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Abstract
Based on field investigations carried out in Lake Geneva during summer stratification in 2019, this study doc-

uments, for the first time, the rapid change of negatively buoyant river inflow dynamics caused by the passing
of a coastal upwelling. Under calm conditions, the negatively buoyant Rhône River, entering at the eastern end
of the lake, interacts with the lake density profile such that the river intrusion moves as an interflow in the ther-
mocline layer straight out into the lake. A strong, large-scale spatially homogeneous wind that lasts for several
days causes a downward thermocline tilt at the western end of the lake, coastal downwelling on the northern
shore, and coastal upwelling on the southern shore. This cold-water upwelling progresses like a Kelvin wave
around the lake after wind forcing ceases. When it arrives at the river inflow area, it homogenizes the lake water
temperatures, and the river inflow transforms into an intrusion that spreads over the whole water column.
Trapped by strong alongshore currents generated by the progressing coastal upwelling, the river plume is
sharply deviated and flows along the shore in the nearshore zone, potentially bringing nutrients directly into
the phototrophic near-surface layer. Following the passage of the coastal upwelling, the river inflow transforms
back into an interflow. This change in inflow dynamics, which is documented for five strong wind events
between June and September by combining in situ measurements, remote sensing, and numerical simulation,
can be expected to occur in other large lakes with comparable wind-induced large-scale thermocline
displacement.

Introduction
Lakes are water bodies of great ecological and societal value.

They often serve as drinking water reservoirs, and support fish-
ery and recreational activities, such as bathing and boating, all
of which require good water quality. Rivers play an important
role in maintaining or deteriorating lake water quality. For
example, rivers can discharge pollutants and nutrients that
potentially contribute to harmful phytoplankton develop-
ment in lakes (Allan et al. 1983; Zhao et al. 2013). On the
other hand, restoration of lake water quality can be achieved
by artificially feeding clean rivers into poor water quality lakes
(Welch 1981; Shinohara et al. 2008). It is therefore important

to determine the pathways taken by rivers in lakes and the
associated water mixing in order to understand lake ecosystem
functioning and to develop effective water management poli-
cies. Rivers enter lakes in the near shore zone; and in large
lakes, large-scale processes occurring in this zone, such as
coastal upwelling and downwelling and Kelvin waves, can
affect their pathway. In the present study carried out in Lake
Geneva, we document for the first time how two large-scale
processes, that is, a negatively buoyant river inflow and a
counterclockwise progressing coastal upwelling interact with
each other and cause a rapid change in the river pathway.

The pathways followed by river intrusions in lakes are the
result of the interplay between river properties (discharge and
density), the lake density profile in the vicinity of the river
mouth, and the background currents in the lake. River intru-
sions can take two different forms: (1) if the river density is
lower than or equal to that of the lake surface layer, the dis-
charge is found within that layer (Jirka 2007), or (2) negatively
buoyant inflows displace lake surface waters up to the plunge
point where the river intrusion abruptly sinks and follows the
lakebed as an underflow (Alavian et al. 1992). Depending on
the lake density profile, after plunging, the underflow
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detaches from the lakebed at the depth where river and lake
densities are comparable, and transforms into an interflow.
This conceptual framework has been applied to describe nega-
tively buoyant river inflows in stratified lakes (Giovanoli and
Lambert 1985; Churchill et al. 2003; Hogg et al. 2013; Scheu
et al. 2015) where river interflows develop in a layer at the
base of the lake surface mixed layer just above the abrupt
change of water density in the thermocline.

In the near shore zone of large lakes, wind-driven coastal
upwelling is an important transport process that occurs due to
offshore Ekman transport. It brings deep cold and dense water
masses towards the upper layer of the nearshore zone by dis-
placing the thermocline upwards, thus replacing the warmer
water in that layer (Plattner et al. 2006; Oesch et al. 2008;
Reiss et al. 2020). During “full” upwelling, the thermocline
reaches the lake surface (Csanady 1977). Coastal upwelling
generates strong alongshore currents in the nearshore zone
(Reiss et al. 2020). A key feature of coastal upwelling is that,
after strong wind events cease, the region of coastal upwelling
progresses counterclockwise around the lake basin as a ther-
mal front at a speed comparable to that of an internal Kelvin
wave (Mortimer 1974, 1988; Csanady 1977; Simons and
Schertzer 1987). Some indications of this upwelling progres-
sion were also detected on lake surfaces by remote sensing
(Csanady 1977; Mortimer 1988; Bolgrien and Brooks 1992).
Numerical modeling confirms the counterclockwise Kelvin
wave-like progression of cold coastal upwelling fronts as the
upwelling relaxes after a wind event (Beletsky et al. 1997).
The modeling results provided full upwelling and subsequent
progressing relaxation patterns that are qualitatively similar to
the above observations. Thus, coastal upwelling events pro-
gressing counterclockwise around the lake basin successively
expose near shore zones along their path temporarily to
destratification and high alongshore currents, even though no
wind forcing actually occurred in those zones. As will be
shown in the present study for Lake Geneva, the pathway
dynamics of rivers entering lakes, in particular for small rivers
whose dynamics are not controlled by Coriolis forcing, are
strongly affected by the passage of this counterclockwise pro-
gressing coastal upwelling.

In the marine environment and in estuaries, the interac-
tion of a buoyant river inflow with coastal upwelling events
was examined previously (Gan et al. 2009; Osadchiev
et al. 2020). For a buoyant river plume in Lake Ontario, Masse
and Murthy (1990) found that coastal downwelling events
concentrate the plume into a coastal current. Model results
suggest that, in Lake Erie, the offshore supply of phosphorus
via upwelling and river input is of ecological significance for
the near-shore zone (Valipour et al. 2016). Other studies
focused on the impact of coastal upwelling events on river
outflow conditions, in particular, thermal regimes (Laval
et al. 2008; Lisi and Schindler 2015).

However, the interaction of the two independent phenom-
ena, that is, a negatively buoyant river inflow and a

counterclockwise progressing coastal upwelling event, is not
documented in the literature, even though, as will be demon-
strated in this study, it is a commonly occurring transient pro-
cess. During the passage of a counterclockwise progressing
cold-water coastal upwelling front, the near shore zone stratifi-
cation in front of the river mouth is temporarily changed, and
thus the plunge dynamics of the river is modified. A nega-
tively buoyant river plume now finds its equilibrium depth
either much closer to the lake surface, or at the lake surface in
the case of full upwelling. At the same time, the river plume is
entrained into the strong counterclockwise-oriented along-
shore currents. The transient interaction of the river plume
with the changing stratification and current speeds has the
potential of affecting, albeit only temporarily, the ecosystem
dynamics in adjacent areas of the near shore zone of a lake.
However, due to the frequent recurrence of this sequence of
processes, the cumulative effect over time may be significant.

