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Abstract 

In large lakes, basin-scale gyres and submesoscale eddies, i.e., rotating coherent water 

masses, play a key role in spreading biochemical materials and energy throughout the basin, 

thereby significantly impacting water quality. Due to their transient and spatially heterogeneous 

nature, detailed field measurements of these flow features are challenging and thus scarce. 

However, such measurements are crucial to investigate the spatiotemporal extent and dynamics 

of basin-scale gyres and submesoscale eddies, assess ecological implications, and validate nu-

merical simulation results. 

Combining extensive field observations, three-dimensional (3D) numerical simulations, remote 

sensing data and statistical analyses, this thesis explores the dynamics of basin-scales gyres and 

submesoscale eddies in Lake Geneva, unraveling the implications for water quality hetero-

geneity and existing lake monitoring strategies. First, a novel framework is developed that per-

mits study the spatiotemporal characteristics of gyres/eddies during different seasons by allo-

wing efficient design of field sampling strategies with unprecedented precision in time and 

space. Building on this novel framework, the existence of submesoscale filaments caused by 

large-scale gyres is demonstrated for the first time in a lake. Then, the dynamics of pelagic 

upwelling within a cyclonic gyre in Lake Geneva are investigated. Finally, the spatial hetero-

geneity of water quality parameters caused by (sub)mesoscale flow features is revealed. 

Submesoscale filaments, well-documented in the ocean but poorly understood in lakes, are spa-

tially-elongated bands often observed within large-scale gyres/eddies. Submesoscale currents 

have horizontal scales of 0.1–10 km, lifetimes of hours to days, and are characterized by Rossby 

and Richardson numbers both of O(1). Measurements in Lake Geneva demonstrate that sub-

mesoscale, cold-water filaments are formed at the edges and in the center of cyclonic large-

scale gyres above the thermocline during summertime, confirming 3D numerical modeling re-

sults and remote sensing data.  

Field observations in Lake Geneva revealed that surprisingly intense submesoscale upwelling 

from the thermocline to the Surface Mixed Layer (SML) and even the lake surface occurred as 
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chimney-like structures of cold water within the SML, as confirmed by Advanced Very High-

Resolution Radiometer data. The potential impact of such pelagic upwelling on a long-term 

measurement station in the center of Lake Geneva suggests that caution should be exercised 

when relying on limited (in space and/or time) profile measurements for monitoring and quan-

tifying processes in large lakes. 

The role of mesoscale circulations in determining the spatial heterogeneity of water quality 

parameters remains poorly understood in large lakes. This thesis provides unparalleled evidence 

of dissolved oxygen (DO) variability caused by cyclonic gyres (CGs), anticyclonic gyres 

(AGs), submesoscale eddies, and filaments in both weak (fall) and strong (summer) thermal 

stratification conditions. In the presence of CGs, AGs, and submesoscale flows, significant la-

teral variations in DO, mixed layer depth, and metalimnion depth were observed. Such spatial 

variability of water quality parameters induced by (sub)mesoscale circulations challenges clas-

sical one-dimensional (1D) long-term monitoring programs for quantifying physical and biolo-

gical processes in large lakes. 

 

Keywords 

Lake Geneva, pelagic upwelling/downwelling, multi-scale circulations, gyre, submesoscale, fi-
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Zusammenfassung 

In grossen Seen spielen beckenweite und submesoskalige Wirbel, d. h. rotierende 

kohärente Wassermassen, eine Schlüsselrolle bei der Verteilung von biochemischen Stoffen 

und Energie im gesamten Seebecken. Aufgrund der instationären und räumlich heterogenen 

Natur solcher Prozesse sind detaillierte Feldmessungen selten. Letztere sind jedoch notwendig, 

um die räumlich-zeitliche Dynamik solcher Wirbel zu untersuchen, die ökologischen 

Auswirkungen zu bewerten und numerische Simulationen zu validieren 

Diese Dissertation kombiniert umfangreiche Feldmessungen, dreidimensionale (3D) 

numerische Simulationen, Fernerkundungsdaten und statistische Analysen, um die Dynamik 

von beckenweiten und submesoskaligen Wirbeln im Genfersee zu untersuchen und den Einfluss 

auf die Heterogenität der Wasserqualität sowie bestehende Strategien zur Überwachung des 

Sees zu entschlüsseln. Zunächst wird eine neue Methode entwickelt, welche es durch die 

effiziente und präzise Planung von Feldmessungen ermöglicht, räumlich-zeitliche Merkmale 

von Wirbeln während verschiedener Jahreszeiten zu untersuchen. Basierend darauf wird die 

Existenz von submesoskaligen Filamenten, verursacht durch grossräumige Wirbel, erstmals in 

einem See nachgewiesen. Danach wird die Dynamik des Auftriebs innerhalb eines zyklonalen 

Wirbels im Genfersee untersucht. Abschließend wird der Einfluss von (sub)mesoskalige 

Strömungen auf die räumliche Verteilung von Wasserqualitätsparametern aufgezeigt. 

Submesoskalige Filamente, in den Ozeanen gut dokumentiert, in Seen jedoch kaum erforscht, 

sind längliche Filamente, die oft in grossräumigen Wirbel vorkommen. Solche Strömungen 

haben eine Ausdehnung von 0,1-10 km, eine Lebensdauer von Stunden bis Tagen und sind 

durch Rossby- und Richardson-Zahlen um 1 gekennzeichnet. Messungen im Genfersee zeigen, 

dass sich im Sommer submesoskalige Kaltwasserfilamente an den Rändern und in der Mitte 

eines zyklonalen großräumigen Wirbels oberhalb der Sprungschicht bilden, in Einklang mit 3D 

Simulationsergebnissen und Fernerkundungsdaten. 

Messungen im Genfersee zeigten zudem einen überraschend starken submesoskaliger Auftrieb 

von der Sprungschicht zur Oberflächenschicht (engl.: SML) und sogar zur Seeoberfläche, in 

Form von schornsteinartigen Strukturen aus kaltem Wasser innerhalb der SML, was durch 

Advanced Very High-Resolution Radiometer (AVHRR) Daten bestätigt wurde. Die 

potenziellen Auswirkungen eines solchen Auftriebs auf eine Langzeitmessstation in der Mitte 

des Genfersees legen nahe, dass bei der Überwachung und Quantifizierung von Prozessen in 
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großen Seen Vorsicht geboten ist, wenn man sich lediglich auf räumlich/zeitlich begrenzte 

Profilmessungen bezieht.  

Die Rolle mesoskaliger Strömungen in der räumlichen Verteilung von 

Wasserqualitätsparametern in großen Seen ist kaum untersucht. Diese Dissertation liefert 

erstmals Beweise für die Variabilität von gelöstem Sauerstoff (engl.: DO), verursacht durch 

zyklonale Wirbel (ZWs), antizyklonale Wirbel (AWs), submesoskalige Wirbel und Filamente, 

sowohl bei schwacher (Herbst) als auch starker (Sommer) thermischer Schichtung. In 

Anwesenheit von ZWs, AWs und submesoskaligen Strömungen wurden signifikante laterale 

Variationen von DO, sowie Epilimnion- und Metalimniontiefe beobachtet. Eine solche 

räumliche Variabilität von Wasserqualitätsparametern durch (sub)mesoskalige Strömungen, 

stellt eine Herausforderung für klassische Punkt-/Profilmessungen zur Langzeitüberwachung 

physikalischer und biologischer Prozesse in großen Seen dar. 

 

Stichwörter 

Genfersee, pelagischer Auftrieb, mesoskalige Zirkulation, Wirbel, beckenweite Wirbel, sub-

mesoskalig, Filamente, 3D Modellierung, Lagrange-Partikelverfolgung, Wasserqualität, 

gelöster Sauerstoff. 
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1.1 Motivation 

Meso- and basin-scale transport and redistribution of nutrients, phytoplankton and 

contaminants exert a major influence on lake water quality (Ralph, 2002; Beletsky et al., 2003; 

Vinçon-Leite & Casenave, 2019). Meso- or basin-scale gyres are rotating coherent water 

masses that are prominent features of large lakes subject to the Coriolis force. Such lakes often 

exhibit a complex combination of counterclockwise (cyclonic) and clockwise (anticyclonic) 

gyres and eddies (Beletsky et al., 2013; Hui et al., 2021) in the northern hemisphere (opposite 

in the southern hemisphere). Moreover, gyres and eddies are known to dominate the kinetic 

energy of lake circulation and play a key role in the horizontal and vertical distribution of phys-

ical-chemical-biological parameters throughout the lake (Ishikawa et al., 2002; Ji & Jin, 2006). 

Although the ability of basin-scale gyres to cause strong lateral variability in mass transport on 

large scales has been documented, their potential to induce lateral variability in biogeochemical 

processes in large lakes has scarcely been investigated. Yet, such information is key to improve 

understanding of water quality parameter dynamics. 

Basin-scale cyclonic gyres are ubiquitous in most large northern hemisphere lakes 

(e.g., Csanady, 1973; Beletsky & Schwab, 2008; Laval et al., 2005); however, anticyclonic 

gyres can also be formed due to Ekman pumping driven by anticyclonic vorticity in surface 

winds (e.g., Beletsky et al., 2013). Coastal upwelling due to nearshore divergence in the surface 

layers has been extensively investigated in various lakes (e.g., Bell & Eadie, 1983; Boyarinov 

& Petrov, 1991; Plattner et al., 2006; Corman et al., 2010; Rowe et al. 2019; Flood et al., 2020). 

Pelagic upwelling in the center of cyclonic gyres, on the other hand, has received considerably 

less attention. However, understanding the dynamics of pelagic upwelling is important because 

it can rapidly transport nutrients upwards from the thermocline into the phototrophic zone, 

thereby affecting the bio-geo-chemical balance of lakes. At present, little is known about pe-

lagic upwelling because the associated processes cannot be captured by the low-resolution nu-

merical models typically used to investigate geostrophic processes, and high-resolution field 

observations are lacking. Therefore, in this thesis, high-resolution field measurements are com-

bined with three-dimensional (3D) numerical simulations and satellite imagery to investigate 

pelagic upwelling (downwelling) in the center of a cyclonic (anticyclonic) gyre in Lake Geneva 

under different stratification conditions.  
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In the ocean, high-resolution satellite images available since the 1980s, such as Syn-

thetic Aperture Radar (SAR), have revealed the existence of submesoscale filaments with large 

aspect ratios that are trapped within larger rotational structures, such as gyres and eddies (Munk 

et al., 2000; McWilliams, 2016). Within meso- or submesoscale eddies, filaments typically ap-

pear as elongated patches of water with different physical and chemical properties, such as 

temperature and salinity (Gula et al., 2014; Zhurbas et al., 2022). Based on SAR images, a 

plethora of thin filaments or stripes ~1 km wide and ~5 to 15 km long can be observed within 

basin-scale gyres in Lake Geneva (Figure 1.1; Hamze-Ziabari et al., 2022a). However, without 

verification by direct field measurements, high-resolution numerical modeling and SAR im-

agery can only indicate the likely presence of filamentous submesoscale structures. Combining 

remote sensing data, 3D hydrodynamic simulations and in situ measurements of temperature, 

Dissolved Oxygen (DO) and current velocities in Lake Geneva, this thesis aims to reveal 

whether submesoscale filaments actually exist in lakes and how they are linked to large-scale 

gyres. 

References to the existence and role of submesoscale filaments inside basin-scale cir-

culation are limited to ocean studies, and filaments have not yet been investigated in lakes 

(Hamze-Ziabari et al., 2022b). Submesoscale filaments and fronts play an important role in 

ocean biogeochemistry, affecting both lateral and vertical transport, as well as mixing (Kämpf 

& Chapman, 2016; Mangolte et al., 2022). Furthermore, filaments disperse and redistribute 

tracers, such as nutrients, phytoplankton, zooplankton larvae, temperature and salinity through 

lateral stirring (Mouriño et al., 2004; Lehahn et al., 2007; Mangolte et al., 2022). The time scale 

of such filaments is mostly of the order of days/weeks in ocean studies, which is comparable to 

the time scale associated with phytoplankton ecology (Lévy et al., 2018). Thus, filaments can 

be considered important contributors to ocean turbulence that interact strongly with biotic pro-

cesses (McGillicuddy, 2016; McWilliams, 2019). While the importance of oceanic filaments is 

undisputed, neither field observations nor numerical analyses have been conducted to date re-

garding the potential impact of submesoscale filaments on lake physical and biological pro-

cesses. Therefore, the main objective of this dissertation is to provide evidence of the complex 

interactions between submesoscale and mesoscale processes that lead to systematic lateral var-

iability of water quality parameters in large lakes. 
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Figure 1.1. Subset of ERS-1 SAR images of Lake Geneva acquired on (a) 18 September 1995, (b) 27 

August 2001, (c) 4 September 2004, and (d) 16 July 2005. R, V, and D are reference points marked in 

Figure 1.2. 
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1.2 Lake Geneva 

Often referred to as the birthplace of limnology (Forel, 1892), Lake Geneva (local 

name: Lac Léman) is the largest lake in Western Europe, with a total volume of ~89 km3 and a 

mean surface altitude of 372 m. It is crescent-shaped and located between Switzerland and 

France. Lake Geneva is composed of two basins: a narrow western basin called the Petit Lac 

(maximum depth 75 m) and a large eastern basin called the Grand Lac (mean depth 170 m, 

maximum depth 309 m) (Figure 1.2). It is a peri-alpine warm lake with a strong thermal strati-

fication during summer (Figure 1.3). The thermocline deepens during fall and winter to typi-

cally 100 to 200 m depth, with full-depth convective overturning only occurring during ex-

tremely cold winters.  

The topography surrounding the lake, namely, the Jura and Alp mountains, channels 

two strong pressure-gradient winds over most of the lake surface, the Vent, blowing from the 

southwest, and the Bise, from the northeast (Figure 1.2). These winds are generally uniform in 

space and fairly steady in strength for several days, with average wind speeds of ~5 to 15 m s−1 

(e.g., Lemmin et al., 2005; Lemmin & D’Adamo, 1996). The Vent and Bise winds are therefore 

the primary external forcing for the initiation of multiscale rotational flow fields (gyres and 

eddies; both cyclonic and anticyclonic). Their interaction with lake bathymetry and shore mor-

phology creates a “soup” of gyres, eddies, fronts, and filaments (Hamze-Ziabari et al., 2022b, 

c). 

During summer stratification, the width of the Grand Lac basin is more than twice the 

internal Rossby radius of deformation, 𝑎 = 𝑐𝑖 𝑓⁄ , where ci is the speed of long internal waves 

in the absence of rotation (ci = 45 cm s-1 in Lake Geneva in summer, Lemmin et al., 2005) and 

f  is the Coriolis parameter. This indicates that Coriolis force is important in the momentum 

balance, as documented in numerous observational and numerical studies (e.g., Bauer et al., 

1981; Bouffard & Lemmin, 2013; Cimatoribus et al., 2018, 2019; Lemmin, 2020; Lemmin et 

al., 2005; Reiss et al., 2020; Hamze-Ziabari et al., 2022c). Due to the Coriolis force, currents in 

the northern (southern) hemisphere are deflected rightward (leftward) perpendicular to the di-

rection of flow. Consequently, the Coriolis force exerts different effects on cyclonic and anti-

cyclonic circulations: a bowl-shaped thermocline forms at the center of an anticyclonic circu-

lation due to the convergence of the flow field, whereas divergence in the cyclonic flow fields 

forms dome-shaped thermoclines. 
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Figure 1.2. Lake Geneva and surrounding topography, adapted from a public domain satellite image 

(NASA World Wind, last accessed 31 December 2022) and bathymetry data from SwissTopo (last ac-

cessed 31 December 2022). The red dashed line delimits the two basins called Petit Lac and Grand Lac 

that compose Lake Geneva. Yellow circle: location of the SHL2 station, a long-term CIPEL monitoring 

station where physical and biological parameters are regularly measured. Red circle: location of the 

LéXPLORE platform. Green circle: location of the EPFL Buchillon meteorological station. The thick 

orange arrows indicate the direction of the two strong dominant winds, namely the Bise, coming from 

the northeast and the Vent, from the southwest. V, D and R are the deltas of the Venoge, the Dranse and 

the Rhône rivers, respectively. These markers will be used in the figures below as reference points. The 

colorbar indicates the water depth. 

https://worldwind.arc.nasa.gov/
https://www.swisstopo.admin.ch/
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Figure 1.3. (a) Thermal structure of the water column measured by CIPEL at SHL2 in 2021. (b) Typi-

cal temperature profile at the end of the summer period in Lake Geneva. 

1.3 Basin-scale Gyres or Mesoscale Eddies 

In most thermally stratified large lakes subject to Coriolis force, differential winds 

across the surface generate basin-scale gyres (Akitomo et al., 2009; Csanady, 1973; Lemmin & 

D’Adamo, 1996; Shimizu et al., 2007). Furthermore, in many large water bodies surrounded by 

complex terrain, a spatially variable wind field is one of the most important driving forces for 

the excitation of both horizontal and residual circulations (Nakayama et al., 2014). It was sug-

gested, for example, that wind stress curl played a significant role in forming cyclonic/anticy-

clonic circulations in many lakes, such as Lake Superior (Bennington et al., 2010), Lake Mich-

igan (Schwab & Beletsky, 2003), Lake Kinneret (Israel; Laval et al., 2003), Lake Tahoe (USA; 
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Rueda et al., 2005) and Lake Biwa (Japan; Shimizu et al., 2007). The wind field over Lake 

Geneva, which is also surrounded by a complex terrain (Figure 1.2), can vary spatially. The 

lake surface may experience both positive and negative wind stress curl in different areas as a 

result of such a variable wind field (Razmi et al., 2017). Under constant positive (negative) 

wind stress curl, divergent (convergent) Ekman transport can lead to the formation of cyclonic 

(anticyclonic) circulations.  

The interplay of vertical density stratification, Coriolis force, and irregularities in basin 

shape also affects the formation of gyres (Mortimer, 2004; Valerio et al., 2017). Moreover, 

recent numerical simulations have highlighted the role of baroclinicity induced by surface 

buoyancy gradients (due to surface heating and cooling), which can strengthen the large-scale 

circulation in the Great Lakes (Schwab & Beletsky, 2003; Bennington et al., 2010; Verburg et 

al., 2011; McKinney et al., 2012). Using a simple conceptual model, Csanady (1977) analyzed 

the combined effect of wind stress drift and differential heating in nearshore-offshore regions, 

where shallow nearshore regions warm faster than deeper mid-lake regions. In Lake Ontario, 

this combination produced a dome-shaped thermocline during summer. Baroclinic effects due 

to a dome-shaped thermocline can generate a pressure gradient between the mid-lake and near-

shore regions, which can contribute to the formation of cyclonic circulations (Beletsky et al., 

2013). 

In most thermally stratified lakes, a basin-scale cyclonic circulation is accompanied 

by a dome-shaped thermocline, with a shallower depth in the lake’s center than near the shores 

(Csanady, 1968, 1977). On the other hand, a bowl-shaped thermocline (i.e., deeper in the center 

of the lake and shallower in the nearshore) can be formed within an anticyclonic gyre (Beletsky 

et al., 2012). Upwelling and downwelling in the coastal and pelagic regions of lakes can signif-

icantly affect the functioning of the lake ecosystem (Corman et al., 2010; Ostrovsky & Sukenik, 

2008) by changing the physical (e.g., temperature, currents) and chemical (e.g., pollution, sa-

linity) conditions of the water column, and consequently, biological processes such as phyto-

plankton growth and bacterial life cycles (Lovecchio et al., 2022; Troitskaya et al., 2015). For 

example, the vertical motions associated with gyre dynamics can locally transport nutrients 

from the metalimnion and hypolimnion into the epilimnion layer (Figure 1.4), potentially cre-

ating hotspots of biological activity (Corman et al., 2010; Romanovsky & Shabunin, 2002; 

Troitskaya et al., 2015). 
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Numerical simulations of large-scale motions in Lake Geneva (e.g., Lemmin et al., 

2005; Umlauf & Lemmin, 2005; Perroud et al., 2009; Le Thi et al., 2012; Razmi et al., 2013; 

Cimatoribus et al., 2018, 2019; Baracchini et al., 2020a; Reiss et al., 2020) show that the Cori-

olis force is important in the force balance, and that gyres form. Although the existence of 

different gyre systems was suggested by these studies, none were confirmed with detailed field 

measurements. Based on limited long-term mooring data, Lemmin and D’Adamo (1996) sug-

gested the existence of a basin-scale gyre. Furthermore, the formation of smaller eddies in two 

embayments was observed, affected by the embayment geometry (Razmi et al., 2013) and by 

meteorological conditions (Razmi et al., 2017). Previous modeling studies in Lake Geneva sug-

gested that two basin-scale gyres located at the center of the deep Grand Lac basin drive most 

of the basin-scale circulation (Le Thi et al., 2012; Razmi et al., 2017), impacting lake bio-

chemical-physical interactions (Cotte & Vennemann, 2020). However, no field measurements 

were carried out to confirm the existence of the two-gyre pattern reported in these studies.  

 

Figure 1.4. Sketch of upward and downward motions of the thermocline caused by cyclonic and anti-

cyclonic circulations, respectively. Yellow arrows indicate flow convergence or divergence in the water 

column. 
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1.4 Submesoscale Dynamics 

In this thesis, the term “submesoscale” is defined based on flow dynamics, specifically 

referring to flows in which the relative vertical vorticities are comparable to the planetary vor-

ticity f, and which exhibit strong vertical shear. In submesoscale flows, the bulk Richardson 

number, 𝑅𝑖𝑏 = 𝑁2𝐻2 𝑈2⁄  and Rossby number, 𝑅𝑜𝑏 = 𝑈 𝑓𝐿⁄ , are both O(1) (Thomas et al., 

2008; Yu et al., 2019; Bracco et al., 2019; Chrysagi et al., 2021), with U being a characteristic 

speed, H and L vertical and horizontal length scales of the velocity field, respectively, and  f  

the Coriolis parameter. Assuming a thermal wind balance, the horizontal velocity scale is 

𝑈~𝑏𝑦𝐻/𝑓 and thus the gradient or balanced Richardson number can be estimated as 𝑅𝑖 =

𝑁2/((𝜕𝑢/𝜕𝑧)2 + (𝜕𝑣/𝜕𝑧)2) ≡ 𝑓2𝑁2/|𝛻ℎ𝑏|2 (Fox-Kemper et al., 2008; Thomas et al., 2008), 

with (u, v) being the (x, y) components of the horizontal velocity field, 𝑁 the buoyancy fre-

quency, 𝑏 = −𝑔𝜌/𝜌0 the buoyancy, g the magnitude of the gravitational acceleration and 𝜌 the 

density (subscripted 0 denotes reference density). Since 𝜔𝑧~𝑈/𝐿, the gradient Rossby number 

can be also defined as 𝑅𝑜 = 𝜔𝑧/𝑓, where 𝜔𝑧 is the vertical vorticity. 

Submesoscale currents are commonly observed in the surface mixed layer of oceans 

as density fronts, filaments, vortices, and topographic wakes with a lateral scale of O(0.1-10 

km) and a timescale of hours to days (McWilliams, 2019). Submesoscale filaments, typically 

manifested as elongated patches of different temperature/density within mesoscale rotational 

motions (e.g., gyres and eddies; Hamze-Ziabari et al., 2022b), are the focus of this thesis. Fron-

togenesis, that is, sharpening of horizontal density gradients, is instrumental in the dynamics of 

submesoscale filaments (Chrysagi et al., 2021). It results from horizontal confluent deformation 

flow that disrupts the geostrophic balance, triggering a secondary circulation (Figure 1.5). The 

same mechanism is involved in filamentogenesis (Gula et al., 2014), that is, filamentary inten-

sification (McWilliams et al., 2009). However, in the latter case, the horizontal large-scale de-

formation flow acts on isolated, elongated lateral density gradients (Figure 1.5). This leads to 

rapid narrowing of the filament width and produces a two-cell secondary circulation with 

stronger surface convergence and downwelling at its center (McWilliams et al., 2009, 2015; 

Chrysagi et al., 2021). As a consequence of the two-cell secondary circulation, the geostrophic 

and hydrostatic balances are restored by restratifying the flow (Figure 1.5). Frontogenesis or 

filamentogenesis can come into play when both large-scale straining flow (e.g., gyres) and lat-

eral buoyancy gradients are present (Gula et al., 2014; McWilliams et al., 2015). In Lake Ge-

neva, such buoyancy gradients can be produced by coastal or pelagic upwelling in nearshore or 
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offshore areas, respectively (e.g., Ekman-driven coastal upwelling, Reiss et al., 2020), and by 

differential cooling or heating during summertime.  

An implication of 𝑅𝑜𝑏~ 𝑅𝑖𝑏~ O(1) in the submesoscale regime is that the aspect ratio 

𝛼, defined as the ratio of the vertical length scale to horizontal length scale, scales as 𝑓/𝑁. 

Since 𝑓 =1.05×10-4 s-1 and N varies between 10-3 and 10-2 s-1 in Lake Geneva, 𝛼 is small (𝛼 ≪

1), implying that the hydrostatic assumption is valid in the submesoscale regime. Acknowledg-

ing this, in this thesis, the MITgcm code, which integrates the 3D Reynolds-Averaged Navier-

Stokes (RANS) equations on a sphere under the Boussinesq hydrostatic approximations (Mar-

shall et al., 1997) is employed to investigate the dynamics of submesoscale filaments. Origi-

nally developed for oceanography, the code has been successfully applied to lakes (Djoumna 

et al., 2014; Dorostkar et al., 2017; Dorostkar & Boegman, 2013). The model was previously 

calibrated to reproduce accurately seasonal thermal stratification, mean flow field, and internal 

seiches in Lake Geneva (Cimatoribus et al., 2019). Furthermore, it was successfully employed 

to study nearshore currents, coastal upwelling, inter-basin exchange and river plume dynamics 

in Lake Geneva (Cimatoribus et al., 2018, 2019; Reiss et al., 2020; Reiss et al., 2022; Soulignac 

et al., 2021). Additionally, the model has been applied to characterize basin- and mesoscale 

rotational flows, as well as submesoscale currents in Lake Geneva (Hamze-Ziabari et al., 2022a, 

b, c; Foroughan et al., 2022b). 

 

Figure 1.5. Sketch of filamentogenesis, i.e., dual frontogenesis, caused by large-scale deformation flow 

on a dense filament (winding blue band) located in the “light” (lower density) surface mixed layer 

(SML). Small blue arrows indicate secondary circulation associated with the dense filament. 
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1.5 Synthetic Aperture Radar (SAR) 

SAR imagery provides a 2D high-resolution picture of surface roughness over large 

lakes or oceans from which new insights into mesoscale/submesoscale processes can be ob-

tained (Hamze-Ziabari et al., 2022a). An example of SAR imagery for manifesting sub-

mesoscale processes associated with basin-scale gyres or mesoscale eddies in Lake Geneva is 

presented in Figure 1.6a. Gyres or eddies appear as radar-dark filaments wound into spirals 

(Munk et al., 2000). Figures 1.6b, c show the simulated horizontal temperature gradients within 

a large (counterclockwise) gyre located in the center of Lake Geneva on 27 October 2019. This 

gyre exhibits numerous filamentary patterns that are particularly well-developed in its center 

and at its edges. Filamentous patterns appear mostly dark, signifying low radar backscatter or 

a smooth surface. In ocean studies, such patterns are referred to as “black” or “classical” eddies 

(Munk et al., 2000; Karimova, 2012). These smooth-surface patterns manifest due to the exist-

ence of surfactant films or slicks, which alter water surface tension by suppressing short wind 

waves and thereby reduce the radar backscatter cross-section. Surfactants are often trapped and 

concentrated in the filamentous structures inside eddies and thus manifest the submesoscale 

filaments in SAR images (Yamaguchi & Kawamura, 2009). 

The number of submesoscale current studies has steadily grown over the past two dec-

ades and Lagrangian methods, such as particle tracking, are increasingly being used to study 

surface material transport occurring within submesoscale and mesoscale flow structures (Choi 

et al., 2017; Freilich & Mahadevan, 2021; Aravind et al., 2023). Building on 3D hydrodynamic 

model results, particle tracking can reveal preferential lateral and vertical transport pathways 

of fluid parcels. This thesis adopts the particle tracking algorithm proposed by Döös et al. 

(2013). Here, particle tracking is used to reveal the spatial transport patterns due to sub-

mesoscale filaments and the associated secondary circulations, highlighting their role in accu-

mulating surface materials and creating vertical pathways for the exchange between the surface 

and deeper layers. Figure 1.6d shows an example of a particle tracking simulation on October 

27, 2019, revealing an accumulation of particles inside the filamentous structures within eddies 

and gyres observed in the SAR image.  

The SAR dataset used in this thesis was obtained from the Sentinel-1A and Sentinel-

1B satellites. These satellites are part of the European Space Agency’s (ESA) Copernicus pro-

gram that provides C-band SAR observations. Existing studies on mesoscale/submesoscale pro-
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cesses in large lakes are limited to a few measurement points, and thus cannot realistically cap-

ture the complex lake hydrodynamics and related biological processes. However, such features 

are evident in SAR images because of the very high spatial resolution (a few meters) compared 

to the coarser resolution of existing field observations or numerical simulations (Hamze-Ziabari 

et al. 2022a). The submesoscale patterns revealed by SAR imagery can be indicative of isolated 

water masses and hotspots for the aggregation of both biotic organisms and contaminants. How-

ever, it should be noted that several atmospheric processes, such as small-scale inhomogeneities 

of the near-surface wind field, wind shading, atmospheric convection, atmospheric gravity 

waves and precipitation can influence the patterns observed in SAR imagery. Therefore, in this 

thesis, a combined multidisciplinary approach based on in situ observations, remote sensing 

and numerical modelling is employed, allowing an informed interpretation of the submesoscale 

filamentary patterns observed in SAR imagery. 

 

Figure 1.6. (a) Subset of a Sentinel-1B SAR-C image acquired on 27 October 2019 at 17:23 UTC. 

Results (2-m depth) from a high-resolution, 3D numerical simulation on 27 October 2019 at 17:00 UTC: 

(b) velocity field and (c) magnitude of the horizontal temperature gradient. (d) Results of a forward 

particle tracking simulation at 1-m depth on 27 October 2019 at 17:00 UTC. Particles were continually 

released every hour at all possible grid points in the top 2 m of the water column throughout the deep 

pelagic areas (> 100-m depth) of the Grand Lac basin during 24 h before 17:00 UTC. V and D are 

reference points marked in Figure 1.2. 
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1.6 Dissertation Roadmap 

This dissertation investigates the importance of 3D processes caused by the interplay 

between mesoscale circulations and the associated submesoscale processes in large lakes in 

driving complex spatial heterogeneity of water quality parameters. Extensive field observations 

are combined with 3D hydrodynamic modeling, Lagrangian particle tracking, remote sensing 

imagery and statistical analyses to explore the dynamics of basin-scale gyres, mesoscale eddies 

and submesoscale filaments in Lake Geneva. Furthermore, the role of submesoscale filaments 

in re-stratifying the surface mixed layer (SML) and driving DO variability is investigated. 

This dissertation is structured as follows: 

Chapter 2 focuses on the spatial and temporal extent of gyres and eddies, their dynamics and 

vertical structure, as well as validation of numerical simulation results. A procedure combining 

high-resolution 3D numerical simulations, the Okubo-Weiss (OW) parameter, remote sensing 

and Empirical Orthogonal Function (EOF) analysis is proposed to provide direct evidence of 

the existence of cyclonic (counterclockwise) and anticyclonic (clockwise) basin-scale gyres and 

meso-scale eddies in large lakes. Its feasibility and robustness are assessed and confirmed by 

field measurements taken in Lake Geneva. 

Chapter 3 is dedicated to the application of Sentinel-1 SAR satellite imagery for detecting 

gyres/eddies and the associated submesoscale patterns. Comparing SAR images with realistic 

high-resolution numerical model results and in situ observations allowed identification of dis-

tinct signatures of mesoscale gyres, revealed through submesoscale current patterns. The unique 

combination of simultaneous SAR imagery, 3D numerical simulations and field observations 

confirmed that SAR imagery can provide valuable insights into the spatial patterns of thus far 

unresolved mesoscale and submesoscale processes in lakes.  

Chapter 4 provides the first empirical evidence that submesoscale filaments exist in lakes. 

Submesoscale, cold-water filaments were measured at the edges and in the center of a counter-

clockwise rotating large-scale gyre during summertime, as indicated by 3D numerical simula-

tion results and remote sensing. 3D numerical modeling showed that filaments are a frequent, 

persistent feature of gyres in Lake Geneva.  

Chapter 5 investigates for the first time in oceans or lakes the role of submesoscale filaments 

in re-stratifying the SML by combining extensive field observations, high-resolution 3D nu-

merical simulations, and Lagrangian particle-tracking. In a novel approach, particle tracking is 
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used to investigate the dynamics of the secondary circulation associated with submesoscale 

filaments and how it is linked to the re-stratification of the adjacent water columns. The spatial 

variability of the stratification strength, vertical velocities and DO induced by the secondary 

circulation near cold filaments is further investigated. 

Chapter 6 provides spatially detailed in situ measurements of temperature and velocity profiles 

accompanied by high-resolution 3D numerical modeling and remote sensing (AVHRR) im-

agery to capture the cyclonic circulation and associated intense upwelling during both the 

strongly and weakly stratified seasons. It is demonstrated that a newly discovered type of sub-

mesoscale pelagic upwelling that has a chimney-like structure occurs regularly in the center of 

Lake Geneva. The potential impact of such pelagic upwelling on long-term observations at a 

measurement station in the center of Lake Geneva indicates that caution should be exercised 

when relying on limited profile measurements for monitoring and quantifying processes in large 

lakes. 

