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Abstract

Water quality in lakes is closely linked to hydrodynamics and often dominated by
stratification, limiting the exchange between the epi- and hypolimnion. Thus, the vertical redis-
tribution of biogeochemical tracers such as dissolved oxygen and nutrients by convective over-
turning during winter is an important process in annual lake cycles. In deep, monomictic lakes
convective cooling often does not reach the deepest layers. Studies have shown that climate
change will further reduce the efficiency of this process, motivating a good understanding of

alternative deepwater renewal mechanisms.

Combining field observations, three-dimensional (3D) hydrodynamic modeling, and particle
tracking, this thesis explores wind-induced transport processes contributing to vertical ex-
change in Lake Geneva during winter. A first focus is on Ekman-type coastal upwelling at the
northern shore. Then, wind-induced interbasin exchange and hypolimnetic upwelling between
the Petit Lac (depth 75 m) and Grand Lac (depth 309 m) basins of Lake Geneva are investi-
gated. Finally, the effect of stratification in the Petit Lac on the latter phenomenon is revealed

by model-based momentum budget analysis.

Coastal upwelling at the northern shore of Lake Geneva was investigated in the winter
2017/2018. Following a strong alongshore wind, nearshore temperatures decreased and re-
mained low for 10 days, with the lowest temperatures corresponding to values found at 200-m
depth. Current measurements at 30-m depth showed dominant alongshore currents with epi-
sodic upslope transport of cold hypolimnetic water in the lowest 10 m. Model results suggest
that upwelled waters spread over ~10% of the Grand Lac’s surface area. Furthermore, particle
tracking confirmed that upwelled waters originated from far below the thermocline and de-

scended back to these layers after the wind ceased.

Exchange and upwelling between the lake’s two basins was investigated in the winter
2018/2019. Following a strong along-axis wind, a two-layer flow established, with the down-
wind surface drift into the Grand Lac being balanced by opposing bottom currents into the Petit

Lac and the current reversal occurring around the thermocline depth. Bottom temperatures at
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Abstract

the confluence gradually decreased to values found in the deep Grand Lac hypolimnion. Fur-
thermore, particle tracking revealed a current loop, whereby hypolimnetic water from below
150-m depth first upwelled into the Petit Lac, intruding ~10 km, i.e., half its length, and then
descended back into the Grand Lac hypolimnion. Model results indicated a temporary doubling

of the Petit Lac hypolimnetic volume during the upwelling.

The observed interbasin upwelling occurred only during early winter, with the bottom inflow
of deep hypolimnetic water driven by baroclinic pressure gradients at the confluence, produced
by upwind upwelling at the western end of the Grand Lac. Once the Petit Lac was fully mixed,
the wind-induced net volume exchange between the basins was reduced by > 50% and deep

hypolimnetic interbasin upwelling was suppressed altogether.

This thesis shows that wind-induced coastal upwelling and hypolimnetic interbasin exchange
are complex 3D processes, regularly occurring during winter and providing important mecha-
nisms for deepwater renewal in Lake Geneva. They cannot be represented by one-dimensional
models frequently employed to predict climate change induced shifts and merit further attention

when assessing deepwater renewal in large, deep lakes.

Keywords

Lake Geneva, coastal upwelling, interbasin upwelling, interbasin exchange, multi-basin lake,

deepwater renewal, Coriolis, 3D modeling, particle tracking, momentum budget analysis



Zusammenfassung

Wasserqualitdt in Seen wird stark von hydrodynamischen Prozessen beeinflusst und
ist eng mit der Temperaturschichtung verkniipft, welche den Austausch zwischen dem Epi- und
Hypolimnion einschrinkt. Die vertikale Zirkulation von Sauerstoff und Néhrstoffen ist daher
ein wichtiger Bestandteil des jahreszeitlichen Zyklus von Seen. In tiefen monomiktischen Seen
erreicht die winterliche Konvektion die tiefsten Schichten oft nicht. Studien zeigen, dass Kon-
vektion durch den Klimawandel zunehmend schwicher wird. Ein gutes Verstdndnis alternativer

Mechanismen der Tiefenwassererneuerung ist daher unabdinglich.

Mittels Feldmessungen, dreidimensionaler (3D) hydrodynamischer Modellierung und model-
basierter Partikelverfolgung erkundet diese Dissertation wind-induzierte Transportprozesse, die
zu vertikalem Austausch im Genfersee im Winter beitragen. Zunichst wird Coriolis-bedingter
Kiistenauftrieb am Nordufer untersucht. Danach wird der wind-induzierte Tiefenwasseraus-
tausch zwischen den beiden Becken des Genfersees, dem Petit Lac (PL) (Tiefe 75 m) und dem
Grand Lac (GL) (Tiefe 309 m), beleuchtet. Abschliessend wird mittels Impulsbilanz der Ein-

fluss der Temperaturschichtung auf den Austausch zwischen den beiden Becken untersucht.

Kiistenauftrieb am Nordufer wurde im Winter 2017/2018 untersucht. Starker kiistenparalleler
Wind fiihrte dazu, dass die kiistennahen Temperaturen abfielen und fiir 10 Tage tief blieben.
Die niedrigsten Temperaturen entsprachen dabei Werten in ~200 m Tiefe. Messungen in 30 m
Tiefe zeigten iiberwiegend kiistenparallele Stromungen mit episodischem Kiistenquertransport
von kaltem Tiefenwasser in den unteren 10 m. Modellergebnisse zeigten, dass sich das aufge-
triebene Wasser tiber ~10% der Flache des GL verteilte. Die Ergebnisse der Partikelverfolgung
bestétigten den tiefen Ursprung des aufgetriebenen Wassers und zeigten ausserdem, dass dieses

in die tiefen Schichten zuruckkehrte nachdem der Wind nachliess.

Tiefenwasseraustausch zwischen den beiden Becken wurde im Winter 2018/2019 untersucht.
Starker, kiistenparalleler Wind erzeugte eine Zweischichtenstromung. Dabei wurde die in
Windrichtung gerichtete Oberfldchenstromung in den GL von einer entgegengesetzten Boden-
strbmung in den PL ausgeglichen. An der Miindung zwischen den Becken sanken die boden-

nahen Temperaturen auf Werte die denen des tiefen Hypolimnions entsprachen. Die Ergebnisse
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der Partikelverfolgung zeigten, dass sich eine ,,Stromungsschleife* einstellte: Tiefenwasser (>
150 m) aus dem GL stromte zunéchst in den flachen PL, wo es daraufhin ~10 km (die halbe
Lénge des PL) weit eindrang, bevor es anschliessend in die tiefen Schichten des GL zuriickfloss.
Gemadss den Modellergebnissen verdoppelte sich das Hypolimnionvolumen des PL temporar

wahrend dieses Prozesses.

Wind-induzierter Tiefenwasseraustausch zwischen den Becken fand nur im friihen Winter statt.
Die starke Bodenstromung in den PL wurde dabei von baroklinen Druckgradienten an der Miin-
dung getrieben, welche wiederum von windwértigem Auftrieb am westlichen Ende des GL ver-
ursacht wurden. Im Spitwinter, sobald der PL vollstdndig durchmischt war, d.h. ohne Barokli-
nitét, reduzierte sich der Volumenaustausch zwischen den Becken um 50% und Tiefenwas-

seraustausch fand nicht mehr statt.

Diese Dissertation zeigt, dass wind-induzierte Tiefenwasserauftriebsphdnomene im Genfersee
komplexe 3D Prozesse sind, die hdufig im Winter vorkommen und somit potenziell wichtige

Mechanismen zur Tiefenwassererneuerung darstellen.

Stichworter

Genfersee, Kiistenauftrieb, Beckenaustausch, Temperaturschichtung, Tiefenwassererneuerung,

Coriolis, 3D Modellierung, Lagrange-Partikelverfolgung, Impulsbilanz

vi



Contents

ACKNOWICAGEIMENLS ....ccuuueriiirirnrressssnrecssssansesssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssssnans i

ADSIFACE ettt essesssassaesssassssesssasssasssas st essasssasssbasssaesaases iii

ZUSAMMENTASSUING c..couvueriicsirsariessssrrecsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss \4

Chapter 1 INtrodUCHiON.....uciiieiicicnricnniinsnrcnsnrcsssncssssncssasncssssessssesssssesssssesssssosssssssnsses 1

1.1 Lakes in a nutshell: Stratification and how it governs water quality ...................... 2

1.2 Rotational effects on fluid MOtION.......cocueviiriiiiiniinieeeeeeee e 4

1.3 Coastal UPWEIIING .....cccuiieiiiieeiieeeiee ettt eee e e tee e eree e e e enree e enaeeenene 5

1.4  Interbasin @XChan@e ..........cccoeviiiiiiiiiiiiieieeie ettt 7

1.5 LaKe GENEVA..ccuiiiiiiiiiiiie ettt ettt ettt e 8

1.5.1 Thermal structure and deepwater renewal ............ccoecvvevieriiienienciienieeieeee 9

1.5.2 Typical winds during Winter ...........cccvueeeeieeriieeriieeeirreeecreeesreeesveeesseeenenens 11

1.5.3 The importance of rotational effects in Lake Geneva.........ccccceceeverienennen. 11

1.5.4 Thermal response to climate change...........ccceevvveercieeecieeccie e, 11

1.6 Research objectives and approach...........ccceeeeeeviienieeiiienieeiieie et 13
Chapter 2 Wintertime coastal upwelling in Lake Geneva: An efficient transport

process for deepwater renewal in a large, deep lake ..........coeverieverinvnrcscercscnercsnnne 15

2.1 INEOAUCTION ...ttt ettt e i e e b 18

2.2 Materials and Methods........cc.coiiriiiiiiiinii e 20

2.2.1 StUAY SIE@...ueetietieiieetiett ettt ettt sttt ettt sttt et et e st et e neees 20

2.2.2 Field ODSEIVALIONS .....coviriiiriieiiriieniteieete sttt 23

2.2.3 Hydrodynamic model...........cccuieriiiiiiiieiie et 24

2.2.4 Particle tracking ..........cccuieiiiiiiiiiiiieeiieiee e 25

2.3 RESUILS -ttt e 27

2.3.1 Thermal stratification of Lake Geneva ..........cccceevueeeiienieeniieiieeieeeeen 27

2.3.2 Meteorological data .........cceeevuiieeiiiieiiie e 27

2.3.3 Temperature and CUrrent MOOTINGS .......cccveerurervrerreerreerireneeeseeseeenseesneeenne 29

2.3.4 MOdEl TESUILS.....eoiiiiiiiii e 32

2.3.5 Particle tracking resSults..........coeviiiiieiiiniieiieee e 35



Contents

2.4 DISCUSSION «.eeutiiieiieiteetteste ettt e st et et ste et sa e e sbe et e eatesbe e bt saeesbeenbeeaeesbeensesneesbeenseas 37

2.4.1 Observed temperature peaks near the shore during the active upwelling phase

...................................................................................................................... 37

2.4.2 Wintertime coastal upwelling as a pathway for deepwater renewal............ 41

2.5  Summary and CONCIUSIONS.......c.ceviieiiieriiieiierieeteeeie et eite et e sere e e seeeebeeseneeseens 43

Supporting Information for Chapter 2 ..........ceiicciisniicsissnnncsssssricsssssssessssssssesssssssssssssns 51
Chapter 3 Wind-induced hypolimnetic upwelling between the multi-depth basins

of Lake Geneva during winter: An overlooked deepwater renewal mechanism?.. 63

3.1 INEEOAUCTION ..ottt ettt ettt ettt e 65

3.2 Materials and MEthOdS.......cc.eoviriiiiiiiiiieieee e 67

3.2.1 SHUAY STE@.cueeeintieiieeite ettt sttt e 67

3.2.2 Field ODSETVALIONS ....ccueruieiieieeiieniieieeiiestteteete sttt st 69

3.2.3 Hydrodynamic model...........cccoeeoiiiiiiieiiiiieeiieeee et 70

3.2.4 Particle tracking .........ccceeiiieiiieiiecieeieee e 70

3.3 Results and diSCUSSION......ccc.eeiuiiiiiiiiiiiiieiie ettt 72

3.3.1 Field ODSEIVALIONS ....cccueruiiriieiieiieniieieeiiesiteeee ettt 72

3.3.2 MOl TESULLS. ...couueiiiiiiie e 75

3.3.3 Particle tracking ........ccccueeiuieiiieiieieeeee e 79

3.4 Summary and CONCIUSIONS......cueeeiiiieriiieeiiieeciiee et e eieeeeteeesreeesreeesaeeeseseeensseeens 88

Supporting Information for Chapter 3 .........cieiviiiviicnsricssnicssnnissssnessssnesssnesssssesssssessnes 95
Chapter 4 What role does stratification play in wind-induced hypolimnetic

upwelling between the multi-depth basins of Lake Geneva during winter? ......... 107

4.1 TNIFOAUCTION ..ttt ettt ettt et e e 109

4.2 Materials and Methods............coiiiiiiiiiiiiiiiee e 111

42,1 STUAY STEE...eeeeeiiieiiie ettt ettt ettt ettt ettt e 111

4.2.2 Field ODSEIVALIONS ......ccvivuieiieiieriieieeitesieete ettt ettt 112

4.2.3 Hydrodynamic mMOdel.........c..coouiieiiiiiiiieeiiee ettt 113

4.2.4 Particle traCKing ........ccceecueeiiieiiiieiieeie ettt 115

4.3 Results and diSCUSSION.......eeiuiiiiiiiiiiiiieiie ettt e 116

4.3.1 Field ODSEIrVatioNsS ......ccccevuieiiiiiniieieniesieeteee sttt 116

4.3.2 MOEl TESUILS.......eeiiiiiieiie et 119

4.3.3 Effect of stratification on interbasin exchange and hypolimnetic upwelling

.................................................................................................................... 131

4.4 Summary and CONCIUSIONS.......cc.eeriiiriiiriieiierie ettt ettt 134

Supporting Information for Chapter 4 ..........cciiieiivvnniccissnnicssssnsnecssssssnesssssssssssssssssssnes 141

Chapter 5 Conclusions and OUtIOOK .......cccueeieveriivverisssnnisssnrcsssncssnncssnsnessssncssssncses 153

viii



Contents

5.1  Summary and CONCIUSIONS ........cccuiiriiiiiieiieeiierie ettt ettt reebeeebeeeens 154
5.2 FULUIE WOTK ..ottt ettt st e 157
5.2.1 The role of wind-induced upwelling processes in energizing and mixing the

deep hypolimnion layers in Lake Geneva..........cccceeeeveeeciveenceeencieeeeieeenne, 157

5.2.2 Field observations of deepwater ventilation by wind-induced upwelling
processes i Lake GENEVA........ccueeecuiieeiiieeieecie e e 158

5.2.3 The role of Bise winds in generating coastal upwelling in Lake Geneva.. 158
BibDlioGrapRhy  c.eeeiiiiiiiiiiinniiininnniicissnnicssssnnnscssssssesssssssesssssssssssssssssssssssssssssssssssssssssssssasss 161

CUITICUIUIN VIEAE auuueerreneeeereeneceereenecereereeceressesscssssssssssssssssssssessssssssssssssssssssssssssssssssssssassesssse 162






Chapter 1  Introduction



Introduction

A lake is the landscape's most beautiful and expressive feature. It is earth's eye; looking into

which the beholder measures the depth of his own nature.” (Thoreau 1854).

”Lakes are formed when depressions are filled with water. [...] Different physical, chemical,

and biological processes take place in lakes [...].” (Bengtsson et al. 2012)

One can argue who has really grasped the true nature of lakes, the writer or the scien-
tist. However, it is the latter who, by studying the “different physical, chemical, and biological
processes”, generates the knowledge and understanding that is essential for developing sustain-
able lake management and conservation strategies. This is especially true in the light of climate
change, which has begun and will continue to alter lakes in many ways. Besides inspiring writ-
ers and keeping scientists busy, lakes are complex ecosystems of great economic and societal
value, e.g., by supplying water for drinking and agricultural use, and supporting recreational

activities, tourism, fishing, and transport.

This thesis aims to contribute to a better understanding of “the landscape's most beautiful and
expressive feature”, as Thoreau put it, by exploring different physical processes and their eco-

logical implications in Lake Geneva, Western Europe’s largest lake.

1.1 Lakes in a nutshell: Stratification and how it governs water quality

Lakes are stratified water bodies exhibiting a distinct vertical structure of physical and
biogeochemical properties, typically subject to a pronounced seasonal cycle. The latter is
largely shaped by climatic conditions such as air temperature and wind forcing, and by lake
depth. The annual thermal cycle of warm monomictic lakes, such as Lake Geneva, can be sum-

marized as follows (e.g., Boehrer and Schultze 2009):

The upper layers of the water column are directly affected by momentum and heat exchange
with the atmosphere. In summer, this results in a warmer, well-mixed surface layer (epilim-

nion), “floating” on top of a colder, denser bottom layer (hypolimnion). The transition layer
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(thermocline or metalimnion) is characterized by strong density gradients, limiting vertical ex-
change between the epi- and hypolimnion. Atmospheric cooling and often increased wind
speeds during autumn lead to a gradual erosion of the stable thermal structure and deepening
of the well-mixed layer. In comparably shallow lakes and/or under strong cooling, the stratifi-
cation is gradually eroded during autumn and winter cooling, resulting in a fully-mixed water
column. In very deep lakes, on the other hand, a weak thermal stratification is often maintained
throughout the winter season. Warming of the upper layers during spring and summer gradually

reestablishes the stable thermal structure and the annual cycle begins anew.

In the upper, well-mixed and sunlit layers, dissolved oxygen (DO) is maintained near saturation
levels by gas exchange with the atmosphere and photosynthesis. In the hypolimnion, on the
other hand, no active reoxygenation takes place. Instead, DO is consumed by microbial miner-
alization of organic matter within the water column and in the upper sediment layers, and by
biochemical processes in the lower sediments (e.g., Schwefel et al. 2017, 2018). Due to the high
DO consumption and limited vertical exchange with the well-aerated epilimnion, DO concen-
trations in the hypolimnion are often low during the stratified period. On the other hand, nutri-
ents such as phosphorus and nitrogen are assimilated during primary production by photosyn-
thesis in the epilimnion and released by mineralization of organic matter in the hypolimnion
(e.g., Krishna et al. 2021). As a result, the vertical temperature structure of a stratified lake is
strongly reflected in many biogeochemical parameters such as DO and nutrients, making verti-
cal exchange, especially during the unstratified period, an important process in the annual cycle

of a lake.

In deep, monomictic lakes, such as Lake Geneva, convective cooling during winter often does
not reach the deepest layers (e.g., Livingstone 1993; Coats et al. 2006; Lemmin 2020). Further-
more, driven by the temperature differences between the atmosphere and the lake surface, con-
vective cooling is expected to become even less efficient in the future with potentially milder
winters due to climate change (Goldman et al. 2013), making a good understanding of alterna-

tive deepwater renewal mechanisms crucial.

This thesis investigates the as yet little-known dynamics of wind-induced coastal upwelling and
wind-induced hypolimnetic exchange between the two basins of Lake Geneva during winter.
These processes have in common that they are highly complex, transient, and three-dimensional

(3D). They occur regularly during winter in Lake Geneva, driving significant horizontal and
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vertical exchange, with vertical excursions often exceeding 100 to 150 m, and thus may con-

tribute to deepwater renewal even during periods of incomplete vertical convective mixing.

In sections 1.2 to 1.5 some key concepts that are at the heart of this thesis are introduced and
the characteristics of the study site Lake Geneva are presented. The research objectives and the

structure of this thesis are outlined in section 1.6.

1.2 Rotational effects on fluid motion

All large-scale motion in oceans and very large lakes, such as the Laurentian Great
Lakes, is strongly modified by the Coriolis force, resulting in a rightward (leftward) deflection
perpendicular to the direction of motion in the Northern (Southern) Hemisphere. In “large”
lakes, Coriolis effects also play an important role, however, what “large” means in this context
is not always well defined and sometimes blurred in the literature, as discussed by Amadori et

al. (2020).

The internal wave field of a stratified lake is strongly modified by the Coriolis force when the
characteristic horizontal scale of the basin, L, is close to or larger than the internal Rossby ra-
dius, defined as R; = ¢;f 1, where ¢; is the baroclinic phase speed and f is the inertial fre-
quency (Antenucci 2009). In basins with L > R; or L = R;, long internal waves can take the
form of internal Kelvin and Poincaré waves (e.g., Lemmin et al. 2005; Bouffard et al. 2012;

Bouffard and Lemmin 2013; Flood et al. 2020; Roberts et al. 2021).

Closely related to the Rossby radius is the Rossby number, which relates advection to the Cor-
jolis force and is defined as Ro = u, f 'L, !, where u, and L, are a characteristic velocity
and horizontal length scale of the flow, respectively (Cushman-Roisin and Beckers 2011). Ro
is often used to describe the significance of Coriolis effects in the context of large-scale currents

such as gravity currents, with small numbers indicating that the Coriolis force is important (e.g.,

Roget and Colomer 1996; Jazi et al. 2020).

On the other hand, the extent to which the (steady state) wind-driven circulation in narrow,

elongated basins is modified by rotation is better described by the Ekman depth dp =
V2K, f~1, where K, is the vertical eddy viscosity (e.g., Hutter et al. 2011). The dimensionless

Ekman number relating frictional forces to the Coriolis force is defined as Ek = K,, f 1D 72,
where D is a typical depth scale (e.g., the maximum or mixed layer depth, respectively), with

4
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large numbers indicating that the flow is governed by friction and vice versa (e.g., Kampf2010).
In narrow, elongated basins where the maximum depth is larger than d, axial wind stress can
induce a transversal secondary circulation, which in turn has significant consequences for the
vertical current structure (e.g., Winant 2004; Sanay and Valle-Levinson 2005) and can result in

up- and downwelling along the lateral boundaries (Toffolon 2013; Piccolroaz et al. 2019).

The definitions and nomenclature of the length scales and dimensionless numbers used to char-
acterize Coriolis effects in lakes can vary in the literature. However, it is important to note that,
especially in medium-sized basins, there is not only one single criterion that defines whether

the circulation is modified by rotation. Instead, it depends on the process that is considered.

An elegant way to assess the importance of Coriolis effects in complex, realistic flows is by
momentum budget analysis based on a 3D hydrodynamic model (chapter 4). The wind-induced
circulation in both basins of Lake Geneva is strongly modified by the Coriolis force in different

ways, as discussed in chapters 2 to 4.

1.3 Coastal upwelling

Wind-driven coastal upwelling in lakes and the ocean occurs when surface waters are
transported away from the shore, creating a nearshore divergence in the surface layers that is
balanced by upwelling of colder waters from below. Depending on the basin size and shape,
and the fetch length, coastal upwelling in lakes takes on different forms, as illustrated in Figure

1.1.

In small lakes (in terms of Rossby radius), direct upwelling occurs at the upwind end (e.g.,
Mortimer 1952; Coman and Wells 2012), generally accompanied by downwelling at the down-
wind end (Figure 1.1a). Depending on the basin shape and fetch length, the same type of
upwelling can occur in larger lakes in which Coriolis force-induced Poincaré and/or Kelvin
waves are observed, such as Lake Simcoe (Cossu and Wells 2013), Lake Tahoe (Schladow et
al. 2004; Steissberg et al. 2005; Roberts et al. 2021), and Lake Biwa (Homma et al. 2016). In
the ocean and large (elongated) lakes with sufficiently long fetch, persistent along-shore wind
stress results in surface layer transport that is perpendicular to the direction of the wind (to the
right in the Northern Hemisphere; Figure 1.1b). This so-called Ekman transport (Ekman 1905)
causes divergence or convergence near the shore (depending on the wind direction), resulting

in Ekman-type coastal upwelling or downwelling, respectively (e.g., Csanady 1977; Rowe et
5
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al. 2019; Reiss et al. 2020). Note that several studies have employed remote sensing technolo-
gies, i.e., airborne or spaceborne thermal imagery, to investigate coastal upwelling and down-
welling based on the induced surface temperature patterns, both in small (e.g., Poschke et al.
2015) and large (e.g., Steissberg et al. 2005; Plattner et al. 2006; Troitskaya et al. 2015;
Bouffard et al. 2018) lakes.

Upwelling of

Upwelling of
deep water

Figure 1.1. Schematics illustrating (a) direct and (b) Ekman-type coastal upwelling. The blue
and red lines in (a) mark the level of the free surface and thermocline, before (dashed lines)
and during (solid lines) the wind event.

Coastal upwelling is an efficient transport process that can induce large vertical motions in
deep, stratified lakes (Schladow et al. 2004; Reiss et al. 2020; Roberts et al. 2021), bringing
large amounts of deep, hypolimnetic waters in contact with the “fresher” upper layers and the
atmosphere. Furthermore, upwelling by definition induces large isotherm excursions, which
upon relaxation of the wind stress, generate baroclinic motions such as internal waves and
coastal jets (e.g., Beletsky et al. 1997; Boegman 2009; Roberts et al. 2021). Strong shear and
density inversions during coastal upwelling events and the subsequent relaxation processes can
lead to diapycnal mixing between upwelled and ambient waters, directly affecting water qual-
ity, e.g., by supplying the upper photic layers with nutrients and ventilating the hypolimnetic
layers. Similar to wind-driven coastal upwelling, coastal downwelling can be an important
mechanism for deepwater ventilation in deep lakes by transporting fresher surface waters down

to great depths (e.g., Amadori et al. 2018, 2020; Piccolroaz et al. 2019). Furthermore, pelagic
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upwelling and downwelling in cyclonic and anti-cyclonic gyres (generally caused by the pre-
vailing wind patterns), respectively, can also enhance vertical exchange between the hypolim-

nion and epilimnion during the stratified period (e.g., Troitskaya et al. 2015).

In the ocean, large-scale coastal upwelling systems significantly contribute to the redistribution
of nutrients and DO (e.g., Kdmpf and Chapman 2016). Furthermore, oceanic coastal upwelling
plays an important role in modulating estuarine exchange by changing pressure gradients at the
estuary mouth (e.g., Giddings and MacCready 2017). In lakes, on the other hand, the effects of
coastal upwelling on water quality, and especially deepwater renewal, are often less well un-
derstood (e.g., Roberts et al. 2021), partly due to their complex, transient nature, which depends

on many parameters such as basin size and shape, stratification, and the local wind field.

Thus far, coastal upwelling in lakes has mainly been studied during the strongly stratified sum-
mer period (e.g., Rao and Murthy 2001; Corman et al. 2010; Troy et al. 2012; McKinney et al.
2018; Bouffard et al. 2018; Hlevca et al. 2018; Soulignac et al. 2018; Valipour et al. 2019).
Coastal upwelling during the weakly stratified winter period, on the other hand, has received
little attention, even though it is under these conditions that wind stress effects penetrate the
deepest into the water column and therefore can “lift” very deep water masses up to the surface
layers (e.g., Schladow et al. 2004), potentially contributing to deepwater renewal. Chapter 2 of
this thesis addresses this research gap and investigates wind-induced coastal upwelling in large,

deep Lake Geneva during winter.

1.4 Interbasin exchange

As outlined in section 1.1, stratified lakes are generally dominated by vertical gradi-
ents. However, in multi-basin lakes, large horizontal gradients in water quality can exist, e.g.,
due to (i) localized nutrient loading (Hamidi et al. 2015), (ii) differences in the thermal structure
and productivity (Bartish 1987), or (ii1) different seasonal mixing regimes in adjacent basins of
different depths (Lake Garda: Salmaso 2005; Lake Geneva: CIPEL 2016). Consequently, ex-
change processes between sub-basins, especially between their hypolimnia, can have signifi-
cant ecological consequences (Jabbari et al. 2019, 2021) and contribute to deepwater renewal

(Boyce et al. 1980; Ahrnsbrak and Wing 1998).

One major driver for interbasin exchange is wind stress, which can act indirectly through inter-

nal wave pumping (van Senden and Imboden 1989; Umlauf and Lemmin 2005; Flood et al.
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2020) and geostrophic adjustment processes after the relaxation of coastal upwelling fronts
(Jabbari et al. 2021). Furthermore, in the presence of stratification, along-axis winds can pro-
duce direct two-way advective exchange, where the mean downwind surface drift towards one
basin is balanced by a hypolimnetic counterflow into the other basin (Laval et al. 2008; Niu et

al. 2015).