The objective of the present study is to make evident in
detail, and for the first time, the interaction of a counterclock-
wise progressing coastal upwelling event and a negatively buoy-
ant river plume in a large lake (Lake Geneva) during the
stratification period. The following questions will be addressed:

• How do lake stratification and currents change in the near-
shore zone during the passage of a counterclockwise pro-
gressing coastal upwelling?

• What effect does this have on the structure of the river
inflow?

• How is the path of the river inflow altered by the passage of
the counterclockwise progressing coastal upwelling?

• Can this have an impact on water quality?
• How do these newly documented findings affect current

concepts of negatively buoyant river inflows entering strati-
fied lakes?

The inflow of the Rhône River into Lake Geneva is an ideal
study site for this investigation because background data are
all known with good spatial and temporal resolution from
publicly available sources. In the present study, these data
were supplemented by a detailed field investigation in the
Rhône River delta area. Furthermore, three-dimensional
(3D) whole-lake numerical simulations were carried out and
revealed that counterclockwise progressing coastal upwelling
is the large-scale process that can explain the observed interac-
tion between river inflow and the flow field in the lake.

A Supporting Information section provides details and clar-
ifications of aspects discussed in the text.

Materials and methods
Study site

Lake Geneva (also called Lac Léman) is a large, deep mono-
mictic lake located at the border between France and Switzer-
land. It is the largest freshwater lake in Western Europe with a
length of ~70 km, a maximum width of 14 km, a volume of
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90 km3, a surface area of 582 km2, and a maximum depth
of 309 m (Fig. 1a). The lake is composed of two basins: the
small, narrow shallow basin (maximum depth 75 m) called
Petit Lac to the west, and the large deep (maximum depth
309 m) Grand Lac to the east. Lake Geneva thermally stratifies
in summer, and its surface temperature frequently reaches
25�C by late summer with a thermocline situated at approxi-
mately 15-m depth. The temperature in the deep hypolimnion
layers never exceeds 6�C. Due to its large size, Coriolis force

effects have been shown to be important in the momentum
balance of the lake (Lemmin et al. 2005; Cimatoribus
et al. 2018; Lemmin 2020). The inertial period at the latitude
of Lake Geneva is approximately 16.5 h (Bauer et al. 1981).

The wind field over the lake is guided by the surrounding
mountainous topography and dominated by two strong
winds: the Vent from the southwest and the Bise from the
northeast (Graf and Prost 1980; Wanner and Furger 1990;
Lemmin and D’Adamo 1996). These winds blow over most of
the lake surface. Strong wind events are largely responsible for
the energy transfer from the atmosphere into the lake and
strongly impact the currents of Lake Geneva (Lemmin
and D’Adamo 1996; Lemmin et al. 2005). The Bouveret area,
where the Rhône River enters Lake Geneva, is sheltered during
Bise events due to the surrounding high mountains (Fig. 1a).

Rhône River
The Rhône River is the principal source of water and sedi-

ments for Lake Geneva. It enters the lake at the eastern end of
the lake near Bouveret (Fig. 1a). From 1965 to 2018, it pro-
vided on average 73% of the water discharged annually at the
outflow at the western end of the lake basin at Geneva (mean
discharge 245.6 m3 s�1). The mean annual discharge shows
long-term stability, with yearly fluctuations related to precipi-
tation intensity and snow accumulation. In summer, the river
temperature ranges between 8�C and 11�C.

During the study period (24 June to 15 September 2019),
the average values of river temperature and conductivity were
9.81�C (SD 0.81�C) and 201.3 μS cm�1 (SD 33.5 μS cm�1). The
base level of suspended sediment concentration in the river
was approximately 200 mg l�1, and the concentration reached
high values during high discharge events (maximum
4705 mg l�1 on 3 July). For the five events, the average daily
flow discharge, temperature, and suspended sediment concen-
tration of the Rhône River are summarized in Table ST1. Pro-
files taken every 2 weeks at the monitoring station SHL2 (see
Fig. 1a for location), located at the deepest point (309 m) of
the lake, indicate that the surface temperature in the top 5 m
varied between 19�C and 27.6�C, that is, it was always higher
than the river temperature. The conductivity difference
between the river and the lake is very small, and the
suspended sediment concentration in the central part of
the lake is assumed to be negligible and thus not measured.

The importance of Earth rotation on the Rhône River
plume can be estimated by the Kelvin number (Krauss 1973;
Churchill et al. 2003; Demchenko et al. 2017), K = b/ri, where
b is the river width and ri is the internal Rossby deformation
radius, (ri = [g0 h]1/2/f), with g0 the reduced gravity, h the mean
depth of the river, and f the local Coriolis parameter. When
K is small (K � 1), the dynamics of the plume can be treated
as nonrotating (f = 0). Using the values indicated above, a
river width of 120 m and a mean depth of 5 m, we obtain a
K ranging from 0.02 to 0.05. Thus, the Rhône River can be
considered a small river (Garvine 1995) and Coriolis force does

Fig. 1. (a) Map of Lake Geneva showing depth contours (50, 100,150,
200, 250, and 300 m) and mean wind speed (color bar) and direction
(small black arrows) for a Bise wind event on 16 July 2019 (COSMO data).
The directions of the two strong dominant winds called Bise and Vent are
indicated with large arrows. CIPEL monitoring station SHL2 is situated in
the deepest part of Lake Geneva (309 m); limnigraphs are installed at St.-
Prex and Geneva; and the red square delimits the Bouveret area (see
zoom in Fig. 1b). The Swiss coordinate system (CH1903+) is used (Swiss
Federal Office of Topography, http://www.swisstopo.admin.ch). (b)
Zoom of the Bouveret area (red square in Fig. 1a) where the Rhône River,
the lake’s main inflow, enters the lake. Measurement points and camera
viewing areas are listed in the legend. “Section” refers to Fig. 6a results;
for details see text.
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not affect its plume. However, the dynamics of the Rhône
River plume can be controlled by the large-scale motion field
in the lake. The flushing time of Lake Geneva (also referred to
as theoretical residence time in the literature; Monsen
et al. 2002) of approximately 11 yr (CIPEL 2019) further con-
firms that river throughflow is small and has a limited effect
on the large-scale motion field in the lake.