Chapter 7 focuses on the role mesoscale and submesoscale circulations play in the lateral var-

iability of water quality parameters in Lake Geneva. 3D numerical modeling and field meas-

urements are employed to determine how mesoscale circulations can affect the lateral distribu-

tion of DO and the vertical thermal structure under strong (summer) and weak (fall) thermal 

stratification. 

Finally, Chapter 8 brings together the key findings of this dissertation and outlines possible 

future research questions. 

This dissertation is based on six manuscripts (Chapters 2 to 7) that are published or (will be) 

submitted to peer-reviewed journals. Therefore, the content of the chapters may be in part re-

petitive. 
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Abstract 

In large lakes subject to the Coriolis force, basin-scale gyres and mesoscale eddies, 

i.e., rotating coherent water masses, play a key role in spreading biochemical materials and 

energy throughout the lake. In order to assess the spatial and temporal extent of gyres and 

eddies, their dynamics and vertical structure, as well as to validate their prediction in numerical 

simulation results, detailed transect field observations are needed. However, at present it is 

difficult to forecast when and where such transect field observations should be taken. To over-

come this problem, a novel procedure combining 3D numerical simulations, statistical anal-

yses, and remote sensing data was developed that permits determination of the spatial and tem-

poral patterns of basin-scale gyres during different seasons. The proposed gyre identification 

procedure consists of four steps: (i) data pre-processing, (ii) extracting dominant patterns using 

Empirical Orthogonal Function (EOF) analysis of Okubo-Weiss parameter fields, (iii) defining 

the 3D structure of the gyre, and (iv) finding the correlation between the dominant gyre pattern 

and environmental forcing. The efficiency and robustness of the proposed procedure was vali-

dated in Lake Geneva. For the first time in a lake, detailed field evidence of the existence of 

basin-scale gyres and (sub)mesoscale eddies was provided by data collected along transects 

whose locations were predetermined by the proposed procedure. The close correspondence 

between field observations and detailed numerical results further confirmed the validity of the 

model for capturing large-scale current circulations as well as (sub)mesoscale eddies. The re-

sults also indicated that the horizontal gyre motion is mainly determined by wind stress, 

whereas the vertical current structure, which is influenced by the gyre flow field, primarily 

depends on thermocline depth and strength. The procedure can be applied to other large lakes 

and can be extended to the interaction of biological-chemical-physical processes.

 

2.1 Introduction 

Pressure on large lakes, as major freshwater resources, is increasing due to a combi-

nation of changing climate and human activities. To a large extent, lake water quality is con-

trolled by the pathways along which nutrients, phytoplankton and contaminants are trans-

ported/redistributed on meso- or basin-scales (Mahadevan, 2016; Ralph, 2002); in this context, 

gyres and eddies play an important role. Basin-scale gyres are usually restricted in the vertical 
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by the thermocline depth (Ishikawa et al., 2002; Ji & Jin, 2006), which is also subject to high 

spatial and temporal variability due to the presence of mesoscale or submesoscale circulations 

(Nõges & Kangro, 2005; Ostrovsky & Sukenik, 2008; Corman et al., 2010). 

Understanding gyre dynamics in large lakes has mainly been advanced by Csanady’s 

theoretical analyses (Csanady, 1973, 1975). Wind forcing (the primary driver), the Earth’s ro-

tation (Coriolis force) and lakebed morphology are the main controlling parameters (Birchfield, 

1967; Rao & Murty, 1970; Csanady, 1973; Pickett & Rao, 1977; Rueda et al., 2005; Shimizu 

et al., 2007; Nakayama et al., 2014). In order to provide and accumulate enough energy to 

generate basin-scale circulations such as gyres, wind with a relatively constant direction must 

blow over most of the water surface for a certain time (Csanady, 1975). It has been shown that 

in the Laurentian Great Lakes in North America, a downwind flow in shallower nearshore 

regions and an upwind return flow in the deeper part of a lake basin enhance the formation of 

such circulation cells. Stratification and the width of downwind flow, which is also known as 

a “coastal jet,” will increase and confine the flow to the surface layer (Bennett, 1974). However, 

these studies were conducted under simplified boundary conditions, using bathymetry and at-

mospheric forcing data with limited resolution. 

Theoretical studies have indicated that the response of a depth-variable lake to a strong 

uniform wind often leads to the formation of two counter-rotating gyres, also known as a 

double-gyre or dipole (Csanady, 1973; Bennett, 1974; Shilo et al., 2007), as was confirmed by 

early numerical simulations (Simons, 1980). With increased computational power, three-di-

mensional (3D) hydrodynamic models with higher accuracy, stability and resolution have since 

been developed and have significantly contributed to the understanding of lake circulation, 

especially that driven by wind (e.g., Beletsky et al., 1999; Laval et al., 2005; Beletsky & 

Schwab, 2008; Bai et al., 2013; Mao & Xia, 2020; Baracchini et al., 2020b; Lin et al. 2022; 

Wu et al. 2022). Recent numerical simulations have also highlighted the role of baroclinicity 

induced by gradients of surface buoyancy (mainly surface heating and cooling), which can 

enhance the large-scale circulation in the Great Lakes (Schwab & Beletsky, 2003; Bennington 

et al., 2010; Verburg et al., 2011; McKinney et al., 2012). 

Based on long-term current data of the Laurentian Great Lakes from a limited number 

of moorings, Beletsky et al. (1999) suggested that during the non-stratified season, a single 
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counterclockwise rotating gyre exists in larger lakes (Lake Huron, Lake Michigan, Lake Supe-

rior), whereas a two-gyre pattern is established in smaller ones (Lake Ontario, Lake Erie). 

Stratification can modify this pattern. A two-gyre pattern was also observed in Lake Okeecho-

bee (USA), a shallow (3.2 m mean depth) large lake (Ji & Jin, 2006). In Lake Biwa (Japan), 

topography, stratification and non-linearity were found to affect gyre development and could 

result in a three-gyre pattern (Akitomo et al., 2004). Determining the direct influence of atmos-

pheric forcing on individual large-scale current systems in large lakes is challenging due to the 

complexity and potential range of hydrodynamic responses. 

In parallel to increased computational capacity, high-resolution satellite images allow 

direct observations of gyres and mesoscale and submesoscale eddies (Steissberg et al., 2005; 

Zhan et al., 2014). In particular, Synthetic Aperture Radar (SAR) imagery can detect and char-

acterize eddies in oceans (e.g., Johannessen et al., 1996; DiGiacomo & Holt, 2001; Marmorino 

et al., 2010; Qazi et al., 2014). Although small coastal cyclonic eddies have been identified in 

Lake Superior with SAR imagery (McKinney et al., 2012), it has yet to be used to detect basin-

scale gyres in lakes. 

Numerical simulations of large-scale motions in Lake Geneva (e.g., Lemmin et al., 

2005; Umlauf & Lemmin, 2005; Perroud et al., 2009; Le Thi et al., 2012; Razmi et al., 2013; 

Cimatoribus et al., 2018, 2019; Baracchini et al., 2020a; Reiss et al., 2020) show that the Cor-

iolis force is important in the force balance, and that gyres form. Although the existence of 

different gyre systems was suggested by these studies, none were confirmed with detailed field 

measurements. Based on long-term mooring data, albeit limited, Lemmin & D’Adamo (1996) 

suggested the existence of a basin-scale gyre. The formation of smaller scale eddies in two 

embayments was observed, affected by the embayment geometry (Razmi et al., 2013) and by 

meteorological conditions (Razmi et al., 2017). 

In previous studies, numerical modeling results and observations from moored current 

meters were analyzed for the presence of large-scale gyres mainly by studying individual 

events. However, since field observations in large lakes are generally sparse in time and space, 

often limited to a few moorings, they cannot provide a detailed description of large-scale gyre 

patterns (Beletsky et al., 2013; Hui et al., 2021) and, in particular, determine whether these 

patterns are “typical” and thus important in the long-term development of the lake flow system. 

Therefore, in order to improve the understanding of the general circulation in large lakes, an 
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algorithm that allows identifying and tracking basin-scale and mesoscale water mass 

movements in a lake is needed. In oceanography, one of the most popular methods to identify 

and track eddies from Sea Level Anomaly maps and numerical modeling results is based on 

the Okubo-Weiss (OW) parameter (e.g., Isern-Fontanet et al., 2004; Xiu et al., 2010; Chang & 

Oey, 2014). The OW parameter allows separation of flow fields into vorticity-dominated re-

gions (gyres and eddies) and strain-dominated regions (the ambient flow field) (Okubo, 1970; 

Weiss, 1991). 

In the present study, we propose a novel procedure combining high-resolution 3D hy-

drodynamic model results from Lake Geneva with the OW parameter and Empirical Orthogo-

nal Function (EOF) analysis to attain the following objectives: 

• To detect large-scale coherent flow features in large lakes, in particular large-

scale gyres and mesoscale eddies. 

• To design strategies for field campaigns that can confirm the existence of these 

features and thus, for the first time, provide unambiguous detailed field evidence 

of basin-scale gyres and mesoscale eddies in lakes. 

• To identify links between atmospheric forcing patterns and the dominant varia-

bility of basin-scale flow systems that can help to predict the occurrence and the 

lifetime of the dominant flow patterns. 

The Supplementary Information (SI) section provides additional figures, tables, etc., 

denoted with prefix S. 

2.2 Materials and Methods 

2.2.1 Study Site 

Lake Geneva (Lac Léman), the largest lake in Western Europe, is a crescent-shaped 

pre-alpine lake, situated between Switzerland and France (Figure 2.1). It is composed of a large 

eastern basin, the Grand Lac, with a maximum depth of 309 m and a western shallow and 

narrow basin, the Petit Lac, with a maximum depth of nearly 70 m. The lake is approximately 

70-km long along its main axis, has a maximum width of 14 km, a surface area of 580 km2 and 

a volume of 89 km3. The lake is located between the Alps to the south and east, and the Jura to 

the northwest. Two strong, dominant wind fields, namely the Bise (coming from the northeast) 
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and the Vent (coming from the southwest), are guided by the surrounding topography (Wanner 

and Furger, 1990; Lemmin and D’Adamo, 1996). The central and western parts of the lake can 

experience strong wind events, which may last from several hours to several days. The eastern 

part of the lake is sheltered from strong wind events by the surrounding high mountains (Ra-

haghi et al., 2018; Lemmin, 2020). 

The Coriolis force plays an important role in the formation of gyres since the width of 

the lake is much larger than the internal Rossby radius of deformation; the typical range of the 

Rossby radius for Lake Geneva is O(5 km) during strongly stratified seasons, and O(1 km) 

during weakly stratified seasons (Lemmin & D’Adamo, 1996; Cimatoribus et al., 2018). Nu-

merical simulations show that basin-scale gyres in Lake Geneva can rotate clockwise (anticy-

clonic) or counterclockwise (cyclonic) due to the surrounding topography and the two domi-

nant wind fields, Bise and Vent (Figure 2.1a) (Razmi et al., 2017; Cimatoribus et al., 2018, 

2019). 

Lake Geneva is well suited for studying gyre dynamics and testing the new procedure 

since it exhibits the full range of hydrodynamic complexity expected in a large, oligomictic 

lake with a strong summer and weak winter stratification; full convective mixing only occurs 

during exceptionally cold winters. Furthermore, all background data needed for the develop-

ment of this procedure are available in the public domain. 
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Figure 2.1. (a) Lake Geneva and surrounding topography, adapted from a public domain satellite im-

age (NASA World Wind, last accessed 29 October 2022) and bathymetry data from SwissTopo (last 

accessed 29 October 2022). The colorbar indicates the water depth. SHL2 (yellow cross) is a long-

term CIPEL monitoring station where data on physical and biological parameters are measured. The 

red square shows the location of the EPFL Buchillon meteorological station (100-m offshore). The 

black dashed line approximately delimits the two basins of Lake Geneva called the Petit Lac (west) 

and the Grand Lac (east). The thick red arrows indicate the direction of the two strong dominant 

winds, called the Bise (coming from the northeast) and the Vent (coming from the southwest). (b) A 

https://worldwind.arc.nasa.gov/
https://www.swisstopo.admin.ch/
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schematic view of transects (T) selected for the different field campaigns in this study (for details, see 

text, and Table S2.1 in the Supplementary Information (SI) section). The background satellite image 

is taken from Sentinel-1A. 

2.2.2 Hydrodynamic Modeling 

In this study, MITgcm (Marshall et al., 1997), which solves the 3D Boussinesq, hy-

drostatic Navier-Stokes equations (including the Coriolis force), was used in a series of numer-

ical simulations for Lake Geneva for 2018 and 2019, based on the validated model setup of 

Cimatoribus et al. (2018). The model was forced by meteorological data (wind fields, atmos-

pheric temperature, humidity, solar radiation) extracted from the COnsortium for Small-scale 

MOdeling (COSMO) atmospheric model of MeteoSwiss (last accessed 6 June 2021) (Voudouri 

et al., 2017). COSMO data will also be used in the Empirical Orthogonal Function (EOF) anal-

ysis. The first modeling step was a Low Resolution (LR) model (horizontal resolution 173 to 

260 m, 35 depth layers, integration time step 20 s), which was initialized from rest using the 

temperature profile from CIPEL station SHL2 (CIPEL, 2019) measured on 25 October 2017 

and 19 December 2018, respectively (calm weather conditions prevailed on both dates). For 

each run, the LR model spin up was ~180 d. The 3D interpolated results of the LR modeling 

were then used to initialize the High Resolution (HR) version of the model (horizontal resolu-

tion 113 m and 50 depth layers, with layer thicknesses ranging from 0.30 m at the surface to 

approximately 12 m for the deepest layer, integration time step of 6 s). For each year, the HR 

model was run for two seasons: under weakly stratified conditions (November-April) and under 

strongly stratified conditions (May-October). 

The model’s capability to realistically reproduce stratification, mean flow, and inter-

nal seiche variability in Lake Geneva was demonstrated by Cimatoribus et al. (2018, 2019). To 

further assess the model’s ability to reproduce seasonal stratification, a separate validation was 

carried out in the present study using temperature profiles measured in 2019 at SHL2 (Figure 

S2.1), located at the center of the Grand Lac (Figure 2.1a). 

2.2.3 Transect Field Measurements 

Based on the proposed procedure, six transects were selected in different parts of the 

Grand Lac (Figure 2.1b), i.e., one transect in the eastern part, and five in the central and western 

parts (details below). The large-scale gyre in the central part of the Grand Lac was the main 

focus of the transect field measurements due to its importance and persistence. Along each 

http://www.cosmo-model.org/content/tasks/operational/meteoSwiss/default.htm
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transect, ten profiles of current velocity spaced 1-km apart were measured, each for at least 5-

10 min using an Acoustic Doppler Current Profiler (ADCP, Teledyne Marine Workhorse Sen-

tinel) with the transducer located at 0.5-m depth. The ADCP was equipped with a bottom-

tracking module, was set up for 100 1-m bins (blanking distance of 2 m), and operated in high-

resolution processing mode. Tilt and heading angles were derived from sensors located inside 

the instrument. Vertical profiles of water temperature were measured with a Sea and Sun Ma-

rine Tech CTD75M multi-parameter probe at predefined points during the field campaigns. 

The Conductivity Temperature Depth (CTD) probe was lowered at a speed of ~10 cm s-1. It 

recorded data at 7 Hz, thus providing a sampling resolution of ~1.5 cm. 

2.2.4 SAR Remote Sensing 

Synthetic Aperture Radar (SAR) is frequently used to detect oceanic surface features 

under light wind conditions (Johannessen et al., 1996; Wang et al., 2019). The main advantages 

of SAR imagery are that: (i) it functions day and night under all weather conditions, (ii) it has 

high sensitivity to small scale variability of the water surface, and (iii) it provides high resolu-

tion images. The patterns observed in SAR images are due to the change of water surface 

roughness, which is influenced by wave/current interactions, natural surface films and spatial 

variations of the local wind field (Johannessen et al., 2005). Gyres or eddies in SAR images 

are indicated by dark spiral features called “black” or “classical” eddies (Karimova, 2012; 

Hamze-Ziabari et al., 2022a). More details are given in Text S2.1 in SI. For the present study, 

C-band SAR data were obtained from the European Space Agency’s (ESA) Sentinel-1A and 

Sentinel-1B satellites. The co-polarized VV (Vertical transmit, Vertical receive SAR polariza-

tion) data were used because noise restricts the application of VH (Vertical transmit, Horizontal 

receive SAR polarization) data (Gao et al., 2019). The spatial resolution of SAR data varies 

between 5 and 20 m for a ground sampling distance of 10 m. 

2.2.5 Okubo-Weiss Parameter and Empirical Orthogonal Functions 

The Okubo-Weiss (OW) parameter describes the local strain-vorticity balance in the 

horizontal flow field of a shallow fluid layer. It allows separating vorticity-dominated regions 

associated with basin-scale gyres or mesoscale eddies from strain-dominated ambient regions 

(Okubo, 1970; Weiss, 1991) and can be written as: 

OW = 𝑆𝑛
2 + 𝑆𝑠

2 − 𝜔𝑧
2 (2.1) 
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where Sn is the normal component of strain, Ss is the shear component of strain and ωz is the 

relative vorticity of the flow, defined by, respectively: 

𝑆𝑛 =
𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑦
 (2.2) 

 𝑆𝑠 =
𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
 (2.3) 

𝜔𝑧 =
𝜕𝑣

𝜕𝑥
−

𝜕𝑢

𝜕𝑦
 (2.4) 

where (u,v) are Cartesian components of the horizontal flow field. Positive OW values relate 

to strain-dominated regions, whereas negative OW values identify vorticity-dominated regions. 

For a given data set, Empirical Orthogonal Function (EOF) analysis identifies the 

main spatial patterns (E) and their temporal evolution (P) (Wang & An, 2005). Hourly-aver-

aged OW values derived from numerical simulations were decomposed into the basis function 

𝐸OW
𝑘 (𝑋) and the principal component coefficient 𝑃OW

𝑘 (𝑡) as: 

OW(𝑋, 𝑡) = ∑ 𝐸OW
𝑘 (𝑋)𝑃OW

𝑘 (𝑡)

𝑁

𝑘=1

 (2.5) 

where k is the EOF mode, which varies from 1 to the maximum N, X = (x,y) is the position 

under consideration and t is time. The 𝐸OW
𝑘 (𝑋) modes identify the spatial patterns of the OW 

parameter. The time evolution of each 𝐸OW
𝑘 (𝑋) mode can be obtained from the time series of 

principal component coefficients, indicated as 𝑃OW
𝑘 (𝑡). 

2.3 Procedure for Detecting Gyres 

The Supplementary Information (SI) section provides additional figures, tables, etc., 

denoted with prefix S. The proposed gyre identification procedure consists of four steps (Figure 

2.2): (i) data pre-processing, (ii) extracting dominant patterns using EOF analysis of OW fields, 

(iii) defining the 3D structure of the gyre, and (iv) finding the correlation between the dominant 

gyre pattern and environmental forcing. 

In step (i), the OW values are computed for selected time windows using the horizon-

tal velocity fields (u,v) generated by the 3D numerical modeling. Vorticity-dominated and 

strain-dominated regions can be identified from OW values, and can then, in step (ii), be used 

to locate and characterize the gyre flow field, in particular, gyre centers and the outer limits of 
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gyres, located where vorticity and strain are approximately in balance. This is further sup-

ported/confirmed by patterns detected in SAR images. This OW/EOF analysis is repeated for 

several depths in step (iii) to verify that this surface pattern documents a gyre extending over 

the upper layers, with its depth limited by the thermocline. Step (iv) links the observed domi-

nant OW pattern to the forcing that generated it, thereby identifying forcing patterns, mainly 

wind events, preceding the formation of gyre patterns. Scrutinizing actual meteorological data 

for such forcing patterns will then allow planning when and where to take detailed transect 

field measurements of the gyre pattern in the lake. 

2.3.1 Detection of the Core of a Gyre or Eddy 

The separation of the OW field in terms of its sign can be used to detect cores of 

complex fluid flows (McWilliams, 1984; Elhmaïdi et al., 1993). These cores are characterized 

by negative OW values below a given (negative) threshold, OWT (Pasquero et al., 2001; Isern-

Fontanet et al., 2006; Henson & Thomas, 2008; Liu et al., 2021). For this purpose, a threshold 

value of OWT = 0.2σow was defined, where σow is the root-mean-square fluctuation of OW in 

the epilimnion with the same sign of the vorticity of the gyre/eddy core (Pasquero et al., 2001; 

Isern-Fontanet et al., 2006; Henson & Thomas, 2008). 

In the data pre-processing stage, the hourly computed OW values were normalized by 

hourly values of OWT such that the normalized OW parameter, OWN, partitions the topology 

of the gyre/eddy field into three regions: elliptic regions, OWN < -1, hyperbolic regions, OWN 

> 1, and a background field,│OWN│ ≤ 1 (Pasquero et al., 2001; Isern-Fontanet et al., 2006). 

As shown in Figure 2.2, elliptic regions, which represent the center of gyres/eddies, are signif-

icantly more pronounced than the other regions. In lakes, basin-scale gyres are mainly restricted 

by the lake basin geometry and also impacted by the surrounding topography. Therefore, the 

regions with OWN > -1 can be influenced by the interaction between gyres and nearshore 

boundaries. As a result, a wide spatial variability of OWN values in these regions was observed, 

whereas regions with OWN < -1 were spatially rather stable. To eliminate such variability from 

the spatial and temporal identification of gyres/eddies, regions with OWN > -1 were filtered out 

before implementing the EOF analysis. 

For the proposed procedure (Figure 2.2), hourly filtered OWN values of different depth 

layers were computed for each month. The EOF analysis was then applied to detect the main 

modes (spatial pattern) and the corresponding principal component time series. From different 
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modes of the EOF results, signatures of gyre or eddy cores were identified based on the fol-

lowing criteria: 

1. A local extreme value exists in the spatial modes of the OWN values 

2. At least one closed line exists around each local extreme value 

3. The core edge is identified as the closed line where the sign of 𝐸OWN
𝑃OWN

 changes 

4. A vertical and horizontal coherence of a gyre or eddy signature must exist between 

different depth layers (bounded below by the thermocline), i.e., criteria 1-3 above must 

be spatially consistent for different depth layers. 

By applying these criteria, the location of gyre and eddy centers can be identified. 

2.3.2 Detecting the Outer Boundary of a Gyre or an Eddy 

Gyre boundaries are located where vorticity and strain are approximately in balance, 

i.e., │OWN│ ≤ 1. However, as discussed above, the outer gyre boundaries cannot be com-

pletely resolved by the OW analysis. Furthermore, the noise in the resulting OWN fields makes 

the detection of coherent flow structures difficult (Souza et al., 2011). Defining vertical and 

horizontal coherence criteria that can confirm coherent 3D gyre patterns can significantly re-

duce this limitation of the OW analysis. This threshold-based boundary detection method can 

be complemented by a geometry-based method using contour lines in Synthetic Aperture Radar 

(SAR) images. Therefore, information about the outer boundaries in support of the OWN anal-

ysis results can be obtained from SAR imagery, since basin-scale gyres and large eddies can 

be detected in SAR images. 

2.3.3 Finding the Link Between the Temporal Variation of a Gyre and Environmental Forc-

ing 

Wind stress and surface buoyancy flux (due to heating/cooling) are the processes con-

trolling gyre circulations and their variability. To find a link between the pattern of external 

forcing and the computed spatial pattern of the OWN parameter presented in the previous sec-

tions, monthly EOF analyses of the total wind stress (√𝜏𝑥
2 + 𝜏𝑦

2 ) and the net upward heat flux 

extracted from the COSMO atmospheric data are implemented. In the final stage of the proce-

dure, the lagged cross-correlations between the spatial mode and the corresponding principal 

component time series of the environment forcing and the OWN are examined. 
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Figure 2.2. Flowchart of the proposed procedure showing the four steps (gray boxes) for detecting 

basin-scale gyres and eddies applied to Lake Geneva. Modeling results for the October 2019 Bise wind 

event, together with the corresponding SAR image, are used to highlight certain steps of the proposed 

procedure. For details, see text. 
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2.4 Results 

In this section, the performance of the procedure for detecting the temporal and spatial 

variations of gyres/eddies is first evaluated for September 2018. Thereafter, the robustness of 

the proposed procedure is assessed by comparing results based on transect measurements from 

several transect field campaigns that were carried out based on the proposed procedure between 

September, when the lake is strongly stratified at a shallow depth and December, when it is 

weakly stratified at a greater depth. 

2.4.1 Detecting gyres and eddies: Okubo-Weiss parameter and EOF analysis 

2.4.1.1 Detection of gyre center locations 

Results of 3D modeling for September 2018 are used to demonstrate the performance 

of the proposed procedure. The first and second modes of the OWN variations in different depth 

layers (1, 5, 10, 15, 20 and 30 m) are given in Figures 2.3a,b. Due to the quick convergence of 

the EOF decomposition modes, only the first two dominant EOF modes are analyzed for de-

tecting elliptic regions with negative OWN values. The first mode dominates the overall OWN 

variations. It accounts for nearly 56% of the total variance in the layers down to 15 m depth, 

and ~47% for deeper depths. The second mode contributes nearly 23 % to the total variance 

for the near surface layers. Down to 30 m depth, each of the remaining modes contain less than 

5% of the total variance (not shown). 

Three closed trajectories that encircle regions with negative 𝐸OWN
 values can be dis-

tinguished in the first mode at different depth layers (Figure 2.3a). These regions indicate the 

presence of three large-scale gyres in the Grand Lac if 𝐸OWN
𝑃OWN

< 0 (the time series of 

𝑃OWN
 is discussed in the following sections). For better visualization, only negative values 

associated with 𝐸OWN
, which document gyre patterns according to the definition in Section 3.1, 

are presented. Positive values of 𝐸OWN
 are shown in Figure S2.2. The location of the center of 

each gyre in different depth layers is calculated by averaging the coordinates of the gyre centers 

(based on criteria 1-3 presented above). The closed trajectories weaken with depth down to 20 

m and disappear at 30-m depth due to the presence of the thermocline, which is situated ~15-

m depth. 

A region bounded by closed trajectories with negative OWN values can also be con-

sidered as an indicator for areas where pelagic upwelling or downwelling are more likely to 
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occur. Details of the spatial OWN pattern (e.g., Figure 2.4b, d) confirm the presence of negative 

OWN regions in the center of the large-scale gyres. The rotation sign of the three-gyre pattern 

after the Bise event is given in Figures S2.3-S2.5 for different months. The Anticyclonic Gyre 

(clockwise rotating) in the west and two Cyclonic Gyres (counterclockwise rotating) in the 

center and in the east of the Grand Lac are hereinafter referred to as AG, CG1 and CG2, re-

spectively (Figure 2.3a). The second EOF mode reveals the simultaneous existence of smaller 

eddies, often with shorter lifetimes than basin-scale gyres (Figure 2.3b). More details on these 

eddies are presented below. 

 

Figure 2.3. EOF analysis of the MITgcm output for Lake Geneva for the month of September 2018: 

(a) First mode (left column) and (b) second mode (right column) of the EOF of OWN are shown for 

different depth layers. The first mode is dominated by three large-scale gyres (circular zones of negative 

𝐸𝑂𝑊𝑁
 values), whereas in the second mode, (sub)mesoscale eddies also appear. The contributions to 
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the total variance of the monthly OWN values are given by the percentage indicated (in blue) for each 

layer and each mode. Colorbars give the range of the EOF. 

2.4.1.2 Detection of the outer boundary of a gyre or an eddy 

The OWN analysis shows that gyre centers have strongly negative OWN values and 

that positive OWN areas surround the gyres (Figure 2.4b, d). The transition zone between the 

two zones (│OWN│ ≤ 1), which should indicate the outer edge of the gyre, is wide in certain 

parts of the circumference and does not allow determining the outer edge of the gyre (Figure 

2.4b, d). SAR images may be used to confirm/define this edge (more details in Text S2.1). The 

boundaries between the two Cyclonic Gyres, CG1 and CG2, located in the eastern part of lake, 

can be determined from SAR data obtained from Sentinel-1 on 21 July and 12 October 2018 

(Figure 2.4a, c), where two (elliptical) gyres are evident. The minor/major axes of CG1 and 

CG2 are approximately 6.5/12.9 and 9.8/15.9 km, respectively. Smaller eddies, marked by 

strong negative OWN values in their center, surround the large-scale CG1 and CG2 gyres. 

 

Figure 2.4. Left column: SAR images (Sentinel-1) indicating two Cyclonic Gyres (CG) in the eastern 

part of Lake Geneva for (a) CG1 (21 July 2018) and (c) CG2 (12 October 2018). Red dashed lines: 

major gyre axes and their dimensions. Right column: Corresponding modeled surface velocity fields 

(small black arrows) and OWN parameter values (colors). Strong negative OWN parameter values (blue) 
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indicate the location of core zones of large-scale gyres and mesoscale eddies. The colorbars give the 

range of the OWN values. 

2.4.1.3 Detecting large-scale gyres: Link between environmental forcing and gyre signature 

To find a link between the pattern of external forcing and the computed spatial pattern 

of OWN, EOF analyses of the total wind stress and the net upward heat flux extracted from the 

COSMO atmospheric data for September 2018 were carried out. The first spatial mode and the 

corresponding principal component time series of the total wind stress (𝑐𝑤
(1)

(𝑥), 𝜑𝑤
(1)

(𝑡)) and 

the upward heat flux (𝑐𝐻𝐹
(1)

(𝑡), 𝜑𝐻𝐹
(1)

(𝑡)) are presented in Figure 2.5a, b, respectively. The first 

mode of the external forces dominates the variation of the forces, since it constitutes ~98% and 

99% of the total variance related to the total wind stress and heat flux, respectively. The total 

variance differences between the first spatial modes and the principal component time series 

obtained from the solution with two dominant modes and the solution with all possible modes 

is negligible (O(10-10-10-14)) compared to the calculated absolute values (O(10-3)) (Figure 

S2.6). 

The EPFL Buchillon field station (Figure 2.1b) data show that a strong Bise event 

started at ~00:00 on 24 September 2018 and ended at ~11:00 on 26 September 2018. The mean 

wind speed ±1 standard deviation was 4.21 ± 1.88 m s-1 with wind gusts of 8.40 ± 3.37 m s-1. 

The mean wind direction was 61 ± 13° (Figure 2.5e, f). Note that Buchillon field station data 

are only presented here to demonstrate that the EOF results shown in Figure 2.5a, b represent 

realistic wind fields; they are not used in the EOF analyses. Average wind speed and direction 

over the whole lake surface extracted from COSMO during the Bise event that lasted from 24 

to 26 September 2018 are given in Figure S2.7. Figure 2.5e suggests that there is a link between 

the strong Bise event and the first EOF mode of OWN indicated by the principal component 

(𝑃OW𝑁

(1)
(𝑡)) time series. To determine this link, lagged cross-correlations were computed be-

tween the principal component time series of the dominant EOF modes of atmospheric forcing, 

i.e., the total wind stress (𝜑𝑤
(1)

(𝑡)) and the net upward heat flux, (𝜑𝐻𝐹
(1)

(𝑡)), and the two domi-

nant EOF modes of OWN (Figure 2.6). The lagged cross-correlation between the upward heat 

flux and 𝑃OW𝑁

(1)
(𝑡) does not exceed 0.3 in the depth layers influenced by the gyres (2-20 m; 

Figure 2.3). On the other hand, the cross correlation between 𝜑𝑤
(1)

(𝑡) and 𝑃OW𝑁

(1)
 reaches values 

> 0.8 in the same depth layers and a positive peak with a lag of 1-1.5 d for the near surface 
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layers (1-20 m; Figure 2.6a-f). A positive peak means that 𝜑𝑤
(1)

(𝑡) and 𝑃OW𝑁

(1)
(𝑡) have the same 

sign. These results imply that the three-gyre pattern in the first mode (Figure 2.3a) is predom-

inantly controlled by the spatial 𝑐𝑤
(1)

(𝑥) and temporal 𝜑𝑤
(1)

(𝑡) variations of wind stress. Fur-

thermore, the time series of the first mode, 𝑃OW𝑁

(1)
(𝑡), in different depth layers suggest that the 

three-gyre pattern can persist for nearly 5 d after the wind peak (Figure 2.5e). 

Thereafter (29 September 2018), the large-scale gyres break down into smaller 

gyres/eddies, and the second OWN mode dominates (Figure 2.5f). The cross-correlation 

between wind stress, upward heat flux and 𝑃OW𝑁

(2)
(𝑡) is not greater than 0.35 in the depth layers 

influenced by the gyres (Figure 2.6g-l). For wind stress, 𝐸OW𝑁

(2)
 is excited with a lag of ~5.5 d, 

with the same sign, and for upward heat flux with a lag of more than 4 d, again, with the same 

sign. Moreover, negative peaks in the cross-correlation between 𝐸OW𝑁

(2)
 and 𝜑𝐻𝐹

(1)
(𝑡) show that 

𝐸OW𝑁

(2)
 can be excited with a lag of 1-2 d due to differential heating and cooling during day-

night cycles (Figure 2.6g-l). However, 𝐸OW𝑁

(2)
 is only weakly excited by wind stress or upward 

heat flux. In addition to the effects of environmental forcing presented above, the basin shape 

and bathymetry also change the gyre pattern over time. 
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Figure 2.5. For September 2018: (a) First spatial mode (𝑐𝑤
(1)

(𝑋)) and (b) principal component time 

series (𝜑𝑤
(1)

(𝑡)) of the total wind stress. (c) First spatial mode 𝑐𝐻𝐹
(1)

(𝑋) and (d) principal component time 

series (𝜑𝐻𝐹
(1)

(𝑡)) of the net upward heat flux. (e) Top: Principal component time series of OWN associated 

with the first spatial mode (𝑃OW𝑁

(1)
(𝑡)) in different depth layers. Bottom: Mean wind speed and wind 

gusts at the Buchillon station (see Fig. 2.1 for location) for the period indicated by the red dashed-lined 

box in (b) and (d). (f) Top: The principal component time series of the OWN parameter associated with 
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the second spatial mode (𝑃OW𝑁

(2)
(𝑡)) at different depth layers. Bottom: Wind direction at the Buchillon 

station for the period indicated by the red dashed-lined box in (b) and (d). Colorbars in (a) and (c) show 

the range of the parameters. The colors in the legends of (e) and (f) correspond to the different depths. 

