume, this
resulted in overall higher axial frictional forces in the upper layers,
explaining the stronger outflow in early winter (Figs. 6 and 7). As a
consequence of the stronger outflow, the transversal Coriolis accel-
eration towards the southern shore was also significantly higher in
early winter (Fig. 9c, d). This would imply stronger rightward cur-
rents in the upper layers and thus an enhanced transversal sec-
ondary circulation. However, as discussed above, the transversal
velocities were comparably strong in both cases (Fig. 6c, d), which
can be explained by the different signs of the barotropic pressure
gradients as detailed below.

In early winter, due to the relatively uniform outflow from the
entire epilimnion, Ekman transport towards the southern shore
produced an upward tilt of the free surface from left to right
(Fig. 6c), resulting in positive transversal barotropic pressure gradi-
ents opposing the Coriolis acceleration (Fig. 9c). In late winter, on
the other hand, transversal convergence and divergence between
the outflow-dominated nearshore regions and inflow-dominated



Fig. 8. For early winter (left column) and late winter (right column): Leading terms of the axial momentum balance at the confluence center (blue cross in Fig. 1a) during the
initialization (a, b) and adjustment (c, d) phases, and when the circulation was fully developed (e, f). The red curves give the left side of the momentum balance equation, i.e.,
the local net acceleration, Eq. (1). The unit of the values on the x-axis is m s�2. The orientation of the axial axis is shown in Fig. 1a. Lines are defined in panel (a). Date and time
are indicated in each panel. For clarity, only the total pressure gradient (barotropic and baroclinic) is shown. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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interior produced an undulating free surface (Fig. 6d). This resulted
in negative transversal barotropic pressure gradients at the conflu-
ence center, acting together with the Coriolis acceleration (Fig. 9d).
The opposing signs of the transversal barotropic pressure gradients
between early and late winter, acting either with or against the
Coriolis acceleration, can explain the observed differences in the
vertical structure of the upper currents: During early winter strat-
ification, the net currents gradually approach a more unidirectional
structure, whereas they continue to veer strongly with depth dur-
ing the fully-mixed late winter (Fig. 7b, d, red curves).

In the lower layers, the momentum balances during the adjust-
ment phase showed a continuation of the trends observed during
the first hours. In early winter, the negative axial baroclinic pres-
sure gradients near the bottom, caused by upwind upwelling in
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the Grand Lac (Fig. 5a) increased, further strengthening the
hypolimnetic inflow. Note that here, baroclinic and barotropic
pressure gradients acted in synergy to enhance the hypolimnetic
inflow into the shallow basin. This is different from the ‘‘classical”
situation during upwelling at the upwind end of a basin, where
baroclinic (due to upwelling) and barotropic (due to surface setup)
pressure gradients oppose each other. The stronger bottom inflow
resulted in higher bottom friction (Fig. 8c) and transversal Coriolis
acceleration (Fig. 9c), enhancing the coastal upwelling at the north-
ern Petit Lac shore while maintaining a geostrophic balance. In late
winter, the weak inflow in the interior was driven by barotropic
pressure gradients that were balanced by friction and Coriolis
terms (Fig. 8d). The transversal terms were qualitatively similar
to the initialization phase.



Fig. 9. For early winter (left column) and late winter (right column): Leading terms of the transversal momentum balance at the confluence center (blue cross in Fig. 1a)
during the initialization (a, b) and adjustment (c, d) phases, and when the circulation was fully developed (e, f). The red curves give the left side of the momentum balance
equation, i.e., the local net acceleration, Eq. (1). The unit of the values on the x-axis is m s�2. The orientation of the transversal axis is shown in Fig. 1a. Lines are defined in
panel (a). Date and time are indicated in each panel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fully-developed circulation. In stratified early winter, axial baroclin-
icity became more important as wind stress continued, affecting
almost the entire water column (Fig. 8e) and illustrating continuous
upwind upwelling in thewesternGrand Lac. Furthermore, the thick-
ness of the frictional bottom boundary layer increased. Note the
‘‘bump” in the net acceleration between 40 and 50-m depth
(Fig. 8e), whichwas caused by strong advection. This illustrates that
nonlinearity could be of leading order in the fully-developed, ener-
getic earlywinter circulation, especially in the lower layers (see also
ESM Fig. S8e). The latter was likely due to the interaction of the
strong currents with the local bottom topography (Cimatoribus
et al., 2018), which is a known phenomenon in estuarine exchange
(e.g., Giddings and MacCready, 2017).