The importance of wind-driven coastal upwelling in lakes due to its potential role in nutrient
cycling and vertical and horizontal exchange has long been recognized and made it the subject
of many studies (albeit mainly during the stratified season; see section 1.3). On the other hand,
wind-induced interbasin exchange, in particular, hypolimnetic upwelling between basins of dif-
ferent depths has received little attention, with the exception of shallow Lake Erie (Boyce et al.
1980; Bartish 1987; Saylor and Miller 1987; Jabbari et al. 2021) and narrow Quesnel Lake
(Laval et al. 2008). Chapters 3 and 4 of this thesis seek to bridge this gap in the literature by
exploring the dynamics of wind-induced interbasin exchange between the two multi-depth ba-
sins of deep Lake Geneva during winter, with a focus on the deepwater renewal potential of

this process.

1.5 Lake Geneva

Lake Geneva (local name: Lac Léman) is a crescent shaped, warm monomictic lake
situated on the border between Switzerland and France. With a surface area of 580 km? and a
volume of 89 km?, it is not only Western Europe’s largest lake but also of great regional socio-
economic and ecological importance, providing drinking water for more than 900,000 people
(CIPEL 2019). Lake Geneva is composed of two basins with a total length of 73 km: 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). The “confluence” between the two basins is approxi-

mately 3.5 km wide, with a maximum depth of 65 m (Figure 1.2).

The Rhone River is the main inflow and only outflow, entering the basin at the eastern end and
leaving it at the western end, where a weir controls the lake’s water level. River throughflow

leads to a theoretical residence time of about 11 years (CIPEL 2019).

A systematic monitoring program of the lake’s water quality exists since 1957 (Commission

Internationale pour la Protection des Eaux du Léman — CIPEL; last accessed 17 May 2021).
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Figure 1.2. Bathymetric map of Lake Geneva including the surrounding topography and
schematics of the two dominant large-scale winds, namely the Vent from the southwest and
the Bise from the northeast. The red dashed line approximately delimits the two basins, i.e.,
the small, western Petit Lac and the large, eastern Grand Lac. Depth is given in meters in the
colorbar legend and by the isobath contours (0, 25, 50, 75, 100, 150, 200, 250, and 300 m).

1.5.1  Thermal structure and deepwater renewal

Lake Geneva is strongly stratified in summer with a thermocline at approximately 20-
m depth. Convective cooling during fall and winter gradually erodes the stable thermal
structure, however, due to its great depth and the mild climate, the deep main basin remains
stratified during most years, with the maximum mixing depth of 100 to 150 m typically reached
by the end of February or beginning of March. Full-depth convective overturning occurs only
during severely cold winters (CIPEL 2019). However, even during years of incomplete vertical
mixing, heat is transferred down to the deepest layers by internal mixing processes, which are
not fully understood yet but appear to be mainly related to internal wave breaking and frictional
decay of inertial motions (Lemmin 2020). The result is a “saw-tooth” temperature pattern in the
deep hypolimnion that is characterized by multiannual periods of warming followed by a
sudden cooling during extremely cold winters, as is typical for deep, warm monomictic lakes
(Livingstone 1997; Coats et al. 2006; Ambrosetti et al. 2010). Note that field observations show

that sediment-laden gravity currents (i.e., underflows) from the Rhone River, as well as
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turbitidy currents due to slope failure in the Rhone delta region occasionally reach the deepest
layers of Lake Geneva (Lambert and Giovanoli 1988; Giovanoli 1990). While the
understanding of how important these currents are for warming and ventilating the deep
hypolimnion remains elusive (largely due to the lack of conclusive field observations), they are
limited in frequency and intensity, indicating that their contribution is likely minor.
Furthermore, sediment-laden gravity currents are generally related to discharge peaks of the
Rhone river, e.g., due to intense rainfall, and as such are absent in winter (Giovanoli 1990;
Loizeau and Dominik 2000). The warming of the deep layers, on the other hand, occurs
throughout the year (Lemmin and Amouroux 2013), indicating that internal mixing processes

are the dominant source.

Due to the annual complete vertical mixing of the shallow Petit Lac basin (maximum depth 75
m), water quality parameters such as DO (higher values) and nutrient concentrations (lower
values) differ from those in the deep Grand Lac hypolimnion (e.g., CIPEL 2016; Lavigne and
Nirel 2016). Hypolimnetic exchange processes between the two basins could therefore have

important ecological effects.

The aeration of the deepest layers has long been attributed to full-depth convective mixing dur-
ing severely cold winters only. However, recently it was shown (Lemmin 2020) that (i) in cold
winters, vertical DO profiles with high concentrations near the bottom and a pronounced mini-
mum in the bulk water of the deep hypolimnion can occur, suggesting the lateral advection of
oxygen-rich water along the lakebed; (ii) near-bottom DO concentrations at the central 300 m
deep plateau in the Grand Lac basin can show a significant spatial variability; and (iii) a small
increase of the DO concentrations at the deepest point of the lake (309 m) occurs every winter,

even under incomplete vertical convective cooling.

Altogether, there are strong indications that deepwater renewal in Lake Geneva is not only
controlled by vertical convective mixing but also, to some extent, by diverse 3D processes such
as differential cooling (Fer et al. 2002a; b) or wind-induced upwelling (Reiss et al. 2020). How-
ever, the details of the dynamics in the deep hypolimnion remain not fully understood, largely
due to the lack of spatially and temporally resolved in situ observations in the deepest layers

and systematic 3D modeling studies.
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1.5.2  Typical winds during winter

Lake Geneva is bordered by the Alps in the south and Jura mountains in the northwest
(Figure 1.2). The surrounding topography creates a “corridor” that guides two strong, large-
scale winds, namely the Bise from the northeast and the Vent from the southwest, both approx-
imately aligned with the main axis of the western half of Lake Geneva. Both winds are charac-
terized by a long fetch and high wind speeds (5 — 15 m s™) lasting for several days and generate
most of the large-scale circulation in the lake (e.g., Lemmin et al. 2005; Umlauf and Lemmin

2005; Bouffard and Lemmin 2013; Bouffard et al. 2018; Reiss et al. 2020).

1.5.3  The importance of rotational effects in Lake Geneva

Rotational effects strongly modify the internal wave field in Lake Geneva, giving rise
to internal Poincar¢ and Kelvin waves (Lemmin et al. 2005; Bouffard and Lemmin 2013), which
in turn can generate high-frequency internal waves (Thorpe et al. 1996) and enhance interbasin
exchange (Umlauf and Lemmin 2005). Cimatoribus et al. (2018) showed by 3D numerical
modeling that the time- and depth-averaged circulation in the lake’s interior, i.e., away from
the shallow shore regions, is in near-geostrophic balance throughout the year. Furthermore,
Vent winds generate Ekman-type coastal upwelling in the central Grand Lac (Bouffard et al.
2018; Soulignac et al. 2018; Reiss et al. 2020). Coastal upwelling in the shallow, narrow Petit
Lac (max. width 5 km) during summer, manifesting in sudden nearshore temperature drops of
~10°C, has attracted media attention'> and was reproduced by 3D numerical modeling
(Baracchini et al. 2020). While the near-surface temperature patterns during coastal upwelling
at the northern shores of the Petit Lac and Grand Lac resemble each other, the underlying

mechanisms appear to be different, at least during winter, as discussed in chapters 3 and 4.

1.5.4  Thermal response to climate change

Climate change and global warming have impacted lake ecosystems worldwide (e.g.,

Goldman et al. 2013). However, the effects are complex and the individual response on a lake

! https://www.letemps.ch/sciences/leman-un-froid-abyssal-glace-eaux-genevoises; last accessed 18 May
2021

2 https://www.meteosuisse.admin.ch/home.subpage.html/fr/data/blogs/2017/7/21-degres.html; last
accessed 18 May 2021
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level may depend on many parameters, such as lake depth, surface area, and surrounding to-
pography (e.g., Shimoda et al. 2011; Kraemer et al. 2015; Mesman et al. 2021). The most ob-
vious effects of climate change on the physical properties of lakes are globally increasing sur-
face water temperatures (O’Reilly et al. 2015). Furthermore, broader changes to the thermal
structure of lakes have been documented such as reduced ice-cover, prolonged periods of strat-
ification, and reduced maximum mixing depths (e.g., Livingstone 2003; Coats et al. 2006; Aus-
tin and Colman 2008). In Lake Geneva, both increasing surface temperatures (e.g., Molinero et
al. 2007; Lemmin and Amouroux 2013) and a lengthening of the stratified period over the past

decades (e.g., Anneville et al. 2013) have been observed.

Global warming effects on Lake Geneva's thermal structure between 1970 and 2010 were sum-
marized by Lemmin and Amouroux (2013). Their analysis demonstrated that the Lake Geneva
region has experienced a warming trend, which was most pronounced in the nighttime air tem-
peratures, leading to reduced convective cooling. A comparable warming trend (albeit with
considerable interannual variability) was observed in the upper 100 m of the water column,
indicating that this was the depth range directly affected by global warming-induced changes
to the atmospheric forcing. In contrast, the deep hypolimnion showed a weaker warming trend
compared to the upper layers. Furthermore, the multiannual, continuous warming of the deepest
layers (i.e., the rising flank of the saw-tooth temperature pattern; section 1.5.1) was much
stronger than the long-term trend (see also Lemmin, 2020), with a comparable rate before and
after the onset of climate change (Lemmin and Amouroux 2013). The latter led the authors to
conclude that the internal mixing processes causing the multiannual warming in the deep hy-

polimnion have not been directly impacted by climate change.

Climate change-induced atmospheric warming will continue to affect lakes, raising the
important question, how the already documented alterations to the thermal structure will play
out in the future. For Lake Geneva, it has been shown by one-dimensional (1D) modeling that
convective cooling will further reduce in strength, resulting in: (i) a prolonged stratified period,
(i1) less frequent complete vertical overturning, and (iii) a reduced maximum mixing depth
(Perroud and Goyette 2012; Schwefel et al. 2016). However, 1D models cannot represent
complex, transient 3D processes, such as density currents, coastal upwelling, and wind-induced
interbasin exchange. Since 3D processes appear to play a significant role in the deepwater
dynamics of Lake Geneva and other large, deep lakes (e.g., Fer et al. 2002a; Peeters et al. 2003;
Schladow et al. 2004; Piccolroaz et al. 2019; Lemmin 2020; Reiss et al. 2020; Roberts et al.

2021) further, more mechanistic investigations are required.
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1.6 Research objectives and approach

Lake Geneva is a particularly interesting lake to investigate wind-induced upwelling
and interbasin exchange processes during winter because it regularly features strong, along-axis
winds and consists of two basins of different depth and width. While the large, deep Grand Lac
is wide enough that Coriolis force strongly modifies the circulation, the situation in the narrow,
shallow Petit Lac is less obvious. Furthermore, due to its great depth the Grand Lac remains

stratified in most years, whereas the Petit Lac fully mixes every winter.

This thesis aims to develop a better mechanistic understanding of wind-induced interbasin ex-
change and coastal upwelling processes that regularly occur in Lake Geneva during winter by:
(1) analyzing in detail their transient 3D dynamics, (ii) investigating how they contribute to
horizontal and vertical exchange between the epi- and hypolimnion, and (iii) exploring the im-
plications of these processes for the deepwater renewal dynamics in Lake Geneva during win-

ter.

Extensive in situ observations, based on moored Acoustic Doppler Current Profilers (ADCPs)
and thermistor lines, were combined with synoptic Conductivity Temperature Depth (CTD)
profiling campaigns to form the basis for (i) describing in detail the hydrodynamics at carefully
selected study sites, and (ii) validating a 3D hydrodynamic model (MITgcm). The latter pro-
vided the vehicle to investigate these complex and transient processes on a basin-wide scale.
Furthermore, the modeled 3D velocity field was used to reveal dominant transport pathways
and source regions of upwelled waters by Lagrangian particle tracking, which allowed drawing
conclusions on the deepwater renewal potential of the considered upwelling processes. Finally,
model-based momentum budget analysis was employed to investigate the underlying driving

mechanisms and forces, and their dependency on stratification.
This dissertation is structured as follows:

Chapter 2 is dedicated to wind-driven Ekman-type coastal upwelling at the northern shore of
Lake Geneva. Field observations near the shore during the winter 2017/2018 revealed frequent
upwelling of cold, hypolimnetic waters, with upward excursions of ~100 to 150 m. The tem-
poral development and spatial extent of the coastal upwelling were studied by 3D hydrody-
namic modeling, and the origin and fate of upwelled waters were revealed by particle tracking.

Finally, combining model and particle tracking results, a rough order-of-magnitude estimate of

13
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the hypolimnetic ventilation potential by these regularly occurring coastal upwelling events was

provided.

Chapter 3 focuses on wind-induced interbasin exchange and hypolimnetic upwelling between
the basins of Lake Geneva during early winter, i.e., when both basins are weakly stratified.
Field observations taken during the winter 2018/2019 revealed frequent upwelling of cold, hy-
polimnetic Grand Lac water from depths around 150 to 200 m into the bottom layers of the
Petit Lac. The spatiotemporal development of this “interbasin upwelling”, with a focus on the
origin and fate of upwelled waters, was studied with field observations, 3D modeling, and par-
ticle tracking. Based on the latter two, coastal upwelling at the northern Petit Lac shore, which
occurred at the same time as interbasin upwelling, was investigated, and a mechanistic expla-

nation was proposed.

Chapter 4 builds on the findings of chapter 3 and investigates the effect of stratification on
wind-induced exchange between the two basins. Parts of the observational data set discussed
in chapter 3 are revisited, focusing on the differences between early and late winter, i.e., when
the Petit Lac is either weakly stratified or fully-mixed. Furthermore, two 3D hydrodynamic
simulations were performed, with identical, realistic meteorological forcing, but different initial
temperature fields, representative of the early and late winter thermal structure of Lake Geneva,
respectively. For both simulations, the temporal development of the wind-induced, transversal
and axial circulations at the confluence are discussed with the help of model-based momentum
budget analyses. Furthermore, the role of stratification in modifying the net volume exchange

between the basins and the potential for deepwater renewal was revealed.

Finally, Chapter 5 brings together the key findings of this dissertation and outlines possible

research questions to be addressed in the future.

Chapters 2 to 4 are based on manuscripts that have been published in or submitted to peer-

reviewed journals.
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Abstract

Combining field measurements, 3D numerical modeling and Lagrangian particle
tracking, we investigated wind-driven, Ekman-type coastal upwelling during the weakly strati-
fied winter period 2017/2018 in Lake Geneva, Western Europe’s largest lake (max. depth 309
m). Strong alongshore wind stress, persistent for more than 7 d, led to tilting and surfacing of
the thermocline (initial depth 75-100 m). Observed nearshore temperatures dropped by 1°C and
remained low for 10 d, with the lowest temperatures corresponding to those of hypolimnetic
waters originating from 200-m depth. Nearshore current measurements at 30-m depth revealed
dominant alongshore currents in the entire water column (maximum current speed 25 cm s™)
with episodic upslope transport of cold hypolimnetic waters in the lowest 10 m mainly during
the first 3 d. The observed upwelling dynamics were well reproduced by a 3D hydrodynamic
model (RMSE 0.2°C), whose results indicated that upwelled waters spread over approximately
10% of the lake’s main basin surface area. Model-based Lagrangian particle tracking confirmed
that upwelled waters originated from far below the thermocline, i.e., > 150-m depth and de-
scended back to around 150 to 200-m depth over a wide area after wind stress ceased. Obser-
vational and particle tracking results suggest that wintertime coastal upwelling, which can occur
several times during winter, is an overlooked transport process that is less sensitive to the effects
of global warming than convective cooling. It can provide an effective, but complex 3D path-
way for deepwater renewal in Lake Geneva, and other large, deep lakes with a sufficiently long

wind fetch.

Plain Language Summary

Freshwater lakes are increasingly important as drinking water sources and for societal
and economic activities. To maintain good water quality, deepwater renewal is essential for
lake ecosystems. Traditionally, convectively driven vertical mixing during wintertime is con-
sidered as one of the main processes for deepwater renewal. In deep lakes, this mixing often

cannot reach down to the deepest layers.

Since this situation is expected to worsen due to climate change-induced warming, a good un-
derstanding of alternative deepwater renewal processes is crucial. We investigate wind-driven

coastal upwelling of hypolimnetic water during the weakly stratified winter period. The study
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was carried out in monomictic Lake Geneva, a large, deep lake (depth 309 m), combining field
observations, 3D hydrodynamic modeling and Lagrangian particle-tracking, an effective com-
bination for addressing the complex 3D upwelling dynamics over a large area of the lake. We
show that coastal upwelling can lift water masses from far below the thermocline up to the
surface in the nearshore region, where they spend up to 5 d before descending back to the deeper
layers. Our results demonstrate that wintertime coastal upwelling, an as yet overlooked
transport process, can efficiently contribute to the renewal and aeration of the deepwater layer

in deep lakes.
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2.1 Introduction

Convective winter cooling is an important process in the annual cycle of many lake
ecosystems. It transports oxygen-rich waters from the surface to the deeper parts and recycles
nutrients. However, in deep monomictic lakes, convectively-induced vertical transport and mix-
ing are often not sufficient to reach the lake’s deepest layers (Livingstone 1993; Coats et al.
20006; Perroud et al. 2009). Driven by the temperature differences between the atmosphere and
the lake surface, convective cooling is expected to become even less efficient in the future with
potentially milder winters due to climate change (Ambrosetti and Barbanti 1999; Adrian et al.
2009; Goldman et al. 2013; Sahoo et al. 2013; Wahl and Peeters 2014; O’Reilly et al. 2015).
Such a reduction of convectively-induced deepwater renewal might result in lower Dissolved
Oxygen (DO) concentrations, causing potentially negative effects for the lake’s ecological

health (e.g., Likens 2010; Friedrich et al. 2014).

In large, deep lakes, two other processes originating in the coastal zone can significantly con-
tribute to deepwater renewal during wintertime: density currents on the lateral slopes caused by
differential cooling between the shallow literal zone and the deep off-shore region (Fer et al.
2002a; Peeters et al. 2003) and upwelling of deepwater masses over the lateral slopes, which
results from wind forcing and may be affected by Coriolis forcing (e.g., Csanady 1977;
Schladow et al. 2004). The former is a special case of convective cooling, and as such may
decrease in importance because of climate change. The latter, on the other hand, is wind-driven

and thus less sensitive to increasing air temperatures.

Observations and qualitative descriptions of coastal upwelling in the ocean date back more than
a century (e.g., Thorade 1909; McEwen 1912; Schulz 1917). The phenomenon could be ex-
plained by Ekman’s then recent work on the influence of the earth's rotation on ocean currents
(Ekman 1905), whereby persistent wind stress results in surface layer transport that is perpen-
dicular to the direction of the wind (to the right in the Northern Hemisphere). In the nearshore
region, this divergence in the surface layers must be compensated for by upwelling of colder
waters from below or by downwelling of near-surface water masses, depending on the direction
of the wind. Upwelling events are classified as “partial” (the thermocline does not reach the

surface) or “full” (the thermocline surfaces) (Csanady 1977).

Depending on the basin size and fetch length, coastal upwelling in lakes takes on different
forms. In small (in terms of Rossby radius) lakes, direct upwelling occurs at the upwind end

(Mortimer 1952; Coman and Wells 2012). Poschke et al. (2015) used airborne thermal imagery
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and in situ temperature observations to investigate upwelling in two small temperate lakes. They
concluded that wind-driven upwelling could be at least as important as convective cooling for
deep mixing and hypolimnetic oxygen renewal during the spring overturn in such systems. The
same type of upwelling takes place in larger lakes in which Coriolis force-induced Poincaré
and/or Kelvin waves are observed, but which have limited fetch, such as Lake Simcoe (Cossu
and Wells 2013), Lake Tahoe (Steissberg et al. 2005) and Lake Biwa (Homma et al. 2016).
Similar to the ocean, Ekman-type upwelling occurs in large, deep lakes with sufficiently long

fetch (e.g., Csanady 1977; Wang et al. 2000; Rao and Murthy 2001; Amadori et al. 2018).

Upwelling in large lakes has mainly been studied during the strongly stratified summer period,
when it is associated with nearshore-offshore exchange (McKinney et al. 2018; Valipour et al.
2019), cross-shore thermal variability (Troy et al. 2012), increased horizontal and vertical mix-
ing (Rao and Murthy 2001), flushing of harbor embayments (Hlevca et al. 2018) and nutrient
and phytoplankton transport (Corman et al. 2010). In Lake Geneva, Ekman-type upwelling ap-
pears to be relevant for spatio-temporal heterogeneity of surface phytoplankton during the sum-
mer period (Bouffard et al. 2018; Soulignac et al. 2018). Upwelling is therefore generally con-
sidered ecologically beneficial. However, in some cases, upwelling of deep, anoxic waters can
lead to a deterioration of the surface water quality and even fish kills, e.g., Lake Erie, whose

deep waters regularly undergo severe hypoxia (Rao et al. 2014; Jabbari et al. 2019).

On the other hand, wind-driven Ekman-type coastal upwelling during the weakly stratified win-
ter period has received little attention, even though it is under these conditions that wind stress
effects can penetrate the deepest into the water column and consequently can “lift” very deep
water masses up to the surface layers. Schladow et al. (2004) reported on an extraordinary large
upwelling event in Lake Tahoe (max. depth 500 m) in winter lasting for 4 d, observed by means
of in situ measurements and surface temperatures deduced from satellite imagery. They con-
cluded that the amplitude of the upwelling covered the full water depth and affected 50% of the
lake’s surface. Although this was considered an extraordinary event, their findings vividly il-
lustrate the potential role of wintertime coastal upwelling in affecting the hypolimnetic dynam-

ics in large, deep lakes.

In the present study, we aim to investigate the as yet little-known dynamics of wintertime
coastal upwelling and address the following questions: (i) Does Ekman-type coastal upwelling
occur in Lake Geneva, Western Europe’s largest lake during the weakly stratified winter pe-

riod? ,(ii) If so, can it provide an efficient pathway for hypolimnetic-epilimnetic exchange under
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favorable wind conditions? and thus (iii) Does it contribute to deepwater renewal and re-oxy-
genation in the deep hypolimnion? To achieve this, we combined detailed field observations,

three-dimensional (3D) numerical modeling, and model-based Lagrangian particle tracking.

The paper is organized as follows: The characteristics of Lake Geneva, the observational data,
the 3D numerical model and the particle tracking algorithm are described in Section 2.2. In
Section 2.3, the prevailing thermal stratification and meteorological data are introduced. Field
observations and hydrodynamic model results are presented and analyzed, and the origin and
fate of upwelled deepwater masses are determined based on Lagrangian particle tracking re-
sults. The results and their implications are discussed in Section 2.4, followed by the conclu-
sions in Section 2.5. A Supporting Information (SI) section provides additional clarifica-

tions/details on certain topics mentioned in the text.
2.2 Materials and methods

2.2.1  Study site

Located between Switzerland and France, Lake Geneva (local name: Lac Léman) is
often considered the birthplace of limnology (Forel 1892) and is Western Europe’s largest lake.
Lake Geneva is crescent-shaped and consists of two basins: a small, narrow western basin called
the Petit Lac, with a maximum depth of 75 m, and a large eastern basin called the Grand Lac
with a mean depth of 170 m and a maximum depth of 309 m (Figure 2.1a). The lake has a
surface area of 580 km?, a length of 73 km along its major axis, a maximum width of 14 km
and is classified as warm monomictic. The shallow Petit Lac basin regularly destratifies every
winter. The deep Grand Lac basin of Lake Geneva, however, remains (thermally) stratified
during most years, with a thermocline typically in the range of 100 to 150-m depth during winter
cooling and complete vertical destratification only occurring during severely cold winters

(CIPEL 2019).
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Figure 2.1. a. Bathymetric map of Lake Geneva including the surrounding topography. The
Jura and Alp mountains create a wide “corridor” through which two strong, dominant winds,
namely the Vent from the southwest and the Bise from the northeast, blow over most of the
lake surface. The white dashed line approximately delimits the two basins, i.e., the small Petit
Lac and the large Grand Lac. Full-depth temperature profiles were taken at CIPEL station
SHL2 (white X; depth 309 m). Meteorological data were recorded at the MeteoSwiss St. Prex
station (yellow circle). The red rectangle and orange line in a) show the study site location
and the alongshore extent of the particle tracking seeding area (for details, see Section 2.2.4),
respectively. Depth is given in meters in the colorbar legend and by the isobath contours (25,
50, 100, 150, 200, 250, 300 m), b. Close-up of the study site during winter 2017/2018 giving
an overview of the western (MW 1, MW2, MW3; orange crosses) and eastern (ME1, ME2,
MES3; black triangles) mooring sites. The blue line shows the first 500 m of the DTS fiber-
optic cable, and ¢. Wind-rose depicting the prevailing mean wind directions and strength
during the observation period (1 December 2017 to 31 March 2018) recorded at the nearby
meteorological station (yellow circle in a).
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Full depth profiles taken by the Commission Internationale pour la Protection des Eaux du
Léman (CIPEL) on 21 December 2017, prior to the coastal upwelling event investigated in this
study, show DO concentrations of 6 mg L™ at 200-m depth, decreasing to approximately 3 mg
L! at the bottom (CIPEL 2019). The ventilation of these deep layers is generally attributed to
complete vertical overturning due to convective cooling during severely cold winters. Recently
it was shown (Lemmin 2020) that: (i) In cold winters, vertical DO profiles with a pronounced
minimum in the bulk water of the deep hypolimnion persisting for several months and higher
DO concentrations towards the lake bottom occur, suggesting the lateral advection of oxygen-
rich water along the lakebed, (ii) A significant spatial variability of the DO concentrations in
the near-bottom layer exists as revealed by measurements taken along submarine dive tracks
across the central 300 m deep plateau in the Grand Lac basin, and (iii) An increase in DO levels
at the deepest point of the lake (309 m) can be observed every year, even during mild winters
with incomplete vertical convective mixing. Field measurements (Giovanoli 1990) indicate that
dense, sediment-laden turbidity currents from the lake’s main tributary, the Rhone River,
occasionally reach the deepest layers. However, due to the limited frequency and intensity of
these events, their contribution to deepwater renewal can be considered minor. Altogether, there
is strong evidence suggesting that deepwater renewal in Lake Geneva is not only governed by
vertical convective mixing but also, to some extent, by 3D processes such as differential cooling

or wind-driven coastal upwelling.

River throughflow is small, leading to a flushing time (also referred to as theoretical residence
time in the literature; Monsen et al. 2002) of approximately 11 y (CIPEL 2019). The inertial
period at the latitude of Lake Geneva is approximately 16.5 h. Numerous observational and
numerical studies have shown that Coriolis force effects play an important role in determining
the lake’s hydrodynamics (e.g., Bauer et al. 1981; Lemmin et al. 2005; Bouffard and Lemmin
2013; Cimatoribus et al. 2018, 2019; Lemmin 2020).

Lake Geneva is subject to a variety of winds (local fishermen distinguish over 20 different
winds by name) generated by differential heating, pressure differences across the Alps and/or
large-scale atmospheric pressure gradients (Bohle-Carbonell 1991). The channeling effect cre-
ated by the surrounding topographys, i.e., the Jura and Alp mountains, guides two strong, dom-
inant pressure-gradient winds over most of the lake surface, namely the Vent, blowing from the
southwest and the Bise, from the northeast (Figure 2.1a). These winds are fairly homogenous
in space and steady in time for several days, typically reaching wind speeds between 5 and 15

m s (e.g., Lemmin and D’Adamo 1996; Lemmin et al. 2005). Both have a long fetch and are
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almost aligned with the shore of the western and central parts of the Grand Lac basin, which in
turn favors the development of upwelling events. The coastal upwelling on the northern shore

investigated in this study is generated under Vent wind conditions.

2.2.2  Field observations

A field measurement campaign was carried out at two sites, hereinafter referred to as
Western MW 1, MW2, MW3) and Eastern Moorings (ME1, ME2, ME3) during the winter of
2017/2018 near the northern shore of Lake Geneva, 20 km west of Lausanne (Figure 2.1a, b).
The western mooring site had three vertical thermistor lines with a total of 34 temperature log-
gers (RBRsolo T and Seabird SBE-56) that were deployed from December 2017 to April 2018
at5m (MWI), 10 m (MW2) and 30-m depths (MW3), respectively. The moorings were aligned
along a transect perpendicular to the shoreline. The 30-m depth mooring (MW3) was addition-
ally equipped with an Acoustic Doppler Current Profiler (ADCP) (Nortek Signature 1000).

A similar set of three moorings, ME1, ME2 and ME3, was deployed 1.5 km east of the western
mooring site, at the same depths. Current velocities at the 30-m depth mooring (ME3) were
recorded by a combination of a Teledyne RDI Workhorse Sentinel (300 kHz) and a Nortek
Aquadopp-HR Profiler that was added to resolve the near-bottom currents within the blanking

distance (approximately 4 m) of the RDI instrument.