In (e) and (f), negative (𝐸OWN
𝑃OWN

) indicates the negative OWN values (the elliptic regions) that are 

characteristic of gyres. Note that all EOF analyses are based on COSMO meteo data. The two blue 

vertical lines mark the duration of the Bise wind event. 

 

Figure 2.6. (a)-(f) Lagged cross-correlation of the principal component time series of the total wind 

stress (𝜑𝑤
(1)

(𝑡)) and the net upward heat flux (𝜑𝐻𝐹
(1)

(𝑡)) with the principal component time series of the 
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OWN parameter associated with the first spatial mode (𝑃OW𝑁

(1)
(𝑡)) in different depth layers. (g)-(l) Lagged 

cross-correlation of the principal component time series of the total wind stress (𝜑𝑤
(1)

(𝑡)) and the net 

upward heat flux (𝜑𝐻𝐹
(1)

(𝑡)) with the principal component time series of the OWN parameter associated 

with the second spatial mode (𝑃OW𝑁

(2)
(𝑡)) in different depth layers. Wind stress and heat flux are defined 

in color legend in panel (a). 

2.4.2 Detecting Large-scale Gyres: Transect Field Campaigns 

2.4.2.1 A Cyclonic Gyre at the Center of the Grand Lac 

To validate the proposed procedure for detecting the location and time of basin-scale 

gyres after a strong wind event, a field measurement campaign was performed in September 

2019. This campaign focused on capturing the largest basin-scale gyre, CG1, in the central part 

of the Grand Lac (Figures 2.3, 2.4). Buchillon field data recorded a strong Bise event that 

started on 17 September 2019 at ~20:00 and ended on 20 September 2019 at ~13:00 (mean 

wind speed ±1 standard deviation was 3.65 ± 0.86 m s-1, with gusts of 7.69 ± 1.78 m s-1 and 

mean wind direction of 64 ± 11°). Furthermore, the spatial pattern of averaged wind speed and 

direction computed from the forecasted COSMO atmospheric data (Figure 2.7a) revealed the 

same spatial pattern as had been observed for the September 2018 Bise event (Figure S2.7) 

discussed above. For September 2018, it was shown that the three-gyre system pattern is highly 

correlated with strong Bise events (Figures 2.5, 2.6). This pattern forms and persists for several 

days after the wind event has ceased. Therefore, based on these results, a field campaign was 

designed to capture the boundary and temporal variation of CG1 from 20 to 22 September 

2019. 
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Figure 2.7. Left column: Averaged wind speed and direction extracted from COSMO data for Bise 

events. Right column: The computed wind stress curl during the corresponding Bise events. (a) and (b) 

from 17 to 20 September 2019; (c) and (d) from 21 to 23 October 2019; (e) and (f) from 18 to 23 

November 2019. Colorbars indicate the range of parameters. 

Four transects, T2, T2L, T2R, and T2H (Figure 2.1b; coordinates are given in Table 

S2.1) were chosen to investigate the 3D structure of CG1 and its evolution. A few hours after 

the strong Bise event ended on 20 September, measurements at 10 points with 1-km spacing 

along transect T2, from south to north, were taken. The duration of field measurements along 

the vertical (T2, T2L, T2R) and horizontal (T2H) transects was 2 to 3 h each. More details are 

given in Table S2.1. The measured velocity field confirmed the existence of a cyclonic circu-

lation in the center of the Grand Lac (Figure 2.8a, b). In the proposed procedure, the center of 

each gyre is calculated by averaging the coordinates of the centers of the minimum OWN zones 

in different depth layers. To take into account the uncertainty in selecting the location of each 
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transect, the standard deviation of the coordinates of the minimum OWN zones from the aver-

age transect was also calculated. It was ~1.8 km for September 2018. This uncertainty was 

considered by taking measurements along two additional transects, T2R and T2L, that covered 

the low velocity core zones (almost zero) surrounding the center. The velocity field for each 

transect is given in Figure 2.8c. The 3D velocity field shows a cyclonic gyre. The gyre velocity 

field penetrated down to ~15 m, limited by the strong thermal stratification in September (see 

Figure S2.1 for temperature profile at SHL2 near the center of CG1). The maximum horizontal 

water velocity reaches ~35 cm s-1 in the near-surface layer. The center of the cyclonic gyre can 

clearly be seen in all transects by the strong decrease in horizontal velocity. 

In order to capture the gyre boundary and to determine the complete CG1 velocity 

field, 12 points with 1.5-km spacing were measured along transect T2H (see Figure 2.1b for 

location), from west to east on 22 September. For example, point 1 at the western end of the 

transect was clearly outside the gyre field because both the velocity magnitude and direction 

changed. Transect 2 (T2), from south to north was repeated. The field results (Figure 2.8d) 

confirmed the boundaries of CG1, which were identified in the SAR image (see Figure 2.4a). 

Furthermore, the velocity field shows that the nearshore (south and north) currents are much 

stronger than currents at the east-west boundary of CG1, indicating that the nearshore bathym-

etry deforms/confines the gyre flow field. 

An analysis similar to that of September 2018 discussed above was carried out for 

September 2019, with similar results (Figure S2.8). Comparisons between the modeled and 

observed velocity fields for the September 2019 campaign are given in Figure S2.3, again con-

firming the good agreement between the field observations and the results of the numerical 

modeling. 
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Figure 2.8. Measured current velocity field for sampling points along the selected transects (T) shown 

in Figure 2.1b for: (a) current vector profiles and (b) contour plot for 20 September 2019; (c) vectors 

(black arrows) and contours (see colorbar legend) for 21 September 2019; (d) current vector profiles; 

(e) and (f) contour plots for 22 September 2019. The coordinates of sampling points in T2 are the same 

in (a)-(d) and (f). The colorbars indicate horizontal velocity in cm s-1. Positive velocities are pointing 

eastward for transect T2, and northward for transect T2H. Colorbars give the range of the horizontal 

velocity. 

2.4.2.2 Observations of two- and three-gyre patterns 

In most previous numerical studies on Lake Geneva, two basin-scale gyres (a dipole), 

located in the center of the deep Grand Lac basin were considered to be the main basin-scale 

circulation (Le Thi et al., 2012; Razmi et al., 2017), although the EOF analysis predicted three 

large-scale gyres (Figures 2.3, 2.4). To confirm the existence of a dipole in Lake Geneva, field 

measurements were conducted from 23 to 25 October 2019 and from 24 to 26 November 2019 

after strong Bise wind events (Figure S2.9). However, the primary objective of the field cam-

paign on 25 October and 25 November 2019 was to determine whether three large-scale gyres 

predicted by the EOF analysis (Figures 2.3, 2.4) exist in Lake Geneva.  

The average wind direction during the Bise event in October 2019 was ~69° with a 

duration of 40 h (Figure 2.7b), and was ~47° with a duration of 94 h in November 2019 (Figures 
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2.7c, S2.9). For the October 2019 campaign, two transects, T2 (western part) and T3 (eastern 

part) (Figure 2.1b), which consisted of 10 measurement points with 1-km spacing, were se-

lected following the proposed procedure, but with different transect coordinates for each 

month. The duration of field measurements along transects T2 and T3 was ~2 h each. To con-

firm the existence of the third gyre in the eastern part of lake, CG2, two transects were selected, 

T1 and T1H (see Figure 2.1b), each with eight points. The distance between the T1H measure-

ment points was 1.5 km in order to capture the CG2 boundary observed in the SAR image 

(Figure 2.4). The duration of the field measurements along transects T1 and T1H was ~1.5 and 

2.5 h, respectively. In the 3D velocity field recorded along different transects during the Octo-

ber campaign (Figure 2.9a), a dipole consisting of an anticyclonic gyre, AG at transect T3 and 

a cyclonic gyre, CG1 at T2, is clearly evident. The maximum velocity at CG1 (22 cm s-1) is 

stronger than at AG (15 cm s-1), with the velocity field of AG penetrating into deeper layers. 

The 3D velocity field observed at T1 and T1H confirms the existence of the third cyclonic gyre 

(CG2) in the eastern part of Lake Geneva (Figure 2.10). The CG2 velocity field penetrated 

down to nearly 20 m and the maximum horizontal water velocity reached ~17 cm s-1 near the 

surface layer. The depth of the CG2 gyre is similar to that of CG1 and the magnitude of its 

velocity is comparable to AG. 

To further confirm the existence of the three-gyre pattern in Lake Geneva during 

weakly stratified months, measurements along the three transects, T1, T2, and T3 (Figure 2.1b), 

were carried out in November 2019, based on the EOF analysis for November 2018. During 

November, a different location for T3 was chosen because, compared to the October campaign, 

a different spatial pattern was observed in the EOF results (see Table S2.1 and Text S2.2). The 

transects T1 (eastern part), T2 (central part) and T3 (western part) were sampled on the same 

day, with 9, 10 and 8 points, respectively, each with a 1-km spacing. The duration of field 

measurements along transects T1, T2 and T3 was ~2 h each. The measured 3D velocity fields 

reveal two cyclonic circulations at T1 and T2 and one anticyclonic circulation at T3 (Figure 

2.9d-g). In contrast to the October campaign, the magnitude and depth of the velocity field at 

CG2 and CG1 are comparable. Comparisons between the modeled and observed velocity fields 

for October and November 2019 campaigns show good agreement (Figures S2.4 and S2.5 in 

SI). 
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Figure 2.9. Field campaigns of October and November 2019 carried out along selected transects (T): 

(a) Current velocity vector fields (arrows) of gyres AG (T3) and CG1 (T2), and (b, c) contour plots of 

the horizontal velocity, u, for 24 October 2019. (d) Current velocity vector field of gyres AG (T3), CG1 

(T2) and CG2 (T1), and (e-g) contour plots of the horizontal velocity, u, for November 2019. The origin 
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of the x-axis is in the south. The colorbars indicate horizontal velocity in cm s-1. Positive velocities are 

pointing eastward for transects T1, T2 and T3. For transect locations, see Figure 2.1b. 

 

Figure 2.10. Field campaign of 25 October 2019: (a) Current velocity field of CG2 shown as vector 

profiles at the different stations along transects T1 and T1H. (b) and (c) Contour plots of the horizontal 

components of velocity field, u (along T1) and v (along T1H). The origin of the x-axis is in the south 

for T1 and in the west for TH1. The colorbars indicate horizontal velocity in cm s-1. Positive velocities 

are pointing eastward for transects T1, T2 and T3, and northward for transect T1H. For transect location, 

see Figure 2.1b. 
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2.4.3 Detecting Small Eddies 

Small eddies have not yet been investigated in Lake Geneva. In the present study, 

smaller-sized coherent structures with negative OWN values were detected in the vicinity of 

the basin-scale gyres or at coastal headlands (Figure 2.3). Two dominant and frequently occur-

ring patterns of such eddies were selected in the EOF analysis for different months (Figures 

2.11, 2.12). The focus here was on Submesoscale Eddies, SE1 and SE2 (see Figure 2.11c for 

location) that have a lifetime of several days, comparable to the lifetime of basin-scale gyres. 

In the SAR images, small eddies appear as radar-dark filaments wound into spirals (Hamze-

Ziabari et al., 2022a). A close similarity between the patterns observed in the SAR data and 

numerical results is observed (cf. Figures 2.11, 2.12). According to the numerical results, the 

rotation of SE1 is cyclonic and its diameter was O(5) km during October 2019. 

Such small-scale patterns cannot be adequately captured by velocity measurements at 

fixed points. Therefore, the ADCP was mounted on a small, boat-towed catamaran. Continuous 

vertical current profiles were measured along the preselected transects. SE1 was frequently 

observed by the proposed procedure during October 2018 and 2019 (results not shown). A field 

campaign was conducted in October 2020 to investigate the vertical structure of SE1. Two 

transects, T4 and T5, were chosen based on EOF results and SAR images for 2018 and 2019. 

The horizontal lengths of T4 and T5 were ~8.5 and 3.5 km, respectively. The spatial resolution 

of the measured current profiles depends on the boat’s speed (1.5-2 km/h). The duration of 

field measurements along transects T4 and T5 was ~5 and 2 h, respectively. Velocity data were 

averaged every minute, which resulted in a 25-33 m spatial resolution along each transect. The 

numerical results and measured horizontal velocities at T4 and T5 are given in Figure 2.11e-h. 

A cyclonic circulation formed in the southwestern part of lake, and an anticyclonic circulation 

in the northwestern part (Figure 2.11d). There is a close match between the measured and mod-

eled velocity fields (see Figure 2.11e-h). Field data indicate that the velocity field of SE1 ex-

tended to depths between 35-40 m, comparable to the depth of the anticyclonic gyre (AG) in 

this part of the lake measured during the October 2019 campaign. 

Flow separation in the vicinity of headlands or baroclinicity due to favorable 

upwelling in the Petit Lac can also lead to the formation of submesoscale eddies, such as SE2 

(Figure 2.12). The dimensions of SE2 are generally smaller than those of SE1. However, SE2 

is more frequently observed during certain months of year. For example, the signature of SE2 

can be clearly observed in SAR images taken on 19 August 2018 and 7 November 2018 (Figure 
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2.12). The numerical results confirm the presence of cold cyclonic eddies with the same di-

mensions for the same period (Figure 2.12b, d). The lateral extent of SE2 is O(4 km). A field 

campaign on 3 September 2020 confirmed the existence of SE2. The simulated and measured 

velocity fields indicate a cyclonic circulation in the northwestern part of Grand Lac basin of 

Lake Geneva (Figure 2.12e, f). Field data show that the SE2 velocity field can reach 20-m 

depth, which is 5-m deeper than the depth of the cyclonic circulation during the September 

2019 campaign. Although it is beyond the scope of this study to investigate the origin of small 

eddies, it was demonstrated that the proposed procedure can detect and locate them correctly, 

as was confirmed by transect field measurements. Generally, such small eddies are expected to 

be transient in nature. However, eddies SE1 and SE2 were trapped between large-scale gyres 

or between lake basin boundaries and gyres. They hardly lost any strength and remained active 

at fixed locations for several days, comparable to the lifetime of large-scale gyres. 
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Figure 2.11. Evidence for the existence of Submesoscale Eddy 1 (SE1). (a) Remote sensing evidence 

(SAR images, Sentinel-1) of SE1 for 27 October 2019. (b) Corresponding modeled surface velocity 

fields (small black arrows show sense of rotation) and OWN values shown by colors. (c) First EOF 

mode of OWN for October 2019 showing large gyres AG1, CG1 and CG2 and small eddies SE1 and 

SE2. (d) Modeled surface velocity fields for 19 October 2020 and selected transect locations (T4, T5). 
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(e) Measured horizontal current velocity profile along T4. (f) Corresponding modeled horizontal ve-

locity along T4. (g) Measured horizontal current velocity profile along T5. (h) Corresponding mod-

eled horizontal velocity along T5. Red dashed-lined rectangle in (c) indicates the location of zoom 

panels (a), (b) and (d). Colorbars give the range of the parameters in the panels. Positive horizontal 

velocity points eastward. 

 

Figure 2.12. Evidence for the existence of Submesoscale Eddy 2 (SE2). (a) Remote sensing evidence 

(SAR image, Sentinel-1) of SE2 for 19 August 2018. (b) Corresponding modeled surface velocity fields 
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(small black arrows) and temperatures shown by colors. (c) SAR image of SE2 for 7 November 2018. 

(d) Corresponding modeled surface velocity and temperature fields for 7 November 2018. (e) Modeled 

surface velocity and selected transect (T6) for the field campaign of 3 September 2020. (f) Measured 

horizontal current velocity along T6. For location of these panels, see Figure 2.11c. Colorbars give the 

range of the parameters in the panels. Positive horizontal velocity points eastward. 

2.5 Discussion 

2.5.1 Proposed Procedure for Detecting Gyres 

Large scale gyres and eddies are important transport processes in large lakes that pro-

vide for the rapid spreading of materials from the nearshore zone into the lake interior. The 

present study proposed a procedure for locating gyres and small eddies in a large lake and also 

for determining the details of their patterns. Its application to Lake Geneva has shown that a 

unique relationship exists between Bise wind forcing events and the resulting three-gyre pat-

tern. This pattern is predictable and stable in space and time for a certain period after the forcing 

has ceased. The subsequent confirmation of the results by transect field measurements whose 

location and timing was based on the predicted pattern has demonstrated the feasibility and the 

robustness of the procedure. As a result, strategies for such field campaigns can be designed 

ensuring a high success rate in detecting gyres and eddies. Without the information provided 

by this procedure, it is almost impossible to carry out such field campaigns, given the complex 

nature of circulation patterns that exist in Lake Geneva as highlighted by the EOF results. 

2.5.2 Gyre Pattern: Two or Three Gyres? 

Numerical studies have shown that large-scale gyres contribute significantly to the 

transport of water masses and potential pollutants from the nearshore zone into the interior of 

the lake (Cimatoribus et al., 2019; Reiss et al., 2020). Particle tracking used in these studies 

indicated a rapid spreading of these water masses over large areas of the Grand Lac basin 

within a short time, once they were caught in gyres. Previous numerical simulation studies on 

Lake Geneva suggested that two basin-scale gyres located at the center of the deep Grand Lac 

basin drive the main basin-scale circulation (Le Thi et al., 2012; Razmi et al., 2017) and can 

have an impact on lake bio-chemical-physical interactions (Cotte & Vennemann, 2020). How-

ever, no field measurements were carried out to confirm the existence of a two-gyre pattern 

reported in those studies. In the present study, transect field measurements provided detailed 

evidence of these two gyres. 
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Furthermore, transect field measurements confirmed the existence of a third gyre lo-

cated in the eastern part of Grand Lac that is as well developed as the other two gyres. Previ-

ously, modeling had suggested that this third gyre may be important for the rapid spreading of 

water masses and potential pollutants brought into the lake by the Rhône River because its 

plume directly fed into this gyre. Generally, the signature of the cyclonic gyres, CG1 in the 

center and CG2 in the eastern part of the lake, is more pronounced than that of anticyclonic 

gyre, AG, in the west. The western part of lake is directly exposed to sustained strong winds, 

in contrast to the topographically sheltered eastern part (Rahaghi et al., 2019; Figures 2.5a, 

2.7). Based on the EOF analysis in the proposed procedure, it could be established that different 

from previous individual gyre observations, three gyres occur regularly and have a consistent 

pattern. The link between the three-gyre pattern and wind forcing was made evident. In addi-

tion, it was demonstrated that the location of gyre centers and the duration of the gyre pattern 

only changed slightly between Bise events. 

2.5.3 Forcing: Importance of Spatial Heterogeneity 

The dominant role of wind as the primary force in gyre formation, the impact of strat-

ification and Coriolis forcing, and the importance of surface heating and cooling in driving or 

enhancing gyre flows have recently been highlighted (Hogg & Gayen, 2020). The spatial pat-

tern of the net heat flux suggests that the heterogeneity between heating and cooling in the 

eastern part of the lake is more significant than in the western part (Figure 2.5b). This agrees 

with findings of spatial heat flux variability by Rahaghi et al. (2019). The variability may im-

pact on the strength of gyre flows in the eastern part of Lake Geneva. Further research is needed 

in order to quantify the role of differential surface buoyancy fluxes on the strength of cyclonic 

gyres in the eastern part of lake, particularly during summertime when diurnal heating and 

cooling are stronger. 

As shown in Figure 2.9, the depth influenced by the gyre field (AG) in the western 

part of the lake is greater than the depths influenced by CG1 located in the center and CG2, in 

the eastern part of the lake for the November and October campaigns. The gyre velocity is 

constrained by the thermocline depth, as previously discussed. The thermocline depth can also 

be affected by the spatial heterogeneity of atmospheric forcing and gyre motions. Forcing by 

wind stress, the primary source of energy for mixing the water column, is more pronounced in 

the western part (Figures 2.5a, 2.7). Consequently, a deeper mixed layer would be expected in 

the western part of the lake. The lower velocity of gyre flow in the western part of the lake can 
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be attributed to the fact that the wind energy can penetrate into deeper layers due to a deeper 

thermocline, whereas it is confined by a shallower thermocline in the eastern part. As a result, 

the maximum velocity field of CG1 and CG2 is generally greater than AG. 

In many large water bodies surrounded by complex terrain, a spatially variable wind 

field is one of the most important driving forces for the excitation of both horizontal and resid-

ual circulations (Nakayama et al., 2014). It was suggested, for example, that wind stress curl 

played a significant role in forming cyclonic/anticyclonic circulations in many lakes, such as 

Lake Superior (Bennington et al., 2010), Lake Michigan (Schwab & Beletsky, 2003), Lake 

Kinneret (Israel; Laval et al., 2003), Lake Tahoe (USA; Rueda et al., 2005) and Lake Biwa 

(Japan; Shimizu et al., 2007). The wind field in Lake Geneva, which is also surrounded by a 

complex terrain (Figure 2.1), can vary spatially as shown in Figure 2.7. The lake surface may 

experience both positive and negative wind stress curl in different areas as a result of such a 

variable wind field. Under constant positive (negative) wind stress curl, divergent (convergent) 

Ekman transport can lead to formation of cyclonic (anticyclonic) circulations. Several areas 

with positive and negative wind stress curls can be identified on the surface of the lake (Figure 

2.7b, d, e). In general, the magnitude of positive and negative wind stress curl is greater in 

nearshore zones than in pelagic areas. The wind stress curl is both positive and negative in the 

CG1 and CG2 areas. However, it is insignificant or positive at the location of AG. Thus, Ekman 

pumping cannot be responsible for the formation of the anticyclonic circulation in AG located 

in the western part of the lake. Positive wind stress curl in the eastern part of the lake may, 

however, play a role in the excitation of cyclonic circulations (Lemmin & D’Adamo, 1996). 

Further research is required to quantify the effects of spatial variability of surface heat flux 

(Rahaghi et al., 2019) and wind stress curl on the development of the three-gyre pattern ob-

served in the field. 

2.5.4 Effect of Thermal Stratification on the Gyre Velocity Field 

Thermal stratification of the water column is subject to seasonal changes and can de-

termine the depth affected by meso- and basin-scale gyres. The temporal evolution of the gyre 

flow field in the vertical direction is investigated based on horizontal velocity contour profiles 

(u) measured at the center of CG1 from September to December 2019 (Figure 2.13). Since 

transect T2 (see Figure 2.1), located in the center of CG1, is not exposed to strong wind events, 

seasonal cooling can be considered as the primary factor controlling the increase in thermocline 
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depth with time. As a result, the depth of the water column affected by the gyre motions con-

tinuously increases from September to December, while the maximum current velocity in near-

surface layers diminishes (Figure 2.13). The CG1 flow field was found to extend to depths of 

approximately 15 m in September, and 20 m in October, which corresponds to the thermocline 

layer depth where strong temperature drops of ~10°C and 8°C, respectively, were observed 

(Figure 2.13). 

The gyre flow field penetrated to depths of ~40 m in November and ~60 m in Decem-

ber. This is deeper than the depth at which the thermocline layer began to form. For November 

and December, the temperature drops in the thermocline layer were ~4°C and ~3°C, respec-

tively. Due to seasonal cooling, the thermocline strength, i.e., the temperature-depth segment 

connecting a point below the mixed layer and the thermocline depth, decreases from September 

to December. These observations indicate that the thermocline layer can act as a physical bar-

rier that confines gyre velocity fields in the vertical direction during strongly stratified condi-

tions. Under weak stratification conditions, the gyre velocity field can penetrate into the ther-

mocline layer due to the weakening of this physical barrier. Therefore, the thermocline layer is 

not an absolute barrier. Furthermore, the temperature profiles measured at the center and in the 

nearshore areas of transect T2 indicate that the thermocline can be dome-shaped (Figure 2.13). 

This suggests pelagic upwelling in the center of the gyre. However, this aspect cannot be treated 

in detail with the available data, and is beyond the scope of the present paper. 



Discussion 

52 

 

 

Figure 2.13. Left column: Contour plots of the measured horizontal velocity along Transect T2 (for 

location, see Figure 2.1b). Right column: Measured temperature profiles at the locations marked by 
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corresponding colored triangles above panels in the left column: (a) and (b) 21 September 2019; (c) 

and (d) 24 October 2019; (e) and (f) 25 November 2019; (g) and (h) 5 December 2019. Note that all 

panels in the left column are plotted with the same range to highlight the seasonal change; the range 

of the x-axis in the right column changes with time. Colorbars show the range of horizontal velocities. 

2.5.5 Effect of the Coriolis Force on the Gyre Velocity Field 

To further investigate the effect of Coriolis force on the gyre flows, the vertically-

averaged horizontal momentum equation can be written as (Vallis, 2017; Cimatoribus et al., 

2018): 

𝜕𝑈ℎ

𝜕𝑡
= 𝑃 + 𝑁 + 𝐶 + 𝐹 − 𝐷 (2.6) 

where Uh is the horizontal velocity field, P is the acceleration induced by the barotropic and 

baroclinic pressure gradients, N is the acceleration caused by the nonlinear (advection) terms, 

C is the acceleration caused by the Coriolis force, F is the acceleration induced by external 

forces and D is the deceleration induced by dissipation (i.e., bulk, lateral and bottom frictions). 

The zonal and meridional momentum trends of the Coriolis term (C) are first determined. Then, 

the magnitude and direction of the temporally-averaged horizontal momentum trends induced 

by C are examined. 

During the Bise event from 17 to 20 September 2019, the resultant near-surface cur-

rents (depth-averaged over 5 m) are oriented towards the north of the lake, due to Ekman 

transport (Figure 2.14a). After the wind event ceased, the three-gyre system is fully developed 

(Figure S2.3a). The Coriolis force exerts different effects on cyclonic and anticyclonic circu-

lations (Figure 2.14b): a bowl-shaped thermocline forms at the center of the anticyclonic gyre 

AG due to the convergence of the flow field, whereas divergence in the cyclonic CG1 and CG2 

flow fields forms dome-shaped thermoclines, as confirmed by the temperature profiles meas-

ured during different months at the center of CG1 (Figure 2.13). 
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Figure 2.14. (a) Contribution of Coriolis term C (strength as indicated by color contours, and orienta-

tion, by arrows) to the vertically (upper 5 m of the water column) and temporally (65 h) averaged hor-

izontal momentum equation (Eq. (2.6)): (a) during and (b) after the Bise event that occurred in Septem-

ber 2019. After the wind event, convergence can be seen at gyre AG, and divergence in the CG1 gyre 

area. 

2.6 Summary and Conclusions 

In order to advance the understanding of water mass movement dynamics in large 

lakes, it is essential to determine the contribution of basin-scale gyres. Therefore, in this study, 

we developed a novel procedure combining high-resolution 3D numerical simulations, the 

Okubo-Weiss (OW) parameter and EOF analysis that can provide direct evidence of the 

existence of cyclonic (counterclockwise) and anticyclonic (clockwise) rotating basin-scale 

gyres and meso-scale eddies in large lakes. Its feasibility and robustness was assessed and 

confirmed by field measurements taken in Lake Geneva along transects whose location and 
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timing was based on the numerical modeling predicted pattern. The results of this study can be 

summarized as follows: 

• The gyre flow field is characterized by a coherent pattern of the normalized Okubo-

Weiss parameter, OWN, in different layers of the lake, as was detected by the EOF 

analysis. The results showed a clear link between strong large-scale wind events and 

the computed spatial patterns in the first mode of the EOF analysis. The procedure al-

lowed detection of the location of gyre centers where almost zero horizontal velocity 

zones indicate the occurrence of pelagic upwelling or downwelling; this has a great 

impact on the biological-chemical-physical development of large lake ecological sys-

tems. 

• Field observations confirmed for the first time that three persistent gyres, two cyclonic 

gyres and one anticyclonic gyre, regularly formed after strong Bise wind events, as was 

predicted by the proposed procedure. According to the EOF analysis, the horizontal 

gyre motion is mainly responsive to the wind stress, whereas the depth of the gyre flow 

field mainly depends on thermocline depth and strength. 

• Field observations during October and November 2019 demonstrated that the depth of 

gyre penetration is greater in the western (anticyclonic gyre) than in the eastern part of 

the lake (cyclonic gyres). The spatial inhomogeneities in external forcing can lead to 

significant spatial variability of the gyre velocity field in the western and eastern parts 

of Lake Geneva. 

• The proposed procedure can also detect (sub)mesoscale eddies if the resolution of the 

numerical modeling grid is sufficient. These eddies were predominantly cyclonic, and 

their diameters were O(4-5 km). They may occur due to flow separation in the vicinity 

of headlands and embayments. These eddies are transient but, if trapped between larger-

scale gyres, can remain at a fixed location for several days, and can have a lifetime 

comparable to basin-scale gyres. Their patterns were confirmed by field campaigns that 

were designed following the proposed procedure. 

• It was demonstrated that by applying the proposed procedure, it is possible to develop 

strategies for carrying out detailed transect field studies on gyres with precision in time 

and space, which previously was not possible.  

This study highlighted the significance of 3D processes in large lakes, thus indicating 

that 1D concepts cannot adequately describe the complex dynamics in such lakes. Additional 
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research is required to investigate gyre/eddy-formation mechanisms and the role that eddies 

and large basin-scale gyres play in the interaction of biological-chemical-physical processes. 

Such large scale circulations can rapidly spread materials, including pollutants, entering the 

lake in the nearshore zone into the whole lake, and thus affect the long-term ecological system 

development of large lakes. Although the feasibility and robustness of the proposed procedure 

was assessed in Lake Geneva, it can be applied to any large lake with a comparable database 

since it is based on universally valid concepts. It is a powerful tool for designing strategies for 

detailed field studies and will allow new types of field measurements that can contribute to 

advancing the understanding of large lake dynamics.
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Introduction 

This Supporting Information section contains nine figures, two texts and one table: 

• Table S2.1: Details of the measurement transects (T). 

• Text S2.1: Synthetic Aperture Radar (SAR) imagery. 

• Text S2.2: EOF analysis for the October and November 2019 campaigns. 

• Figure S2.1: Comparison between observed and modeled temperature profiles at the 

CIPEL SHL2 monitoring station in Lake Geneva for 2019. 

• Figure S2.2: Empirical Orthogonal Function (EOF) analysis of the MITgcm output for 

Lake Geneva for September 2018.  

• Figure S2.3: Comparison between observed and modeled velocity patterns for the Sep-

tember 2019 campaign. 

• Figure S2.4: Comparison between observed and modeled velocity patterns for the Oc-

tober 2019 campaign. 

• Figure S2.5: Comparison between observed and modeled velocity patterns for the No-

vember 2019 campaign. 

• Figure S2.6: EOF analysis of COSMO atmospheric data for September 2018. 

• Figure S2.7: Averaged wind field extracted from COSMO data during the Bise event 

that lasted from 24 to 26 September 2018. 

• Figure S2.8: EOF analysis of the normalized Okubo-Weiss parameter for September 

2019 

• Figure S2.9: EOF analysis of the normalized Okubo-Weiss parameter for October and 

November 2019 
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Table S2.1.  Summary of the measurement transects (T). The Swiss coordinate system is used 

(SwissTopo). 

Field campaign Transect 

Starting point 

(Easting, North-

ing) 

Ending point (East-

ing, Northing) 
Field duration 

Number of 

measurement 

points 

21 September 2019 T2 (537524, 140687) (537484, 149698) 1h 55m 10 

21 September 2019 T2L (535746, 140703) (535678, 149702) 1h 59m 10 

21 September 2019 T2R (539874, 140691) (539849, 149710) 2h 05m 10 

22 September 2019 T2 (535746, 140703) (537484, 149698) 2h 11m 10 

22 September 2019 T2H (528460, 146176) (545498, 144617) 3h 17m 12 

24 October 2019 T2 (535974, 140182) (535926, 149197) 2h 01m 10 

24 October 2019 T3 (522105, 136613) (516003, 143554) 2h 17m 10 

25 October 2019 T1 (550011, 139223) (552114, 145753) 1h 42m 8 

25 October 2019 T1H (544996, 144517) (554939, 141192) 2h 17m 8 

25 November 2019 T1 (550690, 138496) (550637, 146539) 1h 53m 9 

25 November 2019 T2 (537197, 140678) (535157, 149689) 2h 08m 10 

25 November 2019 T3 (520675, 137339) (520701, 144344) 1h 38m 8 

3 September 2020 T6 (513241, 142532) (516478, 139786) 2h 19m Continuous 

20 October 2020 T4 (525392, 138381) (520668, 144837) 4h 43m Continuous 

20 October 2020 T5 (524640, 136585) (522927, 140433) 1h 56m Continuous 

  

https://www.swisstopo.admin.ch/
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Text S2.1. Synthetic Aperture Radar (SAR) imagery 

The patterns observed in the SAR images are due to changes in the water surface 

roughness, which is influenced by wave/current interactions, natural surface films and spatial 

variations of the local wind field (Johannessen et al., 2005). Gyres or eddies that appear in SAR 

images as dark spiral features are called “black” or “classical” eddies (Karimova, 2012). These 

dark features are associated with surfactant films or slicks that suppress short wind waves and 

thus reduce radar backscatter (Yamaguchi & Kawamura, 2009). At higher wind speeds (5-6 

m/s at 10 m), wind-induced mixing in the upper layer will dissipate/redistribute the surface 

slicks, thus preventing the damping mechanism induced by the presence of surfactants (Dokken 

& Wahl, 1996; Johannessen et al., 1996). On the other hand, for C-band SAR imagery, little 

differentiation in surface roughness is evident for wind speeds below 3.25 ms-1 (Donelan & 

Pierson, 1987; Johannessen et al., 1996). In summary, SAR imagery can reveal gyres (more 

generally, surface current fields) under light wind conditions where the water surface is par-

tially covered by (natural) surfactants. These conditions exist on Lake Geneva. 