From the onset of lake thermal stratification and due to the
density difference between the river and the lake surface,
the river forms an interflow under calm conditions that detaches
from the lakebed, as described in the Introduction (Dominik
et al. 1983; Giovanoli and Lambert 1985; Giovanoli 1990). Dur-
ing occasional high discharge events when the Rhône River
carries a high sediment charge, the river inflow breaks through
the thermocline and flows as a turbidity current through a sub-
aquatic canyon, carrying sediments mainly as bedload, down
into the deep hypolimnion (Loizeau and Dominik 2000; Kremer
et al. 2015; Corella et al. 2016).

Available data
Meteorological data for the Alpine region with a grid box

size of 1.1 km and an hourly time-step are provided by the
Consortium for Small-scale Modeling (COSMO, http://www.
cosmo-model.org). The data include the required parameters
to perform 3D hydrodynamic simulations of lakes, that is,
wind speed and direction, air temperature, relative humidity
of air, atmospheric pressure, incident solar radiation, and
cloud cover. These data are made available by MeteoSwiss
(https://www.meteoswiss.admin.ch). COSMO wind data are
presented in Fig. 1a for a typical Bise event. COSMO model
outputs are systematically verified by MeteoSwiss against in
situ measurements from synoptic and automatic stations
located in Switzerland and Europe. We used the assimilated
outputs (called analysis data), based on observational data
from all of Switzerland, rather than forecast data (Voudouri
et al. 2017). The validity of these data was evaluated in a com-
parison with data from meteorological field stations around
the lake (Rahaghi et al. 2018).

In the present study, Bise wind events that occurred during
the period when moored ADCP measurements were taken in
the Rhône River delta (24 June to 15 September 2019) were
investigated. They were selected based on COSMO wind data
according to the following criteria: (1) average daily wind
speed was greater than 5 ms–1 for at least two consecutive days
and (2) highest wind speed was greater than 10 ms–1. Five epi-
sodes of 5 d were found that each contained a single Bise
event. Wind speeds for the five episodes are summarized in
Table ST1. The wind pattern was different for each episode
(Fig. S1). The strongest Bise event occurred during
Episode 2 when detailed field measurements were made in the
Rhône River delta. This episode is presented in detail below,
and similar results for the other four episodes are given in the
Supporting Information (Appendix S1).

The Lake Geneva water level is monitored by limnigraphs
at Geneva and St.-Prex by the Swiss Federal Office for the
Environment (FOEN, https://www.bafu.admin.ch); the loca-
tions of the monitoring stations are shown in Fig. 1a. FOEN
also provides Rhône River data. At Porte de Scex, situated
5 km upstream of the river mouth, the river stage, tempera-
ture, and conductivity are recorded with a 5-min time step.
Suspended sediment concentrations are manually recorded
approximately twice a week.

Long-term monitoring of Lake Geneva temperature is per-
formed by profile measurements taken at station SHL2 (see
Fig. 1a) by the Alpine Center for Research on Trophic Net-
works and Limnic Ecosystems (CARRTEL, https://www6.lyon-
grenoble.inrae.fr/carrtel) of the French National Research
Institute for Agriculture, Food and Environment (INRAE,
https://www.inrae.fr), and the International Commission for
the Protection of Lake Geneva Waters (CIPEL, https://www.
cipel.org). In summer, this monitoring is carried out twice a
month (© OLA-IS, AnaEE-France, INRAE of Thonon-les-Bains,
CIPEL; Rimet et al. 2020).

Field instrumentation
The sets of instrumentation that were employed for the

present study are summarized in Table 1. To monitor the sur-
face signature of the river inflow, RGB and thermal time-lapse
cameras were installed 3 km south of the river inflow on a
mountain overlooking Bouveret, at approximately 740 m
above the lake. RGB images were analyzed with Matlab soft-
ware using the functions created by Emmanuel Farhi (https://
github.com/farhi/matlab-readraw, last accessed 27 April 2020).
RGB and thermal images were projected onto the lake surface,
assimilated to a horizontal surface, and geo-referenced (see
Fig. 1b for the location of the projection contours of the RGB
and thermal images). The resulting resolution in the Bouveret
area of interest is of the order of 1 m pixel�1.

Current profiles, spaced 0.7–1.4 m horizontally, were mea-
sured using an Acoustic Doppler Current Profiler (ADCP)
mounted on a boat-towed catamaran. Near-surface and near
bottom currents were omitted in all ADCP measurements
because of transient signals from the pulse transmission that
saturate the system’s electronics and because of acoustic reflec-
tions. The tilt and heading angles were derived from a sensor
located inside the instrument and were used to correct the
data. ADCP velocities with a low echo amplitude signal (<70
counts) were removed. A moving average over 180 s was
applied for both components (East–West and North–South)
together with a moving average in the vertical direction over
3 m thick layers.

Three-dimensional hydrodynamic simulation
The 3D hydrodynamic model MITgcm was originally

designed to capture large-scale/global to small-scale/regional
processes in oceans (Marshall et al. 1997). It has also been suc-
cessfully applied to lakes (Dorostkar et al. 2017). The
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capability of the model to realistically reproduce the stratifica-
tion, mean flow, internal seiche variability, and upwelling in
Lake Geneva was assessed and confirmed by Cimatoribus
et al. (2018, 2019) and Reiss et al. (2020) after careful calibra-
tion of the model. The model integrates the 3D Reynolds-
averaged Navier–Stokes equations on a sphere under the
Boussinesq and both the hydrostatic and nonhydrostatic
approximations (Marshall et al. 1997). The hydrostatic mode
of the model with an implicit free surface was used in this
study. The horizontal subgrid-scale mixing can be defined
with either a constant eddy viscosity or nonlinear
Smagorinsky viscosities. Here, Smagorinsky molecular
(Laplacian) horizontal viscosity with a coefficient of 0.3 and
biharmonic viscosity with a coefficient A4 = 0.01 were applied
(Griffies and Hallberg 2000). The vertical subgrid-scale mixing
of scalars is defined using the turbulent closure scheme K-
profile parameterization of Large et al. (1994). The surface is
forced by realistic atmospheric fields from COSMO data
(Voudouri et al. 2017) as described earlier. The model uses the
bulk formulation from Large and Pond (1981) to compute
the atmospheric fluxes. Following Cimatoribus et al. (2018),
we first initialized our modeling in 2018 with a Low-
Resolution (LR) version of the model, and then initialized a
High-Resolution (HR) version in 2019 with the output of the
LR version for that date and ran it for the study period (July to
September 2019). The initial dates of both the HR and LR
models were chosen based on calm wind conditions for sev-
eral days, thus allowing the model to have enough time to
adjust to the initial conditions.