All thermistors had an accuracy of £0.002°C and sampled every 2-5 s. Prior to analyzing the
data, 10-min moving averages were applied to all temperature measurements. The accuracy of
all current velocity measurements was in the order of 0.5 cm s™!. To facilitate the comparison
between the two mooring sites, the current coordinate systems were rotated to be aligned with
the orientation of the local shoreline (alongshore, positive to the east; cross-shore and upslope,
positive to the north) and are given as “flowing towards.” Details of the mooring configurations

and the instrument settings are summarized in Table 2.1.
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Table 2.1. Details of the moorings.

Moorings Depth [m] Instruments and settings
MW1 5 4 RBRsolo T, vertical spacing 1 m
MW2 10 15 RBRsolo T, vertical spacing 60 cm
MW3 30 12 RBRsolo T, 3 Seabird SBE-56, vertical spacing 1-3 m

Nortek Signature 1000: 26 bins of 1 m, 2 min averaging interval, 10 min
measurement interval

MEI 5 4 RBRsolo T, vertical spacing 1 m
ME2 10 15 RBRsolo T, vertical spacing 60 cm
ME3 30 12 RBRsolo T, 3 Seabird SBE-56, vertical spacing 1-3 m

Nortek Aquadopp HR Profiler: 18 bins of 15 cm, 90 s averaging interval,
5 min measuring interval

Teledyne RDI Workhorse Sentinel (300 kHz): 12 bins of 2 m, 20 min
averaging/measurement interval

In addition to the moored temperature and current instruments, near-bottom water temperatures
at the western mooring site were obtained from a 1.8 km long fiber-optic based Distributed
Temperature Sensing (DTS) system (Selker et al. 2006; van de Giesen et al. 2012). The DTS
system measured temperatures along a fiber-optic cable that was laid down on the lakebed per-
pendicular to the shoreline, starting at the shore, with spatial and thermal resolutions of 1 m and
0.1°C, respectively (Figure 2.1b). Knowing the approximate position of the cable and the local
bathymetry, we mapped distances along the cable to the corresponding depths.

Wind speed and direction were recorded every 10 min at a meteorological station at St. Prex
operated by the Swiss National Weather and Climate Service (MeteoSwiss), located approxi-
mately 3 km east of the study site (Figure 2.1a). Hourly moving averages were applied to the
meteorological data prior to the analysis. The data sets were complemented by CTD (Conduc-
tivity Temperature Depth) profiles taken on a regular basis at the deepest point of the lake
(SHL2 in Figure 2.1a) by CIPEL (CIPEL 2019), which monitors water quality in Lake Geneva
(Rimet et al. 2020).

2.2.3  Hydrodynamic model

To simulate the hydrodynamics of Lake Geneva, we employed a hydrostatic version
of the MITgcm, which solves an incompressible Boussinesq form of the 3D Navier-Stokes
equations (Marshall et al. 1997). This code is widely used in the oceanographic community and

has successfully been applied to lakes (Dorostkar and Boegman 2013; Djoumna et al. 2014;
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Dorostkar et al. 2017), and recently to Lake Geneva (Cimatoribus et al. 2018, 2019). Following
Cimatoribus et al. (2018), we ran a Low-Resolution (LR) and a High-Resolution (HR) version
of the 3D model.

The LR model (curvilinear grid, horizontal resolution 173-260 m, 35 z-layers, integration time
step 20 s) was initialized from rest on 15 December 2016 at 12:00 (local time) with a horizon-
tally homogenous temperature initial condition, derived from the temperature profile at SHL2

on that date. The LR model was run until 25 October 2017, 00:00.

The interpolated 3D temperature field from the LR model served as initial condition for the HR
model, which was started from rest on 25 October 2017 at 00:00 and was run for five months.
The HR model adopted a Cartesian grid with a constant horizontal resolution of 113 m, 50 size-
varying z-layers (30 cm at the surface, 10 m at the deepest point) and an integration time step
of 8 s. The starting date for the HR model was selected such that the preceding days were
characterized by calm wind conditions, allowing the model to adjust to the initial conditions.
Both model versions were forced at the free surface by the output of the COSMO-1 numerical
weather model provided by MeteoSwiss covering the lake surface with a 1.1 km grid. We used
the assimilated outputs (called reanalysis data), based on observational data, rather than pure
forecast data (Voudouri et al. 2017). Quadratic bottom drag and free-slip conditions at the lat-

eral boundaries were employed in all cases.

The model configurations were adapted from Cimatoribus et al. (2018) and Cimatoribus et al.
(2019). The former study describes the configurations in detail and provides an in-depth model
validation using: (i) temperature and current velocity time series, and vertical temperature pro-
files, both recorded at a number of monitoring stations and moorings located around the entire
lake, and (i1) temperature variance and kinetic energy spectra. In Figure S2.1 in the SI, the
temperature profile measured at SHL2 approximately one month after the beginning of the high
resolution (HR) modeling is compared with the one obtained by the numerical model for that

day. Good agreement is found.

2.2.4  Particle tracking

Lagrangian particle tracking is used for analyzing the velocity output of lake or ocean
circulation models. Van Sebille et al. (2018) presented the fundamentals of the Lagrangian
analysis, code availability, and a variety of applications in the ocean. When combined with 3D

numerical modeling, it can identify preferential transport pathways and determine the origin
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(backward tracking) and fate (forward tracking) of upwelled water masses in coastal regions of
the ocean. In this context, particle tracking has been applied on seasonal/regional scales (e.g.,
Rivas and Samelson 2011; Viglione and Thompson 2016) and for long-term global ocean cir-
culation studies with time-scales in the order of 100 y (Tamsitt et al. 2017). Recently, Amadori
et al. (2018) used particle tracking to study transport processes in Lake Garda (Italy) and found
that Ekman-type coastal upwelling/downwelling along the steep shores of the lake resulted in

large vertical displacement of particles, i.e., water masses.

The particle tracking code employed in this study uses the method described by D66s et al.
(2013), whereby particle trajectories are calculated based on the 3D velocity field output from
a hydrodynamic model, applying linear interpolation in time (between model outputs) and space
(between grid points). Cimatoribus (2018) implemented the algorithm using the Python lan-
guage and validated it against the analytical results discussed by Do66s et al. (2013). The code
was recently applied to Lake Geneva in an investigation of the dispersion of water originating

from the lake’s main tributary, the Rhone River (Cimatoribus et al. 2019).

Here, we used particle tracking to determine the pathways followed by hypolimnetic water
masses during a 10-d coastal upwelling in January 2018. Particles were continuously released
during the first 3 d (hereinafter referred to as active upwelling phase) at every grid point of the
upper 15 m of the water column in an approximately 13 km alongshore by 1.5 km cross-shore
nearshore region surrounding our study site (Figures 2.1a and S2.2). The seeding region was
chosen based on the maximum alongshore extent of the surface temperature anomalies com-
puted by the hydrodynamic model during the upwelling period. The origin and fate of upwelled
water masses were investigated employing backward and forward tracking, respectively, and

filtering the trajectories by initial and final depths.

The computed particle trajectories were used to estimate the time that particles spend in the
upper layers of the water column, before descending back to greater depths. This surface expo-
sure time has ecological implications, since it represents the time that water masses spend in

contact with the atmosphere and are thus subject to heat and gas exchange.

The sensitivity of the analysis to the number of released particles was tested by varying the
seeding interval between 0.5 and 2 h, yielding between 230,000 to 890,000 particles in total.
Since we were interested in the deterministic advection of water masses resolved by the hydro-
dynamic model, diffusion (e.g., in the form of random particle displacements) was not consid-

ered.
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2.3 Results

2.3.1 Thermal stratification of Lake Geneva

Figure 2.2 shows the temperature profile taken by CIPEL at SHL2 on 21 December
2017. At that time, that is, three weeks before the upwelling event investigated in this study, a
weak thermocline remained between 75 m and 100 m. The following three weeks were charac-
terized by rather mild air temperatures (Tmean = 5.2°C). Therefore, this profile will be considered
representative for the stratification conditions during the coastal upwelling period investigated

here.
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Figure 2.2. Temperature profile taken at the SHL2 station on 21 December 2017. For station
location, see Figure 2.1a.

2.3.2  Meteorological data

Prevailing measured wind speeds and directions from 1 December 2017 to 31 March
2018 are displayed in the wind-rose in Figure 2.1c. Wind directions in degrees refer to the
direction the wind originates from. Vent events, which may generate coastal upwelling along
the northern shore of Lake Geneva, occurred during 25% of the time. The Vent event analyzed
in this study lasted from 16 to 26 January 2018. Wind speed and direction for that period are
shown in Figure 2.3a, b, respectively. The wind blew steadily in a northeasterly direction for

7.5 days with maximum wind speeds exceeding 16 m s™! and a mean value of 7.2 m s™. The
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two-dimensional (2D) wind field over the lake derived from COSMO-1 data, and typical for
most of that period, showed a spatially relatively homogenous wind blowing parallel to the
main axis of the central part of the lake (Figure 2.4), thus generating favorable conditions for

coastal upwelling at our study site.
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Figure 2.3. a. Wind speed and b. wind direction, both recorded during the upwelling period
by the MeteoSwiss station at St. Prex. ¢. and d. Contour plots of the temperature time series
recorded at the 30 m moorings MW3 and ME3, respectively. The colorbar gives the water
temperature. Height is indicated in meters above the lakebed. The dates on the horizontal axis
refer to the year 2018. See Figure 2.1 for station and mooring locations.
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Figure 2.4. Two-dimensional (2D) wind field during the upwelling event on 16 January 2018
at 12:00 (local time) derived from the COSMO-1 meteorological model. The normalized
black arrows show a northeasterly wind direction (Vent) over most of the lake. The red rec-
tangle marks the area where the moorings were deployed (Figure 2.1b). The colorbar gives
the wind speed. For clarity, not all wind vectors are shown.

2.3.3  Temperature and current moorings

The Vent-induced upwelling was seen at all moorings. The time series of selected DTS
temperatures between 35-m depth and the end of the cable (130-m depth) are shown in Figure
2.5. Prior to this full coastal upwelling event, a temperature difference of less than 0.1°C be-
tween 35 and 75-m depth and a stronger change in temperature between 75 and 100-m depth
indicate a thermocline depth between 75 and 100 m, in good agreement with the SHL?2 profile
from 21 December 2017 (Figure 2.2). Starting on 16 January at 00:00 at approximately 7°C,
temperatures at 35, 50 and 75-m depths suddenly dropped by 0.6°C within the first 6 h. This
sudden temperature drop was most likely caused by the alongshore advection of cold-water
masses that underwent upwelling further west, as suggested by the dominant eastward along-
shore currents at this time (discussed below). The arrival of the upwelled cold water mass

lagged behind the peak in wind speed by approximately 12 h.

All DTS temperatures then gradually decreased further to below 6°C on 18 January at around
noon (Figure 2.5). This period will be considered the “active upwelling” phase. The temperature
pattern suggests that during that period cold hypolimnetic water masses were continuously

transported to the nearshore region by wind-driven Ekman-type coastal upwelling. During the
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following week, wind speeds progressively decreased and temperatures slowly rose to approx-
imately the values recorded before the upwelling. The minimum temperature of 5.71°C rec-
orded at the end of the DTS cable during the upwelling period (Figure 2.5; 130-m depth) cor-
responds to the water temperature at a depth of approximately 270 m at the SHL2 station on 21
December 2017 (Figure 2.2), suggesting that, albeit not having reached the surface, even the
deepest layers of the lake were affected by this upwelling.
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Figure 2.5. Temperature time series recorded by the DTS system at the western mooring site,
between 30 and 130-m depth. The depth was estimated by using the approximate position of
the cable and a map of the local bathymetry (Figure 2.1). The temperatures recorded at the
bottom of the nearby ME3 mooring (30-m depth) are also shown. The different depths are
given in the legend. The dates on the horizontal axis refer to the year 2018.

Prior to the Vent event, all 68 thermistors at the eastern and western mooring sites showed
similar temperatures within a range of 0.05°C, illustrating vertical and horizontal well-mixed
conditions (Figure 2.3c, d). Following the onset of the Vent event, nearshore temperatures at all
instruments first suddenly dropped, then remained low during the active upwelling phase and
finally began to gradually increase towards the end of the upwelling period. This time develop-
ment corresponds to the one seen in the DTS recording (Figure 2.5). The time series of near-
bottom temperatures measured by the bottommost thermistor of the mooring MW3 agreed well
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with the temperatures recorded at the nearby DTS system at 35-m depth (Figure 2.5, black line).
During the active upwelling phase, several short events of warming are evident, some reaching
down to the lakebed. These coincide with the peaks in the 35 m temperature record of the DTS
(Figure 2.5) and will be further analyzed in Section 2.4.1.

During the upwelling period, a weak stratification of less than 0.5°C often remained between
the top- and bottom-most thermistors at the 30 m (Figure 2.3c, d) and 10-m depth moorings
(Figure S2.3). Temperatures at the 5-m depth moorings were essentially vertically uniform
(Root Mean Square Error, RMSE, between the bottommost and topmost thermistor signal was
0.02°C), and were close to the ones observed at the topmost thermistors at the 10 m and 30 m
moorings, respectively. A minimum temperature of 5.93°C was observed 1 m above the lakebed
at MW3. This temperature is close to the lowest temperature recorded by the DTS (Figure 2.5)
and corresponds to values found below depths of 200 m, as indicated by the temperature profile

at SHL2 for 21 December 2017 (Figure 2.2).

Figure 2.6 shows the observed current velocities at MW3 and ME3 during the 3-d active
upwelling phase as current roses. To illustrate the prevailing processes, the water column was
divided into: (i) an upper layer that is > 15 m above the lakebed and (ii) a lower layer that is <
8 m above the lakebed. The mean values over the 3-d period are displayed for each layer. At
both mooring sites, northeastward alongshore currents (i.e., aligned with the mean wind stress)
dominated over the entire water column, with maximum values exceeding 25 cm s’ in both
layers. The gradually decreasing water temperatures during the first 3 d (Figure 2.5) could be
explained by episodic cross-shore, upslope currents seen in the bottom layers of both moorings
that carry cold-water masses from the hypolimnion towards the shore, particularly at the west-
ern mooring site (Figure 2.6c, d). The observed spatial heterogeneity of the current speeds
between the two moorings is likely due to a combination of effects, including the spatially
varying wind velocity (Figure 2.4), shoreline irregularities close to the western study site and

differences in the bed slope (Figure 2.1b).
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Figure 2.6. Current roses at MW3 (left panels) and ME3 (right panels) for the upper (a, b)
and the lower (¢, d) layers during the active upwelling phase from 15 January, 15:00 (onset
of Vent event) to 18 January 2018, 12:00 (end of active upwelling phase). Current vectors
were projected onto the local alongshore axis. Note that the scales in the top and bottom
panels are different.

2.3.4  Model results

Figure 2.7 shows the vertical average of the temperature signal in the lower layer of
the water column (approximately between 2 to 8 m above the lakebed) recorded at mooring
ME3 (blue) and computed by the HR model (red) from 13 to 28 January 2018. Due to the
discretization of the bathymetry, the depth in the HR model at this location is approximately 26
m. Even though the model grid is too coarse to resolve all the details of this complex nearshore
bathymetry, the model overall reproduces the upwelling event well in terms of absolute tem-
peratures and temporal variability, and the modeled temperatures are in good agreement with
field observations (RMSE approximately 0.2°C). The initial rapid temperature drop due to
northeastward alongshore advection of previously upwelled cold-water masses and the gradual

temperature increase during the relaxation phase are both captured by the model. Furthermore,

32



Wintertime coastal upwelling in Lake Geneva: An efficient transport process for deepwater renewal in a large, deep lake

field observations and numerical modeling results show several significant temperature peaks
during the active upwelling phase. These were due to temporary downwelling close to the shore
and are discussed in Section 2.4.1. The overall agreement between observational data and nu-
merical modeling results, allowed us to investigate further the 3D structure of the upwelling. It
should be emphasized that this would not have been possible by only using the point measure-

ments of the field observations.
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Figure 2.7. Temperature time series in the lower layer of the water column (approximately 2
to 8 m above the lakebed) as recorded at ME3 (blue) and as computed by the High Resolution
(HR) model (red). The dates on the horizontal axis refer to the year 2018.

Maps of the modeled near-surface temperatures at 1-m depth before (16 January 2018, 00:00),
during (19 January 2018, 00:00) and after (28 January 2018, 00:00) the upwelling period, as
well as vertical temperature slices at selected locations are displayed in Figure 2.8. In order to
estimate the surface area affected by this event, we considered the surface temperature anomaly
(i.e., local surface temperatures minus basin-wide averaged surface temperature) as a proxy for
upwelled water masses. By assuming that the upper layer was well mixed before the onset of
the Vent event (Figure 2.3), a surface temperature anomaly of -0.2°C indicates that these surface
water masses originated from well within the thermocline (75 to 100-m depth; Figure 2.2). The
modeling results suggest that, based on this choice of threshold, an area of up to 50 km? was
affected by the upwelling (black contoured area in Figure 2.8c). This corresponds to approxi-
mately 10% of the surface area of the Grand Lac basin. It should be noted that comparably
lower surface temperatures in some parts of the lake prior to the Vent-induced upwelling (Figure

2.8a) were not related to coastal upwelling. Instead, they could be attributed to: (i) differential
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cooling of the shallow Pefit Lac basin and shallow nearshore regions of the Grand Lac, and (i1)
a counterclockwise rotating gyre in the central part of the Grand Lac. Upwelling in the center
of the gyre resulted in a local dome-shaped thermocline (eastern-most slice in Figure 2.8b) and

was a remnant of a previous wind event.

Vertical temperature slices at selected locations on 19 January 2018 at 00:00 (Figure 2.8d) re-
vealed a significant tilt of the thermocline perpendicular to the wind stress and thus are in agree-
ment with our field measurements above, indicating that the cold temperatures observed near
the northern shore were due to a full upwelling event (i.e., the thermocline reached the surface).
The shape of this modeled transect across the lake illustrates the tilting and surfacing of the
thermocline that was generated by a sufficiently strong and long-lasting Vent wind event. The
shape was confirmed experimentally by north-south CTD transects in this part of the lake taken

during a similar coastal upwelling event in December 2018 (Figure S2.4).
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Figure 2.8. Modeled near-surface temperatures (a, ¢, e) and vertical full-depth temperature

slices at selected locations (b, d, f) before (16 January 2018, 00:00), during (19 January 2018,

00:00) and after (28 January 2018, 00:00) the upwelling period. The locations of the vertical

slices are marked in the surface contour plots by the black lines. The red arrow indicates the

mooring sites. The colorbar in c) gives the temperature range for all panels.

2.3.5  Particle tracking results

Observed and modeled temperatures near the northern shore of the lake show that wa-
ter masses from far below the thermocline reached the nearshore surface, confirming that win-
tertime coastal upwelling is an effective transport process for hypolimnetic-epilimnetic water
exchange. To further assess the upwelling pathways, i.e., the origin and fate of the upwelled

water masses in our study area, we employed backward and forward particle tracking. The
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computed Lagrangian trajectories with an origin (backward tracking) or final (forward tracking)
depth below the thermocline (i.e., 100-m depth), were calculated for a total of approximately
230,000 released particles. Doubling (tripling) the number of released particles by reducing the
seeding interval by a factor of two (three) did not change the results of the particle trajectory
analysis, thus indicating their statistical robustness. For better visualization, random subsets of
10,000 (Figure 2.9a, ¢) and 30 (Figure 2.9b, d) particles are shown. Figure S2.5 shows all
230,000 particle trajectories for both backward and forward tracking.

The analysis of the backward tracking trajectories revealed that approximately 30% of all par-
ticles released near the shore between 0 and 15-m depth during the active upwelling phase
originated from the hypolimnion. The maximum computed origin depth of approximately 200
m is in good agreement with our field observations. Likewise, forward particle tracking con-
firmed that a similar fraction of the particles released near the shore descended back down into

the hypolimnion after wind stress ceased, reaching a maximum depth of more than 200 m.

A clear difference can be seen in the particle motion pattern of the upward motion during the
initiation of upwelling and downward motion during the relaxation period (Figure 2.9). As
would be expected, most of the upward motion of the deep waters is generated over the lateral
slope in close proximity to the nearshore upwelling zone (Figure 2.9a, b). In contrast, the tra-
jectories of the downward motion spread out over a much wider region covering a large portion
of the Grand Lac basin (Figure 2.9¢c, d). Furthermore, when tracking only a limited number of
particles (Figure 2.9d), it becomes obvious that a significant number of them are entrained into
the large-scale gyres in this area, as detailed by Cimatoribus et al. (2019). Thus, the gyre motion
field provides for an efficient spreading of the oxygen enriched water masses that originated in

the 15-km long nearshore zone of our study site within most of the Grand Lac basin.
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Figure 2.9. a. Backward tracking (from 19 to 16 January) and c. forward tracking (from 16
to 26 January) of particles during the upwelling event from 16 to 26 January 2018. For better
visualization, a random subset of 10,000 particles was selected prior to plotting. b. and d.
Close-ups of the areas delimited by the black dashed lines in a) and ¢) showing, respectively,
backward and forward tracking with a random subset of 30 particles. The white arrows indi-
cate the travelling direction of the released particles along one exemplary trajectory, reflect-
ing the movement of water parcels. The swirling motions in panel d) are due to large-scale
gyres. Particles were continuously released in the nearshore study site (marked by the red
arrow) within the upper 15 m of the water column (Section 2.2.4). Only particles with an
origin depth (backward tracking) or a final depth (forward tracking) of more than 100 m are
displayed and all trajectories shown in d) end on 26 January. Particle depth is given in the
colorbar legend in a). Note that the size of the areas in panels b) and d) is different.

2.4 Discussion

2.4.1  Observed temperature peaks near the shore during the active upwelling phase

Coastal upwelling of cold hypolimnetic water manifested itself during the active pe-
riod as cross-shore upslope currents in an approximately 10-m thick bottom boundary layer at
both moorings MW3 and ME3 (Figure 2.6). Comparing the contour plots of water temperature
and current velocities at ME3 (Figure 2.10a, b), it is evident that the two were strongly corre-
lated, which is confirmed by normalized cross-correlation coefficients of 0.67 and 0.85 for the

upper and lower layers, respectively. In particular, it can be seen that after the onset of the
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upwelling, events of high current velocity occur simultaneously with an increase of nearly
0.5°C in water temperature in the whole bottom boundary layer. The near-bottom temperatures
overall decreased during the active upwelling phase, producing a strong gradient between the
top and the bottom layer (Figures 2.5 and 2.10c). However, during this phase, the temperatures
in the bottom boundary layer sporadically approached again those that were measured in the
top layer (Figure 2.10c¢). This suggests that warm near-surface waters descended down to 30-m

depth.

In order to determine the paths followed by these water masses, the current directions in the top
and bottom layers of the eastern mooring ME3 are plotted in Figure 2.10d. Overall, current
directions, particularly in the top layer, are oriented alongshore. However, superimposed on this
long-term trend, current directions in the bottom layer are downslope-oriented during the warm-
ing events, whereas those in the top layer are pointing slightly towards the shore. This is a
current pattern characteristic of downwelling where near-surface water is pushed towards the
shore by the wind and then down the slope. The full-depth current profiles for this downwelling
event document the flow direction reversal between the top (onshore) and bottom (off-
shore/downslope) layers, as well as the high velocities (red curve in Figure 2.11; red arrow in
Figure 2.10). In contrast, the full-depth direction profiles measured during the active upwelling
phase (black curve in Figure 2.11; black arrow in Figure 2.10) show the inverse with offshore

movement in the top layer and upslope motion in the bottom layer.

An analysis of the time development of the COSMO-1 wind field over the lake in the vicinity
of our study area during these downwelling events confirms that the spatially-averaged wind
over an area of 3 km % 3 km is oriented onshore and can therefore push warmer near-surface
waters towards the shore (Figure 2.10e, f). Maps of the instantaneous wind pattern in the area
confirm the change in orientation with a significant onshore component during these events
when compared to the pattern when upwelling is dominant and most vectors are oriented along
the shore (Figure 2.10g, h). Thus, while the general wind pattern is that of a Vent, causing
upwelling in the nearshore area, temporal variability in the wind orientation can generate short

events of downwelling (Movie S2.1).

In Figure 2.10b, the near-bottom temperature at the western mooring MW3 also shows these
warm water peaks at the same time, thus indicating that these downwelling events covered the
full lateral extent of the study area. These peaks also coincide with the peaks seen in the DTS
temperature recording at 35-m depth. The DTS near-bottom temperatures below 50-m depth,
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1.e., further than 300 m offshore, continuously decreased and showed no sign of warmer surface
water intrusions (Figure 2.5). This confirms the nearshore nature of these downwelling events.
During these events, oxygen-saturated near-surface water is rapidly pushed to greater depths.
The alternating interplay between upwelling and downwelling in this lateral boundary layer
causes strong mixing in the whole area and can further increase the oxygen content of these
water masses which, as was seen in the particle-tracking analysis above (Figure 2.9), will even-
tually descend down into the deep hypolimnion. It should be noted, that the numerical model
reasonably well reproduced the temperature peaks (Figure 2.7), and thus the downwelling

events, despite its limited resolution close to the shoreline.
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Figure 2.10. a. Contour plot of the temperature recorded at ME3 during the active upwelling
phase, b. Contour plot of the current velocity recorded at ME3; height is given in meters
above the lakebed, ¢. Temperature time series recorded at ME3 and MW3 for selected
heights. The temperatures of the bottom- and topmost thermistors, respectively (MW3 btm:
0.3 m; ME3 btm: 1 m, top: 18 m above the lakebed) are given. d. Median-filtered current
direction recorded at ME3 in the lower (< 10 m height; black curve) and upper (> 15 m height;
red curve) part of the water column. e. and f. Wind speed and direction derived from the
COSMO-1 meteorological model and spatially averaged over the red rectangle shown in g)
and h). Current (and wind) directions are expressed as divergence from the alongshore direc-
tion: 0° corresponds to an eastward alongshore flow (wind), whereas positive numbers reflect
a shift in the current (wind) direction towards cross-shore and upslope (onshore). The dates
on the horizontal axis refer to the year 2018. g. and h. 2D COSMO-1 wind field on 17 January
at 16:00 (active upwelling) and 18 January at 01:00 (downwelling), respectively. The corre-
sponding measured current velocity profiles are shown in Figure 2.11. The red rectangles in
g) and h) indicate the areas where the moorings were deployed. Red dashed-line rectangles
in ¢) - f) mark downwelling events. Temperature, current velocity and wind speed are given
in the colorbar legends.
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Figure 2.11. Profiles of a. current velocity and b. current direction, both recorded at mooring
MES3. The profiles are representative for periods of downwelling related to the observed tem-
perature peaks (red curves) and active upwelling (black curves). The corresponding times are
marked in Figure 2.10 by the long red and black arrows. Current directions are plotted as
divergence from the alongshore direction: 0° corresponds to an eastward, alongshore flow,
whereas positive values reflect a shift in the current direction towards cross-shore and upslope.
Height is given in meters above the lakebed.

2.4.2  Wintertime coastal upwelling as a pathway for deepwater renewal

As indicated by the field observations and confirmed by Lagrangian particle tracking,
hypolimnetic water from as deep as O(200 m) was transported upslope during the upwelling
period. The particle tracking results also suggest that most of the water masses upwelled in the
nearshore area descended back to a maximum depth O(200 m) after the wind stress had ceased
(Figures 2.9 and S2.5b). The trajectories of these descending water masses were found to be
strongly affected by the dynamics of the large-scale motions in the lake, often characterized by
large gyres (Cimatoribus et al. 2019), as seen in Figures 2.9¢, d and S2.5b. Forward particle
tracking shows that due to the presence of these large-scale gyres, descending particles rapidly
spread over a wide area in the Grand Lac basin, thus demonstrating that coastal upwelling dur-
ing wintertime, even in a limited nearshore area, is an effective contributor to deepwater re-

newal over a much larger area.
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Once brought to the surface, i.e., in direct contact with the atmosphere, the upwelled water is
subject to heat and gas exchange. Hence, the time upwelled water masses spend near the surface
appears to be of interest when considering the ecological implications of this physical process.
By integrating the time that particles spent in the upper 15 m of the water column, we estimated
a surface exposure time for particles with an origin and final depth below the thermocline, i.e.,
for approximately 30% of all released particles. We found that these upwelled particles spent
on average about 1 d near the surface before descending back below the thermocline. Approx-
imately 25% of the upwelled particles spent more than 1.5 d and the maximum observed surface

exposure time was more than 5 d.