Caution should be taken when interpreting SAR images, however, since dark zones 

can also be due to non-uniformity in the surface wind field, e.g., (i) small-scale inhomogenei-

ties of the near-surface wind field, (ii) wind shade, (iii) atmospheric convection, and (iv) at-

mospheric gravity waves (Moran et al., 2002; Wang et al., 2019). Therefore, the available SAR 

imagery and selected images were analyzed based on the prevailing wind field, and then com-

bined these images with in situ observations and numerical modeling. In total, 78 images for 

2016-2019 were obtained from the European Space Agency (ESA) Sentinel-1A and Sentinel-

1B satellites for Lake Geneva. 

 As mentioned in Section 3.2, SAR imagery can aid in the detection of gyre 

boundaries. For example, the boundaries between two cyclonic (counterclockwise) gyres at the 

eastern part of lake, i.e., CG1 and CG2, can be determined using SAR data obtained from 

Sentinel-1 on 19 July and 12 October 2018 (Figure 2.4). Comparisons between the OW values 

from numerical results and the patterns observed in the SAR images are shown in Figure 2.4, 

where two (elliptical) gyres are evident. The minor/major axes of gyres CG1 and CG2 are 

approximately 6.5/12.9 and 9.8/15.9 km, respectively. The Coriolis force plays an important 

role in the generation of these gyres, since their dimensions are much larger than the internal 

Rossby radius of deformation (Cushman-Roisin and Beckers, 2011). The typical range of the 
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internal Rossby radius for Lake Geneva is O(5 km) during the strongly stratified season and 

O(1 km), during the weakly stratified season (Lemmin & D’Adamo, 1996). 

Text S2.2. EOF analysis for the October and November 2019 campaigns 

The first mode of the Empirical Orthogonal Function (EOF) analyses and the 

corresponding principal component time series for OWN at 10-m depth and the first mode of 

the EOF analyses of wind stress for October and November 2019 are displayed in Figure S2.9. 

Patterns similar to those observed for September 2019 (Figure S2.8), with the three main gyres 

(AG, CG1, and CG2), are evident in the first EOF mode for November 2019. The principal 

component time series corresponding to the spatial pattern for October 2019 indicates that the 

amplitude of the vorticity-dominated regime suddenly increased a few hours after the Bise 

event (marked by vertical green lines) started to decrease, whereas the amplitude of the 

vorticity-dominated regime for the November event gradually increased after the first peak of 

wind stress. The vorticity-dominated signature in the center of the lake persisted for almost 7 

d after the Bise event until a strong Vent wind coming from the opposite direction started 

(Figure S2.9). The Bise wind pattern was approximately the same as that observed in 

September 2018 (Figure 2.5). However, the zones where the maximum wind stress is 

concentrated are at different locations. During October and November 2019, the maximum 

wind stress was observed near the center of the lake, whereas it was mainly concentrated on 

the western part of lake, i.e., the Petit Lac basin, in September 2019 (Figure S2.8). 

Figure S2.1. Comparison between observed (Orange: Obs1, Brown: Obs2; circles) and modeled 
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(Mod1, Mod2: black lines; see legends) temperature profiles at the CIPEL SHL2 monitoring station 

(for location, see Fig. 2.1b) in Lake Geneva for 2019. RMSE indicates the Root-Mean Square Error 

(RMSE) between observed and modeled temperature profiles. The Coefficient of Variation (CV) is the 

ratio of RMSE to the average of values observed. 

 

Figure S2.2. Empirical Orthogonal Function (EOF) analysis of the MITgcm output for Lake Geneva 

for September 2018. Shown are the positive values. Compare to Figure 2.3 in the main text where results 

for negative values are presented and indicate the presence of gyres. Colorbars give the EOF range. 
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Figure S2.3. (a) Modeled surface velocity fields of the three-gyre (AG, CG1, CG2) pattern for 20 Sep-

tember 2019. Left column: Contour plots of field-measured horizontal velocity. Right column: corre-

sponding modeled horizontal velocity contour plots. Plots (b) and (c) are for 20 September 2019 along 

Transect T2; (d) and (e) 22 September 2019 along T2H; (f) and (g) 22 September 2019 along T2. The 

colorbars indicate the horizontal velocity in cm s-1. Positive velocities are pointing eastward for transect, 

T2, and northward for transect T2H. 
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Figure S2.4. (a) Modeled surface velocity fields of the three-gyre (AG, CG1, CG2) pattern for 24 Oc-

tober 2019. Black arrows show sense of rotation. Left column: Contour plots of field measured hori-

zontal velocity. Right column: corresponding modeled horizontal velocity contour plots. Plots (b) and 

(c) are for 25 October 2019 along Transect T1; (d) and (e) for 24 October 2019 along T2; (f) and (g) 

for 24 October 2019 along T3. The colorbars indicate horizontal velocity. Positive velocities are 

pointing eastward. SE1 is a small eddy caught between gyres AG and CG1. 
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Figure S2.5. (a) Modeled surface velocity fields of three-gyre (AG, CG1, CG2) pattern for 25 Novem-

ber 2019. Black arrows show sense of rotation. Left column: Contour plots of field measured horizontal 

velocity. Right column: corresponding modeled horizontal velocity contour plots. Plots (b) and (c) pre-

sent transect T1 measurements; (d) and (e) T2; (f) and (g) T3. The colorbars indicate horizontal velocity. 

Positive velocities point eastwards. 
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Figure S2.6. EOF analysis for September 2018. (a) First spatial mode and (b) principal component time 

series of the total wind stress (√𝜏𝑥
2 + 𝜏𝑦

2) calculated from COSMO atmospheric data; (c) first spatial 

modes and (d) principal component time series of noise between the solution with two dominant modes 

and the solution with all possible modes; (e) first spatial mode and (f) principal component time series 

of the net upward heat flux during September 2018; (g) first spatial mode and (h) principal component 

time series of noise between the solution with two dominant modes and the solution with all possible 

modes for the net heat flux. The colorbars indicate the range of the parameters.
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Figure S2.7. Averaged wind speed (see colorbar for magnitudes) and direction (arrows) extracted from 

COSMO data during the Bise event that lasted from 24 to 26 September 2018. 

 

Figure S2.8. EOF analysis for September 2019: (a) first spatial mode and (b) top: principal component 

time series of the normalized Okubo-Weiss (OWN) parameter at 10-m depth (blue) and bottom: wind 

direction measured at the Buchillon station (black circles; for location, see Figure 2.1b); (c) first spatial 

mode and (d) top: the principal component time series of total wind stress (√𝜏𝑥
2 + 𝜏𝑦

2) calculated from 

the COSMO atmospheric data (blue) and bottom: wind speed measured at the Buchillon station 

(brown). The first mode in (a) is dominated by the three large-scale gyres (circular zones of negative 

OWN values, i.e., 𝐸𝑂𝑊𝑁
(𝑋)𝑃𝑂𝑊𝑁

(𝑡) < 0). The colorbars indicate the parameter ranges. The vertical 

green lines mark the duration of the Bise wind event. 
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Figure S2.9. EOF analysis results. (a) First spatial mode and (b) top: principal component time series 

of the normalized Okubo-Weiss (OWN) parameter at 10-m depth (blue) and bottom: wind direction 

measured at the Buchillon station (black circles; for location, see Figure 2.1b) for October 2019. (c) 

First spatial mode and (d) top: corresponding principal component time series of the total wind stress 

(√𝜏𝑥
2 + 𝜏𝑦

2) calculated from COSMO atmospheric data (blue) and bottom: wind speed measured at the 

Buchillon station (black circles) during October 2019. (e) First spatial mode and (f) top: principal com-

ponent time series of OWN at 10-m depth for November 2019 (blue) and bottom: wind direction meas-

ured at the Buchillon station (black circles). (g) First spatial mode and (h) top: corresponding principal 

component time series of the total wind stress (blue) and bottom: wind speed measured at the Buchillon 

station during November 2019 (brown). Negative 𝐸𝑂𝑊𝑁
𝑃𝑂𝑊𝑁

 values indicate the presence of large-
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scale gyres and mesoscale eddies. The colorbars give the range of the parameters. The vertical green 

lines mark the duration of the Bise wind event.
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Abstract 

As in oceans, large-scale coherent circulations such as gyres and eddies are ubiquitous 

features in large lakes that are subject to the Coriolis force. They play a crucial role in the 

horizontal and vertical distribution of biological, chemical and physical parameters that can 

affect water quality. In order to make coherent circulation patterns evident, representative field 

measurements of near-surface currents are needed. This, unfortunately, is difficult due to the 

high spatial and temporal variability of gyres/eddies. As a result, few complete field observa-

tions of coherent circulation in oceans/lakes have been reported. With the advent of high-reso-

lution satellite imagery, the potential to unravel and improve the understanding of mesoscale 

and submesoscale processes has substantially increased. Features in the satellite images, how-

ever, must be verified by field measurements and numerical simulations. In the present study, 

Sentinel-1 SAR satellite imagery was used to detect gyres/eddies in a large lake (Lake Geneva). 

Comparing SAR images with realistic high-resolution numerical model results and in situ ob-

servations allowed for identification of distinct signatures of mesoscale gyres, which can be 

revealed through submesoscale current patterns. Under low wind conditions, cyclonic gyres 

manifest themselves in SAR images either through biogenic slicks that are entrained in sub-

mesoscale and mesoscale currents, or by pelagic upwelling that appears as smooth, dark ellip-

tical areas in their centers. This unique combination of simultaneous SAR imagery, three-di-

mensional numerical simulations and field observations confirmed that SAR imagery can pro-

vide valuable insights into the spatial scales of thus far unresolved mesoscale and submesoscale 

processes in a lake. Understanding these processes is required for developing effective lake 

management concepts.

 

3.1 Introduction 

In large lakes subject to the Coriolis force, basin-scale/mesoscale gyres are known to 

dominate the kinetic energy of lake circulation and to play a key role in the horizontal and 

vertical distributions of physical, chemical and biological parameters throughout the lake (Ji & 

Jin, 2006; Ishikawa et al., 2002). These rotating coherent structures are primarily driven by 

wind and are modified by the Coriolis force (Rao & Murty, 1970; Csanady 1973, 1975; Zhan 

et al., 2014), and can be affected by the irregularity of the lake basin and the surrounding to-
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pography. Such large lakes can be expected to exhibit a complex combination of counterclock-

wise (cyclonic) and clockwise (anticyclonic) gyres/eddies (Beletsky et al., 1999, 2013; Hui et 

al., 2021) in the northern hemisphere (opposite in the southern hemisphere). Cyclonic gyres 

are characterized by positive vorticity and a high-pressure core, whereas anticyclonic gyres are 

characterized by negative vorticity and a low-pressure core. Pressure gradients induced by cy-

clonic/anticyclonic gyres cause a decrease/increase in water surface elevation at their centers 

(Chelton et al., 2011; Faghmous et al., 2015). 

Cyclonic and anticyclonic circulations can form, respectively, a dome-shaped or 

bowl-shaped thermocline at their centers (Beletsky et al., 2012; Troitskaya et al., 2015). These 

upward or downward motions of the thermocline layer may strongly modify the physical (e.g., 

temperature and pollution) and chemical (e.g., water chemical composition and salinity) con-

ditions of the water column, which in turn can affect biological processes such as phytoplank-

ton growth and bacterial life cycles (Troitskaya et al., 2015). The identification of 

upwelling/downwelling zones can aid in understanding submesoscale/mesoscale biological, 

chemical and physical interactions in lakes and oceans. 

The high spatiotemporal variability of submesoscale/mesoscale gyres/eddies in seas 

and oceans makes satellite imagery an appropriate tool for observing the size and distribution 

of such coherent circulations (Zhan et al., 2014; Cheng et al., 2014; Shu et al., 2021; Shomina 

et al., 2022). In particular, Synthetic Aperture Radar (SAR) imagery is often used to detect 

mesoscale/submesoscale circulation patterns (e.g., Di Giacomo & Holt, 2001; Fu & Ferrari 

2008; Karimova 2012; Topouzelis & Kitsiou, 2015; Xu et al., 2015). SAR imagery provides a 

two-dimensional (2D) picture of the spatial variation in sea surface roughness and measures 

the backscattered radar power or the Normalized Radar Cross Section (NRCS), measured in 

decibels, dB. NRCS values are affected by several factors, including wind speed and direction, 

incident angle and radar parameters. Under favorable wind conditions, SAR images can reveal 

characteristic footprints of phenomena in the upper ocean and in the lower atmospheric bound-

ary layers (Gurova et al., 2013). 

The effect of different physical and biological parameters on the variation of NRCS 

values was examined previously. Using ERS-2 (European Remote-Sensing Satellite) SAR 

data, Clemente-Colón and Yan (1999) found a relationship of 0.66 dB°C−1 between NRCS 

values and Sea Surface Temperature (SST) over coastal upwelling zones. Gurova and Ivanov 

(2011) demonstrated that there is a strong correlation between patterns observed in SAR, SST, 
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and optical sensors in coastal upwelling areas. They found that temperature anomalies in SST 

were accompanied by dark (low backscattering) or bright (high backscattering) signatures on 

SAR imagery. In theory, it is well established that SST anomalies caused by upwelling can 

increase the stability of the air-water boundary layer and reduce the surface water viscosity, 

thereby decreasing the roughness of the water surface in the upwelling zones (Friehe et al., 

1991; Zheng et al., 1997; Lin et al., 2002). The reduction of NRCS due to an increase in air–

water stability over the upwelling zone is typically smaller than 3 dB (Keller et al., 1989; Alpers 

& Zeng, 2021). 

The presence and accumulation of biogenic surfactants, i.e., surface-active substances, 

in the surface microlayer can significantly affect the roughness of the water surface and, there-

fore, affect or reveal patterns in SAR images. Surfactants alter water surface tension by sup-

pressing short wind waves and thus reduce the radar backscatter cross-section (Alpers & 

Huhnerfuss, 1989; Marmorino et al., 2010). Surfactants are often trapped and concentrated 

inside flow convergence lines, creating smooth (dark) surfaces in SAR images, referred to as 

natural slicks or films. Transport processes associated with eddies and gyres can cause slicks 

to form irregular spiral structures, which can be detected in SAR images (DiGiacomo & Holt, 

2001; Cooper et al., 2005; Johannessen et al., 2005; McWilliams et al., 2009). Eddies identified 

by slick streaks are referred to as ‘black’ eddies (Karimova 2012; Ji et al., 2021). In the pres-

ence of surfactants, the effect of SST on the NRCS is secondary (Clemente-Colón &Yan, 1999; 

Alpers & Zeng, 2021). 

The manifestation of eddies by natural biogenic surfactant films in a SAR image is 

generally influenced by wind speed. At higher wind speeds (~5-6 m s−1), wind-induced mixing 

in the upper layer will be strong and redistribute surface slicks, thus preventing the damping 

mechanism caused by the presence of surfactants (Johannessen et al., 1996; Dokken & Wahl, 

1996). In low to moderate wind speed (~2-6 m s−1) conditions, smooth surfactant-rich slicks 

and rough/rippled areas with low surfactant concentrations can be distinguished in SAR images 

(DiGiacomo & Holt, 2001). Backscatter contrast induced by natural films can reach 5-10 dB 

in a SAR image (Alpers & Bignami, 2020). Surfactants are mainly derived from biological 

sources, such as phytoplankton metabolic byproducts (Ẑutić et al., 1981), marine bacterial ac-

tivity (Kurata et al., 2016), zooplankton grazing (Kujawinski et al., 2003) and terrestrial sources 

(Hunter & Liss, 1981) introduced by catchments around inland waters. In SAR imagery, chlo-

rophyll concentration is often considered a proxy for detecting the spatial variability of surfac-

tants (Tsai & Liu, 2003; De Santi et al., 2019). According to Lin et al. (2002), the reduction of 
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NRCS values in SAR images is highly correlated with the increase in chlorophyll-a concentra-

tions. It was reported that a 1 mg m−3 increase in chlorophyll-a concentration results in a re-

duction of 5 dB in NRCS values. Gurova and Ivanov (2011) reported a change in NRCS values 

in an area with a high concentration of floating cyanobacteria. Thus, the spatial variability as-

sociated with natural films observed in SAR imagery can serve as an indicator of the different 

biological activities of different water masses (Lin et al., 2002). 

In SAR images, bright curved lines may appear at higher wind speeds (> 6 m/s) as a 

result of the interaction between surface waves and converging/shearing currents. The bright 

lines outline the shape of submesoscale/mesoscale eddies. Eddies manifested by this mecha-

nism are referred to as ‘white’ eddies (Johannessen et al., 2005; Karimova, 2012; Shu et al., 

2021). Existing algorithms for detecting eddies in SAR imagery are generally designed to iden-

tify ‘white’ or ‘black’ eddies. In previous studies, however, two other mechanisms were pro-

posed for detecting eddies in a SAR image: (i) the variation of the wind field over an oceanic 

temperature front due to changes in the atmospheric boundary layer (e.g., Friedman et al., 2004; 

Karimova, 2012) and (ii) the presence of visible particles, such as ice (e.g., Ivanov & Ginzburg, 

2002). SAR imagery can provide valuable and unique information with high spatial resolution 

and a wide coverage under favorable wind conditions. However, it should be noted that several 

atmospheric processes, such as small-scale inhomogeneities of the near-surface wind field, 

wind shading, atmospheric convection, atmospheric gravity waves as well as precipitation can 

influence the patterns observed in SAR imagery. To improve the interpretation of sub-

mesoscale/mesoscale processes observed in SAR images, a multidisciplinary approach involv-

ing in situ observations, remote sensing and numerical modeling should be employed. 

Although SAR imagery has been widely used to study submesoscale/mesoscale cur-

rents in seas and oceans, it has rarely been applied to study lake currents (e.g., McKinney et 

al., 2012; Hamze-Ziabari et al., 2022b, c). Large lakes subject to the Coriolis force, such as 

Lake Geneva, are characterized by complex large-scale rotational current patterns (Hamze-

Ziabari et al., 2022c), and thus 2D high-resolution SAR imagery can provide new insights into 

these mesoscale/submesoscale processes. Natural slicks, which contain a higher concentration 

of biogenic surfactants than rough surface areas, are ubiquitous in Lake Geneva (Foroughan et 

al., 2022a), and can be observed under light to moderate wind speeds ranging from 1.5 to 5 m 

s−1. Detecting and monitoring large-scale currents in Lake Geneva using SAR imagery thus 

appears feasible. Indeed, we show that cyclonic gyres can manifest themselves in SAR images 

(i) through biogenic slicks, entrained in submesoscale and mesoscale currents (‘black’ eddies), 
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and (ii) by pelagic upwelling, evidenced by smooth, dark elliptical areas in their centers. To 

investigate such features, the present study combines C-band SAR images from the Sentinel-

1A and Sentinel-1B satellites with in situ observations and results of high-resolution validated 

three-dimensional (3D) numerical model simulations of Lake Geneva under low wind condi-

tions. This allowed for the first time in a lake to link surface observations of mesoscale gyres 

and submesoscale eddies to their vertical structure in the water column below. 

The remaining sections of this paper are organized as follows: The study site, 3D nu-

merical modeling, field campaigns and physical background of cyclonic eddies/gyres are de-

scribed in Section 2. Field observations, numerical results and SAR images are compared in 

Section 3. The results are discussed in Section 4. A brief summary and conclusions are given 

in Section 5, followed by the Appendix.  

3.2 Materials and Methods 

3.2.1 Study Area 

Lake Geneva (France/Switzerland, local name: Lac Léman) is the largest lake in West-

ern Europe (Figure 3.1). It is composed of two basins, the large, deep Grand Lac in the east 

(maximum depth 309 m), and the narrow, shallow Petit Lac in the west (maximum depth ~70 

m). This crescent-shaped lake has a surface area of 580 km2, a volume of 89 km3 and a length 

of ~70 km along its main arc. Its maximum width is 14 km. It is surrounded by the Alps to the 

south and east, and the Jura mountains to the northwest. Two dominant wind fields, the Bise 

(coming from the northeast) and the Vent (coming from the southwest), are guided by the sur-

rounding topography. The central and western parts of the lake are frequently subject to strong 

winds, which can last from several hours to several days. However, the surrounding high moun-

tains shelter the eastern part of the lake from strong winds (Lemmin, 2020). 
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Figure 3.1. Lake Geneva and surrounding topography. Red triangle: location of the long-term CIPEL 

monitoring station SHL2 where physical and biological parameters are measured. Green square: EPFL 

Buchillon Mast meteorological station (100-m offshore). Blue circle: LéXPLORE floating platform. 

The thick yellow arrows indicate the direction of the two strong dominant winds, called the Bise (com-

ing from the northeast) and the Vent (coming from the southwest). V and D are the deltas of the Venoge 

and the Dranse rivers, respectively. These markers will be used in the figures below as reference points. 

The color legend describes the depth of the lake. 

3.2.2 Synthetic Aperture Radar 

Recent advances in satellite imaging technology have revolutionized our ability to 

observe basin-scale and submesoscale processes, thus allowing us to make significant progress 

in understanding how these processes are generated and how they develop in time and space. 

In particular, Synthetic Aperture Radar (SAR) has been applied successfully to detect oceanic 

and atmospheric features in marine boundary layers. SAR imagery has the following ad-

vantages: (i) it can be used in all weather conditions and at any time, (ii) it is highly sensitive 

to small-scale variability of the water surface, and (iii) it provides high-resolution images. The 

SAR dataset used in this study was obtained from the Sentinel-1A and Sentinel-1B satellites. 

These satellites are part of the European Space Agency’s (ESA) Copernicus program that pro-

vides C-band SAR observations. The co-polarized VV (vertical transmission; vertical recep-
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tion) data are used because noise restricts the application of VH (vertical transmission; hori-

zontal reception) data (Gao et al., 2019). The primary reason for this is that surface water has 

a smaller radar cross-section in cross-polarized than in co-polarized channels (HH or VV) 

(Fang et al., 2018). A comparison between VV and VH data obtained from Sentinel-1 SAR 

imagery is provided in Figure A3.1. This figure clearly shows that the VV data are significantly 

more sensitive to water surface roughness than the VH data. They capture surface pattern de-

tails that can be related to processes in the lake water column below, as will be demonstrated 

in the Results section. The spatial resolution of SAR data varies from 5 m to 20 m for a ground 

sampling distance of 10 m. 

We used Level-1 Ground Range Detected (GRD) products that require denoising and 

correction prior to further analysis. Pre-processing of SAR GRD is performed according to the 

standard workflow proposed by (Filipponi, 2019). In the pre-processing stage, the following 

seven steps are carried out: (1) the precise orbit state vectors for each SAR product are applied 

based on accurate satellite position and orbital speed; (2) additive thermal noise is reduced; (3) 

low-intensity noise and invalid data from the scene edges are eliminated; (4) digital pixels are 

used to generate radiometrically calibrated SAR backscatter; (5) SAR images are improved by 

reducing granular noise caused by waves reflected from other scatterers; (6) distortions caused 

by the side-looking geometry are corrected; and (7) the SAR backscatter coefficient is con-

verted to decibels (dB) for post-processing purposes. 

3.2.3 Numerical Simulations 

To study the 3D processes in cyclonic eddies/gyres, the Massachusetts Institute of 

Technology general circulation model (MITgcm; Marshall et al., 1997) was used with a con-

figuration similar to that employed by Cimatoribus et al. (2018; 2019), who also performed an 

in-depth validation based on numerous field observations from around the lake. Using the cur-

rent setup, Cimatoribus et al. (2018; 2019) demonstrated that stratification, mean flow, and 

internal seiche variability in Lake Geneva can be realistically simulated. Hamze-Ziabari et al. 

(2022b, c) and Reiss et al. (2020; 2022) showed that the model can accurately capture both 

sub-mesoscale and basin/mesoscale processes in Lake Geneva. In all the cited studies, the mod-

eled results compared well with field measurements. 

The MITgcm code solves the 3D Boussinesq, hydrostatic Navier-Stokes equations 

(including the Coriolis force) (Marshall et al., 1997). Realistic atmospheric fields (such as 

wind, temperature, humidity, and solar radiation), extracted from the COnsortium for Small-
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scale MOdeling (COSMO) atmospheric model of MeteoSwiss with a resolution of 1 km, were 

used to force the lake surface (Voudouri et al., 2017). Two Cartesian grids, a Low Resolution 

(LR) grid (horizontal resolution 173 to 260 m, 35 depth layers) and a High Resolution (HR) 

grid (horizontal resolution 113 m, 50 depth layers), were applied. The LR model was initialized 

from the rest using the temperature profile from the Commission Internationale pour la Protec-

tion des Eaux du Léman (CIPEL) station SHL2 (CIPEL, 2019) measured on 25 October 2017 

and 19 December 2018, respectively (calm weather conditions prevailed on both dates). For 

each run, the LR model spin-up was ~180 d. Note that the LR results were only used to initialize 

the HR model. The layer thicknesses in the HR model ranged from 0.30 m at the surface to 

approximately 12 m for the deepest layer. The integration time step was 6 s. 

3.2.4 Field Measurements 

Guided by the numerical model results, four different transects were selected in the 

central part of the Grand Lac, where a cyclonic gyre and a submesoscale eddy were forecast 

(Hamze-Ziabari et al., 2022c). Profiles spaced at 1 km and/or 500 m intervals were measured 

along the predefined transects. An ADCP (Acoustic Doppler Current Profiler, Teledyne Marine 

Work-horse Sentinel) equipped with a bottom-tracking module was used to measure the verti-

cal profiles of current velocity at each point. Data were collected for at least 5 min at each 

point. The ADCP was set up for 100 1-m high bins (blanking distance of 2 m). The transducer 

was located at 0.5-m depth, and the high-resolution processing mode was chosen. Tilt and 

heading angles were derived from a built-in sensor. 

Vertical profiles of water temperature were measured with a multiparameter probe 

(Sea and Sun Marine Tech) CTD75M at each predefined point during the September 2019 and 

October 2021 campaigns. The vertical speed of the CTD was approximately 10 cm s−1, with a 

measurement frequency of 7 Hz, giving a sampling resolution of about 1.5 cm. 

3.2.5 Background Physics 

In order to correctly interpret the geophysical data collected by microwave sensors 

such as SAR, it is important to understand not only the scattering physics, but also the hydro-

dynamic surface processes that influence the structure of surface water boundary layers (Jack-

son & Apel, 2004). The electromagnetic scattering from rough surfaces is typically described 

using an asymptotic approximation to an exact solution of Maxwell’s equations. A simplified 

scattering model developed by Elfouhaily et al. (1999, 2001) is used here to demonstrate how 
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backscatter in SAR images is related to lake-water surface roughness. According to Jackson 

and Apel, (2004), the scattered magnetic field, 𝐵𝑆
𝑝⃗⃗⃗⃗  ⃗(𝑟), at field point r can be expressed as: 

𝐵𝑆
𝑝⃗⃗⃗⃗  ⃗(𝑟) =

1

2𝜋𝑖

exp(𝑖𝑘𝑟)

𝑟
𝐵0𝑃𝑆

𝑝⃗⃗ ⃗⃗  ∫ exp [−𝑖𝑞𝑧𝜂(𝑥 )]exp[−𝑖𝑞𝐻⃗⃗ ⃗⃗  . 𝑥 ]𝑑𝑥  (3.1) 

where k is the electromagnetic wave number, 𝐵0 is the magnitude of the incident field, 𝑃𝑆
𝑝⃗⃗ ⃗⃗   

represents a polarization vector that defines the scattered field for an incident polarization state 

p, 𝑞 = (𝑞𝐻⃗⃗ ⃗⃗  , 𝑞𝑧) is the difference between the scattered and incident wave number vectors, and 

𝜂(𝑥 ) is the surface elevation at position 𝑥 . The subscripts H and z stand for the horizontal and 

vertical components, respectively. 

The present study focuses on the physical and biological processes associated with 

basin-scale cyclonic gyres and how they can contribute to variations in 𝜂(𝑥 ) (see Equation 3.1) 

and, therefore, to backscattering signals. A schematic diagram of the processes associated with 

a cyclonic eddy/gyre is shown in Figure 3.2. An anticlockwise gyre in the northern hemisphere 

can cause divergence of the flow near the surface and convergence in the deeper layers (Figure 

3.2). Consequently, upwelling occurs in the gyre’s center, and as a result, a dome-shaped ther-

mocline forms. Based on the Boussinesq approximation and hydrostatic assumptions, the ve-

locity field of a geostrophic flow field can be expressed as (Tritton, 2012) 

𝑢(𝑥, 𝑦, 𝑧) = −
1

𝑓𝜌

𝜕

𝜕𝑦
∫ 𝜌(𝑥, 𝑦, 𝑧)𝑑𝑧 −

𝑔

𝑓

𝜕𝜂(𝑥, 𝑦)

𝜕𝑦

0

−𝑧

 (3.2) 

𝑣(𝑥, 𝑦, 𝑧) =
1

𝑓𝜌

𝜕

𝜕𝑥
∫ 𝜌(𝑥, 𝑦, 𝑧)𝑑𝑧 +

𝑔

𝑓

𝜕𝜂(𝑥, 𝑦)

𝜕𝑥

0

−𝑧

 (3.3) 

where u and v are horizontal velocities in the x and y directions, respectively, ɡ is the accelera-

tion due to gravity, 𝜌 is water density, and f is the Coriolis frequency. The first and second 

terms on the right sides of Equations (3.2) and (3.3) describe the baroclinic and barotropic 

contributions to u and v, respectively. The baroclinic terms result from the horizontal density 

gradient, whereas the barotropic terms result from the horizontal gradient of the water surface 

elevation. Pelagic upwelling induced by cyclonic circulation creates a horizontal density gra-

dient between the center and periphery of the gyre. The gyre velocity drops to zero (i.e., 𝑢 =

𝑣 = 0) in the presence of a strong thermocline in some deeper layers or at the lake bed. Conse-

quently, the barotropic terms have to be opposed to the baroclinic terms according to Equations 

(3.2) and (3.3). Pelagic upwelling increases the baroclinic terms (water in the center is colder 

(denser) than in the periphery), which results in a decrease in the barotropic terms in the center 
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of a cyclonic gyre. Therefore, a reduction in water surface elevation (η) takes place in the center 

of a cyclonic circulation. 

Furthermore, wind stress can be affected by pelagic upwelling. In general, wind stress 

can be written as follows (Large & Pond; 1981): 

𝜏 = 𝜌𝑎𝑖𝑟𝐶𝐷𝑈10
2  (3.4) 

where 𝜌𝑎𝑖𝑟 is the air density, 𝑈10 is the wind speed at a height of 10 m and 𝐶𝐷 is the wind stress 

drag coefficient. The value of 𝐶𝐷 depends on the surface stability and the roughness length. It 

can be expressed as (Large & Pond; 1981; Fairall et al., 2003; Grachev et al., 2011) 

𝐶𝐷 =
𝑘2

(𝑙𝑛(𝑧/𝑧0)𝜑(𝑧/𝐿))
2 (3.5) 

where 𝜑 is a function representing the stability of the air-water interface, k is the von Kármán 

constant, L is the Monin-Obukhov length, and z0 is the surface roughness height. The stability 

parameter increases in the upwelling zone, thereby reducing the drag coefficient and wind 

stress in Equation (3.4) and (3.5) (Gurova et al., 2013). Low wind speeds lead to lower 

backscattering from the water surface. 

The motion field of cyclonic gyres modifies its vertical thermal structure, causing an 

upward tilt of the thermocline and thus upwelling (upward water movement) in the center of 

the gyre (Figure 3.2). This vertical motion may enhance phytoplankton activity in the near 

surface layer. Upwelling-related biological processes may cause surfactant concentrations in 

the center of a gyre to vary, since phytoplankton metabolic byproducts are an important source 

of biogenic surfactants (Ẑutić et al., 1981). Due to their impact on water surface roughness, 

changes in surfactant concentration affect the backscattering of SAR signals. Local conver-

gence zones and submesoscale cold filaments also often occur within eddies and gyres 

(McWilliams et al., 2009; Hamze‐Ziabari et al., 2022b). As shown in Figure 3.2, these pro-

cesses can accumulate surfactants locally, thereby generating spatially variable SAR signals. 
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Figure 3.2. Left panel: sketch of a cyclonic gyre (counterclockwise rotating; red arrows). Right panel: 

the associated upwelling of the thermocline in the center of the gyre (blue arrows). 