Model bathymetry was interpolated from the high resolu-
tion (2 m � 2 m) survey conducted by the Canton Vaud
(Switzerland) in 2014 (https://www.asitvd.ch, last accessed
17 January 2018). The LR grid had a horizontal resolution of
173–260 m and 35 depth layers in the vertical direction. It
was initialized from rest on 2 July 2018, using the temperature
profile available at SHL2 on that date as a horizontally uni-
form initial temperature condition. The integration time step
of the LR grid model was set 20 s and a 6-month spin up was
carried out. The HR model was initialized using the results of
the LR model on 17 April 2019, and integrated over an
8-month period. The horizontal resolution of the HR model
was 113 m with 50 depth layers. The vertical Z-level spacing
was 0.35 m at the surface, which gradually increased to a max-
imum of 12 m at the deepest part of the lake. The HR initial
time step was set to 6 s for numerical stability.

Results
Lake Geneva hydrodynamics excited by Bise wind events

The lake water level measured at Geneva and the COSMO
wind data show that Bise events push the lake surface water
towards Geneva and thus raise the lake surface level by a few
centimeters at the Geneva (western) end of the lake. This is
clearly observable for Episode 2 (Fig. 2a), and for Episodes 3, 4,

and 5 (Fig. S1). The five Bise events lasted longer than the iner-
tial period of 16.5 h and generated a geostrophic adjustment.
Due to Ekman transport, this adjustment raised the water level
on the northern (Swiss) shore of the lake and lowered it on
the southern (French) shore. The limnigraph of St.-Prex
on the northern shore shows a buildup of water for Episode
2 (Fig. 2a). For the remaining episodes, lake level changes are
presented in Fig. S1.

The numerical simulation indicates a thermocline down-
ward tilt in the Petit Lac at Geneva for the five episodes
(Fig. 2b for Episode 2; Fig. S2 for the remaining episodes). The
thermocline that is initially positioned between 10 and 20-m
depth, depending on the episode, is lowered during the Bise
events down to almost 40-m depth for Episode 2. The numeri-
cal simulation also shows a coastal downwelling of the ther-
mocline on the Swiss northern shore (Fig. 2c), and a coastal
upwelling of cold water along the French southern shore up
to the Bouveret area (Fig. 2d for Episode 2; Fig. S2 for the
remaining episodes).

For Episode 2, the simulation predicts that the thermocline
almost reaches the surface in the coastal upwelling area. After
the Bise wind ceased, the coastal upwelling/downwelling pat-
tern exhibits a Kelvin wave-like counterclockwise rotation
around the lake basin (Fig. 3). The coastal upwelling, which
arrives at the Bouveret area in the morning of 16 July, brings
cold water masses with a temperature of around 10�C in the
2.5-m thick model layer at 11.3–13.8-m depth. This layer is
representative of the thermocline at rest. Twelve hours later,
the upwelling has left the Bouveret area and continues toward
the north, following the Swiss shore (Fig. 3). A similar pattern
of counterclockwise rotation of the coastal upwelling is
predicted by the numerical simulation for the remaining epi-
sodes (Fig. S3).

Time series of the modeled temperatures at Points 2 and
3 confirm the change in temperature during the passage of
the upwelling in front of the Rhône River inflow (Fig. 4a).
Temperatures near the surface only dip slightly. However, in a
20-m deep layer below, stratification is progressively being
eroded, while the coastal upwelling advances and tempera-
tures decrease to those measured in the Rhône River.
Temperatures then again begin to rise and stratification is re-
established after the upwelling has left the Bouveret area. The
predicted vertical displacement of the thermocline is validated
by the CTD profiles taken on 16 and 17 July 2019 in the
Rhône delta area when the coastal upwelling passed through
the Bouveret area (Fig. 4b). On 16 July at Point 1, the vertical
temperature profile shows that the thermocline was in the
near surface layer. On 17 July 2019, after the upwelling has
left the Bouveret area (Fig. 3), the surface mixed layer extends
down to 15 m at the same monitoring station; this is the typi-
cal thermocline depth for that time of the year. Modeled and
measured temperatures agree well as can also be seen in the
temperature development during the time interval between
the dashed vertical lines in Fig. 2d. Images taken by the time-
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lapse camera on 16 July further suggest that cold-water
upwelling almost reached the surface in the Bouveret area at
that time, as documented by boat tracks (Fig. S4). Only during
the passage of the coastal upwelling event does the water in
the boat track have the same temperature as that in the Rhône
River, indicating a thermocline near the lake surface.

Furthermore, the numerical simulation shows that the pas-
sage of the upwelling is accompanied by a current pattern in
the near surface layer that travels in the nearshore zone
around the lake basin. In the Bouveret area, this is confirmed
by eastward near surface currents measured at Points 2 and
3 (Fig. 5 for Episode 2; Fig. S5 for the remaining episodes). The
onset of this current, its duration, and the velocity amplitude
are well captured by the numerical simulation. The mean
absolute error between simulated and measured currents based
on hourly data from 13 July 2019 to 18 July 2019 is 5.6 cm s�1;
this is approximately half of typical background lake currents.
Despite the different wind patterns of the five Bise events, this
current always occurs in the Bouveret area 40–50 h after each
event (Fig. S5), which is close to half a Kelvin wave period in
Lake Geneva (Lemmin et al. 2005).