While the surface exposure time might be limited to a few days, conditions for air-water oxygen
exchange are highly favorable during wintertime upwelling due to: (i) high wind speeds which
cause intense mixing and large gas transfer velocities, (ii) high values of oxygen saturation
concentrations at low in situ temperatures (i.e., high solubility of oxygen) and finally, (iii) low
measured in situ concentration of oxygen in upwelled hypolimnetic water (about 6 mg L' at
200-m depth). A rough, order-of-magnitude estimation of the oxygen exchange indicates a DO
flux of 23 t km™ d™! or an oxygen injection of about 1,000 t in our study area for the conditions
specified above. However, great care has to be taken when interpreting such average values (for
details, see Text S2.1 in the SI). Upwelling also occurs simultaneously in other sections of the
northern shore of Lake Geneva, thus increasing the total oxygen input during the surface expo-

sure of the deepwater masses.

Moreover, a number of other processes that may further enhance the air-water oxygen exchange

estimated above take place at the same time in this near surface layer:

(1) Air injection by bubbles caused by breaking or whitecapping waves increases the

rate of oxygen exchange (e.g., Woolf 1993).

(i1) In addition to direct air-water gas exchange, significant turbulent mixing between
upwelled hypolimnetic (low in DO) and DO-saturated epilimnetic water can be expected, con-
sidering the high levels of turbulence induced by wind stress and bottom friction in the shallow

nearshore region.

(ii1) The nearshore downwelling events discussed in Section 2.4.1 brought near-sur-

face water masses down to a depth of 30-40 m, thus contributing to additional mixing, and
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(iv) Results of the 3D modeling indicate that the cold upwelled hypolimnetic water
can spread over a large surface area. This spreading leads to an unstable stratification in the
surface layer, which results in convective downward motion of these cold waters. It was previ-
ously observed that this downward motion often occurs in large size convective plumes (several
meters in diameter) that have been estimated to cover up to 10% of the lake surface area (Thorpe
et al. 1999) and that transport oxygen-rich surface waters into deeper layers more efficiently

than small scale turbulent mixing.

The contribution from these different processes cannot be quantified with our data. However,
the total resulting DO input into the upwelled waters that will return to the deep layers is most

likely substantially higher than the estimate given above.

It has to be noted that the strength of particle tracking simulations lies in their ability to identify
trajectories and preferable pathways of upwelled water masses. Using particle tracking, one
cannot determine the actual oxygen supply brought down to the deep layers, because particles
have neither mass nor volume, and turbulent mixing between the upwelled and the surrounding
waters cannot be assessed. A more robust quantification of the deep ventilation potential due to
wintertime coastal upwelling, e.g., by means of numerical tracers (e.g., Matsumoto et al. 2015;

Sun et al. 2017), goes beyond the scope of this study.

2.5 Summary and conclusions

Little is known about the physical dynamics of coastal upwelling in large lakes during
wintertime. In order to investigate this transport process, we performed a detailed analysis of a
full coastal upwelling event in Lake Geneva which occurred in January 2018 due to a strong
southwesterly alongshore Vent wind event, and that lasted for 10 d. Field observations using
moored current profilers and temperature nodes near the northern shore of the lake during win-
ter 2017/2018 combined with 3D numerical modeling and Lagrangian particle tracking proved
to be a powerful tool set that gave new insight into complex 3D lake hydrodynamic processes

on a larger scale.

Field measurements showed that during the upwelling period, water masses from as deep as
200 m, well below the thermocline, were brought to the surface in the nearshore area and trans-

ported along the shore at high velocities. At the same time, short downwelling events, caused
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by small directional changes in the wind field over the lake, transported warmer oxygen-satu-
rated surface water towards the shore and down the slope. Near-bottom temperatures obtained
from a DTS fiber-optic cable revealed that downwelling was limited to a depth of less than 50
m. The interplay of short downwelling events with the longer-lasting upwelling most likely
causes vigorous mixing of the nearshore water masses, thus increasing the overall oxygen con-

tent.

Upwelling and temporary nearshore downwelling events were well reproduced by a 3D hydro-
dynamic model (RMSE 0.2°C), and thus allowed us to investigate the effects of the observed
upwelling over a wider area of the lake. It should be noted that this would not have been possible
using only the point measurements of the field observations. Computed surface temperatures
suggest that upwelled waters spread out over up to 10% of the surface area of the Grand Lac.
Lagrangian particle tracking based on the modeled 3D current velocity field confirmed that this
water originated from the hypolimnion (maximum depth 200 m). Upwelled particles spend on
average 1 d, and up to 5 d near the surface before descending again to the hypolimnion after the
wind stress ceased. Once brought to the surface, upwelled hypolimnetic water (low in DO) is
subject to gas (notably oxygen) exchange with the atmosphere. Considering the strong wind
forcing and weak stratification, vigorous mixing between the upwelled hypolimnetic and DO-

saturated epilimnetic water can also be expected.

Particle tracking showed that the upwelled water masses originated from a limited section of
the slope in the vicinity of the study area, whereas water masses descending into the deep hy-
polimnion after the upwelling were caught in large-scale gyres and spread over a wide area of
the hypolimnion, thus emphasizing the 3D structure of upwelling and deepwater renewal. Both
field observations and particle tracking results suggest that coastal upwelling during the weakly

stratified winter period provides an efficient pathway for deepwater renewal in Lake Geneva.

During our field observations between December 2017 and March 2018, four other upwelling
periods, comparable in amplitude and duration, occurred (Figure S2.6). Recently, a study on
climate change effects in Switzerland (CH2018 2018) reported that during their reference pe-
riod (1981 to 2011), southwesterly winds (Venf) were the most important strong winds during
winter in the Lake Geneva area. This further supports our findings that coastal upwelling pro-
duced by these winds is a significant contributor to deepwater dynamics. Historical continuous

water temperature recordings from a nearshore station close to the present study site, dating
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back several decades, provide additional evidence that full coastal upwelling is a frequently

occurring transport process during the weakly stratified winter period.

Here, we provided for the first time in Lake Geneva details of the Vent-generated upwelling
dynamics during winter over a section of the northern shore. Water mass movements related to
upwelling similar to those observed in the study area take place simultaneously over other sec-
tions of the northern shore, thus reinforcing the lakewide effect of such a Vent event on deep-
water renewal. Moreover, Bise wind events blowing from the opposite direction with compara-
ble strength, duration, frequency and fetch also occur during winter (Figure 2.1c). They bring
cold air from Northern Eurasia contributing to differential cooling and can produce coastal
upwelling on the southern shore of the lake. Therefore, the integral effect of all these upwelling
events on deepwater renewal during the weakly stratified winter season can potentially be sub-

stantial.

In the face of rising global surface water temperatures, our findings demonstrate that winter
Ekman-type coastal upwelling, an overlooked transport process, could play an increasingly im-
portant role in deepwater renewal in Lake Geneva and possibly also in other large deep lakes
with favorable wind conditions. It is less sensitive to climate change effects, as opposed to

convective cooling, which is expected to continue weakening and thus become less efficient.

Our study has revealed that wintertime coastal upwelling in large lakes is a highly complex and
transient, yet potentially significant 3D transport process contributing to deepwater renewal.
Therefore, it cannot be adequately described by traditional 1D concepts or models. This should
be taken into consideration when making long-term predictions of lake system dynamics, such

as those related to climate change.
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Supporting Information for Chapter 2

Introduction
This Supporting Information section contains six figures, a text and one movie:

e Figure S2.1: Comparison of the SHL2 full-depth temperature profiles measured by
CIPEL (red) and computed by the High Resolution (HR) 3D model (blue), approxi-

mately one month after the beginning of the HR simulation, i.e., on 21 November 2017.

e Figure S2.2: Nearshore area in which particles were released during the particle tracking

simulations, referred to as the seeding area in the main text.

e Figure S2.3: Temperature time series recorded at the western moorings MW1, MW2,
MW3 and the eastern moorings ME1, ME2, ME3 during the winter coastal upwelling

event discussed in the main text.

e Figure S2.4: Full-depth temperature profiles taken along a north-south transect across
the central basin of Lake Geneva during a coastal upwelling event in December 2018,

as well as wind speed and direction measured at the nearby St. Prex MeteoSwiss station.

e Figure S2.5: Trajectories of particles released near the northern shore of Lake Geneva
during the winter upwelling event discussed in the main text, obtained by backward and
forward particle tracking based on 3D numerical modeling results. This is similar to

Figure 2.9 in the main text but considers all 230,000 particles.

e Figure S2.6: Temperature time series recorded at the western mooring site at 10-m depth
(MW2) from 7 December 2017 to 1 February 2018 showing a total of five coastal

upwelling events.

e Text S2.1: A rough order-of-magnitude estimation of the wintertime coastal upwelling

ventilation potential in Lake Geneva.

e Movie S2.1: Animation of the modeled current velocities, the COSMO-1 wind field,
and the observed and modeled nearshore temperatures during the temporary nearshore
downwelling events, which were caused by small changes in the wind direction (Section

2.4.1 in the main text). (file uploaded separately)

52


https://www.cipel.org/en/

Supporting Information for Chapter 2

—Field observations
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Figure S2.1. Full-depth temperature profiles at SHL2 measured by CIPEL on 21 November

2017 (red) and computed by the high resolution (HR) model (blue). For SHL2 station loca-
tion, see Figure 2.1.
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Figure S2.2. The red polygon marks the nearshore area in which particles were released dur-
ing the particle tracking simulations, referred to as the seeding area in the main text.
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Figure S2.3. Temperature time series recorded during a coastal upwelling event in January
2018 at the western moorings MW1 (a), MW2 (b), MW3 (¢) and the eastern moorings ME1
(d), ME2 (e), ME3 (f). Height is given in meters above the lakebed. The dates on the hori-
zontal axis refer to the year 2018. The colorbar shows the temperature.
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Figure S2.4. a. Full-depth temperature profiles taken along a north-south transect across the
lake, starting in the study area on the northern shore marked in Figure 2.1, show an up-tilted
thermocline near the northern shore of Lake Geneva during a coastal upwelling event in De-
cember 2018. Distance is given in km starting at the northern shore. The colorbar shows the
temperature. This measured thermocline tilting compares well with results from numerical
simulations in Figure 2.8). b. and ¢. Wind speed and wind direction, respectively, measured
at the St. Prex MeteoSwiss station from 7 to 11 December 2018 (see Figure 2.1a for station
location). The red shaded area marks the time during which the profiles in a) were taken. The
dates on the horizontal axis refer to the year 2018.
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Figure S2.5. a. Backward tracking (from 19 to 16 January) and b. forward tracking (from 16
to 26 January) of all 230,000 particles released during the upwelling event from 16 to 26
January 2018. During the upwelling (panel a), particles from a limited area in close proximity
to the study area are transported up into the near shore zone. During the descent (panel b) the
trajectories of the downward motion spread out over a much wider region covering a large
portion of the Grand Lac basin and are mainly caught in three large-scale gyres. Particles
were continuously released in the nearshore study site (marked by the red arrow; see also
Figure S2.2 for the location of the release area) within the upper 15 m of the water column
(Section 2.2.4 in the main text). Only particles with an origin depth (backward tracking) or a
final depth (forward tracking) of more than 100 m are displayed and all trajectories shown in
b) end on 26 January. Particle depth is given in the colorbar legends.
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Figure S2.6. Temperature time series recorded at the western mooring site at 10-m depth
(MW?2) approximately 50 cm above the lakebed from 7 December 2017 to 1 February 2018.
A total of five coastal upwelling events, characterized by sudden temperature drops, also seen
at all other thermistor moorings near the northern shore, were identified during the observa-
tion period from December 2017 to March 2018. The red shaded area marks the coastal
upwelling event investigated in this study.
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Text S2.1

A rough order-of-magnitude estimation of the wintertime coastal upwelling ven-
tilation potential in Lake Geneva
A rough order-of-magnitude estimation of the coastal upwelling ventilation potential
in Lake Geneva during wintertime is carried out using some characteristic numbers determined

in this study, and its suitability is discussed considering the 3D nature of this transport process.

Gas transfer velocity £ and saturation concentration of dissolved oxygen Cs

Air-water gas exchange is often described by the gas transfer velocity &, also called
piston velocity (e.g., Likens 2010). Due to its importance for estimating air-water gas exchange
in surface waters, the development of empirical £ models has received considerable attention in
the past decades (e.g., Cole and Caraco 1998; Crusius and Wanninkhof 2003; Guérin et al.
2007; Vachon and Prairie 2013). Most of the models describe k as a function of wind speed
and sometimes system-dependent parameters such as the lake surface area or fetch length. Klaus
and Vachon (2020) compared the predictive performance of six widely used empirical models
based on a large dataset of published & estimates obtained by various methods and found that
they all performed poorly, especially if applied outside of their calibration range. Hence, care
has to be taken when selecting a model. Using data collected from lakes of different sizes,
Vachon and Prairie (2013) developed a lake-surface-area-dependent model describing the gas

transfer velocity standardized to a Schmidt number of 600, i.e., keo0, as

keoo = 2.51 (£0.99) + 1.48 (+£0.34) Uy, + 0.39 (£0.08) Uyplogyo LA [ecmhl]  (2.1)

where Uy is wind speed at 10 m height in m s™! and L4 is the lake surface area in km?. One of
the cases incorporated into their model calibration was a large reservoir (L4 = 602 km?) under
relatively high wind conditions (maximum wind speed Uio > 6 m s™'), making it a reasonable
choice for estimating the air-water oxygen exchange during wintertime coastal upwelling in
Lake Geneva (L4 = 580 km?). A Schmidt number of 600 characterizes CO> transfer at 20°C
water temperature and is often used in the literature. To apply equation (2.1) for a given Schmidt

number (Sc), it needs to be scaled as

Sc\™ (2.2)
ko= (m) Ke00
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with n = 2/3 for low wind speeds and n = 1/2 for high wind speeds as suggested by Jahne et al.
(1987). For oxygen transfer in fresh water at 7°C, we find Sc = 1000 (e.g., Wanninkhof 2014).
Using equations (2.1) and (2.2) with Uip = 7.2 m s™' (mean wind speed during the upwelling,
Section 3.2), LA = 580 km?, Sc = 1000 and n = 1/2, we obtain a gas transfer velocity of k ~ 16
cm h!. This value is comparable to those measured by Vachon and Prairie (2013) in the large

reservoir under high wind conditions.

Knowing &, the DO flux across the air-water interface Fpo can be estimated as (e.g., Likens

(2010)

Fpo =k (Cs = C) (2.3)

where Cs and C are the saturation and in situ DO concentrations, respectively. The DO satura-
tion concentration increases with decreasing temperature and can be described for freshwater

lakes as (Mortimer 1981)

Cs = exp(7.7117 — 1.31403 In(T + 45.93) ) (2.4)
where T is the water temperature in °C.

Using a typical epilimnetic water temperature of 7°C during the upwelling event we find Cs =
12 mg L', The Cs obtained by equation (2.4) needs be corrected for the altitude dependent
partial pressure of oxygen in the atmosphere using the barometric formula. However, in the
case of Lake Geneva (surface level at 372 m above sea level) the difference due to the altitude
correction is less than 5% and will be neglected in the following order of magnitude calcula-

tions.

Dissolved oxygen flux Fpo and total oxygen injection during the upwelling event
The modeled particle trajectories revealed that a significant amount of the particles released in
the nearshore study region originated from the hypolimnion, with a maximum origin depth of
200 m. CIPEL measurements taken on 21 December 2017 at the deepest point of the lake
(SHL2, Figure 2.1a) show DO concentrations of C = 6 mg L' at 200-m depth (CIPEL 2019;
Rimet et al. 2020). With Cs~ 12 mg L' and k ~ 16 cm h'! the DO flux during the upwelling is
calculated by equation (2.3) as Fpo ~ 23 t km d”!'. Considering an exposed surface area of 50
km? (Section 2.3.4) and an average surface exposure time of 1 d (Section 2.4.2), the total oxygen

injection over the nearshore region is about 1150 t. This could contribute to a dissolved oxygen
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increase of approximately 0.04 mg L' in the layer between 100 and 200-m depth. Bearing in

mind that the actual extent of the nearshore area affected by coastal upwelling is much larger

than our study area, an increase of 0.1 mg L™! during an upwelling event can be expected in that

layer. As indicated in the main text, several upwelling events occurred during the winter season

and taken altogether, this could significantly contribute to oxygen renewal in the deep layers.

The above figures, however, should be taken with great caution for the reasons discussed below.

Remarks

The above estimation of the dissolved oxygen flux and the total oxygen injection into the near-

surface layer based on model results and measured wind speed is only a rough, order-of-mag-

nitude calculation. However, the DO flux estimate is also affected by the following:

a)

b)

The particle tracking simulations carried out in this study focus on one nearshore region
in the central basin where the coastal upwelling is the most evident in the hydrodynamic
modeling results and where the moorings were located. However, under the discussed
wind conditions, coastal upwelling occurs along a wide stretch of the northern shore
where different particle trajectories, exposure times and affected surface areas can be

expected.

In equation (2.3), a key parameter determining Fpo is the in situ DO concentration. The
value of 6 mg L' used here was measured in the center of the lake at 200-m depth,
which approximately corresponds to the maximum upwelling depth. However, the
upwelled water masses originate from a wide range of depth. Consequently, the in situ
DO concentrations driving the gas transfer may also vary considerably, both in space
and time. It is not possible to assess the volume flux or the contribution from each of
the different depth layers. Hence, there remains a large uncertainty in the in situ oxygen

concentrations of the water masses that are actually in contact with the atmosphere.

The surface area affected by the upwelling was estimated to be 10% of the Grand Lac
surface area, based on a modeled surface temperature anomaly of 0.2°C. While this
certainly corresponds to the most affected region, i.e., the area with the coldest surface
temperatures, the choice of 0.2°C is somewhat arbitrary, and a smaller value would re-
sults in a larger area. Therefore, the obtained value may best be seen as a lower bound
for the affected area during the most intense period of the upwelling. Another compli-

cating factor is that the coastal upwelling event discussed in this manuscript is a highly
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three-dimensional and transient process. Consequently, the affected surface area is also

a function of time.

d) Our results clearly show that wintertime coastal upwelling in Lake Geneva is a highly
three-dimensional and transient process. It is therefore questionable to what degree av-
erage values such as a mean surface exposure time, mean wind speed and mean oxygen

concentration can be used to assess the DO flux and total oxygen injection.

e) Particles return to the full depth range down to 200-m depth over a very wide area.
Furthermore, the background oxygen concentrations of the surrounding waters into
which the upwelled water masses return are highly spatially heterogeneous due to other
hydrodynamic processes, such as large-scale gyre motions causing pelagic up- and

downwelling and thus vertical oxygen transport in the off-shore waters (Figure 2.9d).

Unfortunately, the actual pathways of the oxygen transported into the different layers of the
hypolimnion cannot be determined. Particle tracking is a tool used to reveal the dominant 3D
pathways taken by hypolimnetic water parcels during the upwelling phase and their subsequent
descent back into the deep layers. However, the passive particles employed in this study have
no mass and no volume and can only trace the advective motion of water parcels. Therefore,
nothing can be inferred about how oxygen is transported down into the deep layers or about the
mixing between the upwelled water parcels and the surrounding waters along their path, both

during the upwelling and the descent.
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Abstract

Combining field observations, 3D hydrodynamic modeling, and particle tracking, we
investigated wind-induced interbasin exchange between the Petit Lac (PL) (depth 75 m) and
Grand Lac (GL) (depth 309 m) basins of Lake Geneva in early winter.

Following a strong 2.5-d wind event, a two-layer flow established, where the downwind surface
drift into the GL was balanced by counterflowing hypolimnetic currents into the PL. Velocities
in both layers exceeded 20 cm s™!, with the highest values (27 cm s!) found near the bottom.
For 3.5 d, hypolimnetic temperatures at the confluence decreased to values found in the deep
GL hypolimnion at 180-m depth. Approximately 1.5 d after the wind event ceased, currents
reversed and upwelled waters drained back into the deep GL hypolimnion. Coriolis force
strongly modified the interbasin exchange dynamics, which were well represented by the
model. Particle tracking revealed a “current loop,” i.e., water from below 150-m depth first
upwelled into the PL, intruded approximately 10 km (half its length), and then descended back
into the GL hypolimnion. Model results showed that the PL hypolimnetic volume doubled dur-
ing the upwelling. Low model-based gradient Richardson numbers and temperature inversions
in CTD profiles indicated turbulent mixing between the upwelled GL and surrounding PL wa-

ters.

Our findings demonstrate that hypolimnetic upwelling between the two basins frequently oc-
curs during winter and is an important, but as yet, overlooked mechanism for hypolimnetic-
epilimnetic exchange and deepwater renewal in Lake Geneva, and probably in other multi-

depth basin lakes under similar wind conditions.

Keywords: Lake Geneva, upwelling, multi-basin lake, multi-depth basin lake, Vent wind, deep-
water renewal, wind-induced interbasin exchange, hypolimnetic upwelling, particle tracking,

3D modeling
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3.1 Introduction

Distinct sub-basins and large embayments are a ubiquitous feature of many lakes, e.g.,
Lake Huron (Bennett 1988; Nguyen et al. 2014), Lake Erie (Bartish 1987; Niu et al. 2015;
Jabbari et al. 2019, 2021), Lake Simcoe (Niirnberg et al. 2013; Flood et al. 2020), Lake Con-
stance (Kocsis et al. 1998; Appt et al. 2004) and Lake Geneva (Umlauf and Lemmin 2005;
Cimatoribus et al. 2019). Horizontal gradients in water quality between basins can result from
a number of processes. For example, different seasonal mixing regimes between basins with
different maximum depths can produce biochemical gradients between their hypolimnia (e.g.,
Lake Geneva: CIPEL 2016; Lake Garda: Salmaso 2005). On the other hand, the thin and usually
warmer hypolimnion of a shallow basin is prone to earlier oxygen depletion compared to the
larger and colder hypolimnion of an adjacent deep basin (e.g., Cornett and Rigler 1979; Ahrns-
brak and Wing 1998; Scavia et al. 2014). Consequently, interbasin exchange investigated in the
present study can be an important transport process with potentially significant ecological con-

sequences, both locally and basin-wide.

Interbasin exchange can be caused by diverse processes: Density-driven exchange not only can
result from differential heating (Monismith et al. 1990; Wells and Sealock 2009) or cooling
(Monismith et al. 1990; Okubo 1995; Oonishi 1995) of adjacent basins with different depths,
but also from geochemical gradients between basins due to river inflow and/or differential ver-
tical mixing due to non-uniform wind fields (Aeschbach-Hertig et al. 1996). In stratified sys-
tems, wind stress can act indirectly through internal wave pumping between basins (van Senden
and Imboden 1989; Umlauf and Lemmin 2005; Flood et al. 2020) or directly via two-way ad-
vective exchange, whereby a mean downwind surface drift towards one basin is balanced by a

subsurface counterflow towards the other basin (Boyce et al. 1980; Laval et al. 2008).

The importance of wind-driven coastal upwelling (and downwelling) in lakes due to its role in
nutrient cycling, deepwater renewal, and vertical and horizontal exchange is well recognized
and investigated (e.g., Rao and Murthy 2001; Coman and Wells 2012; Amadori et al. 2018;
Piccolroaz et al. 2019; Reiss et al. 2020). On the other hand, wind-induced interbasin exchange,
in particular, hypolimnetic upwelling between basins of different depths is less studied, with
the exception of shallow Lake Erie, where most of the field efforts date back several decades

(e.g., Boyce et al. 1980; Saylor and Miller 1987; Jabbari et al. 2021), as summarized in the

65



Wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during winter: An overlooked deepwater
renewal mechanism?

review by Bartish (1987). However, with increasing global warming and the consequent weak-
ening of convective cooling, the potential of such an alternative deepwater renewal process

needs to be urgently studied.

In the present study, we investigated wind-induced interbasin exchange during a typical, strong
wind event in Lake Geneva, in particular, the as yet little-known dynamics of the exchange
between its shallow basin called Petit Lac (maximum depth 75 m) and its deep basin called
Grand Lac (maximum depth 309 m) during early winter. For this study, we combined extensive
field observations, three-dimensional (3D) hydrodynamic modeling, and model-based
Lagrangian particle tracking. Focusing on the hypolimnion layer, we addressed the following

questions:

e What are the prevailing current patterns during wind-induced interbasin exchange

and are they affected by the Coriolis force?

e Does this transport process produce deepwater upwelling from the deep Grand Lac
into the shallow Petit Lac basin? If so, how far does the upwelled water penetrate
into the Petit Lac basin, how much of the Petit Lac volume is affected, and what

happens with the upwelled waters after the wind has ceased?

e (Can such an upwelling between the two basins provide a potentially significant

mechanism for hypolimnetic-epilimnetic exchange and deepwater renewal?

e Does the Coriolis force affect the flow of the upwelled water masses in the Petit

Lac? If so, can it cause coastal upwelling, and what is the role of the topography?

Since the phenomenon investigated here is an interbasin exchange flow combined with topo-

graphic and coastal upwelling, it will hereinafter be referred to as “interbasin upwelling.”

Additional clarifications and details on certain topics mentioned in the text are provided in the

Supporting Information (SI).
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32 Materials and methods

3.2.1  Study site

Lake Geneva (local name: Lac Léman) is a large monomictic lake located between
France and Switzerland. With a surface area of 580 km?, a total length of 73 km along its major
axis, and a volume of about 89 km?, Lake Geneva is Western Europe’s largest lake. It is cres-
cent-shaped and consists of two basins: a small western basin, called Petit Lac (maximum depth
75 m, width 5 km, length 23 km) and a large eastern basin, called Grand Lac (maximum depth
309 m and width 14 km; Figure 3.1a). The “confluence” of the two basins is about 3.5 km wide
(Figure 3.1b). River throughflow is small and results in a flushing time (also referred to as
theoretical residence time in the literature; Monsen et al. 2002) of approximately 11 y (CIPEL
2019).

The shallow Petit Lac undergoes complete vertical mixing every winter, usually in late Decem-
ber or early January. In contrast, in the deep Grand Lac, a weak thermocline, typically in the
range of 100 to 150-m depth, remains throughout the cold season and full-depth convective
overturning only occurs during severely cold winters (CIPEL 2019). Although the latter has
long been considered the only mechanism for deepwater renewal in Lake Geneva, recent studies
suggest that 3D transport processes such as differential cooling or wind-driven coastal
upwelling also play an important role (Lemmin 2020; Reiss et al. 2020). Furthermore, due to
its annual complete vertical mixing, water quality parameters such as dissolved oxygen (higher
values) and nutrient concentrations (lower values) in the Petit Lac differ considerably from
those in the deep Grand Lac hypolimnion (e.g., CIPEL 2016; Lavigne and Nirel 2016). There-
fore, hypolimnetic exchange between the two basins could have important effects on the lake’s

overall ecological state.

Observational and numerical studies show that Coriolis force effects strongly modify the lake’s
hydrodynamics (e.g., Bauer et al. 1981; Lemmin et al. 2005; Bouffard and Lemmin 2013; Ci-
matoribus et al. 2018, 2019; Lemmin 2020; Reiss et al. 2020). The inertial period is approxi-
mately 16.5 h.
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Figure 3.1. a. Bathymetric map of Lake Geneva including the surrounding topography. The
red dashed line (confluence) approximately delimits the two basins, i.e., the small Petit Lac
and the large Grand Lac. Two strong winds, namely the Vent from the southwest and the
Bise from the northeast, channeled by the Alps and Jura mountains, blow over most of the
lake surface. Full-depth temperature profiles are taken at CIPEL stations SHL2 (white dia-
mond; depth 309 m) and GE3 (black diamond; depth 71 m). Meteorological data were rec-
orded at the MeteoSwiss Nyon onshore station (red circle). Depth is given in meters in the
colorbar legend and by the isobath contours (0, 25, 50, 60, 100, 150, 200, 250, 300 m). b.
Close-up of the study site at the confluence of the two basins, with the moorings, MV-N (red
cross), MV-C (black cross), MV-S (orange cross), and MH (blue line), deployed during win-
ter 2018 to 2019. Isobath contours (0, 25, 50, 60, 100, 150, 200 m) are given.

Lake Geneva is surrounded by the Jura and Alp mountains, whose channeling effect results in
two dominant large-scale wind fields, namely the Vent coming from the southwest and the Bise

from the northeast (Figure 3.1a). Both winds usually last for several days, have a long fetch,
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typically reach wind speeds of 5 — 15 m s°!, and are almost aligned with the longitudinal axis
of the Petit Lac and a large section of the Grand Lac shoreline (see example for Vent in Figure
S3.5), all of which favors the occurrence of wind-driven coastal upwelling (Reiss et al. 2020)

and interbasin exchange (Umlauf and Lemmin 2005) during such events.