In the upper layers, the stronger axial currents in early winter
produced a transversal Coriolis acceleration almost twice as high
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as in late winter (Fig. 9e, f). However, since it was largely balanced
by barotropic pressure gradients caused by the transversal free
surface tilt (Fig. 6e), the currents in early winter were unidirec-
tional throughout the epilimnion, whereas they remained depth-
veering in late winter (Fig. 7b, d). As a result, the strength of the
transversal secondary circulation was similar in both cases
(Fig. 6e, f; see also ESM Fig. S5e, f). Note that when stratification
was present, the discussed flow adjustment in the upper layers
going from initially depth-veering to unidirectional, was also
observed in the ADCP measurements (compare Fig. 7a, b and
ESM Fig. S10), thus showing the good agreement between the
model results and the field observations.

In contrast, in fully-mixed late winter, the axial momentum bal-
ance of the fully-developed circulationwas characterizedby smooth
profiles of the frictional and Coriolis terms, approximately linearly
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decreasing and increasing from top to bottom, respectively (Fig. 8f).
The transversal balance between the Coriolis, barotropic pressure
gradient and friction terms resulted in negative accelerations in
the upper layers and positive accelerations in the lower layers, in
agreement with the transversal clockwise vortex (Figs. 6f and 9f).

The fully-developed axial circulation in late winter resembled
the wind-driven circulation in a non-rotating, elongated, non-
stratified basin with sloping boundaries, as discussed, for example,
by Winant (2004) and Sanay and Valle-Levinson (2005). This circu-
lation is characterized by intense downwind flow over the shallow
banks and near the surface, balanced by upwind flow in the interior.
In a rotating basin deeper than one Ekman depth, the axial circula-
tion is similar, but with reduced magnitude, while a transversal
clockwise vortex (when looking downwind) develops that spans
the cross-section (e.g., Ponte et al., 2012; Sanay and Valle-
Levinson, 2005;Winant, 2004). Here, the Ekman depth is a measure
relating the frictional force to the Coriolis force and is defined as
dE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Kv=f

p
, where f is the latitude-dependent Coriolis parameter,

Oð10�4 s�1Þ, andKv is the vertical eddy viscosity (e.g., Amadori et al.,
2020). In the model employed in the present study, Kv is computed
by theK-Profile Parameterization (KPP; Large et al., 1994) and canbe
output from MITgcm as a diagnostic term. Taking a typical value of
Kv ¼ 300 cm2; s-1 during the late winter wind event as the cross-
sectional average at the confluence 1.5 d after the wind started
(Sanay and Valle-Levinson, 2005), one obtains dE � 15m.

Considering a typical Ekman depth smaller than the maximum
confluence depth of 65 m, the elongated shape of the Petit Lac, and
the spatially fairly homogeneous, steady Vent wind, the late winter
case studied here is comparable to those described in the literature
cited above, thus explaining the general circulation patterns
Fig. 10. Probability maps derived from the backward particle tracking simulations sh
Particles were released in the Petit Lac; release area shown in ESM Fig. S1. Histograms of t
(b) and (d) mark the maximum depth of the confluence (65 m). Probabilities are show
113 m � 113 m model grid cell during the entire simulation, divided by the total num
interpretation of the references to color in this figure legend, the reader is referred to th
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(Fig. 6f). For a uniform wind acting on a symmetric basin and
ignoring nonlinear effects, the resulting axial circulation is sym-
metrical with respect to the cross-section center (Winant, 2004).
However, Ponte et al. (2012) showed that the core of the upwind
interior flow could shift towards the shores when nonlinear effects
are included and a spatially varying wind field is imposed. This
results in a slanted, inverse-U-shaped zero-isotach, similar to the
pattern observed here. In our case, the stronger downwind cur-
rents at the northern shore of the Petit Lac, caused by the gentler
slopes and shallower banks, are probably the reason for the
observed asymmetries (Fig. 6f and ESM Fig. S6). An undulating free
surface at the confluence (Fig. 6, right panels) was also reported by
Sanay and Valle-Levinson (2005) when considering a rotating
basin. A similar wind-driven transversal (secondary) circulation
in an elongated basin under the effect of rotation was observed
in the deep and narrow northern basin of Lake Garda, Italy (max.
depth 350 m, width �2–4 km), where it was associated with deep-
water ventilation (Piccolroaz et al., 2019).
Effect of stratification on wind-driven interbasin exchange