The offshore extent of the currents related to the upwelling
and the depth profile of the currents cannot be determined by
the measurements. Instead, this information was obtained
from numerical modeling. In Fig. 6a, the alongshore current
component in a section extending from the river mouth out
into the open lake is plotted for several instances during the
passage of the coastal upwelling (see Fig. 1b for
section location). Initially, when the cold-water coastal
upwelling caused a homogenization of the lake water tempera-
ture (Fig. 4), currents are still weak (Fig. 5). Current speeds
then progressively increased over time in a layer that extends
outward from the shore. However, high currents are limited to
a nearshore zone slightly extending past the locations of
Points 2 and 3, and current speeds rapidly taper off with dis-
tance from shore beyond this layer. Further offshore, current

speeds are in the range of typical values observed in the lake.
Thus, the alongshore current pattern that follows the passage
of the coastal upwelling is organized in a narrow, nearshore
band. The depth of this band is restricted to the upper layer.
This pattern can also be seen in the sequence of model results
for the Bouveret area, depth-averaged over the upper layer
(Fig. 6b). Figure 6b again shows that the current speeds rapidly
taper off with distance from the shore. Stratification in the
nearshore zone changes during the passage of the coastal
upwelling, as can be seen from the modeled isotherms
(Fig. 6a). In order to determine the potential of a small-scale
interaction of the two water masses, gradient Richardson
numbers were calculated from the modeled velocity and tem-
perature field for the instances during the passage of the
coastal upwelling shown in Fig. 6a. When the coastal upwell-
ing reaches its maximum speed early on 17 July (Fig. 5), Rich-
ardson numbers fall to low values due to strong shear and
weak stratification in the upper layer, indicating that mixing
is likely (Fig. S16).

Rhône River plume dynamics
The impact of the sequence of processes taking place dur-

ing the passage of the counterclockwise progressing coastal
upwelling, that is, (1) a thermocline downward tilt in the Petit
Lac at Geneva (Fig. 2), (2) the generation of cold-water coastal
upwelling on the southern shore of the Grand Lac (Fig. 3), and
(3) the passage of the strong eastward current in the near sur-
face layer in the Bouveret area (Figs. 5 and 6) on the dynamics
of the Rhône River plume is presented in detail for Episode
2. The overall effects of this sequence of processes for the
other episodes are similar and shown in the Supporting Infor-
mation (Figs. S6–S13).

On 16 July 2019, the RGB and thermal images taken by the
time-lapse cameras between 11:00 and 16:00 indicate turbid
and cold Rhône River water that does not sink (Figs. 7 and 8)
and does not form a plunge point, as would be expected for

Table 1. Summary of field instrumentation. For station locations, see Fig. 1.

Measurement
type Instrument Setting Location Period

Time-lapse

camera

Nikon D3300 RGB camera with

telephoto lens, Flir Tau2 540

infrared camera

RGB 24M pixels, infrared 0.2 M

pixels, one image per min

3 km south of the river inflow on

a mountain

Permanently

recording

CTD profiles Sea & Sun Marine Tech CTD 75M

with turbidity sensor

42 samples per meter Point 1 (see Fig. 1) Transects on 16

and 17 July 2019

Towed ADCP Teledyne RDI Workhorse Sentinel

300 kHz with bottom tracking

Mode 12; downward looking; bin

size 1 m, 100 bins, sampling

interval 1–2 s

Catamaran towed at 0.7 m s�1

along ADCP transect (see

Fig. 1)

Transects on 16

and 17 July 2019

Moored ADCP Teledyne RDI Workhorse Sentinel

300 kHz

Moored at 50 m depth; upward

looking; bin size 1 m, sampling

interval 10 min

Points 2 and 3 (see Fig. 1) 24 June to 15

September 2019
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river discharge that is a negatively buoyant with respect to the
ambient lake water. Instead, the river plume remains at
the lake surface and spreads out up to several hundred meters
from the river mouth.

Temperature profiles taken at Points 1 and 2 were compara-
ble (Fig. 4b). These measurements and the simulation results
(Fig. 4a) show that on 16 July, the thermocline had moved
almost up to the surface, and that the temperature in the
water column was nearly homogeneous and similar to
the Rhône River temperature (see also Table ST1). Transpar-
ency and conductivity were likewise homogeneous over the

whole water column, but were lower at Point 1 in front of the
Rhône River inflow, than at Point 2 further to the west, which
can be considered as a reference point for the ambient lake
conditions. From Fig. 3, it is apparent that the cold-water
coastal upwelling passes through the Bouveret area during
that time.

The vertical profiles of current velocity measured on that
date along the ADCP transect indicate that when there is no
significant vertical density gradient in the lake, the river intru-
sion covers a volume that spans the whole water column from
the lake surface to the bed, and over a 100-m width that is
comparable to the Rhône River channel width (Fig. 9a). High
current velocities corresponding to the river intrusion were
measured over the whole water column in that volume, with
higher values and a core zone more likely in the upper layer,
suggesting that most of the inflow was in the upper layer, as
also seen in the RGB and thermal images.

From the RGB images and in particular, the thermal images
between 16 July at 17:00 and 17 July at 2:00 (Figs. 7 and 8), the
river plume is suddenly (at 18:00) strongly and persistently devi-
ated towards the east in the same direction as the counterclock-
wise progressing coastal upwelling. Velocities measured at Points
2 and 3, as well as those predicted by the numerical model
(Figs. 5 and 6), have the highest eastward values during that
time. They peak at around 0.5 m s�1, which is much higher than
typical background lake currents in this area (<0.1 m s�1).

When the counterclockwise progressing coastal upwelling
left the Bouveret area after midnight on 16 July (Fig. 4), the
RGB and thermal images show that the eastward displacement
of the river plume first gradually decreased and then, from
7:00 July 17 onward, it plunged shortly after the inflow, with
the plunge line describing a quasi-isosceles triangle, the base
of which coincides with the river mouth (Figs. 7 and 8). This
is the plume surface pattern typical of negatively buoyant
river plume interflow. The characteristic summer thermal
stratification with a well-developed thermocline was re-
established on 17 July at 10:00 in front of the river inflow
(Fig. 4). In the transparency profiles at Point 1, a low transpar-
ency layer corresponding to an interflow of the turbid Rhône
River plume is evident in the thermocline layer combined
with a slightly lower conductivity, typical for the Rhône River
in the same layer (Fig. 4b). The vertical profiles of current
velocity measured along the ADCP transect on 17 July 2019
show that the river intrusion again detached from the lakebed
at the depth of the thermocline layer as an interflow centered
at around 20-m depth in the transect (Fig. 9a).