322 Field observations

We conducted a field measurement campaign near the confluence between the Petit
Lac and Grand Lac basins during winter 2018 to 2019 (Figure 3.1a). Three vertical moorings
were deployed along the confluence: namely, MV-C at 65-m depth, MV-N at 50 m, and MV-S
at 50 m. MV-C was in the center, with MV-N ~1 km to the northwest, and MV-S ~1 km to the
southeast (see Figure 3.1b). Table S3.1 (S refers to Supporting Information) summarizes the
mooring configurations and instrument settings. Full-depth current profiles at all three moor-
ings were recorded by bottom-mounted Teledyne RDI Workhorse Sentinel (300 kHz) Acoustic
Doppler Current Profilers (ADCPs). To investigate the interbasin exchange flow, current ve-
locities were projected onto a vertical plane parallel to the isobaths at the confluence, i.e., a
plane rotated by approximately 50 degrees eastwards from the north (Figure 3.1b). Temperature
profiles between 1 and 10 m above the lakebed were obtained from vertical lines equipped with
10 temperature loggers spaced at 1-m intervals. Near-bottom temperatures were measured
every 80 m along a 1.5 km long horizontal thermistor line (mooring MH) equipped with 20
RBRsolo T temperature loggers, which was laid down on the lakebed perpendicular to the
shoreline between 25 and 65-m depth (Figure 3.1b). To avoid the risk of burying by sediment
deposition, the tips of the thermistors at MH were made slightly buoyant, so that the instruments

stood vertically on the lakebed.

In addition, we carried out Conductivity Temperature Depth (CTD) casts on 13 December 2018:
(1) along a transect perpendicular to the shore near the confluence, and (ii) along the central axis
of the Petit Lac, starting at the confluence and intruding as far as 7 km into the Petit Lac basin
(Figure S3.1).

The data sets were complemented by full-depth CTD profiles taken on a regular basis by the
Commission Internationale pour la Protection des Eaux du Léman (CIPEL, last accessed on 3
June 2021; Rimet et al. 2020) at the deepest point of the lake (309 m; SHL2 in Figure 3.1a) and
at 70-m depth in the Petit Lac (GE3 in Figure 3.1a).
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A meteorological station operated by the Swiss National Weather and Climate Service
(MeteoSwiss; last accessed on 3 June 2021) and located onshore approximately 5 km northwest
of the study site in Nyon recorded wind speed and direction every 10 min (red circle in Figure

3.1a). Hourly moving averages were applied to the meteorological data prior to the analysis.

3.2.3  Hydrodynamic model

We employed a hydrostatic version of the MITgcm code solving the 3D Boussinesq
Navier-Stokes equations (Marshall et al. 1997). Originating from the oceanographic commu-
nity, this code has successfully been applied to lakes (Dorostkar and Boegman 2013; Djoumna
et al. 2014; Dorostkar et al. 2017), and recently to Lake Geneva (Cimatoribus et al. 2018, 2019;
Reiss et al. 2020). The model employed free-slip conditions at the lateral boundaries and quad-
ratic bottom drag. It was configured with a uniform horizontal Cartesian grid with a resolution
of 113 m, 100 size-varying z-layers (30 cm at the surface, 2.8 m and 4.8 m respectively at the
deepest points of the confluence and the Grand Lac) and a time step of 8 s. Except for the
increased vertical resolution to better resolve the bottom currents in both the Petit Lac and
Grand Lac, the model configuration was similar to the one used by Reiss et al. (2020) to inves-
tigate wind-driven coastal upwelling during winter in Lake Geneva. A detailed calibration of

the model for Lake Geneva was carried out by Cimatoribus et al. (2018).

Realistic two-dimensional (2D) surface forcing was obtained from the COSMO-1 numerical
weather model of MeteoSwiss at a 1.1-km resolution (Voudouri et al. 2017) and was linearly
interpolated onto the MITgem grid. The model was initialized with zero velocity and a hori-
zontally homogenous temperature field derived from the temperature profile measured at SHL.2
on 12 September 2018 at 15:00 (local time). This starting date was chosen because the preced-

ing days were calm, thus allowing the model to adjust to the initial conditions.

3.2.4  Particle tracking

Lagrangian particle tracking based on the velocity output of the validated MITgem
model was used to analyze pathways of water masses. The code employed in the present study
was developed by Cimatoribus (2018) and is based on the algorithm described by D&6s et al.
(2013). The code was recently applied to Lake Geneva to study: (i) the dispersion of riverine
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water from the lake’s main tributary the Rhone River (Cimatoribus et al. 2019), and (i1) wind-
driven coastal upwelling during winter at the northern shore of the Grand Lac basin (Reiss et
al. 2020). Following Reiss et al. (2020), we used backward and forward particle tracking to

determine the origin and fate of upwelled waters at different locations in the Petit Lac.

Three different particle tracking simulations, hereinafter referred to as simulations B (bottom),
S (surface), and L (loop), were run to address aspects of the wind-driven circulation between
the Petit Lac and Grand Lac. In each of the three simulations, a total of approximately 200,000
to 300,000 particles were released, either simultaneously or at regular time intervals, as dis-

cussed below. The corresponding seeding regions are given in Figure S3.2.

In simulation S, the coastal upwelling dynamics at the northern Petit Lac shore were investi-
gated by releasing particles near the shore, in the upper 15 m of the water column at a 1-m depth
interval (green area in Figure S3.2). Simulation B addressed the hypolimnetic upwelling of deep
Grand Lac water into the bottom layers of the Petit Lac, by releasing particles in an approxi-
mately 3 km by 5 km wide area near the confluence at every vertical grid point below 40-m
depth (red area in Figure S3.2). For simulations B and S, the seeding regions, depths, and times
were determined based on the occurrence of low temperature signals in the hydrodynamic sim-
ulations, indicating upwelling of hypolimnetic water (e.g., Figure 3.4). Particles were released
every 2 h from 8 December at 12:00 to 10 December 12:00 (simulation S) and from 8 December
at 00:00 to 11 December 00:00 (simulation B), and tracked both backward and forward in time.
The seeding locations in simulation L were inferred from the backward tracking results of sim-
ulation B by selecting the origin locations of all particles originating from below 50-m depth
within the Grand Lac (blue area in Figure S3.2). In this case, approximately 200,000 particles
were released simultaneously on 7 December 13:00 and forward tracked until 18 December
00:00, thus describing the complete loop of the particles, i.e., the upwelling from deep within
the Grand Lac into the Petit Lac and the subsequent descent back into the hypolimnion of the
Grand Lac.

To determine the origin and fate of upwelled waters in different regions of the Petit Lac, the
backward and forward trajectories of simulations S and B were classified by initial and final
depth, respectively. Furthermore, the distance that upwelled Grand Lac water penetrated into
the Petit Lac, hereinafter referred to as intrusion length, was determined by analyzing the tra-
jectories of simulation L. This also allowed estimation of the time that upwelled Grand Lac

water spent in the Petit Lac before descending back into the Grand Lac hypolimnion.
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33 Results and discussion

3.3.1 Field observations

Temperatures recorded at mooring MV-C show that the Petit Lac remained weakly
stratified until approximately 4 January 2019 (Figure S3.3). The mean thermocline depth could
not be determined from full-depth temperature profiles at GE3 and SHL2 because the thermo-
cline was strongly tilted between stations GE3 and SHL2 due to strong winds that preceded the
sampling days closest to the upwelling event investigated here. Instead, a thermocline depth of
approximately 35 m in early December 2018, i.e., before the wind event discussed here, was

inferred from the measurements at the horizontal thermistor line MH (Figure S3.4).

A total of three strong comparable Vent wind events were observed in December 2018 (Figure
S3.3). In the present study we will investigate the Vent event that lasted from 7 to 10 December
2018 in detail (Figure 3.2). During that event, the overall mean wind speed measured at the
Nyon meteorological station (Figure 3.1a) was approximately 5.5 m s with hourly-averaged
maximum values of up to 10.7 m s™'. The COSMO-1 data for that period confirmed that the
wind field over the lake was spatially relatively homogenous and aligned with the main axes of

the Petit Lac and the western and central parts of the Grand Lac (Figure S3.5).

Current velocities and temperatures recorded at the three vertical moorings, MV-S, MV-C, and
MV-N, at the confluence of the two basins show that two phases (upwelling and relaxation)
with distinctively different flow patterns can be identified during this Vent event (Figure 3.2),

as discussed below.

Upwelling phase: 7 December at ~19:00 to 11 December at ~10:00

Approximately half a day after the Vent wind started blowing, a two-layer flow pattern
established at the central and northern moorings (MV-C, MV-N) and then persisted for 1.5 d
after the wind had ceased. The northeastward-directed wind stress caused a strong epilimnetic
flow from the Petit Lac into the Grand Lac (hereinafter referred to as outflow), which was
balanced by a hypolimnetic counterflow from the Grand Lac into the Petit Lac (hereinafter

referred to as inflow; Figure 3.2).

During this phase, Grand Lac water was continuously transported into the Petit Lac in a bottom

current at the central and northern sections of the confluence. Inflowing current velocities near

72



Wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during winter: An overlooked deepwater
renewal mechanism?

the bottom exceeded 27 cm s! at both MV-C and MV-N. Temperatures at these moorings grad-
ually decreased to below 6°C on 11 December at around noon (Figure 3.2¢c, e). This suggests
that the inflowing water originated from the deep hypolimnion of the Grand Lac. The lowest
value of 5.96°C, measured 1 m above the lakebed at MV-C, corresponds to temperatures found
at 180-m depth, as indicated by the temperature profiles at SHL2 in November and December
2018 (Figure S3.6). This was the lowest temperature observed at the confluence during the

entire observation period from November 2018 to April 2019.

The depth at which the separation between the in- and outflow occurred varied from 25 to 35
m at MV-C, and from 20 to 30 m at MV-N. At the latter mooring, this interface was observed
generally at shallower depths, indicating that during the upwelling phase, the thermocline was
upwardly tilted at the northern shore of the confluence (white color separating red and blue
areas in Figure 3.2). This thermocline tilt, perpendicular to the wind stress resembles that of a
Coriolis force-driven Ekman-type coastal upwelling at the northern shore (e.g., Reiss et al.

2020) and is discussed below in the Particle Tracking subsection.

At the southern mooring (MV-S), a vertically relatively uniform outflow prevailed with maxi-
mum current velocities reaching 16 cm s™!. The measured near-bottom temperatures at this
mooring also dropped during the upwelling phase. However, the decrease was not continuous
and lagged behind that of MV-N, indicating that it was not caused by direct deepwater
upwelling at this mooring location. Instead, it was probably caused by the sporadic outflow of
colder water masses that had entered the Petit Lac north of MV-S. In contrast, the upper ther-
mistors at this mooring showed increasing temperatures during the first two days of the
upwelling. The maximum temperature of 10.27°C measured at the topmost thermistor, i.e., at
40-m depth, on 8 December 01:20 is the same as the one observed at the shallowest thermistor
at MH, i.e., at 25-m depth in the epilimnion. This temperature pattern can be explained by a
Coriolis force-driven coastal downwelling of the thermocline at the southern shore during the
upwelling phase, as confirmed by the 3D model and the horizontal thermistor line (Figures 3.4b
and S3.4).

Relaxation phase: 11 December at ~14:00 to 15 December at ~14:00

Approximately 1.5 d after the wind had ceased, the flow pattern reversed at all moor-
ings. The two-layer structure at MV-N was replaced by a uniform inflow over most of the water

column, with only sporadic weak outflow near the lakebed. On the other hand, at MV-C, the
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current directions reversed in both layers, resulting in an epilimnetic inflow and a hypolimnetic
outflow. A similar two-layer structure was observed at MV-S with current velocities higher

than during the upwelling phase, and outflowing velocities reaching 19 cm s™..

This period was characterized by a continuous outflow in a bottom-hugging current in the south-
ern and central sections of the confluence. The interfacial depth separating the in- and outflow
was not steady. More importantly, at MV-S, the interface appeared at a shallower depth sug-
gesting an upward tilt of the thermocline at the southern shore during the relaxation phase. This
thermocline tilt was confirmed by north-south CTD casts at the confluence (Figure S3.1b) and
is further analyzed in the Model Results and Particle Tracking subsections below. The prevail-
ing current patterns during both the upwelling and relaxation phases are summarized in detail

in Figures S3.7-S3.9.

Temperatures increased during the relaxation phase at all moorings, in agreement with the flow
field, which indicated that the supply of the deep, cold upwelled Grand Lac water had ceased.
However, compared to MV-N, the increase at MV-S and MV-C occurred more gradually and

was uniform over the entire bottom layer (Figure 3.2).

The field observations demonstrated that the flow field during both phases of the interbasin
upwelling was strongly affected by Coriolis force, even though the horizontal distance between

the northern and southern moorings was only about 2 km.
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Figure 3.2. a. Wind direction (blue) and speed (red) measured at the Nyon meteorological
station. b. to g. Temperatures (T) and current velocities (versus depth D) recorded at moor-
ings MV-N (b, c), MV-C (d, e), and MV-S (f, g), respectively. Current velocities are given
as “interbasin exchange velocities,” i.e., projected onto a vertical plane parallel to the isobaths
at the confluence. The colorbar gives the magnitude of the interbasin exchange velocity. Pos-
itive values indicate flow out of the Petit Lac. The dashed horizontal line in ¢, e, and g marks
6°C. The dashed vertical line indicates the transition from the upwelling to the relaxation
phase. All dates refer to 2018. Note that vertical axes scales are different.

3.3.2  Model results

The depth-averaged temperatures in the lowest 10 m of the water column as observed
(black) and modeled (red) at the confluence from 7 to 17 December 2018 are compared in
Figure 3.3. The model captured well the characteristics of the two regimes, namely: (i) the

decreasing temperatures at the central and northern sections during the upwelling phase (Figure
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3.3a, b), and (ii) the gradually rising temperatures at the central and southern sections during

the relaxation phase (Figure 3.3b, ¢).
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Figure 3.3. Depth-averaged temperatures in the lowest 10 m of the water column as observed
(black) and modeled (red) from 7 to 17 December 2018 at moorings: a. MV-N, b. MV-C,
and ¢. MV-S. For mooring locations, see Figure 3.1b. All dates refer to 2018.

The modeled and observed current velocities at the northern (MV-N), central (MV-C), and
southern (MV-S) mooring locations are depicted as current roses in Figures S3.7-S3.9, respec-
tively. Furthermore, the time series of the modeled current and temperature profiles at the same
locations (similar to Figure 3.2) are presented in Figure S3.10. Good agreement between obser-
vation and model results is found. The model well reproduced the two dynamic regimes char-
acterized by: (1) a bottom inflow and surface outflow at the central and northern sections during
the upwelling phase, and (ii) a bottom outflow and surface inflow at the central and southern

sections during the relaxation phase.

The good performance of the hydrodynamic model allowed using model results to further in-
vestigate the complex 3D structure of the interbasin upwelling event. Vertical temperature and
current velocity slices at selected locations, as well as maps of the near-surface temperature
anomalies at 1.5-m depth at different times are displayed in Figure 3.4. Here, temperature anom-
aly was taken as the difference between the local temperature and the basin-wide averaged

temperature at the same depth.

The strong surface outflow and bottom inflow measured at the confluence during the upwelling
phase prevailed in the entire Petit Lac basin, suggesting that upwelled cold Grand Lac water

was transported far into the Petit Lac in a steady southwestward hypolimnetic current (Figures
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3.4b and S3.11a). Consequently, the bottom temperatures at the confluence decreased continu-
ously, and the hypolimnion in the Petit Lac gradually thickened (Figure 3.4d). Based on the
modeled 3D temperature field, the volume of the Petit Lac hypolimnion was estimated by tak-
ing the depth of the maximum Brunt-Viiséla frequency as its upper limit (Figure 3.5a, b). This
analysis suggests that the Petit Lac hypolimnion had almost doubled in volume by the end of
the upwelling phase on 11 December 2018 at around 11:00 and then strongly decreased in vol-

ume during the relaxation phase (Figure 3.5¢).

Furthermore, the model results revealed an upward tilt of the thermocline at the northern shore
perpendicular to the wind stress during the upwelling phase (Figure 3.4b, d), indicating that the
flow field was modified by the Coriolis force. This thermocline shape agrees with the ADCP
measurements at MV-C and MV-N (Figure 3.2b, d). At the same time, patches of cold water
appeared along the northern shore of the Petit Lac, indicating a surfacing of the thermocline
(Figure 3.4a). While this temperature pattern resembles that of an Ekman-type coastal
upwelling (e.g., Reiss et al. 2020), the underlying hydrodynamics appear to be different, as will

be discussed below in the Particle Tracking subsection.

The current patterns reversed on 11 December around noon (Figure 3.2), signaling the start of
the relaxation phase, and a northeastward hypolimnetic current was established in the entire
Petit Lac (Figures 3.4f and S3.11b). During this period, the Grand Lac water that had previously
been upwelled into the Petit Lac, flowed back into the Grand Lac, resulting in the thinning of
the Petit Lac hypolimnion (Figure 3.4f). Furthermore, the volume estimation based on the
Brunt-Viisild frequency indicated that the Petit Lac hypolimnetic volume at the end of the
relaxation phase was noticeably smaller than before the interbasin upwelling event (Figure
3.5¢). This suggests that this process can efficiently flush most of the deep layers of the Petit
Lac within only a few days. The highest current velocities, exceeding 20 cm s™!, were found
between 50 to 60-m depth near the confluence. The outflow then hugged the southern shore of
the Grand Lac basin, indicating a Coriolis deflection. Accordingly, the thermocline now ap-
peared to be tilted upward at the southern shore (Figure 3.4f), which was confirmed by north-
south CTD transects taken across the confluence on 13 December at around noon (Figure

S3.1b), as well as by the ADCP measurements at moorings MV-C and MV-S (Figure 3.2).

The complete spatio-temporal evolution of the modeled temperatures and current velocities

during both the upwelling and relaxation phases is shown in the Movie S3.1.
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Figure 3.4. Modeled near-surface temperature anomaly at 1.5-m depth (a, ¢, e; see text for
details) and current velocity and temperature slices at selected locations (b, d, f; looking to-
wards the Grand Lac basin) at different times, i.e., the maximum coastal upwelling in the
Petit Lac basin (a, b), approximately one day after the wind stopped (c, d), and the strongest
outflowing bottom currents (e, f). The colorbars give the surface temperature anomaly, tem-
perature, and current velocity, respectively. The locations of the vertical slices are marked in
the surface contour plots by black dashed lines. The length of the velocity vectors is scaled
with the velocity and for clarity, not all vectors are shown.
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Figure 3.5. Modeled temperature at the confluence (red line in Figure 3.1a) between the Petit
Lac and Grand Lac basins a. during the upwelling phase (9 December 2018 04:00) and b.
during the relaxation phase (13 December 2018 13:00), respectively. Distance is given from
the northern shore. The overlaid wide white pixel lines in (a) and (b) mark the depth of the
maximum buoyancy frequency for every profile along the transect. This depth was continu-
ously determined in the entire Petit Lac basin during the whole interbasin upwelling event
and was used to estimate the volume of its hypolimnion. ¢. Time-series of the estimated vol-
ume of the Petit Lac hypolimnion from 7 to 16 December 2018. The colorbar gives the tem-
perature.

3.3.3  Particle tracking

During the wind-driven interbasin upwelling event analyzed here, hypolimnetic water
from the deep Grand Lac (max. depth 309 m) was transported into the shallow Petit Lac (max.
depth 75 m) (Figures 3.2, 3.4). We investigated the pathways taken by the upwelled waters
using backward and forward particle tracking simulations at different sites. Particles were re-
leased in two seeding regions to investigate: (i) the upwelling into the hypolimnion of the Petit
Lac (simulation B, red area in Figure S3.2), and (ii) the coastal upwelling at its northern shore
(simulation S, green area in Figure S3.2). Note that doubling or tripling the number of particles
by doubling the seeding frequency and increasing the vertical seeding resolution did not change

the results of the particle tracking analysis, thus indicating their statistical robustness.
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Hypolimnetic upwelling along the bottom of the Petit Lac: The current loop

The backward and forward trajectories of the particles released during the upwelling
phase in the hypolimnion of the Petit Lac (simulation B) are depicted in Figure 3.6. For better
visualization, random subsets of around 2500 (Figure 3.6a, ¢) and 10 particles (Figure 3.6b, d)
are displayed here. In agreement with the observed and modeled inflowing bottom currents at
the confluence, the backward tracking revealed that particles, i.e., water masses, were trans-
ported from the Grand Lac into the Petit Lac during this period. Furthermore, 44%, 25% and
6% of all particles originated from below 75, 100 and 150-m depths, respectively, confirming
the deep origin of these waters, as suggested by the low temperatures observed near the bottom
at the confluence (Figure 3.2). During the upwelling phase, the particle transport from the
Grand Lac towards the confluence appeared to be concentrated in a bottom-hugging current
following the southern shore, especially for particles originating from below 100-m depth
(Figure 3.6a, b). This current structure, i.e., the strong bottom current directed towards the Petit
Lac, was confirmed by moored ADCP measurements near the southern shore of the Grand Lac

during a similar interbasin upwelling event in December 2019 (Figure S3.12).
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Figure 3.6. a. Backward trajectories and c¢. forward trajectories of particles released below
40-m depth in the hypolimnion of the Petit Lac (simulation B, Figure S3.2 red area). b. and
d. Close-ups of the areas marked by the black dashed rectangles in (a) and (c) showing back-
ward and forward trajectories for a random subset of 10 particles, respectively. The white
arrows indicate the travel direction of the particles, reflecting the movement of water parcels.
The colorbar gives the particle depth. Only particles with an origin (backward tracking) and
final (forward tracking) depth below 75 m are displayed.
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Further insight into the origin of the upwelled waters was gained by grouping the particles of
backward tracking simulation B according to their seeding time. Notched boxplots show the
particle origin depth as a function of the seeding time (Figure 3.7). The increasing medians of
the origin depth over time suggest that as the interbasin upwelling advanced, Grand Lac water
from progressively greater depths in the hypolimnion was transported into the Petit Lac. The
increasing height of the boxes and the length of the whiskers with time and depth indicate that
particles from a progressively wider depth range were drawn into the Petit Lac. This is in agree-
ment with the continuously decreasing bottom temperatures observed at the confluence (Figure
3.3). Furthermore, the boxplots reveal that approximately 25% of the particles released on the
last day of the upwelling phase originated from below 150-m depth. This is in good agreement
with the estimated maximum origin depth of 180 m, based on lowest observed temperatures at
MV-C (Figure 3.2¢) and the full depth profiles at SHL2 (Figure S3.6). Once upwelled into the
Petit Lac, strong southwestward bottom currents transported the water masses far into the Petit
Lac along its thalweg, thus explaining the gradual thickening of the hypolimnion (Figures 3.4d;
3.5¢; S3.11).
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Figure 3.7. Notched box-plots of the particle origin depths during the upwelling phase ob-
tained from the backward tracking results of simulation B as a function of the seeding time.
The brown boxes give the interquartile range (1% and 3™ quartile). The maximum length of
the whiskers is 1.5 times the interquartile range and the diamonds mark the outliers. Dates
refer to 2018.

After the wind ceased and the currents reversed during the relaxation phase, the waters that had
upwelled into the Petit Lac flowed back into the hypolimnion of the Grand Lac, as shown by
the forward trajectories of simulation B (Figure 3.6¢, d). Thus, the interbasin upwelling event

effectively formed a current loop, i.e., over the course of more than one week, hypolimnetic
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water from below 150-m depth first upwelled far into the Petit Lac and subsequently descended
back into the Grand Lac hypolimnion mainly along the southern shore confirming the field
measurements (Figure 3.2). At the end of the forward tracking simulation on 18 December
2018, i.e., approximately one week after the last particles had been released, 78% of all particles
were again found in the Grand Lac basin. The rest remained in the Petit Lac either because: (1)
they had intruded too far towards the southwestern end of the lake to be affected by the outflow
during the relaxation phase, or (ii) they were entrained into basin-scale gyres (Movie S3.1).
This indicates that there was a significant net exchange of hypolimnetic water between the two

basins during the interbasin upwelling event.

To further analyze these current loops, approximately 200,000 particles were simultaneously
released on 7 December 2018 at 13:00 below 50-m depth in the hypolimnion of the Grand Lac
and forward tracked for approximately 10.5 d until 18 December 2018 00:00 (simulation L,
blue area in Figure S3.2). Based on the backward tracking results of simulation B, the seeding
locations and seeding time of simulation L were determined in such a way that all particles
would upwell into the hypolimnion of the Petit Lac (see subsection Particle Tracking in Mate-
rial and Methods for details). For each particle, the maximum intrusion length into the Petit Lac
was determined, and the time that each particle spent in the Petit Lac before descending back
into the Grand Lac was estimated (hereinafter referred to as intrusion time). A typical current
loop trajectory, as well as the histograms of the intrusion length and time are shown in Figure

3.8.

Two peaks are evident in the intrusion length histogram (Figure 3.8b). The first one, at ~3 km,
represents a small portion of the particles that only grazed the Petit Lac. They were immediately
upwelled into its epilimnion and consequently flushed out back into the Grand Lac by the strong
surface outflow. The second and more prominent peak shows that the majority of the particles
intruded about 10 km or more into the Petit Lac (Figure 3.8b), i.e., approximately half its total
length. Furthermore, these particles spent on average 3-4 d in the shallow basin before being
flushed out again (Figure 3.8c). The small peak between 8 to 10 d and the sharp cut-off at the
end of the time axis of the intrusion time histogram represent the fraction of the upwelled par-

ticles that had not left the Petit Lac by the end of the simulation.

82



Wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during winter: An overlooked deepwater
renewal mechanism?

(a)

30 1
— /'
Z

o

0 25 50 75 100
Depth [m]
0 7 - 18 Dec 2018
0 20 40 60
East [km]

(b) (¢
< %10t < x10?
£ 31 2 21
g 2 g
NS T 1
5 1] 3
£ el
E 0 T T T T E 0 T T T T T T
Z. 0 5 10 15 Z 0 2 4 6 8 10

Intrusion length [km]|

Intrusion time [d]

Figure 3.8. a. Typical particle trajectory obtained from simulation L showing the complete
current loop. The red line marks the confluence between the Petit Lac and Grand Lac and
was used to calculate the intrusion length and time. The colorbar gives the particle depth. The
white circle marks the start of the trajectory with the white arrowheads indicating the travel
direction of the particles. b. and ¢. Histograms of the intrusion length and time, respectively,

obtained from simulation L.

Out of all the forward-tracked particles of simulation B that returned to the Grand Lac, 70%

reached a maximum depth greater than 75 m, i.e., lower than the maximum depth of the Petit

Lac, and 20%, greater than 100 m. Subject to the Coriolis force, the outflowing deep-reaching

particles predominantly followed the southern shore of the Grand Lac, forming a strong shore-

hugging current that reached the eastern end of Lake Geneva by the end of the simulation,

traveling a distance of about 50 km (Figure 3.6c). The presence of this eastward narrow jet

during the relaxation phase was confirmed by moored ADCP measurements at 100 and 150-m

depth near the southern shore of the Grand Lac in December 2019 (Figure S3.12). A significant
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number of these particles was entrained into basin-scale gyres and subsequently spread over

large parts of the hypolimnion of the Grand Lac (Figure 3.6c, d).

During both the upwelling and relaxation phases, a two-layer current structure with opposing
current directions in the epilimnion and hypolimnion of the Petit Lac prevailed, resulting in
large vertical shear (Figures 3.2, 3.4). Furthermore, the moored ADCP measurements at MV-
N and MV-C showed counterflowing bottom currents at the northern and southern sections of
the confluence during both periods, suggesting enhanced horizontal shear (Figure 3.2). Consid-
ering this enhanced horizontal and vertical shear and the relatively low stability of the water
column at that time of the year, turbulent mixing between the upwelled Grand Lac and sur-
rounding Petit Lac water masses can be expected. Gradient Richardson numbers (Ri) in the
Petit Lac were computed from the modeled velocity and temperature field and are given for
selected vertical transects during the upwelling phase on 9 December 2018 14:00 in Figure
S3.13. Low Ri values are observed both near the bottom and at the northern shore, indicating
turbulent mixing between the upwelled and ambient waters. Furthermore, significant tempera-
ture inversions in the hypolimnion and around the depth of the thermocline seen in the CTD
transects taken on 13 December 2018 at ~11:00 at different locations in the Petit Lac suggest
active overturns and hence mixing (Figure S3.1c, d). The time evolution of Ri during the entire

interbasin upwelling event is shown in the Movie S3.1.