Strength of interbasin exchange
The differences in the circulation patterns between the strati-

fied early winter and fully-mixed late winter cases discussed above
have important consequences for the wind-induced interbasin
exchange in Lake Geneva. The volume exchange across the conflu-
ence transect was estimated by integrating the modeled inflowing
(or outflowing) velocities in time and space (Fig. 6, blue and red
areas, respectively). When considering the 2.5-d wind period, the
accumulated volume transport into the Petit Lac was
owing dominant particle pathways during the early (a) and late (c) winter cases.
he particle origin depths during early (b) and late (d) winter. The red dashed lines in
n by colorbars and reflect the total number of different particles that visited each
ber of particles. For clarity, cells with less than 50 particles are not shown. (For
e web version of this article.)



Fig. 11. Summary of wind-induced interbasin exchange processes between the
Petit Lac and Grand Lac of Lake Geneva. Current patterns for (a) early winter, weakly
stratified (December) and (b) late winter, fully-mixed (March) conditions. Cross-
sections are vertically exaggerated. Horizontal black and red dashed lines:
thermocline depths. Black arrows: currents during the fully-developed circulation.
Green arrows: relaxation flows after the wind ceased. Arrow thickness: intensity of
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Qin;early � 0:88 km3 during early winter and Qin;late � 0:46 km3 dur-
ing late winter. Furthermore, driven by the baroclinic pressure gra-
dients at the confluence (due to upwind upwelling in the wider,
deeper basin), the bottom inflow in early winter continued for
�1.5 d after the wind ceased, maintaining velocities of �10 cm s�1

(also seen in the field observations, ESM Fig. S4). In late winter, on
the other hand, the inflow rapidly stopped after the wind ceased.
Considering this enhanced inflow caused by the baroclinicity, we

obtain Qin;early � 1:64 km3 and Qin;late � 0:71 km3. This illustrates
that during a single early-winter Vent event, more than half of
the total Petit Lac volume (�3 km3) was exchanged across the con-
fluence into the Grand Lac basin. Such an enhanced flushing can be
of great ecological interest, for example, if the shallow basin is sub-
ject to significant loads of nutrients and/or contaminants (e.g.,
Kempenfelt Bay in Lake Simcoe; Flood et al., 2020). In late winter,
however, the accumulated interbasin exchange was reduced by a
factor of �2.3, due to the weaker and depth-veering currents. In
summary, under identical wind forcing, the flushing of the Petit
Lac basin was less than 50 % as efficient in late winter when no
stratification was present.
the exchange flow (�50 % smaller in late winter than in early winter). Arrow length:
approximate distance traveled by exchange flows. Note that deep upwelling from
the Grand Lac hypolimnion into the Petit Lac basin only occurs in the early winter
(a). These cold waters then drain back into the Grand Lac hypolimnion after the Vent
wind has ceased, thus forming a current ‘‘loop” which contributes to deepwater
renewal. (c) Mean terms of the axial momentum balance (in m s�2; see Eq. (1) for
details) in early (black) and late (red) winter, depth-averaged below 35-m depth
and averaged over the entire Vent wind event. Horizontal axis: Pc baroclinic
pressure gradient term, Pt barotropic pressure gradient term, C Coriolis acceleration,
A nonlinear advection term, and D dissipation due to bulk and bottom friction. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Horizontal and vertical exchange patterns and hypolimnetic upwelling
The origin of the deep Petit Lac waters was determined by back-

ward tracking of particles released in its bottom layers during the
first days of the wind event. Fig. 10 shows histograms of the parti-
cle origin depth, as well as dominant pathways taken by the parti-
cles in the form of probability maps (e.g., van Sebille et al., 2018).