Since the upwelling progresses counterclockwise in the
nearshore zone, its passage in the Bouveret area is accompa-
nied by a strong eastward current in the upper layer in front
of the river mouth (Figs. 5 and 6). This peak in the moored
ADCP current recordings was measured at Points 2 and
3 approximately 45 h after the peak of the Bise event
(Fig. S14). A well-developed eastward current was also seen in
the upper layer in the ADCP profiles all along the transect on
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Fig. 2. (a) Time series of wind speed averaged over the lake surface
(COSMO data, left y-axis, blue) and lake level (right y-axis, red) for Epi-
sode 2, and time series of vertical profiles of simulated temperature in the
upper layers of Lake Geneva for Episode 2 at: (b) Geneva (Petit Lac), (c)
St.-Prex (Grand Lac), and (d) Bouveret (Grand Lac). See Fig. 1a for loca-
tions. The transect field measurements in the Rhône Delta (near Bouveret)
were taken during the period between the dashed vertical lines. Colors
and lines are defined in the legend.
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17 July at 10:36 (Fig. 9a), indicating that the river water was
transported to the east in the nearshore area. In agreement
with the measured currents at Points 2 and 3 (Fig. 5) and
those predicted by numerical modeling (Fig. 6a), it gradually
decreased as the day went on. For Episode 2, the peak current
velocities at the lake surface and at the river mouth had a sim-
ilar magnitude (~0.3 m s�1).

The pattern of the ADCP backscatter measured along the
transect on those 2 days (Fig. 9b) confirms the above observa-
tions. On 16 July, when the currents were distributed over the
whole water column, high backscattering was also detected in
the whole water column. On 17 July, the Rhône River plume
again formed an interflow and, as a consequence, no backscat-
ter is evident in the upper layer of the water column. The
maximum of the backscatter in the interflow layer agrees with
the maximum in the current pattern (Fig. 9a).

For Episode 2, the sequence of processes described above,
which took place during the passage of the cold-water coastal
upwelling, is summarized in Fig. 10. A similar pattern in the
structure of strong eastward alongshore currents at Points
2 and 3 following the passage of the coastal upwelling in the
Bouveret area is evident in the remaining episodes (Fig. S5).

Furthermore, the RGB and thermal images show an eastward
deviation of the river plume in the nearshore zone in each of
these episodes (Figs. S6–S13), suggesting that each Bise-
induced coastal upwelling generates similar response patterns
of the Rhône River plume in the Bouveret area, as described in
detail for Episode 2 above.

Discussion
Coastal upwelling

The numerical simulation showed that the Bise event cau-
sed a thermocline downward tilt of about 20 m at the western
(Geneva) end of the lake basin (Fig. 2b). A comparable tilt of
the thermocline after a strong Bise event was previously
observed from temperature profiles taken along the lake axis
between the center of the lake near SHL2 (see Fig. 1a for sta-
tion location; thermocline at about 20-m depth) and near
Geneva (thermocline depth about 40 m) (Lemmin and
D’Adamo 1996). The upwelling/downwelling pattern will turn
into a Kelvin wave if no further strong wind event occurs. Fol-
lowing an event, up to four consecutive passages of Kelvin
waves have been observed in Lake Geneva (Lemmin

Fig. 3. Filled contour plots of simulated water temperature for Lake Geneva every 6 h in the 2.5-m thick model layer at 11.3–13.8-m depth for Episode
2. The transect field measurements in the Rhône delta (near Bouveret) were taken during the period delimited in red. The temperature range is given in
the color bar.
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et al. 2005). Thus, with each passage of the upwelling end of
the Kelvin wave in the Bouveret area, a deviation of the river
plume, as described for Episode 2, can reoccur. However, gen-
erally, the amplitude of a consecutive passage is smaller due to
energy loss caused by bottom friction; thus, the effect will be
less noticeable. The intensity of this deviation also depends
on the Rhône River discharge dynamics.

The structure of currents related to coastal upwelling in the
Rhône delta area is documented by the field measurements
taken in the nearshore region (Fig. 9a). The limited offshore
extent of these currents and their depth profile were obtained
from the 3D numerical modeling (Fig. 6). This current pattern
resembles that of a shore-hugging Kelvin wave where strong
currents are limited to the nearshore area and rapidly taper off
with distance from shore (Mortimer 2004). The coastal

upwelling in Episode 2 passes counterclockwise from the
southern shore to the northern shore of the lake in about 36 h
(Fig. 3). This is slightly less than one half of a Kelvin wave
period during summer stratification (Lemmin et al. 2005).
Thus, the coastal upwelling observed in this study presents
Kelvin wave-like features as was reported by Beletsky
et al. (1997).

These results confirm that the high-magnitude currents
measured at Points 2 and 3 (Fig. 5) and the deviation of the
river plume seen in the surface images taken by the time-lapse
cameras (Figs. 7 and 8) are caused by a jet-like alongshore cur-
rent confined to the nearshore zone in a near surface layer of
limited depth. After stratification is re-established (Fig. 4) on
17 July 2019, the plume surface pattern disappears in the
images (Figs. 7 and 8), indicating a plume interflow (Fig. 9). At
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Fig. 4. (a) Time series of simulated water temperature in the lake in front of the river inflow (mean of points 2 and 3) at five different depths, and
observed Rhône River temperature. (b) Vertical profiles of water temperature (left panel), transparency (center) and conductivity (right panel) for Episode
2 measured at points 1 and 2. Colors and lines are detailed in the legend. See Fig. 1b for locations.
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the same time, alongshore eastward currents measured in the
ADCP transect remain high in the near surface zone (Fig. 9)
and agree with the model current patterns in the Bouveret
area (Fig. 6). It can therefore be expected that the interflow
will continue to be deviated to the east for some time. During
the passage of the coastal upwelling in the Rhône River delta
area, the minima in the temperature pattern and maxima in
the velocity pattern in the coastal upwelling do not coincide.
When alongshore currents in the upper layers were highest
early on 17 July, stratification was weak and, as a result, gradi-
ent Richardson numbers in these layers were low, indicating a
strong potential for mixing.

Rhône River plume
As indicated in the Materials and methods section, the

Rhône River water density is on average always higher than
that of the lake during the stratification period. The normally
expected behavior of river intrusions for this situation is that
the river inflow pushes the lake surface water to a plunge
point where the river intrusion abruptly sinks, and follows the
lakebed as an underflow. Then, due to interactions with the
vertical lake density profile, the river intrusion detaches from
the lakebed at the depth where river inflow and lake densities
are comparable and subsequently moves as an interflow, most
often in the thermocline layer. In the plunge region, vigorous
entrainment of ambient lake water into the unconfined river
inflow occurs, reducing the excess density of the entering
river waters.