Field observations from January to March 2019 indicate that some stratification in the Petit Lac
is necessary for deep interbasin upwelling to occur, because the observed two-layer current
structure is imposed by the presence of a thermocline. This is in agreement with the findings
on hypolimnetic exchange between Lake Erie’s deep eastern and shallow central basins (Bartish
1987). The particle tracking results of simulations B and L confirm that during the Vent wind
event discussed here, there was a net exchange of hypolimnetic water between the two basins
during the interbasin upwelling event. The resulting current loop may thus be an important
transport process for interbasin exchange and an efficient mechanism for advective vertical
exchange within the hypolimnion of Lake Geneva. The results also show that turbulent mixing
between the upwelled and ambient waters due to strong vertical and horizontal shear appears
to occur during the entire interbasin upwelling event. Since water quality in the Petit Lac is
generally better than that of the deep hypolimnion of the Grand Lac (i.e., higher dissolved ox-

ygen and lower nutrient concentrations; CIPEL 2016), the enhanced hypolimnetic exchange
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and mixing between the two basins induced by this regularly occurring wind-induced transport

process can be regarded as ecologically beneficial.

Coastal upwelling at the northern shore of the Petit Lac: Origin and dynamics

Some particles, especially those seeded at earlier times and at shallower depths, were
entrained by coastal upwelling currents and transported into the epilimnion along the northern
shore of the Petit Lac, in agreement with the lower surface temperatures observed in the model
results in that area (Figure 3.4a). To address this coastal upwelling, backward tracking was used
to determine the origin of particles released during the upwelling phase between 0 and 15-m
depth near the northern shore of the Petit Lac (simulation S, green area in Figure S3.2). The
corresponding particle trajectories of subsets of approximately 2500 and 10 particles are shown
in Figure 3.9a and b, respectively. Approximately 50% of all released particles originated from
the epilimnion, i.e., between 0 and 35-m depth. The remaining half came from 35 to 65-m depth,
i.e., from within the hypolimnion, thus confirming that the lower surface temperatures observed

in the model results were due to coastal upwelling of hypolimnetic water (Figure 3.4a).

A further breakdown of the particle origin locations shows that approximately half of all coast-
ally upwelled particles originating from the hypolimnion came from depths of 35 to 45 m, and
the other half came from depths of 45 to 65 m. Figure 3.9 depicts the origin locations for both
groups of particles in the form of 2D concentration maps and histograms of the distance from
the particle origin to the confluence. The majority of the particles that originated from just be-
low the thermocline, i.e., 35 to 45-m depth, came from within the Petit Lac (Figure 3.9¢c, d). On
the other hand, the bulk of the particles that upwelled from below 45-m depth came from the
Grand Lac. This can be readily explained by the observed strong southwestward bottom cur-
rents in the Petit Lac (Figure 3.9e, f). Before actually upwelling into the epilimnion, these hy-
polimnetic particles traveled southwestward along the main axis of the Petit Lac for several
kilometers, following the strong bottom currents (Figure 3.9b). With a typical velocity of the
bottom currents of 20 cm s™! and a length scale of 3 km (minimum intrusion length into the Petit
Lac before upwelling; Figure 3.10c), a Rossby number of ~0.6, i.e. < 1 is obtained, indicating

that Coriolis force is important.

The upwelling location of each particle was used to determine where along the shoreline the
coastal upwelling occurred, and to pinpoint areas (hotspots) where upwelling is most likely to

occur. This was achieved by finding the time and location where each particle initially rose and
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then stayed above 25-m depth for at least four hours. Three trajectory examples with the
upwelling location determined accordingly are given in Figure 3.10a. The corresponding con-
centration maps of the upwelling locations for all particles coming from 35 to 45-m and 45 to
65-m depths are shown in Figure 3.10b and c, respectively. The spatial patterns of the upwelling

locations are significantly different for the two groups.

While the coastal upwelling from 35 to 45-m depth, i.e., just below the thermocline, was rela-
tively uniform over a 1 km by 8 km wide area (Figure 3.10b), the upwelling from deeper within
the hypolimnion was more localized. In particular, upwelling appeared to be focused in an area
approximately 7 km southwest of the confluence (red arrow in Figure 3.10c). The overlaid iso-
baths in Figure 3.10c indicate that this location coincided with a region where the isobaths
between 50 to 60-m depth stretched in the cross-shore direction and, conversely, the slope be-
tween 40 to 50-m depth steepens. The observed upwelling hotspot can be explained by the
combined effects of: (i) the shoreward Coriolis deflection of the southwestward bottom currents
and (i1) the shoreward-veering 50-m isobath which favors the onshore deflection of the bottom

currents and thus locally enhances the coastal upwelling.

The subsequent fate of the particles released in the upper 15 m of the Petit Lac during the
upwelling phase was determined by forward tracking. At the end of the simulation on 18 De-
cember 2018, 70% of all particles had been flushed back into the Grand Lac. Nearly all of these
particles reached below 40-m depth, i.e., into the hypolimnion, with 16% of them descending
temporarily to depths between 75 and 100 m. Furthermore, the particles reaching the Grand
Lac hypolimnion accumulated along the southern shore at the end of simulation S (Figure
S3.14), indicating that they were entrained in the eastward shore-hugging current discussed
above (Figure 3.6c, d). This suggests that both phenomena, i.e., the deep upwelling along the

Petit Lac thalweg and the coastal upwelling at its northern shore, are inherently connected.
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Figure 3.9. a. Backward trajectories of particles released between 0 to 15-m depth near the
northern shore of the Petit Lac basin (simulation S; green area in Figure S3.2). b. Close-up
of selected backward trajectories. The colorbar in (a) gives the particle depth. Only particles
originating from below 35-m depth are displayed. The white arrow indicates the travel direc-
tion of the particles. ¢. and e. 2D maps of origin locations from particles originating from 35
to 45-m and 45 to 65-m depths, respectively, as inferred from the backward tracking of sim-
ulation S. d. and f. Histograms of the distance from the particle origin to the confluence (red
lines in ¢ and e), corresponding to the depth ranges in (¢) and (e), respectively. Positive values
indicate particles originating from the Grand Lac. The colorbars in (c) and (e) show the par-
ticle concentrations as percentages, i.e., the depth-accumulated number of particles per hori-
zontal cell divided by the total number of particles originating from below 35-m depth. Each
horizontal cell is comprised of 16 binned model grid cells, i.e., 4 X 113 m by 4 x 113 m. For
clarity, binned cells with less than 150 particles (C < 0.1%) are not shown.
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Figure 3.10. a. Examples of particle trajectories that upwelled at the northern shore of the
Petit Lac basin with the estimated upwelling locations marked by the green dots. The colorbar
gives the particle depth. The white arrow indicates the travel direction of the particles. b. and
c. 2D concentration maps of the upwelling locations for particles originating from 35 to 45-
m and 45 to 65-m depths, respectively, as inferred from the backward tracking results of
simulation S. The overlaid red contours show the isobaths between 0 and 70-m depth at 10
m intervals. The colorbars in (b) and (c¢) indicate the upwelling occurrence as percentages,
i.e., the number of upwelled particles per horizontal cell divided by the total number of par-
ticles originating from the considered depth range. Each horizontal cell is comprised of 16
binned model grid cells, i.e., 4 x 113 m by 4 x 113 m. For clarity, binned cells with less than
380 particles (C < 0.25%) are not shown.

34 Summary and conclusions

In this study, we performed a detailed analysis of an interbasin hypolimnetic exchange
event between the deep Grand Lac (max. depth 309 m) and shallow Petit Lac (max. depth 75
m) basins of Lake Geneva that occurred during the weakly stratified early winter period due to
a strong along-axis wind event (Vent) from the southwest. Thus far, this potentially important
interbasin exchange process has received little attention in the literature. For this analysis, we
combined extensive field observations using moored current profilers and thermistor lines de-
ployed at the confluence between the basins with 3D numerical modeling and Lagrangian par-

ticle tracking.

The results show that the wind-induced interbasin upwelling event effectively created a current
loop whereby waters from the deep Grand Lac hypolimnion were drawn into the shallower
Petit Lac. Once upwelled, these waters were advected far into the Petit Lac, then finally after

the wind event had ceased, flowed back into the Grand Lac hypolimnion, where they spread
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horizontally over a large area. In this current loop, upwelled waters spent in total ~3-4 d in the
Petit Lac. Coriolis force strongly modified the dynamics of the interbasin upwelling and the

trajectories of the water masses.

During the interbasin upwelling event, hypolimnetic Grand Lac water from below 150-m depth
was brought in contact with “fresher” Petit Lac water (i.e., higher dissolved oxygen and lower
nutrient concentrations). Furthermore, strong shear and a relatively weak stratification sug-
gested considerable turbulent mixing between these two different water masses, as indicated by
low, model-based gradient Richardson numbers and temperature inversions measured both near
the bottom and around the thermocline depth. Altogether, these findings demonstrate that wind-
induced interbasin upwelling in Lake Geneva is potentially an important transport process for

deepwater renewal, deep ventilation, and nutrient cycling.

At the same time that deep interbasin upwelling took place mainly in the hypolimnion of the
Petit Lac, coastal upwelling occurred at its northern shore. Here, particle tracking revealed that
water masses from as deep as 65 m in the Grand Lac hypolimnion were first drawn into the
Petit Lac and subsequently upwelled at its northern shore. The latter appeared to be strongly
affected by the irregular bottom topography, resulting in an upwelling hotspot approximately 7
km southwest of the confluence. The observed coastal upwelling in the Petit Lac further en-
hanced both interbasin and hypolimnetic-epilimnetic exchange and mixing and thus can have a

positive effect on the deepwater renewal in the Grand Lac hypolimnion.

In this study, we discussed in detail one interbasin upwelling event and the accompanying
coastal upwelling at the Petit Lac northern shore, which took place in mid-December 2018
under Vent wind conditions. Note, however, that the field observations showed that three com-
parable events occurred in December 2018 (Figure S3.3). Furthermore, model results suggest
similar events in October and November, i.e., during the period when the Petit Lac was weakly
stratified. Due to the surrounding mountainous topography, Vent winds from the southwest are
the most frequent strong winds in the Lake Geneva region during winter (e.g., CH2018 2018).
Based on these findings, hypolimnetic interbasin upwelling between the Grand Lac and Petit
Lac basins caused by these winds can significantly affect the deepwater dynamics in Lake Ge-
neva. Considering the deep origin of the upwelled waters, the great intrusion lengths, the long
intrusion time, and the enhanced mixing by shear, the results indicate that these frequently oc-
curring events can be an important mechanism for deepwater renewal and horizontal and verti-

cal nutrient recycling in Lake Geneva, and thus can be regarded as ecologically beneficial.
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In the light of global warming, our results suggest that wind-induced interbasin upwelling could
become increasingly important for deepwater in Lake Geneva, as well as in other deep multi-
basin lakes under favorable wind conditions. Unlike convective cooling, which is expected to
further weaken due to climate change effects (increasing air temperatures), wind-driven inter-
basin upwelling is less susceptible to such changes. Moreover, while the complex topography
around Lake Geneva makes long-term modeling of the local wind field a challenging endeavor,
recent studies indicate that near-surface wind speeds in Switzerland will not change signifi-

cantly by the end of the 21 century (CH2018 2018; Graf et al. 2019).

This study has demonstrated for the first time that mainly due to the effect of the Coriolis force,
wind-induced hypolimnetic upwelling between the basins of Lake Geneva is a highly complex
and transient 3D transport process, which cannot not be adequately described by traditional
one-dimensional (1D) concepts. The findings of this study therefore should be taken into con-
sideration when establishing long-term predictions of lake system dynamics related to climate

change.
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Table S3.1. Details of the moorings

Mooring Depth [m] Instruments and settings

MV-N 50 10 Seabird SBE-39, vertical spacing 1 m, sampling interval 5 min

Teledyne RDI Workhorse Sentinel (300 kHz): 21 bins of 2 m, 20
min ensemble interval, 180 pings per ensemble

MV-C 65 10 Seabird SBE-56, vertical spacing 1 m, sampling interval 5 s

Teledyne RDI Workhorse Sentinel (300 kHz): 29 bins of 2 m, 20
min ensemble interval, 180 pings per ensemble

MV-S 50 10 RBRsolo T, vertical spacing 1 m, sampling interval 1 s

Teledyne RDI Workhorse Sentinel (300 kHz): 21 bins of 2 m, 20
min ensemble interval, 180 pings per ensemble

MH 2565 20 RBRsolo T, horizontal spacing 80 m, sampling interval 1 s

I9.0
-

85 a
=
8.0
758
708
|os
1.0 2.0
Distance [km]
0 -40
(C) —Profile 1 (d)
—Profile 2 45
20 —Profile 3
E Profile 4 E-SO
<
§'40 ‘g —Profile 1
o = =55 —Profile 2
—Profile 3
-60
(V -60 Profile 4
- -65
0 s o 10 62 64 66 68 70 72 74
Temperature [°C] Temperature [°C]

Figure S3.1. a. Bathymetric map of Lake Geneva showing the mooring locations during
winter 2018/2019, i.e., MV-N (red cross), MV-C (black cross), MV-S (orange cross), and
MH (blue line), as well as the locations of the CTD casts performed on 13 December 2018
(black dots). b. Temperatures at the confluence between the Petit Lac and Grand Lac basins
inferred from the CTD casts from 13 December 2018. Compare to Figure 3.4f in the main
text. The distance is given from the northern shore. ¢. Temperature profiles taken in the Petit
Lac at stations 1 to 4 on 13 December 2018 (see panel a) d. Close-up of the lower 25 m of
the profiles in (c).
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Figure S3.2. Regions in Lake Geneva where particles were released during the particle track-
ing simulations: B (red), S (green) in the Petit Lac basin, and L (blue) in the Grand Lac basin.
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Figure S3.3. For the period 1 December 2018 to 8 January 2019: a. Wind speed (red) and
wind direction (blue) measured at the Nyon meteorological station. b. to g. Current velocities
(versus depth D) and temperatures (T) recorded at moorings MV-N (b, ¢), MV-C (d, e), and
MV-S (1, g), respectively. Current velocities are shown as “interbasin exchange velocities,”
i.e., projected onto a plane parallel to the isobaths at the confluence. The colorbar gives the
magnitude of the interbasin exchange velocity. Positive values indicate flow out of the Petit
Lac. Note that a sequence of strong two-layer current patterns is established (particularly at
mooring MV-C in panel d) as a result of strong wind events (panel a) that reverse after the
wind ceased. Horizontal dashed lines in (a) mark a wind speed of 5 and 10 m s™!. For mooring
locations, see Figure S3.1a.
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Figure S3.4. Temperatures recorded near the bottom at the horizontal thermistor line (moor-
ing MH) from 27 November 2018 to 16 December 2018. The vertical dashed lines mark the
beginning and end of the interbasin upwelling event detailed in this study. See Figure S3.1a
for mooring location. The colorbar gives the temperature range.
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9 Dec 04:00

Figure S3.5. Two-dimensional COSMO-1 wind field at (a) the beginning and (b) the peak
of the Vent wind event. The normalized black arrows show the Vent wind direction (from the

southwest) over most of the lake. The colorbar gives the wind speed. For clarity, not all wind
vectors are shown.
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Figure S3.6. Full-depth temperature profiles taken by CIPEL at station SHL2 on 28 Novem-
ber 2018 (blue) and 18 December 2018 (red). See Figure S3.1a for station location.
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Figure S3.7. Current velocities measured (a, ¢, e, g) and modeled (b, d, f, h) in the surface
(0 to 20-m depth; upper panels) and bottom layers (0 to 20 m above the lakebed; lower panels)
at the northern mooring MV-N. The four current roses to the left (a, b, e, f) show the current
velocities during the upwelling phase, and the four to the right (c, d, g, h), during the relaxa-
tion phase. For mooring location, see Figure S3.1a.
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Figure S3.8. Current velocities measured (a, ¢, e, g) and modeled (b, d, f, h) in the surface
(0 to 20-m depth; upper panels) and bottom layers (0 to 20 m above the lakebed; lower panels)
at the central mooring MV-C. The four current roses to the left (a, b, e, f) show the current
velocities during the upwelling phase, and the four to the right (c, d, g, h), during the relaxa-
tion phase. For mooring location, see Figure S3.1a.
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Figure S3.9. Current velocities measured (a, ¢, e, g) and modeled (b, d, f, h) in the surface
(0 to 20-m depth; upper panels) and bottom layers (0 to 20 m above the lakebed; lower panels)
at the southern mooring MV-S. The four current roses to the left (a, b, e, f) show the current
velocities during the upwelling phase, and the four to the right (c, d, g, h), during the relaxa-
tion phase. For mooring location, see Figure S3.1a.
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Figure S3.10. a. Wind direction (blue) and wind speed (red) measured at the Nyon meteor-
ological station. b. to g. Modeled current velocities (versus depth D) and temperatures (T) at
moorings MV-N (b, ¢), MV-C (d, e), and MV-S (f, g), respectively. Current velocities are
given as “interbasin exchange velocities,” i.e., projected onto a vertical plane parallel to the
isobaths at the confluence. The colorbar gives the magnitude of the interbasin exchange ve-
locity. Positive values indicate flow out of the Petit Lac. All dates refer to 2018. Horizontal
dashed lines in (a) mark a wind speed of 5 and 10 m s'. For mooring location, see Figure
S3.1a
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Figure S3.11. Modeled current velocities at 50-m depth in the Petit Lac basin of Lake Geneva
a. during the upwelling phase (9 December 2018 04:00), and b. during the relaxation phase
(13 December 2018 13:00). The colorbar gives the current velocity. The dashed red line in-
dicates the confluence of the two lake basins (maximum depth in the center: 65 m); see Figure
3.1a in the main text for location.
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Figure S3.12. a. Wind direction (blue) and wind speed (red) measured at the Nyon meteor-
ological station (see Figure S3.1a for station location). b. and ¢. Current velocity and current
direction measured at a vertical mooring at 150-m depth during December 2019. d. and e.
Current velocity and direction measured at a vertical mooring at 100-m depth in December
2019. f. Map indicating the locations of the moorings at 100 and 150-m depth (red diamonds).
Depth contours are given at 0, 25, 50, 60, 100, 150, 200, and 250 m. The dashed red line
indicates the confluence of the two lake basins of Lake Geneva (see Figure 3.1a in the main
text for location). The colorbars give the absolute current velocity and the current direction.
Current directions are given as “flowing towards,” with 0° and 90 ° being north and east,
respectively. All dates refer to 2019. Horizontal dashed lines in (a) mark a wind speed of 5
and 10 m s,
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(a) 9 Dec 14:00 (b) 16 Dec 13:00

Figure S3.13. Gradient Richardson numbers (Ri) inferred from the modeled 3D current ve-
locity and temperature fields at selected vertical slices in the Petit Lac basin and near the
confluence (second transect from the right) a. during the upwelling phase of the interbasin
upwelling event (9 December 2018 14:00), and b. after the event (16 December 2018 13:00).
The colorbar gives the gradient Richardson number (Ri) between 0 and 0.25, with values
below 0.25 indicating turbulent mixing by shear instabilities. Negative Ri values can occur:
(1) under unstable stratified conditions leading to convective mixing, and (ii) due to small
numerical errors in the modeled temperature field of a well-mixed layer. Here, negative Ri
values are marked in grey.
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Figure S3.14. Two-dimensional (2D) map showing the final locations of the forward tracked
particles that reached the hypolimnion, i.e., below 40-m depth (simulation S). The particles
were released in the epilimnion of the Petit Lac near its northern shore (see Figure S3.2 for
release location; green area). Particle concentrations (see colorbar) are given as the depth-
accumulated number of particles per horizontal cell divided by the total number of particles
that reached the hypolimnion. Each horizontal cell is comprised of 16 binned model grid
cells, i.e., 4 x 113 m by 4 x 113 m. For clarity, binned cells with less than 70 particles (C <
0.05%) are not shown.

105






Chapter 4  What role does stratification play
in  wind-induced hypolimnetic upwelling
between the multi-depth basins of Lake Geneva

during winter?

Rafael Sebastian Reiss, Ulrich Lemmin, and David Andrew Barry

Ecological Engineering Laboratory (ECOL), Faculty of Architecture, Civil and Environmental
Engineering (ENAC), Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne,

Switzerland

107



What role does stratification play in wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during
winter?

Abstract

The effect of stratification on wind-induced exchange between the Petit Lac (PL)
(max. depth 75 m) and Grand Lac (GL) (max. depth 309 m) basins of Lake Geneva was inves-
tigated with field observations and 3D numerical modeling and particle tracking. Under com-
parable strong, along-axis wind forcing, early (weakly stratified) and late (fully-mixed) winter

conditions in the PL were considered.

For early winter, we previously found a two-layer exchange pattern with downwind surface
outflow into the GL balanced by strong, steady bottom inflow that brings deep, cold hypolim-
netic GL water into the PL. Here, we show that this bottom inflow is driven by baroclinic pres-
sure gradients caused by upwind upwelling in the GL. Furthermore, after an adjustment phase,
barotropic pressure gradients due to water level setup at the right shore, largely balance the
Coriolis acceleration acting on the epilimnetic outflow, yielding a unidirectional net current

structure, aligned with the wind.

In late winter, when the thermocline is below the PL depth, upwelling in the GL does not reach
the PL bottom and baroclinicity does not enhance the exchange. Therefore, exchange currents
are weaker and the upper layer currents show a depth-veering structure due to Coriolis force.
As a consequence, the net volume exchange reduces by 50%. More striking is that the deep
hypolimnetic upwelling from the GL into the PL is suppressed altogether. Based on our results,
prolonged winter stratification due to global warming can be expected to make hypolimnetic
interbasin-upwelling an increasingly important deepwater renewal mechanism in multi-depth

basin lakes.

Keywords: Lake Geneva, upwelling, stratification, interbasin exchange, Coriolis force, multi-

basin lake, multi-depth basin, hypolimnion, deepwater renewal, momentum budget
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4.1 Introduction

Water quality in lakes is closely linked to hydrodynamics and is often strongly affected
by (thermal) stratification, which limits the vertical exchange between the hypolimnion and
epilimnion. Thus, horizontal exchange and mixing processes, leading to the vertical redistribu-
tion of biogeochemical tracers such as dissolved oxygen and nutrients are of great ecological
importance. In multi-basin lakes, interbasin gradients in water quality can exist, for example,
due to (1) localized nutrient loading (e.g., Lake Michigan: Hamidi et al. 2015), (ii) differences
in the thermal structure and productivity (e.g., Lake Erie: Bartish 1987), or (ii1) different sea-
sonal mixing regimes in adjacent basins of different depths (e.g., Lake Garda: Salmaso 2005;
Lake Geneva: CIPEL 2016). Consequently, exchange processes between sub-basins, especially
between their hypolimnia, can have significant ecological consequences (Jabbari et al. 2019,
2021), and can contribute to deepwater renewal (Boyce et al. 1980; Ahrnsbrak and Wing 1998;
Reiss et al. 2021).

One important driver for interbasin exchange is wind stress, which can act indirectly through
internal wave pumping (van Senden and Imboden 1989; Umlauf and Lemmin 2005; Flood et
al. 2020) or geostrophic adjustment processes after the relaxation of coastal upwelling fronts
(Jabbari et al. 2021). Coastal upwelling near the junction between basins can also give rise to
baroclinic pressure gradients that drive hypolimnetic exchange flows (Lawrence et al. 2004;
Schertzer et al. 2008; Liu et al. 2018). Furthermore, in the presence of stratification, along-axis
winds can produce direct two-way advective exchange, where the mean 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. 2021). In large lakes, the two-layer exchange pattern is mod-
ified by the Coriolis force, resulting in a tilted current-reversal interface, perpendicular to the
flow direction (Bartish 1987; Anderson and Schwab 2017; Reiss et al. 2021). Interbasin ex-
change is often governed by a combination of the aforementioned processes (e.g., Anderson

and Schwab 2017).

Overall, stratification plays an important role in wind-induced interbasin exchange processes,
not only by imposing a vertical two-layer structure of the velocity field, but also by producing

baroclinic pressure gradients between the basins.

Numerous studies have shown that climate change-induced warming has and will continue to

alter the thermal structure of lakes, for example, by reducing the maximum mixed-layer depth
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and prolonging the stratified period (e.g., Perroud and Goyette 2012; Goldman et al. 2013;
Mesman et al. 2021). This raises the question of how changes in stratification will be reflected
in interbasin exchange processes, for example, by modulating the strength of the net volume

exchange or by suppressing hypolimnetic exchange altogether.

Recently, Reiss et al. (2021) investigated wind-induced interbasin exchange and upwelling be-
tween the deep Grand Lac and shallow Petit Lac basins of Lake Geneva (Figure 4.1) during
early winter when both basins are still weakly stratified. It was demonstrated that under these
conditions, strong winds from the southwest produced a “current loop,” whereby deep, hypo-
limnetic Grand Lac water was first drawn into the Petit Lac, then transported far into the shal-
low basin by vigorous bottom currents, before finally descending back into the Grand Lac hy-
polimnion. In addition, it was shown that strong bottom currents in the Petit Lac can persist for
more than 1 d after the wind ceased, maintaining a steady inflow of upwelled water, and that
Coriolis-induced rightward veering of the latter simultaneously produces coastal upwelling in

the shallow and narrow Petit Lac.

In the present study, we examine how the wind-induced exchange between the basins of Lake
Geneva is modified by the presence or absence of thermal stratification in its shallow basin
(Petit Lac). To achieve this, we combined field observations, three-dimensional (3D) numerical
modeling and particle tracking. Furthermore, model-based momentum budget analyses allowed
determining the role of baroclinicity and rotational effects on the wind-induced exchange flow.
To our knowledge, such an investigation of these aspects under these conditions has not been
carried out on a lake before. Thus, our findings can be expected to make a significant
contribution to understanding these lesser-known alternative deepwater renewal mechanisms
that are expected to become increasingly important as convective cooling weakens due to global

warming.
The following questions are addressed:

e What are the driving mechanisms behind the strong, steady bottom currents carrying
cold hypolimnetic waters into the Petit Lac that were observed by Reiss et al.

(2021)?

e How are the axial and transversal circulation patterns in the Petit Lac affected by
stratification, and what are the implications on the strength of the interbasin ex-
change?
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o Is the vertical structure of the exchange modified by stratification? If so, can hypo-

limnetic upwelling between the basins occur when the Petit Lac is fully mixed?

e How is the wind-induced circulation between the basins modified by Coriolis force

and is there a difference between the fully-mixed and stratified situation?

Additional clarifications and details on certain topics mentioned in the text are provided in a

Supporting Information (SI) section (figures, tables marked with prefix S).
4.2 Materials and methods

4.2.1  Study site

Lake Geneva (local name: Lac Léman), Western Europe’s largest freshwater lake, is a
deep, monomictic lake between Switzerland and France. It has a volume of 89 km?, a surface

area of 580 km?, 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: (i) the large, eastern Grand
Lac (maximum width 14 km and depth 309 m), and (i1) the small, western Petit Lac (maximum
width 5 km and depth 75 m), joined at a 3.5-km wide and 65-m deep “confluence” (Figure 4.1).
The shallow Petit Lac annually destratifies completely, typically by early January, whereas the
deeper Grand Lac remains weakly stratified throughout most seasons with the maximum mix-
ing depth reaching 100 to 150 m in late February or early March. Complete convective over-

turning in the Grand Lac only occurs during severely cold winters (CIPEL 2019).

The different mixing regimes result in biochemical gradients between the hypolimnia of the
two basins, notably in dissolved oxygen (higher values in the Petit Lac) and nutrient concen-
trations (higher values in the Grand Lac) (e.g., CIPEL 2016; Lavigne and Nirel 2016). This
implies that hypolimnetic exchange processes between the basins may have important effects

on the lake’s overall ecological state.

The lake is bordered by the Alps in the south and the Jura mountains in the northwest. Two
large-scale, strong wind fields 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; Wanner and Furger 1990;
Lemmin and D’Adamo 1996). These winds are characterized by high wind speeds (5 — 15 m

s) often lasting for several days, thus considerably impacting the lake’s hydrodynamics, for
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example, in the form of deep coastal upwelling (Reiss et al. 2020), enhanced interbasin ex-
change due to internal Kelvin waves (Umlauf and Lemmin 2005), and wind-induced interbasin

upwelling (Reiss et al. 2021).

AL

46.4°N

6.2°E 6.4°E 6.6°E 6.8°E
Figure 4.1. 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,
channeled by the Alps and Jura mountains, that frequently blow over large areas of the lake.
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 Figures 4.5 and 4.6 were evaluated along the black and red lines, with the
red arrows giving the positive transversal and axial directions referred to in the momentum
budget analysis.