3.3 Results 

In Lake Geneva, mesoscale and submesoscale circulations are generated by events of 

strong Bise and Vent winds that can last for several days. Thereafter, when winds have died 

down, numerical modeling predicts that these circulation patterns remain unchanged for several 

days. Below, we present examples of the circulation observed during these calm periods with 

very low wave activity. We will mainly compare the dynamics in September and in October. 

In September, the thermal stratification is strong and a thermocline is developed at ~10–15 m 

depth. These conditions are ideal for the formation of cyclonic gyres by wind energy in the 

shallow mixed layer. By the end of October, the mixed layer is deeper with a thermocline at 

~30 m depth; the thermocline is also weaker than in September. 

3.3.1 Biogenic Slicks Indicate the Presence of a Cyclonic Gyre 

SAR images, unlike passive visible-range or infrared sensors, are characterized by 

patterns caused by changes in the roughness of the water surface. Traditionally, in SAR im-

agery, submesoscale/mesoscale eddies appear as ‘black’ eddy-like spirals consisting of several 

biogenic slick streaks or as ‘white’ eddies consisting of curved lines of high radar backscatter 

induced by wave/current interactions. The latter manifestation mechanism is not evident in the 

SAR images of Lake Geneva taken between 2018 and 2021. However, biogenic slick streaks 

that manifest submesoscale/mesoscale processes are observed frequently in Lake Geneva 

(Hamze‐Ziabari et al., 2022c). Figure 3.3a illustrates an example of a basin-scale gyre at the 



Results 

82 

center of Lake Geneva on 21 July 2018. Unlike eddies found in oceans or seas, basin-scale 

gyres are constrained by the lake morphology, and their geometric shapes are influenced by 

the lake boundaries. As shown in Figure 3.3a, an elliptical eddy-like structure can be distin-

guished in the center of Lake Geneva. The simulated temperature and current velocity in the 

near-surface layer (0.3 m) are shown in Figure 3.3b (spatial resolution of 113 m). The current 

velocity confirms the presence of a cyclonic gyre in the center of Lake Geneva. Furthermore, 

several submesoscale cold and warm filaments can be detected in the surface temperature that 

wind into the center of the cyclonic gyre (Figure 3.3b). Similar frontal/filamentary patterns 

compare well with the SAR image taken on 21 July 2018 (Figure 3.3a). 
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Figure 3.3. (a) Subset of a Sentinel-1B SAR-C image acquired on 21 July 2018 at 17:31 UTC, (b) 

simulated temperature (color) and current velocity and direction (arrows) at 0.3-m depth, and (c) the 

horizontal strain rate (0.3-m depth), given by 𝑆𝑡𝑟𝑎𝑖𝑛 = √(𝜕𝑢 𝜕𝑥⁄ − 𝜕𝑣 𝜕𝑦⁄ )2 + (𝜕𝑣 𝜕𝑥⁄ + 𝜕𝑢 𝜕𝑦⁄ )2, 

from a high-resolution, 3D numerical simulation for 21 July 2018 at 18:00 UTC. In this expression, (u, 
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v) are the (x, y) components of horizontal velocity field. Colorbars in (b) and (c) give the ranges of 

temperature and strain rate, respectively. V and D are reference points marked in Figure 3.1. 

Figure 3.4a illustrates three distinct spatial patterns in the SAR image taken on 21 

September 2019. A ‘dark’ elliptical region (marked CG in Figure 3.4a) surrounded by several 

dark slicks is seen at the center of the lake where numerical modeling predicted a cyclonic 

gyre. However, as shown in Figure 3.3a, the cyclonic gyre at the center of the lake usually 

appears with dark filamentary patterns winding into its center. On the other hand, a similar 

anticyclonic filamentary pattern with a large-scale eddy-like pattern at the western part of the 

lake (marked AG in Figure 3.4a) can be distinguished. Unlike the signature of cyclonic circu-

lation observed in the center of the lake, the filamentary slicks are more concentrated at the 

edge and boundary of the lake and they do not spiral towards the center. A submesoscale eddy-

like pattern (marked SE in Figure 3.4a) can be observed between two large-scale patterns in 

the central and western parts of the lake. The filamentary patterns move toward the center of 

the eddy, indicating a cyclonic circulation. 

The simulated velocity and temperature fields are shown in Figure 3.4b and c, respec-

tively. The three different circulation patterns in the SAR image (AG, CG and SE) can be 

detected at almost the same locations in Figure 3.4b and c. An anticyclonic circulation with 

~0.20 m s−1 current speed was predicted by the numerical model at the western part of the Lake 

where filamentary patterns were observed. The location of filamentary patterns is closely cor-

related with the distribution of current velocity. A small cyclonic circulation with the same size 

and at the same location as the cyclonic eddy in the SAR image was predicted by the model. 

Interestingly, a very strong cyclonic circulation (0.35 m s−1) is formed around the area where a 

‘dark’ elliptical region is evident in the SAR image. The simulated temperature in the near-

surface layer also shows cold upwelled water in the center of the cyclonic circulation that is 

1.5-2°C colder than the adjacent water. A horizontal filamentary pattern similar to the SAR 

image appears adjacent to the upwelling zone, in particular on its eastern side. A combination 

of cold and warm filamentary patterns is evident at the periphery of the anticyclonic gyre (AG) 

and at the center and periphery of the submesoscale cyclonic eddy (SE). 
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Figure 3.4. (a) Sentinel-1A SAR-C image of Lake Geneva acquired on 20 September 2019 at 17:31 

UTC. AG: anticyclonic gyre; CG: cyclonic gyre; SE: submesoscale eddy. (b) Simulated current velocity 

at 0.3-m depth (arrows: direction; color: velocity; colorbar legend: velocity range). (c) Simulated tem-

perature (0.3-m depth; colorbar legend: temperature range) from a high-resolution, 3D numerical sim-

ulation for 20 September 2019 at 18:00 UTC. Easting and northing coordinates follow the Swiss 

CH1903 system. 
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A SAR image taken on 20 September 2019 (Figure 3.5a) shows a similar ‘dark’ ellip-

tical pattern but at a different location in the center of Lake Geneva. The numerical results 

confirm that the location of the center of cyclonic circulation is quite variable during its for-

mation and that the pelagic upwelling location gradually moved from west to east (see Appen-

dix Figure A3.2). A field campaign on 20 and 21 September 2019 was conducted at the center 

of the lake. Water temperatures at 1 m depth on four different transects (Figure 3.6a) were 

measured. Three transects, T1L, T1, and T1R, with 1.8–2 km distance between each other and 

consisting of 10 measurement points at 1 km intervals from south to north were measured on 

20 September 2019 between ~07:15 and ~15:02 UTC (see Figure 3.6a for location of measure-

ment points). The field measurements along each transect took almost 2 h. The measured near-

surface temperatures along each transect are shown in Figure 3.6b and c. The temperature 

dropped by 1.2–2°C at the center of each transect. The number of measurement points in which 

the drop in temperature was observed is different, mainly due to the elliptical shape of 

upwelling. The spatial and temporal variability of the upwelling zone is also different, since 

the transects were not measured at the same time. Measurements along transect T1L were taken 

between ~13:03 and ~15:02 UTC and are closest to the time of the SAR image on 20 Septem-

ber. As seen in Figure 3.6b, the center of upwelling (lowest temperatures) was located in the 

center of the lake near the area of the ‘dark’ elliptical zone in the SAR image. 
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Figure 3.5. (a) Subset of a Sentinel-1A SAR-C image acquired on 20 September 2019 at 17:31 UTC. 

(b) Subset of a Sentinel-1B SAR-C image acquired on 21 September 2019 at 17:23 UTC. Variation of 

NRCS along the transects (c) A-A’ (Sentinel-1A SAR-C image) and (d) B-B’ (Sentinel-1B SAR-C 

image). V and D: reference points marked in Figure 3.1. 

On 21 September 2019, temperature measurements along transect T1 were repeated. 

Furthermore, a horizontal transect, T2, from east to west consisting of 12 points with a 1.5 km 

spacing was measured (see Figure 3.6a for the location of measurement points). As shown in 

Figure 3.5b, the cold area at the center of T1 moved toward the north compared to the day 
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before. The drop in surface temperature by 1–1.5°C was detected at two measurement points. 

However, the temperature drop along transect T2 occurred at four measurement points exactly 

where the ‘dark’ elliptical pattern was observed in the SAR image. The measurements along 

transect T2 were carried out between ~15:30 and ~18:30 UTC, which is close to 17:23 UTC 

when the SAR image was taken on 21 September. Note that other dark areas can be detected 

at different locations in both SAR images shown in Figures 3.4 and 3.5. Low wind speeds (< 

~1.5–2 m s−1) can be responsible for such dark areas. 

 

Figure 3.6. (a) Subset of a Sentinel-1A SAR-C image acquired on 20 September 2019 at 17:31 UTC. 

(b) Near surface temperature (1 m depth) measured along transects T1L, T1 and T1R. (c) Near surface 
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temperature (1 m depth) measured along transect T2. The distance between measurement points is ~1.5 

km, whereas it is ~1 km along T1L, T1 and T1R. V: reference point marked in Figure 3.1. 

3.3.2 Submesoscale Eddies 

In the SAR images, small eddies appear as radar-dark filaments wound into spirals. 

Submesoscale eddies can play an important role in lake/ocean turbulence, stratification, and 

primary production (Hamze-Ziabari et al., 2022b; Mahadevan, 2016). Field observations of 

such small structures are very rare in both oceans and lakes. However, Hamze-Ziabari et al. 

(2022c) demonstrated that these small eddies can be resolved in numerical simulations and that 

they can be measured in Lake Geneva. Following the same strategy as proposed by Hamze-

Ziabari et al. (2022c), a field campaign was carried out on 26 October 2021 when both a SAR 

image and a submesoscale eddy between two gyres were expected. Therefore, fourteen meas-

urement points with 500 m distance from each other (Figure 3.7a) were selected at the location 

of the expected eddy. The measurements along the transect shown in Figure 3.7a were taken 

between ~08:29 and ~11:07 UTC. A SAR image taken on 26 October at 5:43 UTC (Figure 

3.7a) reveals an eddy-like structure containing several filamentary dark slicks with widths less 

than 100 m. The temperature and velocity profiles measured at the pre-defined measurement 

points are given in Figure 3.7b and c, respectively. The velocity profiles indicate a cyclonic 

circulation that is constrained by the thermocline. The maximum velocity reaches 0.22 m s−1 

at the edge of the eddy. The temperature profile reveals a dome-shaped thermocline. The near-

surface water temperature is 1–2°C colder than the adjacent water. In particular, at the core of 

the eddy where the velocity is almost zero, the maximum drop in temperature (~2°C) occurs. 

As can be seen in the SAR image (Figure 3.7a), a dark area surrounded by filamentary slicks 

at the center of the eddy similar to the elliptical dark pattern observed in the center of the 

cyclonic gyre (Figure 3.4) can be distinguished. The area of the dark pattern in the center of 

the eddy is much smaller than that at the center of the basin-scale gyre. Five points along the 

transect are affected by the upwelling at the center of the eddy, which has a diameter of almost 

2.5 km. The nominal diameter of the dark area at the center of the eddy in the SAR image is 

almost 3 km. 

The simulated temperature and velocity for the same time as in the SAR image show 

a cyclonic eddy between two anticyclonic gyres (Figure 3.8a) with a circular cold area at the 

center of the eddy surrounded by cold/warm filaments. The spatial variability of the mixed 

layer depth adjacent to the cyclonic and anticyclonic circulations is presented in Figure 3.8b. 
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Here, the mixed layer is defined as the layer that has a temperature gradient < 0.1°C m−1 and 

where the total temperature difference from the water surface to the MLD (Mixed Layer Depth) 

is < 2°C (Xu et al., 2019). A shallower mixed layer due to upwelling at the center of the cy-

clonic eddy was formed as opposed to a deeper mixed layer due to downwelling at the center 

of the anticyclonic gyres. The vertical motion associated with eddies and gyres creates a 15–

20 m MLD difference between the cyclonic and anticyclonic eddies. Similar MLD differences 

between the center of the cyclonic eddy and its edges were observed in the field. 

SAR imagery has rarely been used to detect eddies in lake studies. Previous studies 

that used SAR imagery to identify eddies focused primarily on their statistics (Di Giacomo & 

Holt, 2001; Fu & Ferrari, 2008; Karimova, 2012; Topouzelis & Kitsiou, 2015; Xu et al., 2015). 

McKinney et al. (2012) reported small-scale cold cyclonic eddies in Lake Superior using data 

from Advanced Very High-Resolution Radiometers (AVHRR) and SAR. These authors stud-

ied statistics regarding the diameter, location, rotational sign, and temporal occurrence of small 

eddies in nearshore areas. Their AVHRR data indicated that cyclonic eddies are accompanied 

by cold cores, whereas anticyclonic eddies are accompanied by warm cores. A small eddy with 

a cold core was also observed during our campaign in October 2021. However, the present 

study is the first one in a lake that links surface observations of mesoscale gyres and sub-

mesoscale eddies to their vertical structure in the water column below. 



Results 

91 

 

Figure 3.7. (a) Subset of a Sentinel-1A SAR-C image acquired on 26 October 2021 at 05:43 UTC. (b) 

Measured temperature (colorbar legend: temperature range) and (c) velocity (colorbar legend: horizon-

tal velocity range) along the measurement points (red pins) in (a). Blue: southward currents; red: north-

ward currents. V: reference point marked in Figure 3.1. 
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Figure 3.8. (a) Simulated temperature (colors; colorbar legend: temperature range) and current (arrows; 

reference arrow in legend) at 0.3 m depth. (b) Simulated Mixed Layer Depth (colorbar legend: depth 

range) from a high-resolution, 3D numerical simulation for 26 October 2021 at 06:00 UTC. V and D 

are the reference points marked in Figure 3.1. 

3.4 Discussion 

The above analysis of SAR images, 3D numerical modeling results and field observa-

tions shows that, under calm wind conditions, the patterns observed in SAR images are pre-

dominantly produced by biogenic slicks and surface roughness changes related to pelagic 

upwelling. Below, the contribution to the NRCS by different physical and biological processes, 

such as (i) an increase in air–water stability or an increase in the viscosity of surface water in 

the active phase of pelagic upwelling, (ii) a decrease of water elevation due to the baroclinic 
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pressure gradient induced by pelagic upwelling, and (iii) rapid algae growth following nutrient 

uptake due to the pelagic upwelling, will be discussed. 

Similar to coastal upwelling, upwelling in the center of a cyclonic gyre can be divided 

into two phases: (i) the active phase, during which upwelled water can reach the surface and 

remain there for a few days depending on the interaction between the gyre velocity field and 

the thermocline, and (ii) the relaxation phase, during which the upwelling at the center cannot 

reach the surface and the gyre velocity begins to decline. In the second phase, submesoscale 

filaments, squirts and whirls can be formed either through filamentogenesis/frontogenesis 

(McWilliams et al., 2009; Gula et al., 2014; Hamze-Ziabari et al., 2022b) or by baroclinic in-

stability (McWilliams & Molemaker, 2011; Gula et al., 2014) in adjacent pelagic upwelling. 

As an example, the simulated surface water temperature and SAR image on 21 July 2018 (Fig-

ure 3.3) show several filamentary patterns of temperature/slicks inside the cyclonic gyre at the 

center of the lake. The vertical profiles of temperature at the center of the gyre velocity field 

(Figure 3.9b) indicate that the pelagic upwelling is in the relaxation phase. In the mixed layer, 

cold filaments appear as well-mixed columns of colder water. The cold-water mass patches in 

the mixed layer result from filamentogenesis/frontogenesis, which involves a rapid sharpening 

of the horizontal temperature/density gradient that is caused by large-scale confluent deforma-

tional flow (Hamze-Ziabari et al., 2022b; Gula et al., 2014). At the location of the cold filament, 

a two-cell secondary circulation with stronger surface convergence and downwelling at its cen-

ter is formed and restores the geostrophic and hydrostatic balances (McWilliams et al., 2009). 

As a result, such convergence zones can accumulate surfactants and pollution at the center of 

cold filaments. 
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Figure 3.9. (a) Simulated temperature and current (0.3 m depth), and (b) simulated temperature profile 

along the white transect in (a) from the high-resolution, 3D numerical simulation for 21 July 2018 at 

17:00 UTC. (c) Simulated temperature and current (0.3 m depth), and (d) simulated temperature profile 

along the white transect in (c) from the 3D numerical simulation for 21 September 2019 at 17:00 UTC. 

In (a) and (c), colors: temperature; colorbar legend: temperature range and arrows: currents; reference 

arrow in legend. V and D: reference points marked in Figure 3.1. In (b) and (d), zero on the x-axis is at 

the southern end of the transect; colorbar legend: temperature range. 

Figure 3.10b shows the variability of NRCS (𝜎0,𝑉𝑉) values along the transect in Figure 

3.10a. Two filamentary slicks, F1 and F3, with larger widths (~300–400 m), exhibit a greater 

drop (~6–8 dB) in NRCS values than the narrower slicks. Numerical results predict the pres-

ence of two cold filaments near F1 and F3. The water in the cold filaments is 0.5–1°C cooler 

than the ambient water. Based on a combination of field data and numerical simulations, 

Hamze-Ziabari et al. (2022b) observed a similar filamentary pattern in a SAR image with the 

same spatial scale, which was accompanied by a temperature gradient of 1–2°C. Theory pre-

dicts that a combination of high ageostrophic strain rate and buoyancy gradient caused by pe-

lagic/coastal upwelling can create filamentary patches of cold water in the mixed layer (Gula 

et al., 2014). Figure 3.3c, for example, shows that a high ageostrophic strain rate, which is three 

to five times greater than the Coriolis frequency, is present in the location of a cold filament. 
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Such conditions are favorable for filamentogenesis/frontogenesis. It is well known that surfac-

tants are often trapped and accumulated at the water surface inside such filamentary structures 

due to intense upwelling/downwelling cells induced by ageostrophic secondary circulation, and 

thus they can document the presence of filaments in SAR images (McWilliams et al., 2009). 

 

Figure 3.10. (a) Subset of a Sentinel-1B SAR-C image acquired on 21 July 2018 at 17:31 UTC. Fila-

ments are marked by F along the orange transect; C: center of the gyre. (b) Variability of the raw NRCS 

data (𝜎0,𝑉𝑉) and the moving average (red line) along the orange transect shown in (a). (c) Simulated 

water surface elevation (given as the offset from the average water level) for 21 July 2018 at 18:00 UTC 
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for the area shown in (a). Colorbar legend: range of surface elevation. V: reference point marked in 

Figure 3.1. 

On the other hand, the SAR imagery of 20 and 21 September 2019 (Figure 3.5) shows 

patterns quite different from those typically observed in a cyclonic eddy/gyre. Figure 3.9d il-

lustrates the simulated temperature profiles at the center of the cyclonic gyre, where dark ellip-

tical patterns are present. The temperature profiles suggest that the pelagic upwelling caused 

by the cyclonic gyre is in the active phase and that the thermocline water reached the surface. 

Consequently, the temperature at the center of the cyclonic gyre was 1–1.5°C lower than the 

ambient water, as confirmed by field observations. The variability of NRCS values along two 

transects A–A’ and B–B’, located in the dark elliptical patterns, is plotted in Figure 3.5c and d, 

respectively. Along A–A’, the drop in NRCS values in smooth areas can reach 10–15 dB com-

pared to rough areas. However, for B–B’, which corresponds to the SAR image taken a day 

later at nearly the same time, the NRCS values only drop 5–10 dB at the center of the cyclonic 

gyre. The wind speed measured at two field meteorological stations, LéXPLORE and Buchil-

lon Mast (see Figure 3.1 for locations), is plotted in Figure 3.11. The wind speed was recorded 

every 10 min at the LéXPLORE station, whereas it was measured hourly at the Buchillon sta-

tion. According to both sets of field data, the wind speed was low during both events. Further-

more, the NRCS values in the rough area are comparable. 
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Figure 3.11. Wind speed measured at the (a) LéXPLORE and (b) Buchillon stations during 

20–21 September 2019. For locations, see Figure 3.1. Red parallel lines: times when SAR sat-

ellite images were taken. 

Changes in SST affect NRCS by altering the stability of the atmospheric marine boundary layer 

and the viscosity of surface waters (Keller et al., 1989; Friehe et al., 1991; Zheng et al., 1997; 

Lin et al., 2002; Alpers & Zeng, 2021). An increase in surface boundary layer stability over the 

upwelling zone leads to a reduction of wind stress by reducing the drag coefficient. An increase 

in the viscous properties of the surface layer can have an additional effect on the damping and 

initiation of Bragg waves. For example, according to Clemente-Colón (2001), a 0.26-0.76 

dB/°C ratio describes the NRCS to SST relationship over the coastal upwelling zone. However, 

the reduction of NRCS values due to an increase in air-water stability over the upwelling zone 

is typically smaller than 3 dB. The numerical results and field observations show that the drop 

in temperature at the center of the cyclonic gyre reaches 1–1.5°C, which can theoretically result 

in a maximum NRCS reduction of ~0.26–1.14 dB (Clemente-Colón & Yan, 1999). Clearly, 
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such processes cannot be the only mechanisms responsible for the 5–15 dB reduction of NRCS 

values in the center of the cyclonic gyre observed on 20 and 21 September. 

The effect of SST on the NRCS is relatively small compared to that due to surfactants 

(Clemente-Colón & Yan, 1999; Alpers & Zeng, 2021), which can be up to 5–10 dB (Alpers & 

Bignami, 2020). Surfactants originate from biological activities and terrestrial sources intro-

duced by catchments around the lake (Foroughan et al., 2022a). Due to the divergence of the 

flow field at the center of a cyclonic gyre/eddy, an accumulation of terrestrial source material 

therein seems unlikely. This suggests that the source of surfactants at the center of the lake is 

probably autochthonous (Foroughan et al., 2022a). A field study in Lake Tanganyika revealed 

that nutrient concentrations and phytoplankton chlorophyll levels increased in the pelagic 

upwelling zone (Corman et al., 2010). As nutrients increase in the upwelling area, primary 

production increases (Jane et al., 2021), which can explain the increase in phytoplankton chlo-

rophyll concentrations in the mixed layer and the presence of biogenic surfactants on the water 

surface. A negative correlation between lake surface water temperature and chlorophyll-a dy-

namics during summer and autumn was reported in Lake Geneva (Bouffard et al., 2018). In 

summer and autumn, the photic surface layer is nutrient-limited, and the pelagic upwelling can 

bring nutrient-rich water from the deeper layer to the photic zone, which enhances the photo-

synthetic growth of phytoplankton, thus increasing chlorophyll-a concentrations. In the active 

phase of upwelling, the deep maximum chlorophyll can be transported from the photic zone 

and mixed with the surface water. It was previously shown that the reduction of NRCS values 

is highly correlated to chlorophyll-a concentration and that an increase of 1 mg m−3 corresponds 

to a 5–dB reduction of NRCS values (Lin et al., 2002). 

The NRCS reduction of 10–15 dB on 20 September (see Figure 3.5c) at the center of 

the cyclonic gyre can be clearly related to the biological activity in the upwelling zone. One 

hypothesis is that rapid algae growth occurred on 20 September following nutrient uptake due 

to the pelagic upwelling. However, the concentration of chlorophyll-a may decrease due to 

nutrient consumption caused by the bloom that occurred the day before. Since the maximum 

chlorophyll-a concentration is in the deep photic zone during September in Lake Geneva, more 

intense upwelling on 20 September compared to 21 September could bring more deep phyto-

plankton to the surface and pseudo algae blooms could occur at the near-surface. However, 

there is no clear evidence about the response time of biological activity to either the active or 

relaxation phases of upwelling at the center of the cyclonic gyre; further research is needed. 
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Baroclinic pressure gradients induced by pelagic upwelling can lead to a decrease in 

water surface elevation at the center of cyclonic eddies/gyres (Chelton et al., 2011). Depending 

on the amount of upwelling at deeper layers, the reduction of surface elevation can be spatially 

and temporary variable. For example, the simulated water elevations at the center of the cy-

clonic gyre for 20 September 2019 reached -0.020 m and -0.016 m on 21 September 2019 

(Figure 3.12a and b, respectively). The MLDs indicate that on 20 September, compared with 

the ambient water, the pelagic upwelling at the center of the gyre was almost 3 m higher than 

on 21 September (Figure 3.12). Previous studies used SAR imagery to retrieve the change of 

water elevation in lakes/reservoirs and significant wave height based on NRCS values extracted 

from SAR imagery (e.g., ; Xing et al., 2018; Xue et al., 2020). Therefore, it can be expected 

that the variation of water elevation induced by eddies/gyres also impacts the NRCS values. 

For example, the NRCS values marginally reduce by 1–2 dB at the center of the gyre observed 

in the SAR image taken on 21 July 2018 (Figure 3.10b). According to Figure 3.10c, the simu-

lated water elevation is -1 cm and the water elevation difference between the center and the 

ambient waters is almost 0.8–1 cm. On 20 and 21 September 2019, the simulated water eleva-

tion differences between the center of the gyre and nearshore waters almost reach 2 cm and 1.5 

cm, respectively. Such water elevation differences can be another reason for the differences 

between the observed NRCS values at the center of the gyre on 20 and 21 September. 

 

Figure 3.12. Simulated surface water elevation for (a) 20 September 2019 at 18:00 UTC and (b) 21 

September 2019 at 18:00 UTC. Simulated MLD for (c) 20 September 2019 at 18:00 UTC and (d) 21 
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September 2019 at 18:00 UTC. Colorbars show ranges. V and D: reference points marked in Figure 

3.1. 

SAR imagery provides a 2D high-resolution picture of surface roughness over large 

lakes from which new insights into mesoscale/submesoscale processes can be obtained. Exist-

ing databases on mesoscale/submesoscale processes in large lakes are limited to a few meas-

urement points, and thus cannot realistically capture complex lake hydrodynamics and related 

biological processes. For example, unlike the field observations and numerical simulations, the 

SAR image taken on 26 October shows several filamentary slicks around the center of the 

cyclonic eddy. Although model results, field observations and SAR imagery are all consistent, 

only the SAR imagery reveals submesoscale features with widths less than 100 m inside the 

submesoscale cyclonic eddy. These features are evident in SAR images because of the very 

high spatial resolution (a few meters) compared with the coarser resolution of the numerical 

simulation (113 m) and field observations (~500 m or more). The formation of such sub-

mesoscale filamentary patterns inside the submesoscale eddy observed in the SAR image can 

be due to very focused convergence zones and horizontal strain zones (Figure 3.13) caused by 

the interaction of the submesoscale eddy and the two mesoscale gyres. These submesoscale 

patterns in the SAR imagery can potentially be indicative of isolated water masses and hotspots 

for aggregation of populations of organisms and pollution. 
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Figure 3.13. (a) Simulated surface convergence, given by 𝜕𝑢 𝜕𝑥⁄ + 𝜕𝑣 𝜕𝑦⁄ , and (b) horizontal strain 

rate for 26 October 2021 at 06:00 UTC. V and D are reference points marked in Figure 3.1. 

3.5 Conclusions 

A unique combination of SAR remote sensing imagery, high-resolution numerical 

modeling and field observations was used to investigate submesoscale and mesoscale processes 

associated with eddies/gyres in Lake Geneva. The present study is the first one in a lake that 

links surface observations of mesoscale gyres and submesoscale eddies to their vertical struc-

ture in the water column below. Compared to the ocean, the gradient of surface currents in-

duced by the interaction of waves and currents is not sufficiently large in Lake Geneva to result 
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in a variation of surface roughness that can be detected by SAR imagery. Instead, in Lake 

Geneva, the patterns associated with gyres/eddies observed in the SAR images between 2018 

and 2021 are mainly due to the presence of biogenic slicks in the convergence zones of the 

flow velocity field. In this study, we showed that in a cyclonic gyre/eddy, pelagic upwelling 

can occur at its center. The results indicate that the cyclonic gyre characterized by this 

upwelling is generally more energetic than a gyre revealed by biogenic filamentary slicks and 

temperature. The pelagic upwelling in the center of the gyre manifested by biogenic slicks in 

the SAR images was already in the relaxation phase and the upwelled water could not reach 

the water surface. However, numerical results and field observations indicated that the pelagic 

upwelling at the center of the cyclonic gyre had an earlier active phase when upwelled water 

could reach the water surface. In the active phase of upwelling, a ‘dark’ elliptical region ap-

peared in the SAR image in the area where upwelled water reached the surface. 

The NRCS values dropped by 5–15 dB in the smooth upwelling areas compared with 

the surrounding rough areas. The significant reduction of NRCS values in the center of the 

cyclonic gyre can potentially be due to physical and biological processes such as (i) an increase 

in water–air stability or increase in viscosity of surface water in the active phase of pelagic 

upwelling, (ii) a decrease in water elevation due to a baroclinic pressure gradient induced by 

pelagic upwelling, and (iii) a rapid algae growth following nutrient uptake due to the pelagic 

upwelling or vertical transport of deep phytoplankton and maximum chlorophyll concentra-

tions in September due to intense upwelling. In previous studies, SAR imagery has been widely 

used to analyze the statistics of submesoscale or mesoscale eddies in seas/oceans. In those 

studies, the so-called ‘black’ or ‘white’ eddies were used to investigate seasonal variations of 

submesoscale/mesoscale eddies. However, the present study showed that a cyclonic eddy can 

also be manifested by pelagic upwelling. This pattern was overlooked in previous studies and 

can help improve the statistics of eddies retrieved from SAR imagery. 

Mesoscale/submesoscale patterns in field observations, 3D numerical modeling, and 

SAR images were shown to be closely correlated and complementary. SAR imagery can give 

valuable new information about physical and biological processes induced by mesoscale or 

submesoscale processes in Lake Geneva. Since SAR images are taken regularly at short time 

intervals, they allow for determination of the frequency and thus the significance of these large-

scale patterns in the long-term ecological development of the lake system. In particular, SAR 

images can indicate potential biochemical hotspots related to pelagic upwelling and sub-
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mesoscale features such as filaments in large lakes. High-resolution SAR imagery in combina-

tion with realistic validated numerical models and multi-sensor imagery can be used to better 

design field campaigns that seek to unravel the complex interactions of biological–chemical–

physical large-scale processes associated with basin-, meso- or submesoscale currents in large 

lakes subject to the Coriolis force. Understanding these processes is required for developing 

effective lake management concepts. 

Appendix  

 

Figure A3.1. Subset of a Sentinel-1B SAR-C image acquired on 21 July 2018 at 17:31 UTC: (a) co-

polarization (VV), and (b) cross-polarization (VH). V and D: reference points marked in Figure 3.1. 
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Figure A3.2. Simulated temperature (0.3 m depth; colorbar legend: temperature range) from a high-

resolution, 3D numerical simulation of Lake Geneva for (a) 20 September 2019 at 18:00 UTC, and (b) 

21 September 2019 at 18:00 UTC. Easting and northing coordinates follow the Swiss CH1903 system.
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Abstract 

Submesoscale filaments are a well-documented feature of oceanic flow fields. Based 

on the analysis of high-resolution 3D numerical simulations, field observations and remote 

sensing imagery, this study, carried out in Lake Geneva, Western Europe’s largest lake, pro-

vides for the first time evidence that submesoscale filaments also exist in a lake. Field obser-

vations confirm that submesoscale, cold-water filaments are formed at the edges and in the 

center of a counterclockwise rotating large-scale gyre during summertime above the thermo-

cline, as indicated by 3D numerical simulation results and remote sensing. Cold submesoscale 

filaments were well-developed with sharp lateral temperature gradients (~1-2°C) during sum-

mertime. Locally, these filaments can significantly increase the depth of the upper mixed layer 

when a relatively strong thermocline exists in the near-surface layers and cause upward and 

downward vertical velocities comparable to those reported for oceanic filaments.

 

4.1 Introduction 

Submesoscale filaments, a well-documented feature of oceanic flow fields, are spa-

tially-elongated bands often observed within large-scale coherent structures. Submesoscale 

flows have horizontal scales of 0.1–10 km, lifetimes of hours to days, and are characterized by 

Rossby 𝑅𝑜 = 𝜔𝑧/𝑓 and Richardson 𝑅𝑖 = 𝑓2𝑁2/|∇ℎ𝑏|2 numbers, both of O(1) (Thomas et al., 

2008; Fox-Kemper et al., 2008; Yu et al., 2019; Bracco et al., 2019; Chrysagi et al., 2021), 

where f is the Coriolis frequency,  𝜔𝑧 is the vertical vorticity, N is the buoyancy frequency, 

𝑏 = −𝑔𝜌/𝜌0 is the buoyancy, 𝑔 is the magnitude of gravitational acceleration, and 𝜌 is density 

(0 denotes reference density). 

Considerable evidence exists for the presence of submesoscale filaments in oceans, 

but is mainly limited to the surface, as documented by high-resolution ocean color, sea surface 

temperature, sun glint or, most often, Synthetic Aperture Radar (SAR) satellite images 

(McWilliams et al., 2009; Gula et al., 2014). These filaments are frequently found within strong 

mesoscale flows and can terminate in eddy-like structures (McWilliams et al., 2015, 2019; 

Lévy et al., 2018). Of particular interest are elongated convergence lines (width 0.1-10 km) 

within oceanic gyres observed in SAR imagery. Different mechanisms for their generation have 

been proposed, such as filamentogenesis (Gula et al., 2014) or filamentary intensification 
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(McWilliams et al., 2009), internal waves (Zhao et al., 2004; Kim et al., 2005), Langmuir cir-

culation (Leibovich, 1983) and surface fronts (Johannessen et al., 1996, 2005; Rascle et al., 

2017; Wang et al., 2019). 