Most RGB and thermal images taken during summer strati-
fication by the time-lapse cameras installed above the
Bouveret area confirm that the river water plunges shortly
after the inflow, with the plunge line describing a quasi-

isosceles triangle, whose base coincides with the river mouth
(see Fig. S15 for RGB and thermal images for this river inflow
configuration). This suggests that, during the stratification
period, the Rhône River plume mainly flows as an interflow in
the thermocline layer as indicated by previous measurements
(Giovanoli and Lambert 1985). The interflow is carried off-
shore and its subsequent displacement in the lake is deter-
mined by large-scale circulation. It was shown that the
interflow follows pathways guided by large-scale gyres (Razmi
et al. 2018; Cimatoribus et al. 2019) that further offshore can
deviate the plume and transport it to the northern shore.
Thereafter, it moves along the northern shore and either it
reaches the outflow in Geneva within a few days or it gets
trapped for lengthy periods in the major gyres in the central
part of the lake (Cimatoribus et al. 2019).

Our detailed investigation of Episode 2 makes evident that,
during the passage of a coastal upwelling event, two impor-
tant differences from the standard, large-scale interflow con-
cept for negatively buoyant rivers occur:

• The Rhône River does not plunge, indicating that the densi-
ties of the river and of the near surface layer of the lake are
comparable. Since the Rhône River discharge and tempera-
ture varied little during that time (Table ST1), the observed
change in the plume dynamics can only be caused by pro-
cesses occurring in the lake. This was confirmed by the
observed sequence of processes (summarized in Fig. 10),
resulting in a rapid and drastic change in lake stratification
during the passage of the coastal upwelling. As documented
by repeated CTD profiles and ADCP transects (Figs. 4b and
9), this led to an almost homogeneous temperature over
the whole water column, which is colder than the epilim-
nion temperature at this time of the year. In this situation,
river and lake densities were comparable, and thus, the river
inflow was distributed throughout the water column near
the Rhône River mouth. This dramatically affects the
mixing and entrainment of the river plume.

• In contrast to the large-scale interflow pattern, during the
passage of the cold coastal upwelling, the Rhône River
plume is deviated to the east in the nearfield of the inflow
(Figs. 7 and 8) by strong alongshore currents in the near-
shore zone. This causes the plume to flow along the eastern
shore in the nearshore zone, where the lake is shallow.
Thus, during this deviation, river sediments (coarse and
fine) are transported over this shallow zone and are depos-
ited there, instead of being advected into the deeper areas.
In previous work, dynamic penetrometer measurements car-
ried out in this nearshore zone to the east of the Rhône
River mouth found a thick layer of loose fine sediments of
Rhône River origin, at times containing a high concentra-
tion of decomposing organic matter (Nina Stark, pers.
comm.; Stark et al. 2013). This suggests that deposition of
this sediment is a recurring process that can be explained
by our observations during Episode 2.
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Fig. 5. Time series of wind speed over the lake (COSMO data, left y-axis,
blue), and predicted and measured eastward current velocity at Bouveret
(mean of points 2 and 3, and averaged between 5 and 15-m depth, right
y-axis, red) for episode 2. Colors and lines are detailed in the legend.
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Comparing the current pattern (Fig. 9a) and the backscat-
tering pattern (Fig. 9b) of the sequence of ADCP transects
taken during the 2 days of Episode 2, some interesting features
can be observed:

• The backscattering always spreads over a wider area than
the velocity, indicating that strong lateral mixing occurs
between the Rhône River plume and the ambient lake
waters due to entrainment.

• The strong eastward currents in the epilimnion on 17 July
at 10:36 and 11:32 push the sediments of the river plume
to the east where water depth rapidly decreases, moving the
particle cloud up to the surface in that area (Fig. 7; 17 July

at 9:00). This shows the effect of bottom topography in
guiding the plume and is consistent with the penetrometer
measurements discussed above.

• Even when the plume forms an interflow, sediment parti-
cles are distributed in the hypolimnion below the interflow
down to the lake bottom. This indicates that particles are
continuously settling out below the interflow. In our previ-
ous measurements (not shown here), particle sizes up to
60 μm were found in the interflow and in the hypolimnion
below it.

• When strong westward currents occurred in the thermo-
cline layer on 17 July 2019 at 13:28, particles from the
interflow were also spread out to the west of the center of

Fig. 6. Episode 2: (a) Filled contour plots of simulated current velocity perpendicular to the plane of the section (see Fig. 1b) across Lake Geneva, close
to the axis of the Rhône River inflow. The velocity range is given in the color bar; positive values are “exiting” the page, that is, moving eastwards. Iso-
therms (8�C, 9�C, 10�C, 12�C, and 19�C) are also shown. The Rhône River inflow is on the left side of each panel. The vertical dashed line indicates the
intersection of the line connecting points 2 and 3 with the section. (b) Quiver plots of simulated current velocity at the Bouveret area. Current velocity is
averaged between 5 and 15 m depth. In the area east of the Rhône River inflow, no current velocity can be given because of the shallow depths (<5 m).
The two white crosses indicate the location of points 2 and 3. See Fig. 1b for location of the section and the Bouveret area.
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the interflow. Over time, the accumulation of particles
below the interflow and to the west of it builds up a layer of
loose unconsolidated particles at the entrance of the Rhône
River canyon with slope over-steepening that affects slope
stability. It was hypothesized that these sediments contrib-
ute to the development of gravitational processes such as
turbidity currents in the canyon (Corella et al. 2014).

• Occasionally, isolated features of strong backscattering are
seen outside the plume pattern (Fig. 9b). These may indi-
cate coherent structures shedding from the plume due to
large-scale entrainment. Such large-scale structures were vis-
ible when the river plume reached the surface during the
passage of the coastal upwelling in the early image on
16 July (Figs. 7 and 8). In the RGB and thermal images

taken during the summer, patches of the turbid and cold
river water are often visible beyond the plunge line in the
interflow region and rapidly disappear. The patches can be
interpreted as “boils” rising from the river plume to the sur-
face, due to large-scale instabilities at the interface between
the plume and the ambient water. The boils observed on
the surface and the strong backscattering features (Fig. 9b)
may document the same phenomenon.