4.2.2  Field observations

In the present study, we use data from a mooring deployed at 65-m depth in the center
of the confluence between the Petit Lac and Grand Lac basins (Figure 4.1, blue cross) that was

part of a field campaign carried out in Lake Geneva during winter 2018/2019 (Reiss et al. 2021).
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The mooring consisted of a bottom-mounted, upward-looking 300 kHz Teledyne-RDI Work-
horse Sentinel ADCP (Acoustic Doppler Current Profiler), with a 10-m long thermistor line
(vertical sensor spacing 1 m) attached to the top. The coordinate system for the current veloci-
ties was rotated to be aligned with the along- and cross-axis directions of the Petit Lac, herein-
after referred to as axial and transversal directions, respectively (Figure 4.1). Prior to the anal-
ysis, 2-h and 10-min moving averages were applied to the ADCP and thermistor data, respec-
tively. The instrument settings are summarized in Table S4.1 in the Supporting Information

(SI).

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 Internatio-
nale pour la Protection des Eaux du Léman (CIPEL, last accessed on 3 June 2021; Rimet et al.

2020) at the deepest point of the lake (309 m; SHL?2 in Figure 4.1)

Wind speed and direction were recorded every 10 min at a meteorological station maintained
by the Swiss National Weather and Climate Service (MeteoSwiss; last accessed on 3 June 2021)

located in Nyon, approximately 5 km northwest of the confluence.

4.2.3  Hydrodynamic model

The three dimensional (3D) hydrodynamic model used in this study is based on a hy-
drostatic version of the MITgem code (Marshall et al. 1997), with a configuration similar to
that employed by Cimatoribus et al. (2018), who performed a detailed validation based on var-
ious field observations around the lake. Furthermore, the model was recently applied to Lake
Geneva to investigate wind-driven coastal upwelling (Reiss et al. 2020) and wind-induced in-
terbasin exchange (Reiss et al. 2021) during winter. Except for the initial conditions and exter-
nal forcing, the model configurations used in this study are the same as those detailed in Reiss

et al. (2021).

The domain was discretized by a uniform horizontal Cartesian grid with a resolution of 113 m
and 100 size-varying z-layers, ranging from 30 cm at the surface to 2.8 m at the deepest point

of the confluence and 4.8 m at the bottom of the Grand Lac.
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To determine the effect of stratification on wind-induced interbasin exchange, two simulations
were run, with identical external forcing, but different initial lake temperature fields. Two ide-
alized temperature profiles were generated (Figure 4.2), representing the lake’s typical stratifi-
cation in December and February/March, hereinafter referred to as early and late winter, re-

spectively.

Realistic surface forcing for a typical winter Vent wind event was obtained from the COSMO-
1 numerical weather model provided by MeteoSwiss (Voudouri et al. 2017). To allow a com-
parison of the results obtained in the present study for early winter with the ones discussed in
Reiss et al. (2021), we used the COSMO-1 data for the same period, i.e., from 7 to 18 December
2018.

This period included a 2.5-d Vent event, with mean and maximum wind speeds of approxi-
mately 6 m s and 11 ms™!, respectively (Reiss et al. 2021). The MITgem internal calendar was
set such that the early winter simulation ran from 7 to 18 December 2018 and the late winter

one from 7 to 18 March 2019.

0r—
00 40—
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) T . . =10°C
= epilimnion
<= 150 .. =35m
. epilimnion
5]
2200
Late winter:
250 T ... =6.5°C
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6.0 8.0 10.0

Temperature [°C]

Figure 4.2. Idealized temperature profiles, representing the typical early (December; black
line, epilimnion depth, depitimnion 0f 35 m) and late (March; red line, depilimnion of 100 m) winter
stratification in Lake Geneva, used to initialize the hydrodynamic model. The dashed hori-
zontal line marks the maximum depth of the confluence.

The simulations were initialized with zero velocity. Considering the strong, persistent wind
stress that rapidly induces a strong circulation, this did not notably affect the results, as con-
firmed by the good agreement with the results discussed in Reiss et al. (2021), whose model

was run with a 3-month spin-up period.
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To shed light on the driving mechanisms behind interbasin exchange in Lake Geneva under
different stratifications, we considered momentum balances at the confluence (Figure 4.1). The
diagnostics module of the MITgecm model allows storing all terms of the momentum budget
equations in both horizontal directions of the grid, and at all grid cells in the domain. The vector
terms were linearly interpolated onto the (vertical) confluence transect and rotated to be aligned
with the along- and cross-axis directions of the Petit Lac, hereinafter referred to as axial and
transversal directions, respectively (Figure 4.1). The full momentum budget equation consid-

ered here takes the form:

% =P +P+C+A+D

ot c t , 4.1)
where dv;,/0t is the horizontal acceleration vector, P, the baroclinic and P; the barotropic pres-
sure gradients, C is the Coriolis acceleration, A is the nonlinear advection term, and D represents
the dissipation due to bulk and bottom friction (hereinafter referred to as friction). 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 can be seen in the frictional terms.

424  Particle tracking

The particle tracking code used here, developed by Cimatoribus (2018) and based on
the method described by D6o6s et al. (2013), was previously applied to Lake Geneva to study:
(1) the transport of inflowing water from the lake’s main tributary (Rhone River) (Cimatoribus
et al. 2019), (i1)) wind-driven coastal upwelling at the northern Grand Lac shore (Reiss et al.
2020), and (ii1) wind-induced interbasin exchange and upwelling between the Grand Lac and
Petit Lac in early winter (Reiss et al. 2021). Our simulation approach closely followed that of

Reiss et al. (2021) and is therefore only briefly be outlined here.

The origin of the deep Petit Lac waters could be traced by backward tracking of particles re-
leased in the bottom layers of the shallow basin. Particles were released every 4 h during the
first 5 d of the wind event, in an approximately 3 km by 5 km wide area near the confluence, at
every vertical grid point below 40-m depth (Figure S4.1), resulting in a total of more than
200,000 particles.

115



What role does stratification play in wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during
winter?

4.3 Results and discussion

Reiss et al. (2021) investigated Vent wind-induced interbasin exchange and coastal
upwelling in the weakly stratified Petit Lac during early winter. Under these conditions, deep
hypolimnetic waters from the Grand Lac can upwell into the Petit Lac, where they form a
current loop by first being transported far into the shallow basin, and then descending back into
the Grand Lac hypolimnion, over the course of one week. In this section, we first revisit parts
of the same observational data set to highlight the differences between early and late winter
stratification. Then, we determine how stratification affects the Vent-induced circulation near

the confluence by means of hydrodynamic modeling and particle tracking.

43.1 Field observations

Figure 4.3 shows hourly-averaged wind speeds and directions measured at the Nyon
station (Figure 4.1) near the confluence, as well as currents and temperatures recorded in the
center of the confluence (Figure 4.1, blue cross) from 8 to 10 December 2018 (hereinafter re-
ferred to as early winter; left panels) and from 9 to 11 March 2019 (hereinafter referred to as
late winter; right panels), respectively. Full-depth current velocity and direction profiles for

both periods are given in Figure 4.4.

The two Vent wind events were comparable in duration and strength, with overall mean wind
speeds of 5.5 and 4.9 m s™! and maximum hourly averages of 10.7 and 9.4 m s in early and
late winter, respectively. Typical of 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 (Figure S4.2).

Prior to the early winter Vent wind event, there was a weak thermocline at approximately 35-m
depth, with temperatures in the Petit Lac epilimnion and hypolimnion of ~10°C and 6.3°C,
respectively (Reiss et al. 2021). In March, on the other hand, temperatures in the Petit Lac were
nearly homogeneous around 6.5°C, and a weak thermocline in the Grand Lac was formed be-

low 100-m depth (Figure S4.3).

In early winter, a few hours after the wind started, a distinct two-layer flow pattern, with op-
posing current directions and a sharp reversal at the thermocline depth, was established (Figures
4.3d and 4.4). While the currents in the epilimnion were approximately aligned with the wind

(Figure 4.3a) and directed towards the Grand Lac (hereinafter referred to as outflow, Figure
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4.3d, e), a countercurrent into the Petit Lac prevailed in the hypolimnion (hereinafter referred
to as inflow, Figure 4.3d, g). In both layers, current velocities exceeded 20 cm s™'. However,
the bottom currents were considerably steadier and stronger, with maximum velocities above
27 cm s! (Figure 4.3b). Even though the bottom inflow became weaker after the wind stopped,
it persisted for approximately another 1.5 d (Figure S4.4). The flow in both the epi- and hypo-
limnion was vertically unidirectional, i.e., there was little variation in the current direction with
depth in each layer (Figure 4.4b). Shortly after the onset of the bottom inflow, temperatures
gradually and continuously decreased. This is due to upwelling of cold, deep Grand Lac water,

as discussed by Reiss et al. (2021).

Despite comparable external forcing, in March, the currents at the confluence were weaker and
less steady than in December. The highest velocities of ~10 cm s were observed in the topmost
ADCEP bin at approximately 6-m depth, coinciding with the period of maximum wind speeds
(Figure 4.3h, i). The measured velocities showed significant variability and no apparent two-
layer structure. However, it was observed that: (i) the currents in the upper layers were more
often directed towards the Grand Lac than those in the interior (Figure 4.3k), (i1) unlike in early
winter, they were never aligned with the wind, but instead were deflected approximately 30° to
90° to the right, and (iii) the rightward deflection increased with depth, producing a veering

current structure resembling that of a surface Ekman spiral (Figures 4.3h, 1, m and 4.4).

The temperatures in the lower layer of the confluence remained fairly stable throughout the late
winter wind event, except for small fluctuations at around 23:00 (local time) on 9 March. These
were associated with increased current velocities in the middle of the water column (Figure
4.31, j, m) and were most pronounced at the topmost thermistor, i.e., 10 m above the lakebed,
suggesting the temporary downwelling of slightly warmer surface waters. The temperatures 1
m above the lakebed remained nearly constant (within & 0.03°C) during the entire period (not
shown). Altogether, the observations during late winter showed no signs of upwelling of cold,
hypolimnetic Grand Lac water into the Petit Lac (compare Figure 4.3c and j). Furthermore, the
currents in the entire water column were significantly weaker, with their vertical structure in

the upper layers apparently strongly influenced by Coriolis force.
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Figure 4.3. Wind vectors (a, h) and mooring data (b-g, i-n) recorded from 8 to 10 December
2018 (a-g; left panels) and 9 to 11 March 2019 (h-n; right panels), respectively. The mooring
data panels from top to bottom show: absolute current velocity (b, i), depth-averaged tem-
perature (T) in the bottom-most 10 m (D is depth) (¢, j), “interbasin exchange velocity” (d,
k), as well as current velocity and direction at 6-m depth (e, 1), 26-m depth (f, m), and 10 m
above the bottom (g, n). Interbasin exchange velocities were obtained by projecting the ve-
locity vectors onto a plane perpendicular to the confluence transect (Figure 4.1, 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-direction
corresponding to north (0°) and east (90°). The red dashed lines mark the times of the velocity
profiles shown in Figure 4.4. Meteorological data were recorded at the MeteoSwiss station
in Nyon (Figure 4.1, red circle). See Figure 4.1 (blue cross) for mooring location.
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Figure 4.4. Current velocity (a) and direction (b) recorded at the confluence center (Figure

4.1, blue cross) during the Vent wind events in December 2018 (solid black lines) and March

2019 (red lines), respectively. The exact dates are given in the legend in (a). The dashed black

lines mark the outflow and inflow directions. The times of the profiles are marked in Figure

4.3 by the red dashed lines.

432  Model results

The field observations showed that the Vent-induced flow patterns at the confluence
strongly differed between early stratified and late destratified winter. In the following sections,
the effect of stratification on the temporal development of the wind-induced circulation at the
confluence between the two basins is further investigated with the 3D hydrodynamic model.
Four-hour moving averages were applied to the model results (temperature, velocities, and mo-

mentum budget terms) prior to the analysis.

Temperature field

Figure 4.5 shows the modeled temperatures near the confluence along the transect
marked in Figure 4.1, before and 1.5 d after the wind started. In early winter, the lake was
stratified, with a thermocline at approximately 35-m depth (Figure 4.5a). By late winter, the
thermocline had descended to approximately 100-m depth, yielding a fully mixed Petit Lac and
a hypolimnion in the Grand Lac (Figure 4.5b). Note that the initial temperature fields below
120-m depth were identical in both simulations, as illustrated by the dashed 6.1°C isotherm

lines in Figure 4.5a, b (see also Figure 4.2).
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Figure 4.5. Modeled temperatures along a curved transect, approximately following the cen-
tral axis of the lake and perpendicular to the confluence (Figure 4.1, black line), during early
(a) and late (b) winter. The white vertical lines mark the location of the confluence center,
i.e., where the mooring was deployed (Figure 4.1, blue cross). Temperatures are given by the
colorbars. The white lines depict selected isotherms, both before (dashed white lines) and 1.5
d after (solid white lines) the Vent wind started. Distance is given along the transect starting
at its southwestern end, approximately 500 m west of the confluence (Figure 4.1, black line).

Under both stratifications, the Vent wind (from the southwest; approximately blowing from left
to right in Figure 4.5), caused upward tilting of the isotherms towards the western end of the

Grand Lac, i.e., towards the confluence.

In early winter, the maximum isotherm tilt occurred ~2 to 4 km east of the confluence where
the mooring was deployed. West of the mooring location, i.e., further into the Petit Lac, the
1sotherms were also displaced upwards compared to pre-wind conditions, but to a lesser extent
(Figure 4.5a). The upwelling at the western end of the Grand Lac and the discontinuous upward
tilt of the isotherms across the confluence can be explained by the significantly different widths
of the two basins: The wind-induced surface drift in the narrow Petit Lac was not sufficient to
balance the one in the wider Grand Lac, resulting in upwind upwelling in that basin, similar to

what was observed previously in Lake Constance (Appt et al. 2004).

With the greater thermocline depth in late winter, the two basins were decoupled, and the up-
wind upwelling was limited to the Grand Lac, with the maximum isotherm tilt occurring below
the deepest point of the confluence (Figure 4.5b). As a consequence, the stratification at the
confluence and in the Petit Lac was not affected by the Grand Lac upwelling and the shallow

basin remained well-mixed, as confirmed by field measurements (Figure 4.3).
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Development of the axial and transversal circulations at the confluence

To illustrate the temporal development that leads to the measured bottom-intensified
inflow and unidirectional outflow in early winter, as well as the veering surface currents in late
winter (Figure 4.4), the following three phases are discussed below in detail: (i) Initialization
phase: ~4 h after wind started, (ii) adjustment phase: ~12 h after wind started, and (iii) fully-
developed circulation: ~1.5 d after wind started. Note that the selected times do not necessarily

mark the start or end of each phase, but instead are representative for the prevailing currents.

The modeled current velocities 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 Figure 4.6. 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 Figure 4.6. Corresponding full-depth modeled current velocity
and direction profiles at the confluence center are presented in Figure 4.7. The corresponding

profiles of the axial and transversal velocity components are given in Figure S4.5.
Initialization phase

A few hours after the wind started, the current patterns were similar in both the early
and late winter stratification cases (Figure 4.6a, b). The strong wind stress initiated an outflow
towards the Grand Lac in the uppermost 10 m, which was balanced by a weaker inflow distrib-
uted over the entire depth range below. The current velocities were highest near the surface,

reaching 10 cm s!in early winter and 8 cm s™! in late winter.

A weaker secondary circulation developed in the transversal direction, with the highest veloci-
ties ~1.5 cm s! found close to the surface in both cases (Figure S4.5a, b). The transversal cur-
rents in the upper layers were oriented to the right, i.e., towards the southern shore, and were
balanced by weaker leftward currents, towards the northern shore, in the layers below (Figure

4.6a, b).

In both cases, the net currents in the upper layers at the center of the confluence described a
spiraling motion, i.e., with increasing depth, magnitudes decreased and directions veered to the
right (Figure 4.7 black curves). In early winter, the initially horizontal isotherms began to tilt

slightly upward towards the northern shore (Figure 4.6a).
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Figure 4.6. Modeled current velocities at the confluence, during the initialization (a, b) and
adjustment (¢, d) phases, and when the circulation was fully developed (e, f), in early winter
(left panels) and late winter (right panels), respectively. Axial and transversal velocities are
depicted by color (see colorbar in panels a-b) and black arrows, respectively. The grey con-
tour lines in the left panels mark the 7, 8 and 9°C isotherms (from bottom to top). Red color
indicates outflow into the Grand Lac and blue color inflow into the Petit Lac. The black curve
above each 2D transect shows the shape of the corresponding modeled free surface elevation.
Distance is given along the transect from the northern shore. The location of the transect and
orientation of the axial and transversal directions are shown in Figure 4.1. The transversal
velocity scale is given in panel (c). For better visualization, vertical velocities are scaled up

by a factor of 20.

122



What role does stratification play in wind-induced hypolimnetic upwelling between the multi-depth basins of Lake Geneva during
winter?

Adjustment phase

As the wind stress continued, both the axial and transversal circulations became

stronger, and differences between the two simulations emerged (Figure 4.6c¢, d).

In early winter, the stratification imposed a clear two-layer flow with strong, bottom-intensified
inflow currents in the hypolimnion balancing the wind-driven epilimnetic outflow. The ther-

mocline continued tilting upwards towards the northern shore (Figures 4.6¢ and 4.7a, b).

In the fully-mixed late winter case, the downwind outflow was more pronounced in the shallow
regions near the shores, where it extended over the entire water column until a depth of 30 m.
Away from the shores, the outflow at the confluence center was limited to the uppermost 10 m
and an upwind inflow prevailed in most of the transect. This resulted in a dome-shaped zero
isotach (white region separating the in- and outflow in Figure 4.6d). Furthermore, the inflow in
late winter was weaker than in early winter, and almost uniform in strength over depth (Figure

4.7¢).

In both cases, the transversal circulation resembled a clockwise vortical motion, with near-zero
velocities in the center, leftward currents in the lower layers balanced by the rightward near-
surface currents, and down- and upwelling at the right and left boundaries, respectively. While
this transversal vortex spanned the entire water column in the fully-mixed case, it was confined

to the epilimnion when stratification was present (Figure 4.6¢, d).

The magnitudes of the transversal currents near the surface were similar in both cases. How-
ever, due to the stronger and deeper-reaching outflow in early winter, the net currents in the
epilimnion gradually approached a more unidirectional structure, whereas they continued veer-

ing with depth in late winter (Figures 4.7b, d and S4.5c, d).
Fully-developed circulation

In early winter, the two-layer structure further strengthened and 1.5 d after the wind
started, inflowing and outflowing velocities were comparable and both exceeded 20 cm s’
(Figures 4.6e and 4.7a). The net currents in the two layers were nearly unidirectional and
aligned with the axial direction, with a sharp current reversal around the thermocline depth
(Figure 4.7b). Furthermore, the core of the bottom inflow was shifted towards the northern

shore and the thermocline upwelling continued, with the 9°C isotherm, which was initially at
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42-m depth, almost reaching 10-m depth. This shows that the bottom inflow was strongly mod-

ified by Coriolis force, as will be discussed below in the momentum budget analysis (see also
Reiss et al. 2021).
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Figure 4.7. Modeled current velocity (a, ¢) and direction (b, d) at the confluence center dur-
ing the initialization (black) and adjustment (red) phases, and when the circulation was fully
developed (blue), in early winter (upper panels) and late winter (lower panels). The exact
dates are given in the legend in (a) and (¢). The vertical black dashed lines in (b) and (d) mark
the outflow and inflow directions, respectively.

In late winter, the wide dome-shaped zero-isotach developed into an inverse U-shaped one,
which was slanted to the right. The strongest downwind currents were found in the shallow
regions near the shores, especially towards the northern shore, and the interior was dominated

by upwind inflow (Figure 4.6f). At the center, the net currents near the surface maintained their
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depth-veering structure, confining the outflow to the uppermost 5 to 10 m, and were approxi-
mately three times as strong as the inflow (Figure 4.7c, d). The transversal vortex grew stronger,

with its center slightly shifted to the left (Figure 4.6f).

In both simulations, the outflow and rightward transversal currents at the northern shore were
significantly stronger than along the southern shore (Figure 4.6e, f). This is probably due to: (i)
gentler slopes and shallower banks along the northern Petit Lac shore, which cause stronger
downwind currents in the north in both cases (Figure S4.6), and (ii) nearshore divergence at the
northwestern end of the Grand Lac in early winter, which results in a surface depression north-
east of the confluence, producing strong barotropic pressure gradients that accelerated the flow
towards the Grand Lac in this section of the confluence (Figures S4.6, S4.7, and S4.8). This is

further discussed in the Momentum budget analysis section below.

Comparison of model results with observations

The main features and differences of the Vent-induced circulation observed at the cen-
ter of the confluence during December 2018 and March 2019 (Figure 4.4) were well reproduced
by the numerical model (Figure 4.7).

The fully-developed early winter circulation was characterized by a two-layer pattern, with
comparably strong outflows in the epilimnion and inflows in the hypolimnion. The currents
were aligned with the main axis of the Petit Lac and unidirectional over each layer, with a sharp
current reversal around the thermocline depth. The flow adjustment in the upper layers during
the first hours of the wind, i.e., from initially veering to unidirectional, was also observed in the

ADCP measurements (compare Figures 4.7b and S4.10).

In late winter, currents at the confluence center were generally weaker and the highest velocities
were found near the surface. Furthermore, the currents in the upper layer maintained a veering

structure throughout the entire wind event.

Momentum budget analysis

In this section, the mechanisms that produce the observed and modeled current patterns
at the confluence center are investigated by model-based momentum budgets. The temporal
development is discussed by considering the three phases (initialization, adjustment and fully
developed circulation) introduced in the previous section. Figures 4.8 and 4.9 show the leading

terms in the axial and transversal momentum balances, respectively, along a full-depth profile
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at the confluence center in early (left panels) and late (right panels) winter. Positive terms in
the axial balances are directed into the Grand Lac and towards the northern shore in the trans-
versal balances (Figure 4.1, red arrows). For clarity, only the total pressure gradient (barotropic
and baroclinic) is shown in the axial balances, with any deviation from the value at the surface
indicating baroclinicity. In the transversal balances, the baroclinic pressure gradient is explicitly
given. The nonlinear advection term is not shown because it was generally not of leading order
(exceptions are discussed below). Two-dimensional (2D) transects of the time-averaged axial

momentum terms at the confluence are given in Figures S4.8 and S4.9.
Initialization phase

Shortly after the wind started, the axial momentum balances in the upper layer were
similar in both simulations. The wind stress-induced friction was by far dominant, penetrating
down to a depth of approximately 30 m (Figure 4.8a, b). The positive friction term was partly
balanced by a negative barotropic pressure gradient, due to a water level setup induced by
downwind surface drift (Figure S4.7). The transversal currents near the surface (to the right)
induced an axial, negative Coriolis acceleration (into the PL). Its magnitude decreased with
depth, until it changed sign below 20-m depth, which was the depth where the transversal cur-
rents changed from right- to leftward (Figure 4.6a, b). The net axial balance in the upper 15 to

20 m produced a strong acceleration (i.e., dvy, /0t in Eq. (4.1)) 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, approximately uniform in strength with depth. Note the constant
total pressure gradient throughout the water column, which confirms that baroclinicity was neg-
ligible in late winter (Figure 4.8b). In contrast, in early winter, a negative baroclinic pressure
gradient was evident below 35-m depth, i.e., below the thermocline, resulting in an enhanced

acceleration into the Petit Lac near the bottom (Figure 4.8a).

As for the axial direction, the transversal momentum terms in the upper layers had a similar
structure under both stratifications. In the uppermost 10 m, the wind-driven outflow produced
a strong, negative Coriolis acceleration, which was largely balanced by positive wind-induced
friction, indicating that the wind stress was not perfectly aligned with the along-axis direction
(Figure 4.9a, b). Except for immediately below the surface, there was a weak negative net ac-

celeration, explaining the rightward, transversal circulation in the upper layers (Figure 4.6a, b).
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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. In early winter, due to the bottom-intensified inflow, the Coriolis acceleration to-
wards the northern shore was approximately in geostrophic balance with the baroclinic pressure

gradient induced by the onset of an upwards tilt of the thermocline (Figures 4.6a and 4.9a).
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Figure 4.8. Leading terms of the axial momentum balance at the confluence center during
the initialization (a, b) and adjustment (¢, d) phases, and when the circulation was fully de-
veloped (e, f), in early winter (left panels) and late winter (right panels). The red curve gives
the left-hand-side of the momentum balance equation, i.e., the local net acceleration (see Eq.
(4.1)). The unit of the values on the x-axis is m s™. The orientation of the axial axis is shown
in Figure 4.1. Lines are defined in panel (a), with Py giving the total pressure gradient term
(baroclinic and barotropic) and any deviation from its value at the surface indicating barocli-

nicity. For clarity, the nonlinear advection term is not shown. Date and time are indicated in
each panel.
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Adjustment phase

As in the initial phase, the increasing wind-induced axial friction was only partially
balanced by the Coriolis and barotropic pressure gradient terms, resulting in a net acceleration
of near-surface waters into the Grand Lac (Figure 4.8c, d). In the fully-mixed late winter case,
the wind stress penetrated almost the entire water column, whereas it was confined to the epi-
limnion when stratification was present. Since the same wind energy was distributed over a
smaller volume of water, this resulted in overall higher axial frictional forces in the upper layers,
thus explaining the stronger near-surface outflow in early winter (Figures 4.6 and 4.7). As a
consequence, the transversal Coriolis acceleration towards the southern shore was considerably
higher in early winter (Figure 4.9¢c, d). This would imply stronger, Coriolis-induced, rightward
currents in the upper layers. However, as discussed above, the transversal velocities were com-
parable in both cases (Figure 4.6¢c, d), which can be explained by the different signs of the

transversal barotropic pressure gradients at the confluence center as follows:

In early winter, the relatively uniform outflow in the entire epilimnion and the accompanying
rightward Ekman transport caused an upward tilt of the free surface from left to right (Figure
4.6¢), resulting in positive transversal barotropic pressure gradients opposing the Coriolis ac-

celeration (Figure 4.9c¢).

In late winter, on the other hand, transversal convergence and divergence between the outflow-
dominated lateral shallows and the inflow-dominated interior produced an undulating free sur-
face (Figure 4.6d). This resulted in negative transversal barotropic pressure gradients at the

confluence center, acting together with the Coriolis acceleration (Figure 4.9d).

The opposing signs of the transversal barotropic pressure gradients, acting either with or against
the Coriolis acceleration, can explain the differences in the vertical structure of the upper cur-
rents during the adjustment phase. While the net currents in the fully-mixed late winter case
continued to veer strongly with depth, they approached a more unidirectional structure under

early winter stratification (Figure 4.7b, d, red curves).

In the lower layers, the momentum balances during the adjustment phase showed a continuation
of the trends observed during the first hours after the wind started. In early winter, the negative,
axial baroclinic pressure gradients near the bottom, caused by upwind upwelling in the Grand

Lac (Figure 4.5a) increased, further accelerating the hypolimnetic inflow. The stronger bottom
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inflow resulted in higher axial bottom friction (Figure 4.8¢) and transversal Coriolis accelera-
tion (Figure 4.9¢). This caused the thermocline to tilt further upward at the northern shore
(Figure 4.6¢), while maintaining a geostrophic balance with the resulting transversal baroclinic
pressure gradients. In late winter, the weak inflow in the interior was mostly due to the axial
barotropic pressure gradient, which was balanced by the friction and Coriolis terms (Figure

4.8d). The transversal terms were qualitatively similar to the initialization phase.
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Figure 4.9. Leading terms of the transversal momentum balance at the confluence center
during the initialization (a, b) and adjustment (¢, d) phases, and when the circulation was
fully developed (e, f), in early winter (left panels) and late winter (right panels). The red curve
gives the left-hand-side of the momentum balance equation, i.e., the local net acceleration
(see Eq. (4.1)). The unit of the values on the x-axis is m s™. The orientation of the transversal
axis is shown in Figure 4.1. Lines are defined in panel (a). For clarity, the nonlinear advection
term is not shown. Date and time are indicated in each panel.
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Fully-developed circulation

In the fully-mixed late winter case, the axial momentum balance of the fully-developed
circulation was characterized by smooth profiles of the frictional and Coriolis terms, approxi-
mately linearly decreasing and increasing from top to bottom, respectively (Figure 4.8f). Trans-
versally, the balance between the Coriolis, barotropic pressure gradient, and friction terms re-
sulted in negative accelerations in the upper layers and positive accelerations in the lower lay-

ers, in agreement with the fully developed transversal, clockwise vortex (Figures 4.6f and 4.91).