Direct measurements of the characteristics of submesoscale filaments are scarce (e.g., 

Chrysagi et al., 2021). Based on remote sensing and numerical modeling, it was found that 

these filaments mark lateral density gradients in the surface layer caused by temperature/salin-

ity anomalies, and affect lateral and vertical transport, and mixing (Lehahn et al., 2007; Kämpf 

& Chapman, 2016). Filaments can, for example, interact with inertial waves and become hot 

spots for small-scale mixing due to intense upwelling/downwelling cell formation (Lévy et al., 

2018). Filaments are associated with high strain and local convergence/divergence zones, 

which form due to straining and stirring associated with mesoscale eddies (or gyres) 

(McWilliams et al., 2009; Gula et al., 2014). The strain field results from continuous distortion 

of the eddy flow field, interactions between eddies, and/or interactions between the eddy flow 

field and nearshore boundaries/boundary currents. 

 Frontogenesis (sharpening of horizontal density gradients) is instrumental in the dy-

namics of submesoscale processes (Chrysagi et al., 2021). It results from horizontal confluent 

deformation flow that disrupts the geostrophic balance, and triggers a secondary circulation. 

The same mechanism is involved in filamentogenesis (Gula et al., 2014), i.e., filamentary in-

tensification (McWilliams et al., 2009). However, in this case, the horizontal large-scale defor-

mation flow acts on isolated, elongated lateral density gradients. This leads to rapid narrowing 

of the filament width and causes two-cell secondary circulation with stronger surface conver-

gence and downwelling at its center (McWilliams et al., 2009, 2015; Chrysagi et al., 2021). As 

a consequence of two-cell secondary circulation, the geostrophic and hydrostatic balances are 

restored by restratifying the flow. 

Without verification by direct field measurements, high-resolution numerical model-

ing and SAR imagery can only indicate the likely presence of filamentous, submesoscale struc-

tures (McWilliams, 2016). Therefore, this study, carried out in Lake Geneva, investigates for 

the first time whether submesoscale filaments actually exist in a lake and are linked to large-

scale gyres, by not only combining remote sensing data and the analysis of 3D numerical sim-

ulations, but also taking in situ field measurements of temperature and currents. The Supple-

mentary Information (SI) section provides additional figures, clarifications and details, denoted 

with prefix S. 
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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 situated between Switzerland and France, with a volume of 89 km3, 

surface area of 580 km2, total length of 73 km, and a theoretical residence time of 11 y (CIPEL 

2019). It is composed of two basins: (i) the large, eastern Grand Lac (maximum width 14 km, 

depth 309 m), and (ii) the small, western Petit Lac (maximum width 5 km, depth 75 m) (Figure 

4.1a). The internal Rossby radius of deformation, 𝑎 = 𝑐𝑖 𝑓⁄  (ci is the speed of long, internal 

waves in the absence of rotation (ci = 45 cm s-1 in Lake Geneva in summer) and f the Coriolis 

frequency), is ~5 km, making the width of the Grand Lac basin > 2a, thus indicating that the 

Coriolis force is important (Lemmin et al., 2005). 

Two strong dominant wind fields, namely the Bise coming from the northeast and the 

Vent from the southwest, are guided by the Alps in the south and the Jura mountains in the 

northwest (Graf & Prost, 1980; Wanner & Furger, 1990; Lemmin & D’Adamo, 1996) and pass 

over most of the lake surface. These winds are characterized by high wind speeds (5-15 m s-1) 

often lasting several days. Together with the Coriolis force, they considerably impact the lake’s 

hydrodynamics (Cimatoribus et al., 2018, 2019; Razmi et al., 2018; Reiss et al., 2020; Umlauf 

& Lemmin, 2005). 
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Figure 4.1. (a) Location and bathymetry of Lake Geneva, adapted from a public domain satellite image 

(NASA WorldWind, last accessed 31 May 2021) and bathymetry data from SwissTopo (last accessed 

https://worldwind.arc.nasa.gov/
https://www.swisstopo.admin.ch/
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31 May 2021). Lake Geneva is situated between the Alps and the Jura mountains. The black dashed 

line separates the two basins called Petit Lac and Grand Lac. The green square marks the EPFL Buchil-

lon field station. The dashed lined rectangle delimits the study area. The red arrows indicate the direc-

tion of the two dominant winds, the Bise (coming from the northeast) and the Vent (coming from the 

southwest). SHL2 and GE3 are CIPEL (2019) monitoring stations. (b)-(f) Results (2-m depth) from a 

high-resolution, 3D numerical simulation for 27 October 2019 at 17:00 UTC: (b) magnitude of the 

horizontal temperature gradient, (c) divergence parameter, 𝜎, (d) strain, 𝑆, (e) Rossby number, Ro, (f) 

balanced Richardson number, Ri (g) Subset of a Sentinel-1B SAR-C image acquired on 27 October 

2019 at 17:23 UTC. Arrows in panels (b)-(d) indicate the velocity field. 

4.2.2 Numerical Simulations 

In this study, the 3D numerical model MITgcm (Marshall et al., 1997), validated for 

Lake Geneva (Cimatoribus et al., 2018), was used. For modeling details, see text ST1 in the 

Supplementary Information (SI) section. 

4.2.3 Remote Sensing 

The C-band SAR data were collected by the ESA Sentinel-1A and Sentinel-1B satel-

lites. Co-polarized VV data were used because noise restricts the application of VH data (Gao 

et al., 2019); details in text ST2. 

4.2.4 Field Measurements 

Temperature and velocity profiles were collected along transects in a large-scale gyre 

in the center of the Grand Lac basin of Lake Geneva (Figure 4.1a); details in text ST3. 

4.3 Results and Discussion 

4.3.1 Evidence of Submesoscale Filaments 

High-resolution, 3D numerical modeling of Lake Geneva previously revealed that 

counterclockwise and clockwise rotating basin-scale gyres are generated by Bise and Vent wind 

fields, respectively (Razmi et al., 2018; Cimatoribus et al., 2019). Figure 4.1b (for 27 October 

2019) shows the simulated horizontal temperature gradients within the largest (counterclock-

wise) gyre located in the center of Lake Geneva. This gyre exhibits numerous filamentary pat-

terns that are particularly well developed in its center and at its edges. Plots of the horizontal 

strain rate (hereinafter called strain), 𝑆 = [(𝑢𝑥 − 𝑣𝑦)
2
+ (𝑢𝑦 + 𝑣𝑥)

2
]
1/2

, and divergence, 𝜎 =

𝑢𝑥 + 𝑣𝑦 (Figure 4.1c, d), confirm that these filamentary patterns display strong convergence 
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and divergence lines and strong strain zones. The Ro and Ri panels show O(1) patterns in the 

filaments (Figure 4.1e, f). These numerical results clearly predict submesoscale filaments in 

Lake Geneva. The filamentous structures in the SAR image (convergence lines with widths 

0.1-1 km, Figure 4.1g) qualitatively agree with those predictions. The formation mechanism of 

spiral eddies that appear in SAR imagery is comprehensively described by Munk et al. (2000). 

Such spiral features can be formed due to horizontal shear instability/submesoscale baroclinic 

instability and the subsequent roll-up of vortices (Onken & Baschek, 2020). More details re-

lated to physical processes for 27 October 2019 are given in text ST4 and Figure S4.1.   

The numerical results show that the dominant Bise and Vent wind fields create regu-

larly-occurring gyre patterns, as corroborated with remote sensing data (details not shown). 

This allows prediction of when and where field measurements will most likely capture sub-

mesoscale filaments. Based on this, field measurement campaigns were carried out along three 

transects, T1, T2, and T3 (Figures 4.2, 4.3), in summer 2020, when SAR images were also 

available. 

4.3.2 Field Measurements on 3 June 2020: Filaments Formed at the Gyre Edge 

Numerical results indicate that cold filaments are more pronounced at gyre edges, 

where strong surface convergence lines are usually accompanied by high strain zones. Follow-

ing two Bise wind events (Figure S4.2), a typical large-scale counterclockwise gyre was formed 

in the widest (14 km) part of Lake Geneva (Figure 4.2b). Temperature anomalies of ~1°C, are 

evident in the surface temperature distribution. The corresponding SAR image (Figure 4.2a) 

shows several convergence lines in the gyre at the predicted locations. Particularly noticeable 

in the SAR image are the dark lines (details on SAR imagery given in text ST2) northwest and 

southwest of the gyre where, in accordance with the numerical modeling results, the large-scale 

gyre interacts with smaller clockwise eddies and coastal boundaries
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Figure 4.2. (a) Sentinel-1B SAR-C image of Lake Geneva (3 June 2020 at 05:42 UTC). The red and yellow lines indicate, respectively, transects T1 and T2 

where field measurements were taken on 3 June 2020 between 10:22 and 14:05. (b) Numerical results (arrows: flow field, colors: temperature) for the 0.3-m 

depth for 3 June 2020 at 06:00 UTC. Green and white lines indicate the direction of the local principal strain axis (see text). (c) and (d) Measured temperature 

transects for T1 and T2, respectively.
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Frontogenesis or filamentogenesis can come into play when large-scale straining flow 

(e.g., gyres) and lateral buoyancy gradients exist (Gula et al., 2014; McWilliams et al., 2015). 

In Lake Geneva, buoyancy gradients can be produced by coastal/pelagic upwelling in near-

shore/offshore areas (e.g., Ekman-driven coastal upwelling, Reiss et al., 2020), and differential 

cooling/heating during summertime. For example, the colder water, which results from the in-

teraction between the counterclockwise gyre and a smaller clockwise eddy at the northern part 

of lake, leads to the lateral buoyancy gradient needed for filamentogenesis (Figure 4.2b). 

For filamentogenesis to occur, the principal strain axis must be aligned with the lon-

gitudinal axis of the filamentary pattern (Gula et al., 2014). The direction of the principal strain 

axis, which gives the maximum stretching induced by strain, is given by θ𝑝: 

tan(2θ𝑝) =
𝑣𝑥 + 𝑢𝑦

𝑢𝑥 − 𝑣𝑦
 (1) 

Perfect alignment between θ𝑝 and the filament axis is rare. Gula et al. (2014) sug-

gested that if the angle between the principal strain axis and the filament axis (hereinafter called 

θ) is smaller than 45°, the filament will stretch along the frontal direction and the temperature 

gradient will increase perpendicular to the filament axis. However, if θ > 45°, the opposite 

occurs, i.e., the straining flow weakens the temperature gradient perpendicular to the filament 

axis and filaments disappear; this process is hereinafter called filamentolysis (in contrast to 

filamentogenesis, where filaments are generated). 

Note that θp can be spatially and temporally variable due to continuous distortion of 

the gyre velocity field (Figure S4.3). It ranges from -10° to 10° in the center of gyre, and be-

tween 40° and 45° to -40° and -45° at the edge of gyre. In Figure 4.2b, the directions of the 

principal strain axes at different locations in the numerical model results are shown as green 

and white lines in areas where, based on the θp value, cold filaments are more pronounced. 

Filamentogenesis occurs along green lines, and white lines indicate the direction of filamen-

tolysis. In nearshore areas in the northern and southern parts of the lake, the principal axis of 

the local strain field is almost aligned with the cold filament (θ ≪ 45°, green lines). In these 

areas, according to theory, filamentogenesis intensifies the lateral temperature gradient perpen-

dicular to the cold filament axis and elongates the filamentary patterns. In contrast, white lines 

(θ > 45°) in the offshore area indicate areas of filamentolysis, i.e., where the lateral tempera-

ture gradient weakens perpendicular to the filament axis.  
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A field campaign conducted on 3 June 2020, measured temperature and velocity pro-

files along the two transects, T1 and T2 (Figure 4.2a) at the edge of the counterclockwise gyre. 

Transect T1 was selected to cover the area where the gyre could interact with nearshore currents 

and/or coastal upwelling, whereas transect T2 traversed the area between the main counter-

clockwise gyre and the adjacent clockwise gyre. A (cold) temperature anomaly within the near-

surface layers (5-10 m) is observed in both transects, consistent with the filamentary patterns 

expected from SAR imagery and numerical results. The simulated physical parameters such as 

(local) Rossby number, balanced Richardson number, strain and divergence indicates that the 

observed structures are in the submesoscale range (Figure S4.4). Numerical results and the 

observed temperature profiles and current velocities for T1 and T2 agree reasonably well (Fig-

ure S4.5). The water temperature at the center of the filaments is 1-2ºC colder than ambient 

waters. Each anomaly has a well-mixed core surrounded laterally by temperature gradients. 

In transect T1, an oblique upwelling in the center of the filament starts offshore and 

extends over a distance of ~2 km (Figure 4.2c). This oblique upwelling can provide the buoy-

ancy gradient required for filamentogenesis. A similar pattern is identified in the simulation 

results (Figure S4.5b), where the lines of the (local) maxima of strain (S) and divergence (σ) 

parameters are observed at the oblique upwelling location (Figure S4.5). The oblique strain 

field appears in the area where boundary currents and the gyre flow field interact (Figures 

S4.5c, d, S4.6c). More details on the strain and divergence fields at T1 are presented in Figure 

S4.6. 

In transect T2, a downward protruding dimple (terminology of McWilliams et al., 

2015) is evident in the center of the filament, at a distance of ~2.7 km and at a depth of ~10 m 

(Figure 4.2d). Dimples are a signature of filaments, and result from downward convergent sec-

ondary flow at the center of the filament that reaches a depth of 10 m (Figure S4.7 shows the 

vertical velocity). Secondary circulation induced by filamentogenesis forms alternate patterns 

of positive and negative values of the divergence parameter at the filament locations (Figure 

S4.7b). At T2, the convergent branch of the secondary circulation descended to 10-m depth 

and advected lighter water from the edges of the filament to its center. In the lower part of the 

mixed layer, the divergent branches carried dense water from the center underneath the lighter 

surface water on the edge of filaments. Such patterns tend to increase the vertical thermal strat-

ification in the filament location (McWilliams et al., 2015). In contrast to T1, high convergence 

and strain zones are only found in near-surface layers (Figure S4.7), and no high oblique strain 

zones are observed in the deeper layers in the filament location. According to the numerical 



Results and Discussion 

115 

model, the near-surface cold water measured in transect T2 was originally upwelled at the 

northern shore and was transported with the filament (Figure 4.2b, d). It was shown previously 

that submesoscale filaments transport cold upwelled water and organic-rich matter offshore 

(Álvarez-Salgado, 2007; Nagai et al., 2015; Bettencourt et al., 2017). 

4.3.3 Field Measurements on 15 July 2020: Filaments at the Gyre Center 

Numerical results and SAR data indicate that filamentary patterns are also found at 

the center of gyres. The tendency for filaments to wind into the gyre core is attributed to the 

straining effect of differential rotation or transient distortion of the gyre flow field (Brannigan, 

2016). The existence of such filamentary patterns in Lake Geneva was investigated during a 

field campaign on 15 July 2020. The flow field on that day was generated by a Bise event that 

started at 17:00 on 11 July 2020 and ended at 11:00 on 13 July 2020 (Figure S4.2). Measure-

ments were taken along transect T3, located where the center of the counterclockwise gyre was 

predicted numerically (Figure 4.3a). The observed and simulated temperature and velocity pro-

files at T3 are presented in Figure 4.3b-f. The gyre’s counterclockwise velocity field reached 

~20 m depth. The expected dome-shaped thermocline (Csanady, 1968) that is shallower in the 

lake center than nearshore is apparent in Figure 4.3b. The vertical structure of the cold filaments 

is evident in the observed and modeled temperature profiles in the epilimnion (Figure 4.3c, d). 

For example, two zones of upwelled cold water appear in Figure 4.3c: a minor upwelling at ~3 

km and a more pronounced one between 5.5 and 8.5 km. In particular, the mixed layer depth 

of 7-8 m for the second zone is a clear signature of a cold filament. This well-mixed column of 

cold water is also seen in the numerical results (Figure 4.3d). The water temperature differences 

between the center of the cold filament and the ambient water can reach up to 1-1.5ºC in the 

epilimnion. 

The cold filament is more pronounced and narrower at the gyre center compared to 

filaments near the northern and southern shores (Figure 4.3a). The angle between the filament 

axis and the principal strain axis in the offshore areas is generally smaller than in the nearshore 

area (Figure 4.3a). As a result, the straining flow induces filamentogenesis and filaments will 

stretch along the travel direction and the transverse temperature gradient will increase. In con-

trast, θ is greater than 45° at the northern shore, indicating a filamentolytic situation, and the 

strain flow induced by the gyre field weakens the transverse temperature gradient. Similar re-

sults are found for transect T3. In Figure 4.3g, h, the strain and divergence parameter values 

are significantly greater at the center of gyre than in the ambient waters (see the center of the 
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filament at ~3km). Temporal and spatial variations of the counterclockwise gyre flow field 

during its formation and evolution can produce such high strain and convergence zones, par-

ticularly towards its center. Furthermore, the simulated physical parameters, such as (local) 

Rossby number, balanced Richardson number, strain, and divergence confirm that the observed 

structures are also in the submesoscale range (Figure S4.8). 

 

Figure 4.3. (a) Numerical results at 0.3-m depth for 15 July 2020 at 12:00 UTC. The yellow dashed 

line indicates field measurement transect T3. The green and white lines indicate the direction of the 
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local principal strain axis. (b) Observed T3 temperature profile. (c) Observed and (d) simulated tem-

perature profiles in the epilimnion. (e) Observed and (f) simulated cross-filament velocities. Blue indi-

cates westward currents, and red eastward flow. (g) Simulated strain, S, and (h) divergence parameters, 

σ, at T3. 

4.3.4 Mixed Layer Depth 

The Mixed Layer Depth (MLD) can exhibit spatial variability due to the presence of 

submesoscale frontogenesis or filamentogenesis in the upper ocean layers (McWilliams, 2016). 

Such processes can lead to a reduction in the MLD and vertical mixing, and an increase in 

stratification (Lévy et al., 2018). The stratification of Lake Geneva starts to develop in late 

spring (May), resulting in a well-defined thermocline beneath a relatively shallow epilimnion 

by early summer. A strong lateral thermal stratification at the lake surface around the observed 

filaments can also be identified (Figures 4.2c, g, 4.3c). The impact of cold filaments on the 

temporal evolution of the MLD was investigated for June 2020 (Figure 4.4). Here, the mixed 

layer is defined as a layer having a temperature gradient < 0.1ºC/m and where the total temper-

ature difference from the water surface to the MLD is < 2ºC (Xu et al., 2019). It can be seen 

that the MLD can reach 10 m in the area where the cold filament was observed, whereas it is 

~2 m in the ambient water. The filamentary patterns in the area near the center of gyre can 

increase the MLD by 3-6 m (Figure 4.4). The simulated vertical velocity in the near-surface 

layer (Figure 4.4e, f) shows that downwelling velocities induced by strong surface flow con-

vergence can reach up to 10-3 m s-1 in the center of cold filaments. These relatively high vertical 

velocities are comparable to those reported by Chrysagi et al. (2021). Their persistence suggests 

that submesoscale filaments could have an important impact on mixing/re-stratifying the mixed 

layer and on primary production and surface gas exchange (Klein & Lapeyre, 2009; Mahade-

van, 2016).
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Figure 4.4. (a-d) Temporal evolution of the Mixed Layer Depth (MLD) and gyre velocity field during 2-3 June 2020 (period considered in Section 3.1). (e-h) 

Temporal evolution of the vertical flow component generated by the gyre flow field. Blue and red colors indicate downwelling and upwelling, respectively.
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4.4 Summary and Conclusions 

This study, carried out in the center of stratified Lake Geneva, documented for the first 

time in a lake the existence of submesoscale filaments within a well-developed basin-scale 

counterclockwise rotating gyre. Supported by 3D numerical modeling, SAR imagery and tar-

geted field campaigns that measured temperature and current profiles, consistent and comple-

mentary evidence for the existence of these filaments is provided. High-resolution hydrody-

namic simulations revealed that submesoscale filaments with O(1) (local) Rossby and balanced 

Richardson numbers are likely widespread within gyres in Lake Geneva, as also suggested by 

SAR images. Based on this finding, and guided by prognostic numerical modeling, filaments 

were measured during field campaigns when the upper mixed layer was relatively shallow with 

a fairly sharp thermocline. Field results confirmed that cold filaments with a depth between 5-

10 m are present during summertime, and that they can form at the edge and center of the 

counterclockwise rotating gyre. The water temperature within the filaments was 1-2°C colder 

than ambient water. Numerical modeling and SAR imagery further suggest that these filaments 

are confined within the gyre and can converge toward its center. The field measurements and 

numerical results showed that narrow cold filaments were intense and more pronounced within 

the gyre flow field when the principal strain axis was aligned with the filament axis, as predicted 

by theory. In June (early summer), the mixed layer depth reached down to 10 m at the center of 

the cold filament due to filamentogenesis, whereas it was ~2 m elsewhere. In July, when the 

mixed upper layer deepened to ~8 m, numerical results and field observations show that the 

filaments had a vertical structure composed of well-mixed columns of water. This structure is 

similar to that found in ocean studies when a mixed layer depth is considered (e.g., Gula et al., 

2014; Brannigan, 2016; Chrysagi et al., 2021). 

The 3D numerical modeling showed that filaments are a frequent, persistent feature of 

gyres in Lake Geneva. Due to their associated strong density gradients, they potentially can 

isolate water masses, and thus could aggregate populations of organisms, or serve as reproduc-

tion refuges. More generally, the existence of the observed submesoscale features inside the 

gyre flow field can be expected to provide new insights into mesoscale/submesoscale 

biological-physical interactions in large lakes due to their potential impact on mixing and re-

stratification of the mixed layer during summertime. 
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Introduction 

This Supporting Information section contains eight figures, four texts and one movie: 

Text S4.1. Numerical modeling 

Text S4.2. Remote sensing  

Text S4.3. Field measurements 

Text S4.4 Submesoscale filaments at the center of a cyclonic gyre in Lake Geneva for 27 Oc-

tober 2019 

Figure S4.1. Results from a high-resolution, 3D numerical simulation for 27 October 2019 at 

17:00 

Figure S4.2. Time series of mean wind speed, wind direction, and maximum wind gust collected 

at the Buchillon field station 

Figure S4.3. Principal strain axis and magnitude of the horizontal temperature gradient for 27 

October 2019, 3 June 2020 and 15 July 2020 obtained from high-resolution, 3D numerical sim-

ulations 

Figure S4.4. Comparison between numerical results and field observations at transects T1 and 

T2 on 3 June 2020 

Figure S4.5. Results from high-resolution, 3D numerical simulations at 2-m depth on 3 June 

2020 at 13:00 UTC 

Figure S4.6. Vertical patterns of simulated physical parameters at transect T1 on 3 June 2020 

at 13:00 UTC 

Figure S4.7. Vertical patterns of simulated physical parameters at transect T2 on 3 June 2020 

at 11:00 UTC 

Figure S4.8. Results from high-resolution, 3D numerical simulations at 2-m depth on 15 July 

2020 at 14:00 UTC 
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Text S4.1. Numerical modeling 

The three-dimensional (3D) numerical model MITgcm (Marshall et al., 1997) has been 

successfully used to model meso-scale/submesoscale processes in oceans, and more recently in 

lakes (e.g., Dorostkar et al., 2017; Cimatoribus et al., 2018, 2019). It solves the 3D Navier-

Stokes equations with the Boussinesq assumption (including the Coriolis force) and an implicit 

free surface. The model was validated for Lake Geneva by Cimatoribus et al. (2018) and can 

realistically simulate stratification and mean flow. It was previously used to study nearshore 

currents and internal seiche variability, coastal upwelling, and river plume dispersion in Lake 

Geneva (Cimatoribus et al., 2018, 2019; Reiss et al., 2020; Soulignac et al., 2021). Here, a series 

of MITgcm simulations for Lake Geneva was carried out for 2019 and 2020 using the setup of 

Cimatoribus et al. (2018). The lake surface was forced by meteorological data (wind, atmos-

pheric temperature, humidity, solar radiation) extracted from the COnsortium for Small-scale 

MOdeling (COSMO) atmospheric model of the Swiss Federal Office of Meteorology and Cli-

matology, MeteoSwiss (Voudouri et al., 2017). COSMO data were interpolated when necessary 

so as to match the spatial and temporal discretization of the model. 

Two Cartesian grids were generated. A Low Resolution (LR) grid, with a horizontal 

resolution of 173-260 m and 35 depth layers, was initialized from rest on 3 June 2019 using the 

measured temperature profile from CIPEL station SHL2 (Figure 4.1a) as the horizontally uni-

form initial condition. The integration time step of the LR model was 20 s and the spin-up was 

nearly six months. The LR model results were used to initialize the High Resolution (HR) ver-

sion of the model. The horizontal resolution of the HR model was 113 m with 100 depth layers, 

with a vertical z-level spacing of 0.35 m at the lake surface, increasing gradually to a maximum 

of 5 m near the bottom. The initial time step was set to 6 s for stability, and then gradually 

increased to 30 s. The starting date of the HR model simulation was 10 January 2020 and sim-

ulations continued for eight months.  

Text S4.2. Remote sensing 

Although Synthetic Aperture Radar (SAR) imagery has been used to investigate 

mesoscale or submesoscale features in oceanic studies, it has rarely been applied to study lake 

hydrodynamics (McKinney et al., 2012). The C-band SAR dataset used here was collected by 

the ESA Sentinel-1A and Sentinel-1B satellites. Co-polarized VV data were used because noise 

restricts the application of VH data (Gao et al., 2019). The spatial resolution of the SAR data 

varied between 5 and 20 m for a ground sampling distance of 10 m. 
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Note that SAR imagery detects changes in water surface roughness and does not (di-

rectly) detect density variations in the surface water layer. Water surface roughness is affected 

by surfactant films or slicks (Munk et al., 2000), and surfactants are often trapped and concen-

trated at the water surface inside filamentary structures due to intense upwelling/downwelling 

cells induced by ageostrophic secondary circulation. Thus, they can manifest filamentary pat-

terns in SAR images (McWilliams et al., 2009; Yamaguchi & Kawamura, 2009). 

Text S4.3. Field measurements 

Temperature and velocity profiles were collected along transects in a large-scale gyre 

in the center of the Grand Lac basin of Lake Geneva (Figure 4.1a). Temperature profiles were 

measured using a chain of 25 temperature loggers (RBRsolo T and Seabird SBE‐56, sampling 

at 1 Hz at 1-m intervals) towed along a transect, with the horizontal distance between samples 

depending on the boat’s speed (0.4 - 0.5 m s-1). The boat was stopped three times along each 

transect to allow a comparison (in post-processing) of the temperature profiles under moving 

and stationary conditions. Although this methodology is less accurate than measuring temper-

ature profiles in a stop-start manner, the interpretation of the temperature profiles was not af-

fected. In all cases, the measurements compared reasonably well with the MITgcm simulation 

results. 

Continuous vertical profiles of current velocity were measured along the same 

transects using an Acoustic Doppler Current Profiler (ADCP, Teledyne Marine Workhorse 

Sentinel, equipped with a bottom-tracking module). The ADCP was set for 100 bins at 1-m 

spacing. Manufacturer recommendations were followed for post-processing the measurements. 

Text S4.4. Submesoscale filaments at the center of a cyclonic gyre in Lake Geneva: 27 

October 2019 

In most thermally stratified lakes, a cyclonic (counterclockwise) circulation results in 

pelagic upwelling in its center, whereas downwelling occurs in the center of anticyclonic cir-

culation (Troitskaya et al., 2015). On 27 October 2019, a pelagic upwelling that occurred in the 

center of the gyre could reach up to the near surface layer (Figure S4.1a, b). Such pelagic 

upwelling provides the required lateral buoyancy gradients for filamentogenesis in areas near 

the gyre center (Figure S4.1). To intensify filamentary patterns, as discussed in the manuscript, 

the principal strain axis must be aligned with the longitudinal axis of the filamentary pattern. 

At the center of the gyre, the өp varies between -10° and 10° (Figure S4.3b). This means that 

filamentary intensification can occur when the longitudinal axis of the temperature gradient is 

almost horizontal. Perfect alignment between the principal strain axis and the longitudinal axis 
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of the filamentary pattern can be detected in the area where enhancement of spiral filaments 

towards the center of cyclonic gyre were observed (Figure S4.1d, e). 

In the case of the axisymmetric circulation, a helicity parameter can be defined as 

2π𝑉𝑟/𝑉𝜑, where Vr and Vφ are the radial and transverse components of the velocity. If helicity 

< 0, the tracers (e.g., temperature or surfactants) shift towards the gyre center, which makes the 

spiral filaments more visible, and, in contrast, if helicity > 0, the tracers shift away from the 

gyre center, which makes the spiral less visible (Zhurbas et al., 2019). As an example, the he-

licity for 27 October 2019 is given in Figure S4.1f. It can be seen that both negative and positive 

values exist near the center where pelagic upwelling occurs. For positive values, the upwelled 

water is moved away from the center of the gyre and provides the lateral buoyancy gradient for 

the filamentogensis process. On the other hand, negative values of the helicity in the area near 

the center, particularly at the northern part of upwelling area, shift the cold water towards the 

eddy center and form a spiral pattern in the temperature as shown in Figure S4.1a. 
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Figure S4.1. Results from a high-resolution, 3D numerical simulation (2-m depth) for 27 October 2019 

at 17:00 UTC: (a) surface temperature, (b) temperature profiles along transect T4, (c) temperature pro-

files in the epilimnion layer along transect T4, (d) magnitude of the horizontal temperature gradient, (e) 

zoom of the horizontal temperature gradient at the center of the gyre (yellow dashed-lined frame in (d)), 

and (f) the helicity (defined in ST4). The dark line in (a) indicates the location of transect T4. The green 

lines in (d) and (e) indicate the direction of the local principal strain axis. Arrows in (a) and (f) indicate 

the velocity field. 
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Figure S4.2. Time series of mean wind speed, wind direction, and maximum wind gust collected at the 

EPFL Buchillon field station (Figure 4.1a) for the periods before the field campaigns on: (a) 3 June 2020 

and (b) 15 July 2020 (marked by vertical red lines). 
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Figure S4.3. (a) Magnitude of the horizontal temperature gradient, |∇ℎ𝑇|, and (b) principal strain axis, 

θp, for 27 October 2019 at 17:00 UTC; (c) |∇ℎ𝑇| and (d) θp for 3 June 2020 at 06:00 UTC; (e) |∇ℎ𝑇| and 

(f) θp for 15 July 2020 at 12:00 UTC, obtained from high-resolution, 3D numerical simulation (2-m 

depth). Color bars indicate the range of the parameters. 



 

128 

 

Figure S4.4. Snapshots of high-resolution, 3D numerical simulation results at 2-m depth on 3 June 2020 

at 11:00 UTC in the center of the Grand Lac basin of Lake Geneva (see Figure 4.1a for location of study 

area). (a) Magnitude of horizontal temperature gradient, (b) (local) Rossby number, Ro, (c) balanced 

Richardson number, Ri, (d) strain, S, and (e) divergence parameter, σ. Color bars indicate the parameter 

ranges.  
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Figure S4.5. Comparison between numerical results and field observations at transects T1 and T2 (Fig-

ure 4.2a) on 3 June 2020. Panels (a) and (b) show, for T1, the observed (left panels) and simulated (right 

panels) temperature profiles, and (c) and (d) the observed and simulated cross-filament velocities. The 

black dashed and red dotted lines in (b) indicate, respectively, where the (local) maximum of strain and 

convergence parameters occur. Panels (e) and (f) show, for T2, the observed (left panels) and simulated 

(right panels) temperature profiles, and (g) and (h) the observed and simulated cross-filament velocities. 

For transect locations, see Figure 4.2a. Color bars indicate the parameter ranges.  
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Figure S4.6. For transect T1 (Figure 4.2a), vertical patterns of simulated: (a) temperature profiles, (b) 

divergence parameter, σ, (c) shear strain, 𝑢𝑦 + 𝑣𝑥, (d) vertical velocity, w, (e) (local) Rossby number, 

Ro, and (f) balanced Richardson number, Ri. For location of T1, see Figure 4.2a. Color bars indicate the 

parameter ranges.  
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Figure S4.7. For transect T2 (Figure 4.2a), vertical patterns of simulated: (a) temperature profiles, (b) 

divergence parameter, σ, (c) strain, S, (d) vertical velocity, w, (e) (local) Rossby number, Ro, and (f) 

balanced Richardson number, Ri. For location of T2, see Figure 4.2a. Color bars indicate the parameter 

ranges.  
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Figure S4.8. Snapshots of high-resolution, 3D numerical simulation results at 2-m depth on 15 July 

2020 at 14:00 UTC in the center of the Grand Lac basin of Lake Geneva (see Figure 4.1a for location). 

(a) Magnitude of horizontal temperature gradient, (b) (local) Rossby number, Ro, (c) balanced Richard-

son number, Ri, (d) strain, S, and (e) divergence parameter, σ. Arrows in (a) indicate the velocity field. 