The passage of a cold coastal upwelling, therefore, strongly
affects the transport and deposition dynamics of sediments,
brought into the lake by the Rhône River, in the river delta
and the adjacent near shore area for the range of river dis-
charge being investigated here.
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Fig. 7. Episode 2: Hourly RGB images taken by the RGB time lapse camera covering the period of current velocity measurements presented in Fig. 5.
The Rhône River water entering Lake Geneva from the channel at the bottom of the images is light brown due to high suspended load. The river channel
is about 120-m wide. Compare with thermal images in Fig. 8, in particular the deviation of the Rhône inflow on 16 July at 18:00. See Fig. 1b for the cam-
era viewing angle. The circular line is a floating barrier used to retain driftwood.
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This transport dynamics may have an effect of the bio-
geochemical balance in the Rhône River inflow area. A sig-
nificant decrease of nutrient concentration within the
surface mixed layer was reported during the stratification
period at the SHL2 station in the center of the lake
(CIPEL 2019). However, in the eastern part of Lake Geneva,
where the Rhône River enters the lake, a phytoplankton
bloom near the lake surface is observed (Kiefer et al. 2015;
Bouffard et al. 2018; Soulignac et al. 2018). The change in
Rhône River plume dynamics due to the passage of the cold
coastal upwelling presented in this study suggests that it
could contribute to feeding the lake surface layer with nutri-
ents by horizontal mixing in the euphotic layer. This is
supported by low, model-based gradient Richardson

numbers found during the passage of the coastal upwelling
(Fig. S16). Strong shear in a near surface layer and a rela-
tively weak stratification provide for considerable turbulent
mixing between these two different water masses, and water
and particles transported by the Rhône River plume, which
are known to carry nutrients, will be kept in suspension
near the phototrophic zone. It was observed that counter-
clockwise progressing coastal upwelling occurred another
four times during the summer of 2019 (see Appendix S1).
Coastal upwelling can, therefore, be considered a frequently
recurrent phenomenon during the stratification period, and
the cumulative effect in time of this transient process in the
near shore area may be significant, at least in the near field
of the Rhône River inflow.

Fig. 8. Episode 2: Hourly thermal images taken by the infrared time-lapse camera covering the time period of the current velocity measurements pres-
ented in Fig. 5. Dark blue pixels in the Rhône River plume correspond to cold river temperatures of approximately 10�C (Fig. 4). During the night (16 July
at 21:00 to 17 July at 9:00), images are perturbed by a humid atmospheric boundary layer generated by evaporation. Compared with RGB images in
Fig. 7. See Fig. 1b for the camera viewing angle. The circular line is a floating barrier used to retain driftwood.
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Summary and conclusions
Investigations carried out in Lake Geneva during summer

stratification in 2019 allowed documenting the rapid change
of river interflow dynamics caused by the passage of a coastal
upwelling event. For the first time, the interaction of nega-
tively buoyant river inflow and transient coastal upwelling in
a large lake was observed, and with such detail, by analyzing
in situ measurements, lake surface imagery, and high-
resolution numerical modeling results. It was shown that this
rapid change is the result of the following sequence of pro-
cesses (summarized in Fig. 10) that were initiated in one part
of the lake and then passed through the Rhône River
mouth area:

• Coastal upwelling generated on the southern shore by a
strong Bise wind, blowing long enough, (i.e., with the dura-
tion exceeding the lake’s inertial period), progresses Kelvin
wave-like counterclockwise around the lake basin in the
nearshore zone after the wind has ceased.

• When it reaches the area of the Rhône River inflow, the
upwelling homogenizes the lake temperature in the near-
shore zone, resulting in a well-mixed (compared with its
stratified state) profile with a density close to that of the
Rhône River.

• This, in turn, abruptly transforms the Rhône River plume
from an interflow into an intrusion that spreads over the
whole water column.

Fig. 9. Episode 2: (a) Filled contour plots of measured (ADCP) current velocity perpendicular to the plane of the ADCP transect (Fig. 1b) and quiver plots
of the transversal component; positive values are “entering” the page, i.e., moving out into the lake. (b) Filled contour plots of the observed ADCP back-
scattering intensity in the ADCP transect. The black line represents the lake bottom contour. Near bottom current velocities are omitted. Current velocity
and backscattering ranges are given in the legends.
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• Concurrently, the river plume is sharply deviated by the
strong alongshore currents resulting from the passage of
the upwelling such that it no longer flows out along the
axis of the river, but perpendicular to it, that is, along the
shore in the nearshore region.

• During this period, the river plume can bring nutrients
directly into the phototrophic near-surface layer and may
locally create a hotspot of phytoplankton development.
The upwelling affects an area of more than 1 km offshore
and several km alongshore.

• After the passage of the coastal upwelling, thermal stratifica-
tion is re-established, and the negatively buoyant Rhône
River inflow again plunges and transforms into an interflow
in the thermocline layer, and moves straight out into the
lake in the axis of the river.

• The above sequence of events occurs frequently during the
stratified period, suggesting that their cumulative effects
will be significant (e.g., on sediment transport and nutrient
availability).

These observations provided details of the sequence of pro-
cesses involved for one episode (Episode 2). However, a com-
parable river plume displacement and deviation also occurred
during the remaining four episodes from 24 June to
15 September 2019. The moored ADCP data, surface images,
and numerical modeling results confirm that the same
sequence of processes took place in all five episodes. Previ-
ously, it was shown that Bise winds with wind speeds >3 m s�1

occur about 23% of the time during the stratification period
(Razmi et al. 2018). Coastal upwelling and its effect on the

Rhône River inflow can, therefore, be considered a recurrent
phenomenon during the stratification period that has a signif-
icant impact on the spreading of the river plume, and poten-
tially, on lake ecosystem dynamics.

Based on the detailed documentation and the frequency of
these episodes, the longstanding concept that stable interflows
centered in the thermocline layers are a quasi-steady state fea-
ture for negatively buoyant rivers throughout the stratified
period should be revised. As the present study demonstrated,
highly nonstationary transient processes, such as the passage
of coastal upwelling, can temporarily, yet significantly, alter
the nearshore dynamics of a river inflow. These transient pro-
cesses were shown to occur frequently during the stratification
period. Since counterclockwise progressing coastal upwelling
has also been reported in other large lakes, this sequence of
processes observed in Lake Geneva can be expected to occur
in other large lakes with comparable wind-induced large-scale
thermocline displacements.

Note that 3D concepts are needed to explain these fre-
quent, episodic observations. Furthermore, it was demon-
strated that a combination of field measurements with
moored instruments, complemented by detailed in situ cam-
paigns, remote sensing, 3D numerical modeling, and well-
documented background data provide an ideal tool set to
advance the understanding of such complex and thus far
undocumented processes that are likely important for lake
ecosystem dynamics. The consistency (both temporally and
spatially) between the field observations and the high-
resolution numerical modeling results observed here provides
confidence that high-resolution 3D numerical modeling using
a calibrated model is a suitable and reliable tool for studying
details of rapidly changing physical processes in lakes, thus
greatly extending the interpretation of point-wise field
measurements.
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