In early winter, more than half of the particles originated from
below 65-m depth, the maximum depth at the confluence, with a
significant number coming from depths between 100 and 200 m
(Fig. 10b), thus confirming the upwelling of deep, hypolimnetic
Grand Lac water into the shallow basin as indicated by the
observed bottom temperatures (Fig. 3c). Furthermore, the
upwelled particles had already traveled up to 20 km in the Grand
Lac before entering the Petit Lac, showing that large areas of the
deep hypolimnion were affected by these vertical and horizontal
exchange processes (Fig. 10a). Once upwelled, strong bottom cur-
rents (Fig. 6c, e) transported these waters far into the shallow
basin, before they finally descended back into the deeper basin a
few days after the wind had ceased. This is discussed in detail by
Reiss et al. (2022), who showed that Vent winds regularly generate
a ‘‘current loop” in weakly stratified Lake Geneva, whereby deep,
hypolimnetic Grand Lac waters first upwell into the Petit Lac, are
then transported more than 10 km into the Petit Lac basin, before
ultimately descending back into the hypolimnion of the Grand Lac.

Due to the mild climate and its great depth (309 m), the Grand
Lac basin remains stratified during most seasons, with complete
convective overturning only occurring occasionally during severely
cold winters. As a result, lower DO and higher nutrient concentra-
tions are found in the deep hypolimnion compared to the shallow
Petit Lac basin (e.g., CIPEL, 2019). Wind-driven upwelling between
the two basins during stratified early winter could therefore pro-
vide a potentially important mechanism for vertical exchange
and deepwater renewal in Lake Geneva, similar to what has been
observed in Lake Erie (e.g., Bartish, 1987).

In contrast, in latewinter only 5 % of the particles originated from
below65-mdepth in theGrand Lac, with virtually none coming from
below the thermocline (Fig. 10d). This confirms that the upwind
upwelling in the Grand Lac did not extend into the Petit Lac
(Fig. 5b), which agrees with the measurements taken during a com-
parable Vent event inMarch 2019,when constant near-bottom tem-
peratures were observed at the confluence (Fig. 3). Overall, in late
winter no upwelling of deep, hypolimnetic waters from the Grand
Lac into the shallow Petit Lac occurred and the exchange between
the basinswasmore horizontal, which can be explained by the baro-
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clinically decoupled basins. Furthermore, the bulk of the particles
thatweredrawn fromtheGrandLac into thePetit Lacoriginated from
the immediate vicinity of the confluence with only the waters near
the confluence being affected, thus illustrating that the exchange
wasmore local than in earlywinter (Fig. 10c). This is due to the over-
all weaker currents and the depth-veering structure of the outflow
(Fig. 7). These results demonstrate that in the unstratified case,
wind-driven interbasin exchange has less impact on the basin-
wide transport and potentially on its ecology.

The main effect of stratification and Coriolis force on the
exchange between the two basins of Lake Geneva during winter
are schematically summarized in Fig. 11. Significant differences
exist between the circulation during weakly stratified early winter
(December; Fig. 11a) and fully-mixed late winter (March; Fig. 11b).
From the axial momentum balance averaged over the whole Vent
event, it is evident (Fig. 11c) that during weak stratification, baro-
clinicity is the driver of the deepwater upwelling of cold hypolim-
nic waters from the Grand Lac basin into the Petit Lac. Upwelling
does not occur when the Petit Lac is fully-mixed.
Summary and conclusions

Combining field observations, three-dimensional (3D) hydrody-
namic modeling, and particle tracking, we demonstrated the signif-
icant effect that stratification can have on wind-driven interbasin
exchange between the shallow basin and the deep basin of a large
lake during winter. Current and temperature profiles taken at the
confluence between the shallow Petit Lac (maximum depth 75 m)
and deep Grand Lac (maximum depth 309 m) basins of Lake Gen-
eva showed markedly different patterns during two comparably
strong, typical along-axis Vent wind events (from the southwest)
in December 2018 (early winter) when the Petit Lac was weakly
stratified with a thermocline at �35-m depth, and in March 2019
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(late winter) when it was fully-mixed. To quantify the effect of
stratification on the exchange process between the two lake basins,
we carried out two 3D simulations with identical external forcing,
but different stratification, representing typical early and late win-
ter conditions. The observed early/late winter differences were
well reproduced by the numerical model, which allowed us to
investigate and quantify for the first time in a lake, the driving
mechanisms behind the two circulation patterns by means of a
momentum budget analysis.

The key features, similarities and differences in the interbasin
exchange dynamics between theGrand Lac and theweakly stratified
(early winter) or fully-mixed (late winter) shallow Petit Lac can be
summarized as follows (see also schematic summary in Fig. 11):

� For both stratification regimes, the Vent wind from the south-
west produces ‘‘upwind upwelling” at the western end of the
Grand Lac basin, near the confluence. This is due to horizontal
current divergence caused by the different widths of the basins.