Color bars indicate the parameter ranges.
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Abstract 

Previous theoretical studies on oceans showed that submesoscale instabilities in frontal 

zones tend to reduce horizontal density gradients and enhance vertical density gradients, 

thereby re-stratifying the Surface Mixed Layer (SML). The dynamics of submesoscale fila-

ments are primarily studied using numerical models and remote sensing imagery. However, 

there are virtually no field verifications of this concept, mainly due to the difficulty of carrying 

out high-resolution field measurements at the right time and in the right place, particularly in 

oceans. Using a recently developed procedure to predict the time and location of mesoscale and 

submesoscale features generated by strong wind fields, this work presents, for the first time, 

direct field evidence demonstrating the role of submesoscale cold filaments in re-stratifying the 

SML under weakly stratified conditions in a large lake (Lake Geneva). The dynamics of the 

observed filaments were further investigated with a high-resolution three-dimensional (3D) nu-

merical model and Lagrangian particle-tracking. The numerical model accurately captured the 

formation of the observed filaments. The observed enhancement of thermal stratification 

strength, N2, reached  O(10-5) s-2 for both cooling and heating atmospheric conditions. In the 

pelagic zone, strong vertical velocities of O(100 m d-1) were associated with secondary circu-

lation that rapidly transports and accumulates passive particles in the thermocline and hypolim-

nion layers, as confirmed by Acoustic Doppler Current Profiles (ADCP) backscattering inten-

sity data. Under weak stratification, the field observations indicate that dissolved oxygen (DO) 

variability reaches 0.5 mg l-1 near cold filaments. This documentation of strong vertical motions 

associated with submesoscale filaments is expected to contribute to the understanding of the 

vertical exchange of heat, contaminants and oxygen between the atmosphere and the pelagic 

zone of large lakes, as well as in oceans where collecting such field measurements is very chal-

lenging.

 

5.1 Introduction 

Submesoscale currents are commonly observed in the Surface Mixed Layer (SML) of 

oceans and large lakes as density fronts, filaments, vortices, and topographic wakes with a lat-

eral scale of O(0.1-10 km) and a timescale of hours to days (McWilliams, 2019). They are 

characterized by the bulk Richardson number, 𝑅𝑖𝑏 = 𝑁2𝐻2 𝑈2⁄  and Rossby number, 𝑅𝑜𝑏 =

𝑈 𝑓𝐿⁄ , both of O(1) (Thomas et al., 2008; Yu et al., 2019; Bracco et al., 2019; Chrysagi et al., 
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2021), with U being the characteristic speed, H the vertical length scale, L the horizontal length 

scale of the velocity field, N the buoyancy frequency and  f  the Coriolis parameter. The exist-

ence of submesoscale flows was first revealed by remote sensing imagery in the 1980s 

(McWilliams, 1985; D’Asaro, 1988), but their dynamics and impact remain poorly understood 

(Lévy et al., 2018; Kaiser et al., 2021). With increasing computational capacity, numerical mod-

els with higher resolution led to gaining a better understanding of their dynamics (Klein & 

Lapeyre, 2009; Zhong & Bracco, 2013; Bracco et al., 2019), revealing a plethora of sub-

mesoscale flows coexisting with mesoscale circulations and exhibiting strong horizontal and 

vertical velocities in pelagic zones (Klein et al., 2008; Brannigan, 2016; Chrysagi et al., 2021). 

About half of the variance in vertical velocities in the upper layer of the ocean is attributed to 

submesoscale processes (Klein & Lapeyre, 2009). 

Submesoscale filaments, which are typically observed as elongated patches at different 

temperatures/densities within mesoscale rotational motions (e.g., gyres and eddies; Hamze-Zia-

bari et al., 2022b), are the focus of this study. Submesoscale filaments are formed as a result of 

the rapid sharpening of a density gradient by horizontal deformation flows, a process known as 

filamentary intensification (McWilliams et al., 2009) or filamentogenesis (Gula et al., 2014). 

During this process, dual frontogenesis causes the convergence of two overturning cells with 

stronger surface convergence and downwelling at the center of the cold filament, which restores 

the geostrophic balances and re-stratify the SML. Due to the vertical motion associated with 

submesoscale processes, momentum and tracers such as heat, mass, oxygen, pollutants and car-

bon can be exchanged between the surface and deep pycnocline (Smith et al., 2016; Erickson 

et al., 2018; Archer et al., 2020; Freilich et al., 2021). 

Existing observational evidence and numerical studies indicate that submesoscale pro-

cesses such as fronts and filaments can play an important role in ocean productivity, biogeo-

chemical fluxes and biodiversity patterns (Mahadevan, 2016; Pascual et al., 2017; Lehahn et 

al., 2018; Hernández-Hernández et al., 2020; Kaiser et al., 2021; Fadeev et al., 2021; Cam-

panero et al., 2022; Xiu et al., 2022). Based on an idealized modeling study, Levy and Martin 

(2013) demonstrated that the primary production associated with mesoscale currents can be 

underestimated by a third if submesoscale processes are not included. The spatial variability of 

biogeochemical parameters observed in submesoscale fronts or filaments can be explained by 

three mechanisms: active, passive, and reactive (Lévy et al., 2018). In the passive mechanism, 

small-scale filamentary patches of pre-existing phytoplankton are formed by stirring and defor-

mation associated with mesoscale processes (Birch et al., 2008; Demarcq et al., 2012). During 
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the active phase, vertical motions associated with frontogenesis or filamentogenesis are respon-

sible for transporting nutrients from the deep nutricline into the euphotic zone (Ramachandran 

et al., 2014) and lead to small patches of phytoplankton bloom in frontal or filamentary zones 

(Lévy et al., 2001; Mouriño et al., 2004; Lehahn et al., 2007; Mangolte et al., 2022). The reac-

tive mechanism is related to phytoplankton reactions to the active and passive mechanisms, 

which include competition, swimming, mortality, deposition, and grazing by herbivores (e.g., 

zooplankton) (Flierl & Woods, 2015; Taylor, 2018; Lévy et al., 2018). Such intricate processes 

associated with submesoscale dynamics require high-resolution comprehensive numerical and 

observational evidence in order to be fully understood. To date, no field observations or numer-

ical studies investigated the potential impact of submesoscale filaments on physical and biolog-

ical processes in lakes. 

Traditionally, processes affecting density stratification in the upper part of a lake have 

been studied only from a vertical perspective and the SML is generally considered to be well-

mixed (Chrysagi et al., 2021). However, the contribution of lateral processes, such as sub-

mesoscale instabilities, to the thermal stratification of lakes is neglected. Recent studies using 

high-resolution satellite imagery, numerical models and field observations revealed that the 

SML in lakes can also be characterized by submesoscale filaments and fronts (Hamze-Ziabari 

et al. 2022b; Foroughan et al., 2022b). Sharp lateral density gradients due to the presence of 

filaments/fronts make the SML susceptible to different kinds of instabilities such as mixed-

layer baroclinic (Boccaletti et al., 2007), gravitational, symmetric (Thomas et al., 2013) and 

inertial/centrifugal instabilities (Grisouard, 2018). Theoretical and numerical studies showed 

that submesoscale instabilities are rapidly evolving features that enhance vertical exchange and 

tend to re-stratify the ocean’s SML (Couvelard et al., 2015; Chrysagi et al., 2021). Field verifi-

cation is challenging due to the ephemeral nature of submesoscale flows and their spatial het-

erogeneity. 

Recently, Hamze-Ziabari et al. (2022b) reported that submesoscale filaments are 

formed in Lake Geneva, the largest freshwater lake in Western Europe, during the strongly 

stratified summer season, and that they are likely ubiquitous features of quasi-geostrophic gyres 

in large lakes. A procedure was developed by Hamze-Ziabari et al. (2022c) to detect mesoscale 

and submesoscale gyres/eddies. It can be used to predict when and where the regularly-occur-

ring gyre patterns and associated submesoscale filaments are expected to form and thus can be 

captured in field measurements. Using a similar procedure, the present study aims to provide 

the first detailed and direct field evidence of the role of submesoscale cold filaments in the re-
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stratification of the SML under fall and winter conditions when lake thermal stratification is 

weak and the SML is deep. In a novel approach, Lagrangian particle tracking is employed to 

investigate the dynamics of the secondary circulation associated with the submesoscale fila-

ments and how it is linked to the re-stratification within adjacent water columns. Furthermore, 

these field observations quantify the spatial variability of stratification strength, vertical veloc-

ities and dissolved oxygen induced by the dynamics of the secondary circulation near cold fil-

aments. Although this study was carried out in a large lake, the results on filament dynamics 

can be directly applied to oceans where it is almost impossible to obtain evidence from field 

studies. 

5.2 Materials and Methods  

5.2.1 Study Site 

Often referred to as the birthplace of limnology (Forel, 1892), Lake Geneva (local 

name: Lac Léman) is the largest lake in Western Europe. It is a crescent-shaped water body 

located between Switzerland and France. Lake Geneva is composed of two basins: a narrow 

western basin called the Petit Lac, with a maximum depth of 75 m, and a large eastern basin, 

the Grand Lac, with a mean depth of 170 m and a maximum depth of 309 m, a total volume of 

approximately 89 km3 and a mean surface altitude of 372 m. It is a peri-alpine warm lake with 

a strong thermal stratification during the summer. The thermocline deepens during fall and 

winter but typically does not disappear entirely. Due to the relatively large size of Lake Geneva, 

Coriolis force effects contribute significantly to the momentum balance, as was documented in 

numerous field observations and numerical studies (e.g., Bauer et al., 1981; Bouffard & Lem-

min, 2013; Cimatoribus et al., 2018, 2019; Lemmin, 2020; Lemmin et al., 2005; Reiss et al., 

2020; Hamze-Ziabari et al., 2022c). 

The topography surrounding the lake, namely, the Jura and Alp mountains, channels 

two strong pressure-gradient winds over most of the lake surface, the Vent, blowing from the 

southwest, and the Bise, from the northeast (Figure 5.1a). These winds are generally uniform 

in space and last for several days, with speeds averaging between 5 and 15 m s−1 (e.g., Lemmin 

et al., 2005; Lemmin & D’Adamo, 1996). The Vent and Bise winds are therefore the primary 

external forcing for the initiation of multiscale rotational flow fields (gyres and eddies; both 

cyclonic and anticyclonic). Their interaction with lake bathymetry and shore morphology cre-

ates a “soup” of gyres, eddies, fronts, and filaments (Hamze-Ziabari et al., 2022c). 
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Figure 5.1. (a) Lake Geneva and surrounding topography, adapted from a public domain satellite image 

(NASA World Wind, last accessed 31 December 2022) and bathymetry data from SwissTopo (last ac-

cessed 31 December 2022). The red dashed line delimits the two basins called Petit Lac and Grand Lac 

that compose Lake Geneva. Red circle: location of the SHL2 station, a long-term CIPEL monitoring 

station where physical and biological parameters are regularly measured. The thick orange arrows indi-

cate the direction of the two strong dominant winds that the Alp and Jura mountains channel, namely 

the Bise, coming from the northeast and the Vent, from the southwest. The colorbar indicates the water 

depth. (b) Sketch of filamentogenesis, i.e., dual frontogenesis, caused by large-scale deformation flow 

https://worldwind.arc.nasa.gov/
https://www.swisstopo.admin.ch/
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on a dense filament (winding blue band) located in the “light” (lower density) surface mixed layer 

(SML). Small blue arrows indicate secondary circulation associated with dense filaments. Yellow bor-

ders indicate areas susceptible to various submesoscale instability. 

5.2.2 Hydrodynamic Model 

We employed the MITgcm code, which integrates the three-dimensional Reynolds-

Averaged Navier-Stokes (RANS) equations on a sphere under the Boussinesq and both hydro-

static and non-hydrostatic approximations (Marshall et al., 1997). Originally developed for 

oceanography, the code has been successfully applied to lakes as well (Djoumna et al., 2014; 

Dorostkar et al., 2017; Dorostkar and Boegman, 2013). Using the model setup for Lake Geneva 

validated by Cimatoribus et al. (2018), numerical modeling combined with field measurements 

provided new insight into lake hydrodynamics. The model was run in hydrostatic mode with an 

implicit free surface. Prior to this study, the model was calibrated to reproduce accurately sea-

sonal thermal stratification, mean flow field, and internal seiches in Lake Geneva (Cimatoribus 

et al., 2019) and later used to study nearshore currents, coastal upwelling, inter-basin exchange 

and river plume dynamics in Lake Geneva (Cimatoribus et al., 2018, 2019; Reiss et al., 2020,  

2022; Soulignac et al., 2021). Additionally, the model has been applied to characterize basin- 

and mesoscale rotational flows, as well as submesoscale currents in Lake Geneva (Hamze-Zia-

bari et al., 2022a, b, c; Foroughan et al., 2022b). 

A high-resolution survey dataset was used to construct Lake Geneva's bathymetry. 

Three-dimensional RANS equations were solved using two Cartesian grids with low and high 

resolution. First, the model was initialized from rest on 3 June 2019 with a Low Resolution 

(LR) grid (horizontal resolution of 173-260 m and 35 depth layers) based on the measured 

temperature profile from the Commission Internationale pour la Protection des Eaux du Léman 

(CIPEL) station SHL2 (at the center of the lake with a depth of 305 m; Figure 5.1a) as a hori-

zontally uniform initial condition. The LR model integration time step was 20 seconds, and 

spin-up took almost six months in simulation time. Based on the LR model, a High Resolution 

(HR) version of the model was initialized with a grid resolution of 113 m horizontally and 50 

layers vertically (vertical layers have a thickness of 0.30 m at the surface and approximately 12 

m at the deepest point). To ensure stability, the time step was initially set to 6s, then gradually 

increased to 30s. HR model simulations began on 10 January 2020 and lasted ten months. 

The atmospheric forcing data driving the model was provided by the COnsortium for 

Small‐scale MOdeling (COSMO) atmospheric model of MeteoSwiss (Voudouri et al., 2017). 
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COSMO produces realistic atmospheric fields (wind, temperature, humidity, solar radiation) 

applying the bulk formulation of Large and Pond (1981) to estimate atmospheric exchanges. 

COSMO data have a 1h time step and 1 km × 1 km spatial resolution. 

5.2.3 Particle Tracking 

Following fluid particle trajectories allows for the Lagrangian description of a flow 

field based on the velocity output of lake or ocean circulation models. Using 3D numerical 

simulation results, particle tracking can reveal preferential lateral and vertical transport path-

ways of fluid parcels. It can also determine the origin (backward tracking) and fate (forward 

tracking) of material transported via general circulation and driven by meso- to submesoscale 

currents. In particular, since the number of submesoscale current studies has steadily grown 

over the past two decades, Lagrangian methods, such as particle tracking, are increasingly being 

used to evaluate the effect of surface material transport occurring within this scale range (Choi 

et al., 2017; Freilich & Mahadevan, 2021; Aravind et al., 2023). 

This study adopts the particle tracking approach proposed by Döös et al. (2013). Par-

ticle trajectories are calculated by using linear interpolation in time (between intervals of model 

outputs) and space (between model grid points), derived from a 3D velocity field generated by 

a hydrodynamic model. The algorithm is programmed using Python and accepts the MITgcm 

output format (Cimatoribus et al., 2018). The output trajectories are then verified using the 

analytical results of Döös et al. (2013). Since the hydrodynamic model focuses on deterministic 

advection by the flow, not smaller-scale turbulent mixing, no diffusion of particles is allowed. 

A further advantage of this method is that it conserves volume since the computed trajectories 

satisfy the no-flow side and bottom boundary conditions. In recent studies, the code was applied 

to Lake Geneva in order to investigate the dispersion of the Rhône River inflow, the lake's 

primary tributary (Cimatoribus et al., 2019), transport processes during Ekman-type coastal 

upwelling along the northern shore of the lake that resulted in both vertical and lateral displace-

ments of relatively cold water masses (Reiss et al., 2020) and inter-basin exchange (Reiss et al., 

2022). In the present study, particle tracking is used to estimate the spatial patterns of particle 

concentration, highlighting the role of submesoscale filaments and the associated secondary 

circulations in accumulating surface materials and creating vertical pathways for their transport 

to deeper layers. 



Materials and Methods 

141 

5.2.4 Field Measurements 

Time series of temperature profiles were measured using a chain of up to 22 tempera-

ture loggers (RBRsolo T and Seabird SBE‐56, spaced at 1-2 m intervals and sampling at 1 Hz) 

towed along a transect, with the horizontal distance between samples depending on the boat’s 

speed (0.4 - 0.5 m s-1). The boat was stopped three times along each transect to allow compari-

son (in post-processing) of the temperature profiles under moving and stationary conditions. 

Although this methodology is less accurate than measuring temperature profiles in a stop-start 

manner, the interpretation of the temperature profiles was not affected. In all cases, the meas-

urements compared reasonably well with the MITgcm simulation results. 

A multiparameter probe (CTD90M Sea and Sun Technology) with a PT100 tempera-

ture sensor and an optical Dissolved Oxygen (DO) sensor (Rinko III) was used to measure 

vertical profiles of temperature and DO in a stop-start manner at predefined measurement points 

along the transects. Velocity profiles were measured continuously with a towed, downward-

looking (at 0.5 m below the surface) Acoustic Doppler Current Profiler (ADCP); 300kHz Tele-

dyne Marine Workhorse Sentinel in Mode 12 and bottom tracking mode. Current intensities 

and directions were measured along vertical profiles with depth cells of 1 m, using a profile 

sampling frequency of 1Hz, resulting in a profile spacing of 0.7–1.4 m along each transect. 

Manufacturer recommendations were followed for post-processing the measurements. 

5.2.5 Submesoscale Instabilities 

Figure 5.1b illustrates schematically how a Surface Mixed Layer (SML) can be sus-

ceptible to submesoscale instabilities, which act on the forward cascade of kinetic energy from 

mesoscale to dissipation scale (Capet et al., 2008; Brüggemann & Eden, 2015). A two-celled 

secondary circulation develops as a result of different types of submesoscale instabilities that 

tend to re-stratify the SML (Chrysagi et al., 2021). The different types of submesoscale insta-

bilities are commonly identified based on the signs of Coriolis frequency (f) and Ertel Potential 

Vorticity (EPV, q), which is defined as (Hoskins, 1974): 

𝑓𝑞 = 𝑓(𝑓�⃗� + ∇ × 𝑢). ∇𝑏 (5.1) 

If 𝑓𝑞 < 0, various types of instabilities such as inertial (centrifugal) instability, gravitational 

instability, and symmetric instability can occur in the SML (Hoskins, 1974). Since Lake Geneva 

is situated in the Northern Hemisphere (𝑓 > 0), submesoscale instability occurs when 𝑞 < 0. 

Inertial or centrifugal instability occurs when under stable stratification (𝑁2 > 0), the absolute 
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vorticity, 𝜉𝑎𝑏𝑠 = 𝑓 + 𝜉 < 0, is negative (Bachman et al., 2017; Zhurbas et al., 2022). Gravita-

tional instability can occur when N2 is negative, i.e., when heavy water parcels are on top of 

lighter water parcels due to density-driven processes. 

In the frontal region, another type of instability known as Symmetric Instability (SI) 

occurs frequently. In order to detect SI, the EPV is split into a horizontal and a vertical compo-

nent as follows (Thomas et al., 2013): 

𝑞 = 𝑞𝑣𝑒𝑟 + 𝑞𝑏𝑐 (5.2) 

𝑞𝑣𝑒𝑟 = 𝜉𝑎𝑏𝑠𝑁
2 (5.3) 

𝑞𝑏𝑐 = (
𝜕𝑢

𝜕𝑧
−

𝜕𝑤

𝜕𝑥
)
𝜕𝑏

𝜕𝑦
+ (

𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧
)
𝜕𝑏

𝜕𝑥
   (5.4) 

The vertical component (𝑞𝑣𝑒𝑟) includes the vertical stratification N2 and absolute vorticity, 𝜉𝑎𝑏𝑠, 

whereas the baroclinic (horizontal) component (𝑞𝑏𝑐) is related to the horizontal terms of vorti-

city and the lateral buoyancy gradients. Symmetric Instability occurs if  𝑓𝑞𝑏𝑐 < 0, |𝑓𝑞𝑏𝑐| >

𝑓𝑞𝑣𝑒𝑟 , 𝑓𝑞𝑣𝑒𝑟 > 0, 𝑏𝑧 > 0 (Bachman et al., 2017; Zhurbas et al., 2022). The SI can be interpreted 

as a hybrid gravitational-centrifugal instability that extracts energy from large-scale geostrophic 

or quasi-geostrophic gyres/eddies. Such slantwise convection can re-stratify the SML and cause 

a downward cascade of energy through a secondary Kelvin-Helmholtz instability (Taylor & 

Ferrari, 2009). According to Taylor and Ferrari (2011), frontal regions become first unstable as 

a result of SI, followed by baroclinic instability, both of which tend to increase stratification. 

5.3 Results 

5.3.1 Cold Filaments at the Periphery of Large-scale Circulations 

After a strong wind event, cyclonic (counterclockwise rotating) and anticyclonic 

(clockwise rotating) circulations (gyres and eddies) are excited in the Grand Lac basin (Hamze-

Ziabari et al., 2022c). Under weakly stratified conditions, a combination of a large-scale Anti-

cyclonic Circulation (AC) and a small-scale Cyclonic Circulation (CC) can be generated in the 

western part of the Grand Lac basin of Lake Geneva (Figure 5.2a). On 19 October 2020, our 

numerical model predicted the formation of submesoscale cold filaments near the periphery of 

both CC and AC (Figure 5.2a). A field campaign was conducted to capture both mesoscale and 

submesoscale processes associated with AC and CC. The chain of temperature loggers and the 

ADCP were towed along transect T1 (Figure 5.2a). The resultant temperature pattern (Figure 

5.2b) shows that the AC flow field is associated with warm zones in the northern part of the 
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lake, whereas the CC flow field is associated with cold zones in the southern part. This spatial 

temperature variability can be attributed to pelagic upwelling generated by the CC, and pelagic 

downwelling by AC. The numerical model also predicts reasonably well this spatial tempera-

ture variability (Figure 5.2c).  

 

Figure 5.2. (a) Numerical results of the temperature (colors; see colorbar) and velocity (black arrows; 

see reference arrow) fields at 1-m depth for 19 October 2020, showing an anticyclonic circulation (AC) 

in the north and a cyclonic circulation (CC) in the south, in the western part of the Grand Lac basin. The 

grey line marks the predefined transect T1 for the field campaign. The location of the filaments is indi-

cated. Contour plots based on (b) measured (c) simulated temperature profiles along transect T1 shown 

in (a). Colorbars give the temperature range. Note that temperature range is identical in (b) and (c). 
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At the peripheries of CC and AC, two cold filaments formed, marked by arrows in 

Figure 5.2a. Field results confirm the presence of two narrow cold regions with ~1 km width 

inside the CC and AC fields. Based on the numerical results (Figures 5.3a, b), Rossby and 

Richardson numbers are both O(1) in the SML, indicating that the cold filamentary regions can 

be classified as submesoscale flows. The averaged divergence and horizontal strain rate param-

eters over the SML are presented in Figures 5.2c and d, respectively. The divergence, σ, and 

horizontal strain rate, S, parameters are calculated as: 

𝜎 = 𝑢𝑥 + 𝑣𝑦 (5.5) 

𝑆 = √(𝑢𝑥 − 𝑣𝑦)
2
+ (𝑣𝑥 + 𝑢𝑦)

2
   (5.6) 

High divergence/convergence zones are accompanied by ageostrophic (submesoscale) horizon-

tal strain rates ( > f ) within the filament and adjacent cells. The presence of large-scale straining 

flows (e.g., AC and CC) and lateral buoyancy gradients can lead to frontogenesis or filamento-

genesis (Gula et al., 2014; McWilliams et al., 2015; Hamze-Ziabari et al. 2022b). Secondary 

circulation is therefore expected to occur. The numerical results also reveal strong vertical ve-

locities (100 m d-1) in the center (Figure 5.3e) and in the vicinity of the observed cold filaments 

(Figure 5.3f). Dual frontogenetic processes involved in filamentogenesis result in downwelling 

at the center of the filament and upwelling in the areas adjacent to the cold filaments (McWil-

liams et al., 2009). The upward velocities around the cold filaments and the downward veloci-

ties inside the cold filaments are indicative of the secondary circulation, which tends to dyna-

mically collapse vertical isotherms towards the horizontal isotherms, thereby re-stratifying the 

SML. 

The measured temperature obtained by the towed thermistor node chain at different 

depth layers (Figure 5.3g) and the stratification strength (𝑁2, Figure 5.3h) along transect T1 

(Figure 5.2a) show the enhancement of stratification on both sides of the cold filament in the 

SML, particularly in the range of 2.5-3.5 km where the temperature gradient between the cold 

filament and AC is more pronounced. In the non-frontal regions, N2 is negligible. However, it 

can reach 5×10-5 s-2 in the SML (down to 17- m depth; Figure 5.3h) in areas next to the filament. 

The frontal region formed between AC and CC exhibits an increase in the stratification strength 

at a distance of 5.5-6.5 km. Stratification strength in the near-surface layers has increased pri-

marily as a result of the heating that occurred during our field campaign (10:25 to 14:53 CET). 

More details about the atmospheric conditions during the field campaign are given in the Dis-

cussion.  
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Figure 5.3. Results from a high-resolution, 3D numerical simulation at 5-m depth for 19 October 2020: 

(a) balanced Richardson number, Ri, (b) local Rossby number, Ro, (c) normalized divergence parameter, 

σ/f, (d) normalized horizontal strain rate, S/f ; f is the Coriolis frequency, (e) vertical velocity, w. The 

dashed lined rectangles in (a) to (e) mark the location of the cold filaments in Figure 5.2. (f) Vertical 

profiles of w along transect T1 shown in Figure 5.2a. Blue triangles on top of the panel indicate the 

location of the filaments. (g) Measured temperature along transect T1 at different depth layers in the 
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SML. (h) Estimated stratification strength, N2, based on the measured temperature profiles along tran-

sect T1. The legends give the range of the parameters. 

5.3.2 Cold Filaments in the Center of Cyclonic Circulations  

Cyclonic gyres can produce pelagic upwelling at their center and thereby provide the 

buoyancy gradient for the formation of submesoscale filaments and fronts in the pelagic zone 

of large lakes (Hamze-Ziabari et al., 2022b). The numerical modeling predicted a cyclonic gyre 

(CC) in the center of the Grand Lac basin on 25 November 2020 (Figure 5.4a). Two transects, 

T2 and T3, were preselected to capture the frontal or filamentous regions associated with pe-

lagic upwelling. The temperature profiles measured along transects T2 and T3 are given in 

Figures 5.4b and c, respectively. Intense pelagic upwelling in the center of the cyclonic gyre is 

clearly visible in the thermocline layer in transect T3, which is closer to the center of the cy-

clonic gyre (Figure 5.4a), whereas the upwelled thermocline is not as evident in transect T2, 

since it is located at the edge of the gyre. A narrow cold region with ~500 m width is observed 

in the SML of T2 (Figure 5.4c). A frontal region between the center of the cyclonic gyre and 

the edge of the gyre was formed due to intense pelagic upwelling (Figure 5.4d). Interestingly, 

there is a narrow cold region with a width of ~200 m at a distance of ~2.7 km in the boundary 

of the front (Figure 5.4d). 

The vertical profiles of the simulated temperature, vertical velocity, horizontal strain, 

and divergence parameters are given in Figure 5.5. At the location of cold filaments, strong 

downwelling velocities, reaching ~100-150 m d-1, are detected in the center of cold filaments. 

Ageostrophic convergence (𝜎 < −𝑓) and strain (𝑆 > 𝑓) are accompanied by strong vertical 

velocities at the center of cold filaments (Figure 5.5a). Vertical velocities, divergence, and strain 

parameters are confined to the SML, limited by the thermocline layer, which acts as a physical 

barrier. The presence of secondary circulation is clearly evident in both transects T2 and T3 

(Figures 5.5b and f). 

The measured temperature in different depth layers and the computed stratification 

strength (𝑁2) along transects T2 and T3 are given in Figure 5.6. Similar to the October obser-

vations, there is an increase in stratification strength in the SML on both sides of the cold fila-

ment and the frontal regions. The increase in N2 reaches up to 2×10-5 s-2 in the deep mixed layer 

next to the cold filaments (Figure 5.6f). Even though the numerical model accurately captured 

the formation of submesoscale filaments induced by the large-scale ageostrophic strain (Figure 

5.5), it was unable to resolve the increase in stratification strength around the cold filaments 
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and fronts. A downward cascade of energy caused by submesoscale instabilities results in such 

enhancements in the stratification strengths of the SML, which cannot be resolved by our 

model. High-resolution large-eddy simulations are needed in order to resolve small-scale insta-

bilities associated with submesoscale processes (Thomas et al., 2013, 2016). However, a high-

resolution model such as the one used here can be used to evaluate criteria for various types of 

submesoscale instability (Chrysagi et al., 2021). In the near-surface layers, stratification 

strength is negative primarily as a result of the cooling that occurred during our field campaign. 

More details about the atmospheric conditions during the field campaign are given in the Dis-

cussion.  
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Figure 5.4. (a) Numerical results of the temperature (colors; see colorbar) and velocity (black arrows; 

see reference arrow) fields at 1-m depth for 25 November 2020, showing a cyclonic circulation (CC) in 

the central part of the Grand Lac basin. Grey lines mark predefined transects (T2 and T3) for the field 

campaign. Measured profiles of temperature (b) over a 45-m depth range (c) in the surface mixed layer 

along transect T2 shown in (a). Measured profiles of temperature (d) over a 45-m depth range (e) in the 

surface mixed layer along transect T3 shown in (a). Colorbars give the range of temperature.  
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Figure 5.5. Numerical results for 25 November 2020. The simulated profiles of (a) temperature, (b) 

vertical velocity, (c) normalized horizontal strain rate, and (d) normalized divergence parameters along 

transect T2 shown in Figure 5.4a. The simulated profiles of (e) temperature, (f) vertical velocity, (g) 

normalized horizontal strain rate, and (h) normalized divergence parameters along transect T3 shown in 

Figure 5.4a. Compare the modelled temperature patterns to the measured ones shown in Figure 5.4. 
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Figure 5.6. Field observations and numerical results for 25 November 2020. (a) measured and (b) sim-

ulated temperature along transect T2 (Figure 5.4a) for different depth layers in the SML. (c) measured 

and (d) simulated temperature along transect T3 (Figure 5.4a) for different depth layers in the SML. 
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Depth layers are given in the panels. (e and f) Estimated stratification strength, N2, based on the meas-

ured temperature profiles along transects T2 and T3, respectively. 

5.3.3 Passive Tracer Distribution Caused by Secondary Circulation 

The vertical distribution of physical and biological tracers in lakes can be influenced 

by intense vertical velocities associated with submesoscale secondary circulations. Acoustic 

backscatter is commonly used to measure the vertical distribution of a wide range of physical 

and biological parameters in the water column, including suspended sediments (Soulignac et 

al., 2021; Chalov et al., 2022) and zooplankton (Simonecelli et al., 2019). In addition to meas-

uring the vertical profiles of current velocity, Acoustic Doppler Current Profilers (ADCP) can 

also provide information regarding particle distribution in the water column. The intensity of 

ADCP backscattering is affected by a number of factors, including the distance from the sensor, 

the amount of attenuation caused by the water, and the concentration of suspended particles in 

the water column (Kim & Voulgaris, 2003; Chalov et al., 2022). Following Deines (1999), 

ADCP backscattering measurements are converted into volume-backscattering strength (meas-

ured in dB). 

The estimated Backscattering Intensity (BI) along transect T1 on 19 October 2020 (see 

Figure 5.2a) is shown in Figure 5.7a. In the epilimnion layer, BI ranges from 50 dB to 70 dB. 

Within the upper water column (down to 30-m depth), higher BI is observed at cold filament 

locations. The areas with higher BI have almost the same width as the observed filaments. There 

are two areas with low BI adjacent to the cold filaments, where it was expected that upwelling 

would occur due to secondary circulation (Figure 5.3f). Furthermore, the effect of upwelling on 

BI induced by cyclonic circulation is evident in the near-surface layer of CC in the southern 

part of the lake (Figure 5.7a). Due to divergent flows in the near-surface layers and convergent 

flows in the deeper layers, the CC can bring water from deeper layers up into the mixed layer. 

The turbidity of upwelled water from greater depths is expected to be lower than that of near-

surface waters. On the other hand, anticyclonic circulations cause a convergence of the flow in 

the near-surface layers, resulting in the downward movement of pollutants and particles. The 

BI patterns in the northern part of the lake display characteristics of large-scale downwelling 

caused by AC. In general, BI signals within the mixed layer are stronger in AC than in CC, 

suggesting a higher particle concentration in AC. 
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In order to further investigate the effect of submesoscale and mesoscale currents on 

the horizontal and vertical distribution of passive tracers in Lake Geneva, forward particle track-

ing is applied to the 3D velocity field outputs of the numerical results. The particles were uni-

formly released at every grid point in the deep (> 100 m) and pelagic areas of the Grand Lac 

basin (see Figure 5.8a), where cyclonic and anticyclonic circulations are expected to be present. 

A total of 345,097 particles were continuously released every hour in each depth layer (down 

to 44 m) during the 24 hours prior to the field observation on 19 October 2020. The fate of these 

8,282,328 particles was monitored over the following 24 hours. In the horizontal distribution 

of particles, there was an accumulation of particles in the observed filaments which is coherent 

between all depth layers (Figure 5.8b-e). This suggests that within the submesoscale filaments, 

particles are subducted to deeper layers. Filamentary accumulation of particles occurred at the 

edges of CC and AC (Figure 5.2a).  

Figure 5.7b illustrates the vertical profiles of the particle distribution along transect T1 

on 19 October 2020. At the filament locations, particles penetrate down to 30 m. BI exhibits a 

similar pattern in terms of the width and location where particles accumulated in the filament 

locations (Figure 5.7a). The patterns observed in BI signals are consistent with the distribution 

of passive tracers that is affected by mesoscale circulations. Particles in the AC center are trans-

ported to deeper layers by pelagic downwelling, whereas within the CC, particles are trans-

ported from deeper layers to near-surface layers by pelagic upwelling. As a result, there are 

fewer particles in the deep epilimnion layers in the CC center, as opposed to the AC center 

where particles are transported downwards and accumulate in the deeper epilimnion layers. 