In contrast, in the stratified early winter case, axial baroclinicity grew more important as the
wind stress continued, affecting almost the entire water column (Figure 4.8¢) and indicating
sustained upwind upwelling in the Grand Lac (Figure 4.5a). The thickness of the frictional
bottom boundary layer also increased, which was reflected in the approximately logarithmic
velocity profile in the lowest 15 m (Figures 4.4a and 4.7a). Note the “bump” in the net acceler-
ation between 40 and 50-m depth (Figure 4.8¢), which was caused by strong advection (not
shown). This indicates that nonlinearity could be of leading order in the fully-developed, ener-
getic early winter circulation, especially in the lower layers. 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 transversal Coriolis acceleration in early winter was almost twice as
high as in late winter (Figure 4.9¢, f). However, since it was largely balanced by the barotropic
pressure gradient caused by the transversal free surface tilt (Figures 4.6e and 4.9¢), the net
currents in early winter were unidirectional throughout the epilimnion (Figure 4.7b blue curve),

but they remained depth-veering in late winter (Figure 4.7d blue curve).

Furthermore, the transversal baroclinic pressure gradients, induced by coastal upwelling, and
the Coriolis acceleration due to the bottom-intensified inflow, both doubled in strength, while
maintaining a near-geostrophic balance (Figures 4.6e and 4.9¢). As in the axial direction, the

transversal nonlinear term near the bottom was substantial during early winter (not shown).

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 exam-

ple, by Winant (2004) and Sanay and Valle-Levinson (2005). This circulation is characterized
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by intense downwind flow over the shallow banks and everywhere else near the surface, which
is balanced by an upwind flow in the interior (e.g., Figure 11 in Winant 2004). In a rotating
basin, deeper than one Ekman depth, the axial circulation is similar, but with reduced magni-
tude, while transversally a clockwise vortex (when looking downwind) develops that spans
most of the cross-section (e.g., Winant 2004; Sanay and Valle-Levinson 2005; Ponte et al.

2012). Here, the Ekman depth is a measure relating frictional force to Coriolis force and is

defined as dy = W , where f is the latitude-dependent Coriolis parameter,
0(107*s™1), and K,, is the vertical eddy viscosity (e.g., Amadori et al. 2020). In the model
employed in this study, K,, is computed by the K-profile parameterization (often referred to as
KPP; Large et al. 1994) and can be output from MITgcm as a diagnostics term. Taking a typical
value of K, = 300 cm? s°! for the eddy viscosity during the late winter Vent event as the cross-
sectional average at the confluence, 1.5 d after the wind started (Sanay and Valle-Levinson

2005), we obtain an Ekman depth of dg = 15 m.

Considering a typical Ekman depth smaller than the maximum confluence depth (65 m), the
elongated shape of the Petit Lac, and the spatially fairly homogeneous and steady Vent-wind,
the late winter case studied here is comparable to those in the basins described in the literature,
and can explain the general circulation patterns (Figure 4.6f). For a uniform wind acting on a
symmetric basin and ignoring nonlinear effects, the resulting axial circulation is symmetrical
with respect to the cross-section center (Winant 2004). However, Ponte et al. (2012) showed
that the core of the upwind interior flow can 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, and is similar to the pattern observed here. In this case, the stronger down-
wind currents at the northern shore of the Petit Lac, caused by the gentler slopes and shallower
banks, are probably the reason for the observed asymmetries in the axial and transversal circu-
lation patterns (Figures 4.6f and S4.6). Note that the undulating free surface at the confluence
(Figure 4.6, right panels) was also observed by Sanay and Valle-Levinson (2005) when consid-

ering rotation.

4.3.3  Effect of stratification on interbasin exchange and hypolimnetic upwelling
Strength of interbasin exchange

The observed differences in the circulation patterns between the stratified early winter

and fully-mixed late winter cases have important consequences for the wind-induced interbasin
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exchange in Lake Geneva during winter. Based on the modeled velocity field, the volume ex-
change across the confluence transect was estimated by integrating the inflowing (or outflow-
ing) velocities in time and space (blue and red color areas, respectively in Figure 4.6). When
considering the 2.5-d wind period, the accumulated volume transport into the Petit Lac was
Qinearty ~ 0.88 km? during early winter and Q;p jqre = 0.46 km?® during late winter. Further-
more, driven by the baroclinic pressure gradients at the confluence, the bottom inflow in early
winter continued to flow for approximately 1.5 d, maintaining velocities of ~10 cm s™! (cf. Reiss
etal. 2021). In late winter, however, the inflow rapidly weakened to 1 to 3 cm s™! after the wind

stress ceased. Taking this into account, we obtain Qi eqriy = 1.64 km? and Qi 1q¢e = 0.71

km3. The former suggests, that during a single early-winter Vent event, more than half of the
total Petit Lac volume (~3 km?®) was exchanged across the confluence. These findings are in
agreement with Reiss et al. (2021), who showed by numerical modeling, that the strong, steady
bottom inflow of cold, deep Grand Lac water during a December Vent-event resulted in a tem-
porary doubling of the Petit Lac hypolimnetic volume. In late winter, however, the accumulated

interbasin exchange was reduced by a factor of ~2.3, due to the weaker and veering currents.

Horizontal and vertical exchange patterns and hypolimnetic upwelling

Following Reiss et al. (2021), the origin of the deep Petit Lac waters was determined
by backward tracking of particles released in the bottom layers of the shallow basin during the
first days of the wind event. Figure 4.10 shows histograms of the particle origin depth, as well
as the dominant pathways taken by particles coming from below 65-m depth, i.e., the maximum

depth at the confluence, 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, with a sig-
nificant number coming from depths between 100 to 200 m (Figure 4.10b), illustrating the
upwelling of deep, hypolimnetic Grand Lac water. Furthermore, the upwelled particles traveled
up to 20 km in the Grand Lac before entering the Petit Lac, suggesting that large areas of the
Grand Lac hypolimnion were affected by the exchange (Figure 4.10a). These results are similar
to those discussed in detail by Reiss et al. (2021), who showed that the Vent-induced circulation
in Lake Geneva during early winter forms a “current loop,” 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 finally descending back into the hypolimnion of the Grand Lac.
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In contrast, in late winter, only 5% of the particles originated from below 65-m depth in the
Grand Lac, with virtually none coming from below the thermocline (Figure 4.10d). This con-
firms that the upwind upwelling in the Grand Lac did not extend into the Petit Lac, as indicated
by the modeled temperature field (Figure 4.5). Furthermore, this agrees with the measurements
taken during a comparable Vent-event in March 2019, when constant near-bottom temperatures

were observed at the confluence (Figure 4.3).

In early winter, more than 75% of all particles originated from within the Grand Lac. In late
winter, on the other hand, only 50% of all particles originated from within the Grand Lac, with
the bulk of these particles coming from the immediate vicinity of the confluence (Figure 4.10c).

This suggests that the interbasin exchange was more local in late winter.
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Figure 4.10. a. and c. Probability maps derived from the backward particle tracking simula-
tions showing dominant particle pathways during early and late winter cases. b. and d. His-
tograms of the particle origin depths during early and late winter. The red dashed lines in (b)
and (d) mark the maximum depth of the confluence (65 m). Probabilities are shown by the
colorbars and reflect the total number of different particles that visited each 113 m x 113 m
model grid cell during the entire simulation, divided by the total number of particles.
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4.4 Summary and conclusions

Combining field observations, three-dimensional (3D) hydrodynamic modeling, par-
ticle tracking, and model-based momentum budget analysis, we demonstrated for the first time,
the significant effect of stratification on wind-induced interbasin exchange between the shallow

Petit Lac and deep Grand Lac basins of Lake Geneva during winter.

Current profiles taken at the confluence between the basins showed markedly different current
patterns during two comparably strong Vent wind events (from the southwest) in December

2018 when the Petit Lac was weakly stratified, and in March 2019 when it was fully-mixed.

The circulation in December (early winter) was characterized by a two-layer flow, where down-
wind currents in the epilimnion flowing into the Grand Lac (outflow) were balanced by hypo-
limnetic currents flowing into the Petit Lac (inflow). The flow was approximately unidirec-
tional in each layer, with the outflow roughly aligned with the wind, i.e., the main axis of the

basin.

In March (late winter), the observed currents were considerably weaker, less steady, and
showed more directional variability. While the currents in the upmost 20 m were roughly di-
rected towards the Grand Lac, they were never aligned with the wind. Instead, they were de-

flected to the right by at least 30°. In the lower layers, a weak inflow prevailed most of the time.

To identify the effect of stratification on the exchange between the two lake basins, we carried
out two 3D simulations with identical external forcing, but different initial stratification, repre-
senting typical early and late winter conditions. The observed differences were well reproduced
by the numerical model, which allowed us to investigate the driving mechanisms behind the

two circulation patterns by means of a momentum budget analysis.

Based on our results, the key features and differences in the interbasin exchange of a weakly

stratified or fully-mixed Petit Lac can be summarized as follows:

e In both cases, the Vent wind from the southwest causes upwind upwelling at the

western end of the Grand Lac basin, i.e., near the confluence.

e In early winter, the upwelling in the Grand Lac produces significant axial baroclinic
pressure gradients in the Petit Lac hypolimnion. These gradients are the driving

force behind the strong, steady bottom inflow that persisted for more than one day
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after the wind had ceased. Furthermore, the transversal Coriolis acceleration, acting
on the bottom inflow, generates coastal upwelling at the northern Petit Lac shore, in

near-geostrophic balance with the transversal baroclinic pressure gradients.

e In early winter, there is downwind outflow in the entire epilimnion, with the right-
ward Ekman transport producing an upward tilt of the free surface towards the
southern Petit Lac shore. This gives rise to barotropic pressure gradients that largely
balance the Coriolis acceleration due to the epilimnetic outflow, thus resulting in a

unidirectional current structure aligned with the wind.

e In late winter, the thermocline is well below the Petit Lac depth and the upwind
upwelling at the western end of the Grand Lac does not reach the bottom of the
confluence. Baroclinicity, therefore, no longer plays a role, and both interbasin ex-

change and the circulation in the Petit Lac, are purely wind-driven.

e The Vent-induced late winter circulation in the Petit Lac resembles that of a steady,
wind-driven circulation in a rotating, fully-mixed, elongated basin with sloping
boundaries and a depth greater than one Ekman depth, as described in the literature
(e.g., Winant 2004). The modeling results show that this circulation is characterized
by downwind flow over the shallow nearshore regions and near the surface, and
upwind flow in the interior of the cross section. In the transversal plane, a clockwise
rotating vortex (when looking downwind) develops, and the net currents near the
surface veer to the right with depth, resembling the motion described by an Ekman

spiral.

Vent-induced interbasin exchange during stratified early winter was studied in detail in Reiss et
al. (2021), where it was demonstrated that under these conditions, hypolimnetic interbasin

upwelling provides a potentially important mechanism for deepwater renewal in Lake Geneva.

The present study shows that in late winter, when the Petit Lac basin is fully mixed, wind-
induced currents are not only weaker, but also continuously changing direction with depth
(depth-veering) in the upper layers of the water column. As a result, the net exchange is less
than half of that observed during early winter. Furthermore, particle tracking revealed that the
exchange is more local, affecting only the Grand Lac waters in the immediate vicinity of the
confluence. Even more striking was that no upwelling of hypolimnetic Grand Lac water into

the Petit Lac occurred.
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The present analysis demonstrates that the extent to which wind-induced interbasin exchange
can contribute to deepwater renewal in the Grand Lac basin strongly depends on the
stratification dynamics of the Petit Lac basin. Climate change-induced warming is expected to
reduce the efficiency of convective cooling in Lake Geneva, resulting not only in less frequent
complete overturning, but also in a shallower thermocline depth (e.g., Perroud and Goyette
2012; Schwefel et al. 2016). Likewise, globally higher epilimnion-hypolimnion temperature
differences and stronger and longer stratification periods in lakes have been recorded (Arvola
et al. 2010; Woolway et al. 2020). Therefore, prolonged winter stratification in the Petit Lac
will make interbasin upwelling an increasingly important process for deepwater renewal in the

deep hypolimnion of the Grand Lac as convective cooling weakens.

This study demonstrated that wind-induced interbasin exchange in Lake Geneva is a complex
3D process that is strongly affected by Coriolis force. This exchange appears to be a significant
deepwater renewal process in Lake Geneva, in particular, during early winter stratification con-
ditions. Such a deepwater renewal process can also be expected to play a key role in other multi-

basin lakes under comparable conditions.
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Table S4.1. Details of the mooring.

Depth [m] Instruments and settings

10 Seabird SBE-56, vertical spacing 1 m, sampling interval 5 s

65 Teledyne RDI Workhorse Sentinel (300 kHz): 29 bins of 2 m, 20 min
ensemble interval, 180 pings per ensemble

0 10 20 30 40 50 60
Fast [km]

Figure S4.1. Seeding area (red) in the Petit Lac basin of Lake Geneva where particles were
released during the particle tracking simulation.
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10 Mar 11:00

Figure S4.2. Snapshots of the two-dimensional (2D) COSMO wind field of a Vent wind
event lasting several days during (a) early and (b) late winter (see Figure 4.3 in the main
text). The normalized black arrows show the Vent wind direction (from the southwest) that
blows over most of the lake surface. The colorbar gives the wind speed. For clarity, not all
wind vectors are shown.
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Figure S4.3. Temperature profile taken by CIPEL at station SHL2 on 14 February 2019 (for
location, see Figure 4.1 in main text).
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Figure S4.4. Wind vectors (a, h) and mooring data (b-g, i-n) recorded from 8 to 11 December
2018 (a-g; left panels) and 9 to 12 March 2019 (h-n; right panels), respectively. The mooring
data panels from top to bottom show: absolute current velocity (b, i), depth-averaged tem-
perature (T) in the bottom-most 10 m (D is depth) (¢, j), “interbasin exchange velocity” (d,
k), as well as current velocity and direction at 6-m depth (e, 1), 26-m depth (f, m), and 10 m
above the bottom (g, n). Interbasin exchange velocities were obtained by projecting the ve-
locity vectors onto a vertical plane perpendicular to the confluence transect (Figure 4.1 in the
main text, red arrow). The colorbars give the magnitude of the absolute and interbasin ex-
change 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-direction corresponding to north (0°) and east (90°). Meteorological data
were recorded at the MeteoSwiss station in Nyon (Figure 4.1 in the main text, red circle).
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Figure S4.5. Modeled axial (black) and transversal (red) velocity components at the mooring
in the confluence center (blue cross in Figure 4.1 in the main text) during the initialization
(a, b) and adjustment (¢, d) phases, and when the circulation was fully developed (e, f), in
early winter (left panels) and late winter (right panels). The orientation of the axial and trans-
versal axes is shown in Figure 4.1 in the main text (red arrows). Date and time are indicated
in each panel.
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Figure S4.6. Depth-averaged modeled currents (0 — 20-m depth) averaged over the entire
Vent wind event in (a) early and (b) late winter in Lake Geneva. The normalized black arrows
show the current direction. The colorbar gives the absolute velocity. For clarity, not all cur-
rent vectors are shown.
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Figure S4.7. Mean modeled free surface elevation averaged over the entire Vent wind event
in (a) early and (b) late winter. The black contour line marks the zero crossing, i.e., the level
of the free surface before the wind started. The colorbars indicate the net surface elevation.
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Figure S4.8. Mean axial momentum budget terms at the confluence of the Petit Lac and
Grand Lac basins of Lake Geneva (for location, see Figure 4.1 in the main text) during early
winter, averaged over the entire Vent wind event (7 December 10:00 to 9 December 16:00).
The panels show: (a) net acceleration, (b) baroclinic pressure gradient, (¢) barotropic pressure
gradient, (d) Coriolis acceleration, (e) advection, and (f) friction. The unit of the values given
in the colorbars is m s2. Distance is given along the transect from the northern shore.
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Figure S4.9. Mean axial momentum budget terms at the confluence of the Petit Lac and
Grand Lac basins of Lake Geneva (for location, see Figure 4.1 in the main text) during late
winter, averaged over the entire Vent event (7 March 10:00 to 9 March 16:00). The panels
show: (a) net acceleration, (b) baroclinic pressure gradient, (c¢) barotropic pressure gradient,
(d) Coriolis acceleration, (e) advection, and (f) friction. The unit of the values given in the
colorbars is m s2. Distance is given along the transect from the northern shore.
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Figure S4.10. Current velocity (a) and direction (b) recorded at the mooring in the conflu-
ence center (Figure 4.1 in the main text, blue cross) during the Vent wind event in December
2018. The exact dates are given in the legend in (a). The dashed black lines mark the outflow
and inflow directions.
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5.1 Summary and conclusions

This thesis explored the dynamics and ecological implications of wind-induced coastal
upwelling and interbasin exchange processes in Lake Geneva during the weakly stratified win-
ter period. The combination of systematic field observation campaigns, 3D hydrodynamic mod-
eling, Lagrangian particle tracking, and model-based momentum budget analysis proved a pow-

erful toolset to address the complex, transient, and three-dimensional nature of these processes.

In chapter 2, it was demonstrated that frequently occurring, strong winds from the southwest
(local name: Venf) generate Ekman-type coastal upwelling at the central northern shore of Lake
Geneva. Field measurements during one such upwelling event in January 2018 showed that
hypolimnetic water from as deep as 200 m was brought into the shallow nearshore region and
advected downwind along the shore at high velocities (> 25 cm s™) for several days. At the
same time, several short-lived downwelling events, limited to a depth of ~50 m and caused by
small directional changes in the wind field over the lake, occurred. The 3D numerical model
well reproduced the observed upwelling dynamics. Model results indicated that the upwelled,
cold water spread over approximately 10% of the surface area of Lake Geneva’s main basin.
The deep origin of the upwelled waters, suggested by the field observations, was confirmed by
particle tracking based on the modeled current field. Furthermore, upwelled particles spent on
average 1 day, and up to 5 days near the surface, before descending back to around 150 to 200-

m depth after the wind subsided, spreading over a wide area in the deep hypolimnion.

In chapter 3, the southwesterly Vent winds causing coastal upwelling in the Grand Lac (chapter
2) were identified for the first time as drivers for frequent topographic upwelling between the
deep Grand Lac (max. depth 309 m) and shallow Petit Lac (max. depth 75 m) basins of Lake
Geneva during early winter, i.e., when the Petit Lac is weakly stratified. Under these conditions,
winds from the southwest (Vent) generate a two-layer flow, where the downwind surface drift
towards the Grand Lac is balanced by a hypolimnetic counterflow into the Petit Lac. Field
observations from December 2018 and modeling showed that the strong bottom currents carry
cold, hypolimnetic Grand Lac waters from below 150-m depth into the bottom layers of the
Petit Lac. Once upwelled, these waters are transported far into the Petit Lac (around 10 km,
i.e., ~ half its length) before finally, after the wind has subsided, draining back into the Grand
Lac hypolimnion. Particle tracking results suggest that the upwelled Grand Lac waters spend
on average several days in the Petit Lac. Low model-based gradient Richardson numbers and

significant temperature inversions in the Petit Lac hypolimnion and around the thermocline
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depth seen in CTD profiles suggest turbulent mixing between the upwelled Grand Lac and
surrounding Petit Lac waters. Furthermore, model results indicate a temporary doubling of the
Petit Lac hypolimnetic volume during the upwelling. At the same time, coastal upwelling oc-
curs at the northern shore of the Petit Lac. Here, particle tracking showed that waters from the
upper Grand Lac hypolimnion (down to 65-m depth) are first drawn into the Petit Lac by the
strong bottom currents discussed above, and subsequently upwell at its northern shore. This
type of coastal upwelling appears to be related to Coriolis force-induced veering of the upwelled

bottom currents, and is locally enhanced by basin topography.

The findings of chapters 2 and 3 illustrate that Vent wind-induced coastal upwelling and hypo-
limnetic upwelling between the two basins of Lake Geneva are frequently occurring processes
during winter that are strongly modified by Coriolis effects. They cause intense horizontal and
vertical exchange between the epilimnion and hypolimnion of Lake Geneva, with vertical ex-
cursions often exceeding 150 m, and thus can be important mechanisms for deepwater renewal
and horizontal and vertical nutrient recycling. Furthermore, these findings indicate that these
processes play a crucial role in the energy budget of the deep layers. In the light of global
warming and the associated weakening of wintertime convective mixing, the findings of chap-
ters 2 and 3 demonstrate that wind-induced coastal and interbasin upwelling could become in-
creasingly important for deepwater renewal in Lake Geneva, as well as in other deep (multi-
basin) lakes under favorable wind conditions. Furthermore, due to their complex, transient, and
three-dimensional nature, wind-induced coastal and interbasin upwelling processes cannot be
represented by one-dimensional models typically employed to predict climate change-induced
shifts, and thus merit further attention when assessing deepwater renewal and dynamics in large,

deep (multi-basin) lakes.

In chapter 4, the effect of stratification on the previously discussed Vent wind-induced inter-
basin upwelling (chapter 3) in Lake Geneva was investigated with field observations and 3D
numerical modeling. Early (weakly stratified) and late (fully-mixed) winter conditions in the
Petit Lac were considered under comparably strong Vent wind forcing. For early winter, it was
shown that the observed strong, steady bottom currents that carry deep, cold hypolimnetic
Grand Lac water into the Petit Lac (chapter 3) are driven by baroclinic pressure gradients
caused by upwind upwelling at the western end of the Grand Lac. The persistence of the latter
causes this bottom inflow to continue for more than one day after the wind has stopped, en-
hancing the total exchange between the basins considerably. Furthermore, Ekman transport due

to the downwind outflow in the epilimnion towards the Grand Lac induces a water level setup
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at the right (i.e., southern) shore of the Petit Lac. After an adjustment phase, the resulting ba-
rotropic pressure gradients largely balance the Coriolis acceleration acting on the outflow,
yielding a unidirectional net current structure in the upper layers that is aligned with the wind.
In late winter, on the other hand, with the thermocline below the Petit Lac depth, the upwind
upwelling in the western Grand Lac does not reach the Petit Lac bottom and baroclinicity does
therefore not enhance the interbasin exchange. As a result, exchange currents are considerably
weaker, with the currents in the upper layer showing a depth-veering structure due to Coriolis
effects, both resulting in a reduction of the net volume exchange between the basins by 50%
compared to early winter. More strikingly, deep hypolimnetic upwelling from the Grand Lac
into the Petit Lac (chapter 3) is suppressed altogether in late winter. It is important to note that
the Vent-induced late winter circulation in the Petit Lac resembles that of a steady, wind-driven
circulation in a rotating, fully-mixed, elongated basin with sloping boundaries and a depth
greater than one Ekman depth, as described in the literature (e.g., Winant 2004; Sanay and
Valle-Levinson 2005).

The reduced efficiency of wintertime convective cooling in Lake Geneva due to global warming
is expected to not only cause less frequent complete overturning, but also a shallower thermo-
cline depth during winter (e.g., Perroud and Goyette 2012; Schwefel et al. 2016). Likewise,
longer stratification periods in lakes have been recorded (e.g., Arvola et al. 2010). The findings
of chapter 4 suggest that, as convective cooling weakens due to climate change, prolonged win-
ter stratification in the Petit Lac will make wind-induced interbasin upwelling an increasingly
important process for deepwater renewal in Lake Geneva, as well as in other multi-basin lakes

under comparable conditions.

Finally, this thesis has demonstrated the potential of combining detailed field observations with
high-resolution 3D numerical modeling and Lagrangian particle tracking to untangle the dy-
namics of complex, transient, and three-dimensional hydrodynamic processes in large, deep

lakes.
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5.2 Future work

5.2.1  The role of wind-induced upwelling processes in energizing and mixing the deep hy-

polimnion layers in Lake Geneva

The effects of wind-induced interbasin and coastal upwelling processes on deepwater
dynamics in deep (multi-basin) lakes are manifold: On the one hand, as discussed in this thesis,
upwelling provides an efficient advective pathway for deep waters to come in contact and mix
with “fresher” surface waters, thus providing a direct means for aerating the deeper layers and
recycling nutrients. However, in lakes as deep as Lake Geneva (max. depth 309 m), only rare,
extreme winds can cause full upwelling of the bottom waters (Schladow et al. 2004), if at all.
On the other hand, lakes act as a continuum. Hence, strong, wind-induced upwelling events set
large parts of the water column in motion, thus potentially generating currents and shear even
in the lowest layers of the hypolimnion that are not upwelled to the surface. This appears to be
the case in Lake Geneva during Ekman-type coastal upwelling in winter, as indicated by the
near-bottom temperatures recorded by the Distributed Temperature Sensing (DTS) system in
January 2018 (Figure 2.5). During the coastal upwelling event discussed in chapter 2, near-
bottom temperatures recorded at 130-m depth decreased to values found at 270-m depth before
the upwelling, suggesting that, albeit not having reached the surface, even the deepest layers of
the lake were affected. Likewise, bimonthly CTD profiles taken at the deepest point of Lake
Geneva (309 m depth, Figure 2.1) by CIPEL often show well-mixed bottom layers with thick-

nesses of ~20 to 30 m after windy periods (Vent and Bise) during winter.

Furthermore, this thesis demonstrated that wind-induced upwelling processes in Lake Geneva
during winter frequently induce large isotherm displacements, with vertical excursions of 100
to 150 m. Upon relaxation of the wind, the upwelled thermocline “collapses” and baroclinic
motions such as standing and progressive internal waves are generated that can lead to hypo-
limnetic mixing in the bottom boundary layer (e.g., van Haren et al. 2020; Simoncelli et al.
2020) and interior of deep lakes (e.g., van Haren et al. 2020). Recently, Lemmin (2020) showed
that turbulent mixing in the deep hypolimnion of Lake Geneva during summer stratification

appears to be due to breaking internal waves and frictional decay of inertial motions.

Considering the frequent occurrence and large vertical thermocline displacements associated
with wind-induced coastal and interbasin upwelling events during winter, it appears likely that
these processes significantly contribute to the dynamics of the deep hypolimnion of Lake

Geneva. In this context, moored in situ measurements of temperature and current velocity
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profiles at different locations in the deep hypolimnion, combined with systematic CTD profiling
campaigns before and after strong Vent events, guided by 3D numerical modeling, would
provide valuable insights. Based on the findings of this thesis, the northwestern and
southwestern regions of the central 300 m deep plateau (Figure 1.2) appear to be the most
promising mooring sites, as this is where the observed upwelling processes are initiated (Figures

2.9 and 3.6).

5.2.2  Field observations of deepwater ventilation by wind-induced upwelling processes in

Lake Geneva

Recently, Lemmin (2020) showed that: (i) DO concentrations in the deep hypolimnion
of Lake Geneva show considerable spatial and temporal variability, and (ii) over the past 40
years, DO concentrations in the deepest part of the lake (309 m depth) increased every year
between December and March, even during years of incomplete convective overturning. These
patterns cannot be explained by convective vertical mixing, but instead must be due to 3D pro-
cesses such as density currents caused by differential cooling (Fer et al. 2002a; b), or regular

wind-induced coastal and interbasin upwelling processes, as discussed in this thesis.

The findings of this thesis provide the mechanistic framework for understanding how frequently
occurring wind-induced upwelling processes can contribute to deepwater renewal in Lake
Geneva during winter, and in other large, deep lakes under similar conditions. A rough, order-
of-magnitude estimation of the ventilation potential by Ekman-type costal upwelling was
provided using some characteristic numbers obtained from the 3D hydrodynamic model and
particle tracking results (chapter 2). However, detailed, systematic in situ DO measurements
are necessary to confirm the aeration of the deep hypolimnion layers by wind-induced

upwelling during winter.

5.2.3  The role of Bise winds in generating coastal upwelling in Lake Geneva

This thesis focused on upwelling processes induced by Vent winds coming from the
southwest, and their potential to contribute to deepwater renewal during winter. However, an-
other comparably strong and steady large-scale wind exists in the Lake Geneva region, namely
the Bise coming from the northeast and blowing over large parts of the central and western part

of the lake (Figure 1.2). Analogously to Vent winds, Bise winds might produce Ekman-type
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coastal upwelling at the southern shore of the central Grand Lac and thus contribute to deep-
water renewal and dynamics during winter. Moored field observations at the southern shore of
Lake Geneva (between the towns of Yvoire and Thonon-les-Bains, France), guided by careful
analysis of the 3D model results produced in this thesis (winters 2017/2018 and 2018/2019),
would help to answer the question to what extent Bise winds contribute to wintertime upwelling

and deepwater renewal in Lake Geneva.
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