� In early winter, a two-layer flow is established with the down-
wind epilimnetic currents flowing towards the Grand Lac (out-
flow) balanced by hypolimnetic countercurrents flowing into
the Petit Lac (inflow). The rightward Ekman transport in the
epilimnion produces an upward tilt of the free surface towards
the southern Petit Lac shore. This generates barotropic pressure
gradients that largely balance the Coriolis acceleration due to
the epilimnetic outflow, resulting in unidirectional currents
aligned with the wind.

� In early winter, the upwind upwelling in the Grand Lac produces
axial baroclinic pressure gradients at the confluence that are the
main driver for the strong bottom inflow into the Petit Lac and
significantly enhance interbasin exchange by strengthening
the currents and causing the bottom inflow into the Petit Lac
to persist for more than one day after the wind ceased.

� In early winter, deep hypolimnetic Grand Lacwaters, originating
from more than 20 km away, upwell into the Petit Lac. These
upwelled waters then travel far into the shallow basin, before
ultimately (after the wind has ceased) returning back into the
deep Grand Lac. This current ‘‘loop” provides a potential ecolog-
ically important mechanism not only for horizontal, but also
vertical exchange, and thus, deepwater renewal.

� In late winter, with the thermocline well below the Petit Lac
depth, the upwind upwelling at the western Grand Lac does
not reach the bottom of the confluence. Therefore, interbasin
exchange and the circulation in the Petit Lac are purely wind-
driven and baroclinicity no longer plays a role (Fig. 11c). Conse-
quently, exchange currents are considerably weaker and the net
volume exchange between the basins is reduced by more than a
factor of two compared to the stratified early winter case.

� In late winter, interbasin exchange is more local, affecting only
the Grand Lacwaters in close proximity to the confluence, and is
mainly horizontal; thus, no upwelling of hypolimnetic Grand
Lac waters into the shallow basin occurs.

� The late winter circulation in the Petit Lac resembles that of a
steady, wind-driven circulation in a rotating, fully-mixed, elon-
gated basin with sloping boundaries and a depth greater than
one Ekman depth. This circulation is characterized by downwind
flowover the shallownearshore regions andnear the surface, and
upwind flow in the intermediate layers. Due to the Coriolis force,
a clockwise rotating vortex with a horizontal axis (when looking
downwind) develops in the transversal plane, and the upper-
layer currents in the interior veer to the right with depth.

Global warming is expected to continue weakening wintertime
convective cooling in Lake Geneva. This will result in less frequent
complete overturning and longer stratification periods, which have
already been recorded globally in lakes (Arvola et al., 2010;
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Woolway et al., 2020). Therefore, the probability of deepwater
renewal by convective cooling will decrease. On the other hand,
based on our findings, a prolonged winter stratification of the shal-
low Petit Lac basin will also extend the period during which wind-
induced interbasin exchange can produce strong upwelling of deep
hypolimnetic Grand Lac waters (cf. Reiss et al., 2022 for further
details). As a consequence, wind-induced interbasin upwelling will
become an increasingly more important process for vertical
exchange and deepwater renewal in the Grand Lac basin under cur-
rent climate change scenarios. At present, Vent winds are the most
frequent strong winter winds in the region and are projected to
remain strong (e.g., CH2018, 2018). No systematic wind stilling
over Switzerland and no significant changes in near-surface mean
wind speed are expected until the end of the 21st century (Graf
et al., 2019), suggesting that wind-induced interbasin upwelling
and subsequent deepwater renewal in the Grand Lac basin will
remain strong in the future.

The findings of this study have advanced the understanding of
multi basin wintertime dynamics in large lakes, which is presently
lacking. It was demonstrated that wind-induced interbasin
exchange in Lake Geneva in winter is a complex 3D process that
is strongly affected by the Coriolis force and stratification. The dis-
cussed underlying mechanisms, processes and driving forces, and
their interactions in controlling interbasin exchange dynamics
are not lake-specific. Therefore, these processes can be expected
to play a key role in the interbasin exchange in other large
multi-basin lakes under similar conditions. They should be consid-
ered when developing long-term lake management concepts, in
particular with respect to deepwater renewal.
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