For the 25 November 2020 particle tracking analysis, the horizontal distribution of 

particles obtained from forward particle tracking in different depth layers is given in Figure 

5.8f-i. Unlike the filaments observed in October 2020, the filament observed on 25 November 

formed at the edge of the pelagic upwelling zone in the CC center and extended to the CC edge. 

The passive particles were completely depleted from the 30-m depth layer located in the ther-

mocline and upwelled to the surface due to intense pelagic upwelling at the CC center (Figure 

5.8i). Upwelled particles then accumulated at the CC edge in diverse filamentary patterns (Fig-

ure 5.8f). Thus, the source of cold water in the observed filament is the thermocline. 

The BI patterns along transects T2 and T3 measured on 25 November 2020 are shown 

in Figures 5.9a and c, respectively. In both transects, there are strong backscattering signals 

near the cold filaments. According to the particle tracking results, particles in the surface layers 
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accumulate at cold filament locations and are then transported to deeper layers in both transects 

(Figures 5.9b, d). The backscattering signals are more intense in T3 than in T2. The number of 

particles that accumulate in transect T3 is also greater than in transect T2. The difference in 

intensity of backscattering signals and concentration of particles can be attributed to differences 

in the magnitude of the downwelling velocity at cold filament locations. As shown in Figure 

5.5b, f, the downwelling velocity associated with secondary circulation is greater in transect T3 

than in transect T2. Therefore, it can be expected that more particles accumulate and are 

transported to deeper layers in transect T3. Such strong vertical velocities associated with 

secondary circulations can potentially contribute to the exchange of heat, mass, pollutants, 

carbon, and oxygen between the lake surface and the thermocline layer. In both transects T2 

and T3, low backscattering signals were detected in the deeper epilimnion layers at the pelagic 

upwelling location in the CC. 

 

Figure 5.7. For 19 October 2020: (a) Filled contour plot of the observed Acoustic Doppler Current 

Profiler (ADCP) volume backscattering intensity (BI) along transect T1 (for location, see Figure 5.2a). 

(b) Filled contour plot of the number of particles along T1 obtained from the results of particle tracking. 

The location of filaments, anticyclonic circulation (AC) and cyclonic circulation (CC) observed or sim-

ulated are marked with black and red arrows.  
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Figure 5.8. (a) Area (in black) where particles for forward tracking were uniformly released in the 

western and central parts of the Grand Lac basin (> 100-m depth). Left column: (b-e) Results of forward 

particle tracking for depths of 1, 5, 15, and 30 m at 12:00, 19 October 2020. Right column: (f-i) Results 

of forward particle tracking for the depths of 1, 5, 15, and 30 m at 12:00, 25 November 2020.  
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Figure 5.9. For 25 November 2020: (a) Filled contour plot of the observed ADCP backscattering 

intensity (BI) in transect T2 (for location, see Figure 4a). (b) Filled contour plot of the number of parti-

cles along T2 obtained from the results of particle tracking. (c) Filled contour plot of the observed ADCP 

backscattering intensity (BI) in transect T3 (for location, see Figure 5.4a). (d) Filled contour plot of the 

number of particles along T3 obtained from the results of particle tracking.  

5.4 Discussion 

5.4.1 Physical Cause of Surface Mixed Layer (SML) Restratification 

Wind stress and surface heating/cooling can either stabilize or destabilize the water 

column in frontal or filamentary regions (Mahadevan, 2016). The average wind speed and net 

upward Heat Flux (HF) obtained from COSMO data during the field campaigns in October and 
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November 2020 are presented in Figure 5.10. HF includes latent flux, sensible flux, net 

longwave radiation, and net shortwave radiation. If HF is positive, the lake surface is cooling 

and buoyancy loss from the lake is taking place, which suppresses the mechanism for re-strati-

fication of the SML in the frontal zone (Chrysagi et al., 2021). Surface heating occurred at the 

study site during the field campaign in October 2020 (Figure 5.10b). During the November field 

campaign, however, surface cooling was observed in the filamentary regions (Figure 5.10d). 

 Wind-induced Ekman transport of lighter water over heavier water may enhance or 

weaken the re-stratification of the SML in the frontal region (Thomas et al., 2013; Mahadevan, 

2016). However, wind speeds were negligible during both field campaigns (< 4 m s-1). There-

fore, Ekman transport does not play a role in the re-stratification of the SML. In addition, both 

COSMO data and the SML along the measured transects demonstrate the effects of surface 

cooling during the November field campaign. Although surface cooling can destabilize the 

SML, positive stratification is still observed in the deeper layers of the epilimnion layer (10-20 

m) surrounding the cold filaments, indicating that a mechanism different from atmospheric 

forcing is responsible for the re-stratification of the deep SML. 

To further investigate the potential mechanism behind the re-stratification of the mixed 

layer in the study area, the conditions for the occurrence of gravitational (i.e., 𝑁2 < 0), centrif-

ugal or inertial instability (i.e., 𝑁2 > 0,  𝜉𝑎𝑏𝑠  =  𝑓 +  𝜉 < 0), and symmetric instability 

(𝑓𝑞𝑏𝑐 < 0, |𝑓𝑞𝑏𝑐| > 𝑓𝑞𝑣𝑒𝑟 , 𝑓𝑞𝑣𝑒𝑟 > 0, 𝑏𝑧 > 0) are examined. The results of the instability 

analysis for depth layers 5, 10, 15, and 20 m (Figure 5.11a-d), for 19 October 2020 indicate that 

a combination of Symmetric Instability (SI) and centrifugal instability coexist in the region 

where the anticyclonic and cyclonic circulations interact with each other (Figure 5.11). SI is the 

dominant instability in the center of the lake, whereas centrifugal instability is more pronounced 

in the regions where cyclonic/anticyclonic circulations interact with the boundaries and littoral 

zone of the lake. Generally, the water column is stable in terms of gravitational instability, as 

was observed in the field campaign and modeling driven by COSMO. 

It should be noted, however, that in November, the water column in most areas of the 

near-surface layers is unstably stratified and gravitational instability dominates due to surface 

cooling (Figures 5.11e, f). In addition, surface cooling can promote higher secondary SI 

(Thomas et al., 2013). According to the numerical results, SI is dominant in deeper layers (10 - 

30 m) where the water column is more stable in terms of gravitational instability. Two areas 

next to the cold filaments are susceptible to SI. Therefore, the re-stratification of the water 
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column in deeper layers on both sides of the cold filament can be attributed to the secondary 

circulation associated with SI, which can coexist with baroclinic instability (Verma et al., 2022). 

As a result, slantwise convection leads to vertical and horizontal exchange of water parcels; this 

can explain the increase of stratification strength in areas adjacent to the observed filaments 

(Gula et al., 2022). Furthermore, these submesoscale instabilities can be associated with the 

vertical exchange of nutrients and chlorophyll, primarily because of their roles in the energy 

cascade and tracer variance from mesoscale to small-scale turbulence (Mahadevan et al., 2016; 

Lévy et al., 2018; Chen et al., 2022). 

 

Figure 5.10. (a) Average wind speed and (b) net upward heat flux extracted from COSMO data during 

the field campaign on 19 October 2020. (c) Average wind speed and (d) net upward heat flux extracted 

from COSMO data during the field campaign on 25 November 2020. White dashed-lined rectangles and 

squares indicate study areas. Colorbars give the range of parameters. 
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Figure 5.11. Classification of the study area based on the criteria of different kinds of submesoscale 

instability at different depth levels (5, 10, 15, and 20 m) for (a-d) 19 October 2020 and (e-h) 25 Novem-

ber 2020. The legend defines the type of instability. 
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5.4.2 Filaments: Coherent Pathways for Subduction of Passive Tracers 

The exchange of heat, mass, and oxygen between the lake and the atmosphere can be 

greatly facilitated by high vertical velocities (O(100 m d-1)) produced in submesoscale dynam-

ics (Mahadevan et al., 2016; Lévy et al., 2018). In the pelagic zone of lakes, upwelling and 

downwelling associated with basin-scale or mesoscale circulations are considered to be the 

dominant physical mechanisms for the vertical transport of tracers. However, it appears that 

vertical transport by submesoscale processes has been overlooked as an alternative. Secondary 

circulations associated with cold filaments are characterized by strong downward velocities 

within narrow regions, while strong upward velocities can develop within a wider region around 

the filament. We found vertical velocities within filaments of O(100 m d-1) which is signifi-

cantly higher than those found in geostrophic or quasi-geostrophic circulations, i.e., 10 m d-1 

(Figures 5.3, 5.5). The exchange of tracers between the SML and thermocline is, therefore, 

expected to be more significant in areas where secondary circulations occur.   

To further investigate the effect of submesoscale filaments on the redistribution of 

passive tracers, forward particle tracking was applied to the 3D velocity field output of the 

numerical results. The main objective was to illustrate the efficiency of transporting water par-

cels from the SML into the thermocline layer, a process called subduction (Freilich et al., 2021), 

by the secondary circulation formed in frontal and filamentary zones. To achieve this, particles 

were continually released every hour at all possible grid points in the top 5 meters of the water 

column in the deep, pelagic areas (> 100-m depth) of the Grand Lac basin during 24 h (see 

Figure 5.8a). Then, the fate of the released particles was monitored for the next 24 h. Two case 

studies related to the weakly stratified conditions on 19 October and 25 November 2020 were 

investigated. The existence of submesoscale filaments on these dates was already revealed by 

field measurements in the pelagic areas of the lake as discussed above.  

According to the numerical results, the average depth of the mixed layer base in the 

study area was ~15 m on 19 October 2020. The particles were grouped into four classes based 

on their depths: C1 (depth ≤ 5 m; near-surface layer), C2 (5 m < depth ≤ 15 m; deep mixed 

layer), C3 (15 m < depth ≤ 25 m; thermocline layer), and C4 (depth > 25 m; hypolimnion layer). 

The temporal evolution of the particle distribution at 15-m depth, i.e., at the base of the deep 

mixed layer, is given in Figures 5.12a, c, e, and g. Particles released in the near-surface layer 

are not evenly distributed in the pelagic zone with time. They were subducted into the base of 
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the mixed layer inside the filamentary regions where the particle concentration gradually in-

creased within a few hours after particle release ceased. Figure 5.12b shows that almost 30% 

of the particles were subducted into deeper layers, primarily into the deep mixed layer (C2 

class), 24 hours after particle release started. Nearly 50% of the released particles were sub-

ducted into the deeper layers (Figure 5.12h) and 21% of the released particles were subducted 

into the thermocline layer (C3) and the hypolimnion layer (C4) already 24 hours after the par-

ticle release had ceased. After 42 hours, 30% of particles were located in the C2 class, indicating 

that particles are continuously being transported downward along coherent pathways within the 

thermocline and surface layers. 

For the 25 November 2020 field observations, the particle tracking strategy described 

above illustrates the temporal evolution of particle concentrations at 25-m depth (Figure 5.13), 

which is the average depth of the SML base within the study area. Based on the depth of the 

SML and the thermocline layer, four different classes were defined (Figure 5.13). Particles ac-

cumulated in the filamentary pathways within the cyclonic and anticyclonic circulations, espe-

cially at their edges (Figure 5.13). After 24 hours almost 40% of particles were transported to 

the deeper layer (C2 to C4; Figure 5.13b), mainly in the deep mixed layer (C2 class). Over time, 

more particles were subducted into the thermocline and hypolimnion layers (C3 and C4). After 

48 hours, approximately 70% of particles released in the near-surface layers were transported 

to deeper layers (Figure 5.13h). Almost 23% of particles had passed through the thermocline 

layer and reached the hypolimnion layer. In contrast to the October analysis, the subducted 

particles from the SML did not accumulate in the thermocline layer and were able to reach 

deeper layers. It is known that the thermocline layer can act as a physical barrier for the transport 

of momentum and other tracers in lakes (Hamze-Ziabari et al., 2022c).  However, the thermo-

cline layer is not an absolute barrier and gradually weakens due to seasonal cooling which starts 

in early fall. In Lake Geneva, the thermocline is generally much stronger in October than in 

November (Hamze-Ziabari et al., 2022c). Thus, the increased subduction of particles in No-

vember can be attributed to the reduced strength of the thermocline, which no longer confines 

vertical motions associated with mesoscale and submesoscale flows. 

Several studies have shown that submesoscale processes are mostly active in winter 

and spring and that the vertical motions associated with such processes increase (Callies et al., 

2015; Taylor and Thompson, 2023; Ding et al., 2022). During summer and fall, however, the 

shallower mixed layer and stronger thermocline layer confine the vertical motion of sub-
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mesoscale flows (Li et al., 2022). Larger variances in vertical velocities, divergence, and vorti-

city are reported in wintertime (Berta et al., 2020). The submesoscale processes can be ener-

gized by baroclinic instabilities in the deep mixed layer during wintertime (Taylor & Thomp-

son, 2023). The submesoscale vertical motion can potentially carry heat and atmospheric gases 

into deeper layers below thermocline and even to the benthic layers (Callies et al., 2015), 

thereby potentially playing a role in deep-water winter mixing. The effects of submesoscale 

processes on winter mixing have generally been overlooked in lake studies, mainly due to lim-

ited field observations and low-resolution numerical models. The high-resolution numerical 

model and particle tracking results indicate that submesoscale dynamics can contribute signif-

icantly to the exchange of tracers between the near-surface layer and the hypolimnion of Lake 

Geneva on a timescale of a few hours. Further research is needed in order to quantify the con-

tribution of submesoscale flows to the exchange of water parcels between the near-surface layer 

and the hypolimnion layer of large lakes, especially in wintertime. 
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Figure 5.12. Results of forward particle tracking for 19 October 2020. Particles were released near the 

surface (< 5 m depth). Left column: Time development of particle concentration at the base of the mixed 

layer (~15 m). The time after the release of the particles is indicated in each panel. The legend gives the 

particle number range. Right column: The corresponding percentage of particles in different depth clas-

ses. The depth range of the depth classes is identified in the panels. Note the decrease in the upper layer 

classes (C1 and C2) and the increase in the lower layer classes (C3 and C4) with time, indicating down-

ward transport. 

 

Figure 5.13. Results of forward particle tracking for 25 November 2020. Particles were released near 

the surface (< 5 m depth). Left column: Time development of particle concentration at the base of the 

mixed layer (~25 m). The time after the release of the particles is shown in each panel. The legend gives 

the particle number range. Right column: The corresponding percentage of particles in different depth 

classes. The depth range of the depth classes is identified in the panels. Note that the classes are different 
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than those in Figure 5.12 and the decrease in the upper layer classes (C1 and C2) and the increase in the 

lower layer classes (C3 and C4) with time, indicating downward transport, in particular, below the ther-

mocline (C4). 

5.4.3 Filaments: Implications for Dissolved Oxygen Variability 

Few field studies have been made concerning the biochemical variability caused by 

submesoscale filaments in oceans (Lévy et al., 2018; Kaiser et al., 2021), and no observational 

evidence has been reported in lakes. Due to the ephemeral nature of submesoscale processes, it 

is difficult to establish a clear connection between secondary circulation and spatial variability 

of ecological parameters, such as Dissolved Oxygen (DO) in lakes or oceans. Phytoplankton 

growth in lakes mainly depends on light, nutrient availability, water temperature and the stabil-

ity of the water column (MacIntyre et al., 2006; Bouffard et al., 2018). According to our study, 

submesoscale processes associated with cold filaments may have a significant impact on all 

these factors. The downward fluxes at the center of cold filaments can result in the export of 

nutrients and organic matter below the euphotic zone, which can reduce primary production. 

On the other hand, upwelling cells associated with secondary circulation can transport nutrient-

rich water from the thermocline and deeper layers into the euphotic zone, thereby increasing 

phytoplankton abundance (Lévy et al., 2018). 

The field results also suggest that the SML can be re-stratified adjacent to the cold 

filaments under weak stratification conditions. The resultant vertical shear-driven stratification 

allows phytoplankton to remain longer in the euphotic zone. The increased residence time of 

phytoplankton can result in local blooms in the re-stratified areas compared to the surrounding 

turbulent mixed waters (Lévy et al., 2018). The primary sources of DO in the SML of lakes are 

the atmosphere and the physiological activity of phytoplankton, i.e., the photosynthetic produc-

tion of DO. DO can thus be used as a proxy for primary production in the SML. 

Two field campaigns on 16 and 19 October 2021 were designed to examine the spatial 

DO variability adjacent to two cold filaments that formed in the center of CC (Figure 5.14a) 

and in the peripheries of CC and AC (Figure 5.14b). On 16 October 2021, transect T4, consist-

ing of 15 measurement points at intervals of 300 m, was measured inside the CC located in the 

central part of the Grand Lac basin. At the periphery of pelagic upwelling in the center of CC, 

a cold filament formed as predicted by the numerical results. The measured temperature profiles 

indicated significant pelagic upwelling along transect T4 at the center of CC (Figure 5.14c) and 

a narrow cold region was detected at a distance of ~1.5 km from the center. The DO profiles 
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show that at the location of the cold filament, the DO levels in the SML are lower than in the 

adjacent waters (Figure 5.14e). The spatial variability of DO in the SML can reach 0.2-0.5 mg 

l-1 at the filament location. Interestingly, on each side of the cold filament, a distinct cell with 

higher levels of DO formed, while the level of DO within the cold filaments was lower with 

respect to the ambient waters. 

At the edge of mesoscale circulations, large density gradients and horizontal strain 

induced by strong eddy/gyre currents can lead to the formation of submesoscale fila-

ments/fronts. Intense secondary circulation can be expected at the edge of mesoscale circula-

tions, which can impact the supply of nutrients and chlorophyll. On 19 October 2021, the nu-

merical model predicted the formation of a dipole consisting of a cyclonic (CC) and an anticy-

clonic (AC) circulation in the center and western part of the lake (Figure 5.14b). According to 

the numerical results, a cold filament was formed in the area where the cyclonic and anticy-

clonic circulations interacted with each other. To capture this, measurements were taken along 

transect T5. Temperature and DO profiles along transect T5 were measured on 19 October 

2021. A cold narrow region can be detected at a distance of ~1.5 km from the west. The corre-

sponding DO profiles are presented in Figure 5.14f. At the location of the cold filament, the 

DO levels in the SML are lower compared to the adjacent waters. The spatial variability of DO 

in the SML reaches 0.1 - 0.5 mg l-1 at the filament location. Similar to 16 October, an increase 

in DO levels appears on both sides of the filament as two distinct cells. 

Due to the acceleration of physiological processes, such as nutrient uptake, growth, 

respiration, and the development of thermal stratification in Lake Geneva during spring, phy-

toplankton growth is often nutrient-limited in summer and autumn. The thermocline limits the 

upward flux of hypolimnetic nutrients to the photic layer. If upwelling cells associated with 

secondary circulation bring nutrients into in the photic layer, this can lead to an increase in 

primary production, and thus increased DO levels. On the other hand, strong downwelling at 

the center of cold filament prevents export of nutrients from deeper layers into the photic layer, 

thus reducing primary production and the associated DO production. The DO observations in-

dicate that secondary circulations during the active phase of submesoscale filaments influences 

biological activity, since their time scales are similar to those of phytoplankton growth (Ma-

hadevan, 2016). Although such local blooms may not affect the seasonal productivity budget, 

they are likely to affect the local distribution and the succession of seasonal species and the 

structure of local communities (Lévy  et al., 2012; Lévy et al., 2018). 
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Figure 5.14. Numerical results of the temperature (colors; see colorbar) and velocity (arrows; see refer-

ence arrow) fields at 1-m depth for (a) 16 October 2021 and (b) 19 October 2021. The green lines mark 

the predefined transects T4 and T5 where field measurements were taken. Measured profiles of 

temperature in the mixed layer on (c) 16 October and (d) 19 October. Measured profiles of Dissolved 

Oxygen (DO) in the mixed layer on (e) 16 October and (f) 19 October 2021. Note that on each side of 

the cold filament, a distinct cell with higher levels of DO formed, while the level of DO within the cold 

filaments was lower with respect to the ambient waters. 
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5.5 Conclusion 

The role of submesoscale filaments in re-stratifying the Surface Mixed Layer (SML) 

of a large lake was investigated for the first time by combining comprehensive field observa-

tions, high-resolution 3D numerical simulations, and particle-tracking. Particle-tracking al-

lowed determining how fluid parcels are transported horizontally and vertically in the presence 

of submesoscale filaments. In the vicinity of submesoscale filaments, these unique field meas-

urements were used to quantify the variability of stratification strength, vertical velocities and 

Dissolved Oxygen (DO). This study has shown that: 

• Submesoscale cold filaments can form at the edge of both cyclonic and anticyclonic 

circulations (gyres and eddies) under weakly stratified conditions, as confirmed by 

field observations and numerical results.  

• Field observations and numerical results revealed the potential formation of sub-

mesoscale cold filaments in the pelagic upwelling zone at the center of a cyclonic cir-

culation. 

•  Field observations under weakly stratified conditions indicated that the stratification 

strength, N2, can increase in areas adjacent to the observed filaments. The enhance-

ment of stratification strength reached O(10-5 s-2) for heating and cooling atmospheric 

conditions in October and November 2020, respectively. 

• Numerical results indicate that a combination of Symmetric Instability (SI) and cen-

trifugal instability can occur in proximity to the center of cold filaments. Slantwise 

convection associated with SI, a previously overlooked process in lakes, could explain 

enhanced stratification strength in areas adjacent to the observed filaments. 

• It was demonstrated that the patterns of secondary circulation can be detected in 

Acoustic Doppler Current Profiler (ADCP) backscattering signals, as confirmed by 

numerical results and forward particle tracking. 

• Particle tracking results indicated that passive tracers accumulate in the center of the 

cold filament and are transported to deeper layers. More than 20% of the particles 

were subducted into the thermocline and the hypolimnion layers due to secondary cir-

culation associated with submesoscale filaments/fronts. 
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• Dissolved oxygen variability in the observed cold filaments reached 0.1-0.5 mg l-1 un-

der weakly stratified conditions.  

• On each side of the cold filament, a distinct cell with higher levels of dissolved oxy-

gen formed, while the level of DO within the cold filaments was lower with respect to 

the ambient waters. 

Multiscale rotational flow fields (e.g., gyres and eddies) and pelagic/coastal upwelling 

are ubiquitous in Lake Geneva and other large lakes, as well as in oceans, which suggests that 

frontogenesis and filamentogenesis discussed in this paper occur regularly, and that they can 

affect the interplay of complex 3D bio-chemo-physical processes in both large lakes and oceans. 

Submesoscale filaments/fronts cause vertical re-stratification of the SML and decrease vertical 

mixing, thereby potentially affecting phytoplankton residence times in the euphotic zone. The 

secondary circulation associated with filaments or fronts, for example, can impact on the phy-

toplankton growth cycle due to their effects on the vertical distribution of nutrients and pollu-

tants. Furthermore, submesoscale filaments and the associated secondary circulations can ac-

cumulate surface materials and create vertical pathways enabling rapid transport to deeper lay-

ers, in particular, when the stratification strength is weak.  

The present study investigated submesoscale filament dynamics in the SML in a large 

lake. However, these unique results are also valid in oceans where the field verification is nearly 

impossible. More research is needed to further improve the understanding of spatial and sea-

sonal variability caused by submesoscale and mesoscale processes in large lake and ocean eco-

systems. This study provides a first step in that direction.
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Abstract 

Basin-scale quasi-geostrophic gyres are common features of large lakes subject to Cor-

iolis forcing. Cyclonic gyres are often characterized by dome-shaped thermoclines that form 

due to pelagic upwelling, which takes place in their center. At present, the dynamics of pelagic 

upwelling in the Surface Mixed Layer (SML) of oceans and lakes are poorly documented. A 

unique combination of high-resolution 3D numerical modeling, satellite imagery and field ob-

servations allowed confirming for the first time in a lake, the existence of intense pelagic 

upwelling in the center of cyclonic gyres under strong shallow (summer) and weak deep (win-

ter) stratified conditions/thermocline. Field observations in Lake Geneva revealed that surpris-

ingly intense upwelling from the thermocline to the SML and even to the lake surface occurred 

as chimney-like structures of cold water within the SML, as confirmed by Advanced Very 

High-Resolution Radiometer data. Results of a calibrated 3D numerical model suggest that the 

classical Ekman pumping mechanism cannot explain such pelagic upwelling. Analysis of the 

contribution of various terms in the vertically-averaged momentum equation showed that the 

nonlinear (advective) term dominates, resulting in heterogeneous divergent flows within cy-

clonic gyres. The combination of nonlinear heterogeneous divergent flow and 3D ageostrophic 

strain caused by gyre distortion is responsible for the chimney-like upwelling in the SML. The 

potential impact of such pelagic upwelling on long-term observations at a measurement station 

in the center of Lake Geneva suggests that caution should be exercised when relying on limited 

(in space and/or time) profile measurements for monitoring and quantifying processes in large 

lakes.

6.1 Introduction 

In most thermally stratified large lakes subject to Coriolis forcing, differential wind 

action across the surface causes basin-scale gyres to form (Akitomo et al., 2009; Csanady, 1973; 

Lemmin & D’Adamo, 1996; Shimizu et al., 2007). Gyres are large-scale coherent circulations 

that play a critical role in the vertical and horizontal transport of nutrients, dissolved inorganic 

carbon, heat, sediment and algae in large lakes (Ishikawa et al., 2002; Ji & Jin, 2006). The 

interplay of vertical density stratification, Coriolis force, and irregularity in basin shape affects 

the formation of gyres (Mortimer, 2004; Valerio et al., 2017). Depending on the sign of the 

rotation, gyres can be characterized either by positive vorticity and a high-pressure core (cy-

clonic gyre) or negative vorticity and a low-pressure core (anticyclonic gyre). Basin-scale coun-

terclockwise rotating (cyclonic) gyres are ubiquitous in most large Northern Hemisphere lakes 
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(e.g., Beletsky & Schwab, 2008; Csanady, 1973; Laval et al., 2005); however, clockwise rotat-

ing (anticyclonic) gyres can also be formed due to Ekman pumping driven by anticyclonic vor-

ticity in surface winds (e.g., Beletsky et al., 2013). In the present study, we will focus on cy-

clonic gyres, in particular on pelagic upwelling in their center, and investigate the dynamics 

during different seasons in Lake Geneva. 

In most thermally stratified lakes, a basin-scale cyclonic circulation is accompanied 

by a dome-shaped thermocline having a shallower depth in the center of the lake than near the 

shore (Csanady, 1968, 1977). On the other hand, a bowl-shaped thermocline (i.e., deeper in the 

center of the lake and shallower in the nearshore) can be formed within an anticyclonic gyre 

(Beletsky et al., 2012). Resulting physical processes such as upwelling and downwelling in the 

coastal and pelagic areas of lakes can significantly affect the functioning of the lake ecosystem 

(Corman et al., 2010; Ostrovsky & Sukenik, 2008) by changing the physical (e.g., temperature, 

currents) and chemical (e.g., pollution, salinity) conditions of the water column, and conse-

quently, biological processes such as phytoplankton growth and bacterial life cycles (Lovecchio 

et al., 2022; Troitskaya et al., 2015). The vertical motions associated with gyre dynamics can 

locally transport nutrients from the metalimnion and hypolimnion into the epilimnion layer, 

potentially creating hot spots of biological activity (Corman et al., 2010; Romanovsky & Sha-

bunin, 2002; Troitskaya et al., 2015). 

Previous studies suggested two physical mechanisms to explain the formation of pe-

lagic upwelling at the center of a cyclonic circulation during summertime: (i) differential heat-

ing (baroclinic effect) and (ii) Ekman transport caused by cyclonic surface winds. Using a sim-

ple conceptual model, Csanady (1977) analyzed the combined effect of wind stress drift and 

differential heating in nearshore-offshore regions, where shallow nearshore regions warm faster 

than deeper mid-lake regions. For Lake Ontario, this combination produced a dome-shaped 

thermocline during summer. Baroclinic effects due to a dome-shaped thermocline can generate 

a pressure gradient between the mid-lake and nearshore regions, which can lead to/contribute 

to the formation of cyclonic circulations (Beletsky et al., 2013). However, a numerical study by 

Schwab et al. (1995) showed that imposing a zero-heat flux condition at a sloping lake boundary 

can also form a dome-shaped thermocline. 

Furthermore, a dome-shaped thermocline can be generated by the divergence of Ek-

man transport, i.e., Ekman pumping, caused by cyclonic wind stress curl (Gill, 1982). Although 

observational evidence for Ekman pumping is rare in physical limnology, wind stress curl, on 
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the other hand, has been reported over many large lakes, e.g., Lake Superior (Bennington et al., 

2010), Lake Michigan (Schwab & Beletsky, 2003), Lake Biwa (Endoh et al., 1995), Lake Tahoe 

(Strub & Powell, 1986) and Lake Geneva (Lemmin & D’Adamo, 1996), suggesting that such a 

mechanism may contribute to the formation of dome- or bowl-shaped thermoclines. In the pe-

lagic region, cyclonic/anticyclonic wind fields cause, respectively, near-surface diver-

gence/convergence and surface-level depression/elevation, which in turn creates a dome-

shaped/bowl-shaped thermocline induced by upwelling/downwelling in the mid-lake region. 

The “deformed” thermocline and the water surface level change produced by such a process 

can result in horizontal pressure gradients, which can contribute to the formation of pelagic 

cyclonic or anticyclonic circulations. 

Nearshore upwelling has been investigated in various lakes (e.g., Corman et al., 2010; 

Flood et al., 2020; Plattner et al., 2006; Pöschke et al., 2015; Reiss et al., 2020; Rowe et al., 

2019; Valbuena et al., 2022). However,  few studies have reported on dome- or bowl-shaped 

thermoclines in lakes and pelagic upwelling/downwelling during summer (e.g., Beletsky et al., 

2012). Field observations conducted in Lake Issyk-Kul showed that an increase of dissolved 

oxygen in the surface layer occurs in the pelagic upwelling zone (Romanovsky & Shabunin, 

2002). In Lake Tanganyika, Corman et al. (2010) found that pelagic upwelling can strongly 

affect the temporal pattern of temperature, nutrients, and phytoplankton chlorophyll. More re-

cently, Troitskaya et al. (2015) used in situ and remote sensing data to identify pelagic 

upwelling in Lake Baikal during summer.  

The sparse previous pelagic upwelling field observations in lakes were typically lim-

ited to at most a few moorings. Thus, they cannot provide a direct, detailed description of large-

scale gyre patterns and the associated pelagic upwelling (Beletsky et al., 2013; Hui et al., 2021). 

Although upwelling and downwelling in the center of basin-scale gyres are well known from 

theory, there are no reports of the transport of thermocline water to the epilimnion layer or even 

to the lake surface caused by pelagic upwelling. This is likely due to (i) the difficulty of taking 

detailed, high-resolution field observations of temperature profiles and velocity fields that can 

confirm the existence of such patterns, and (ii) the fact that pelagic upwelling cannot be cap-

tured by the low-resolution numerical models often used to investigate geostrophic processes 

in large lakes (Brannigan, 2016). Lu et al. (2020) demonstrated in theory that a Tropical Cy-

clone (TC) can cause vertical perturbations in the Surface Mixed Layer (SML) of cyclonic and 

anticyclonic eddies, and a chimney-like upwelling, i.e., a cylinder of well-mixed cold water, 
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can appear in the Ekman layer. However, a cyclonic wind stress of TC intensity is rare over 

most lakes.  

Previous studies have shown that pelagic upwelling in gyres and eddies exists in lakes. 

Infrared and optical sensors such as the Advanced Very High-Resolution Radiometer 

(AVHRR) are often applied to distinguish the signatures of coastal and pelagic upwelling in 

lakes and oceans (Gutiérrez et al., 2011; Pisoni et al., 2014). However, detailed field measure-

ment identification of its structure are lacking. In particular, the vertical dynamics associated 

with cyclonic gyres in the absence of cyclonic wind stress has not been studied in lakes. There-

fore, in order to fill this knowledge gap, we will investigate the formation mechanism of a 

chimney-like pelagic upwelling in the SML of Lake Geneva in the absence of wind during the 

development and propagation of gyres. Lake Geneva exhibits frequent and predictable cyclonic 

and anticyclonic gyres after strong wind events (Hamze-Ziabari et al., 2022c), thus making it 

an ideal site to study vertical transport associated with gyres. To carry out this investigation, 

spatially detailed in situ measurements of temperature and velocity profiles accompanied by 

high-resolution three-dimensional (3D) numerical modeling and remote sensing (AVHRR) im-

agery were employed to capture the cyclonic circulation and associated intense upwelling dur-

ing both the strongly and weakly stratified seasons. The following questions will be addressed: 

• Can field measurements confirm the detailed temperature and current structure of a cy-

clonic gyre in the center of the lake that was predicted by high-resolution 3D modeling?  

• How stable are the gyre and the pelagic upwelling in time and space? How can this be 

verified? 

• What effect does the seasonal change in stratification have on the development of the 

gyre and the pelagic upwelling? 

• Is the dome-shaped thermocline and the pelagic upwelling caused by Ekman pumping? 

If not, what alternative processes can explain them? 

• What is the potential impact of such upwelling on vertical profile data collected at a 

longterm monitoring station located in the area where the strongest pelagic upwelling is 

detected?  

The Supplementary Information (SI) section provides complementary texts and figures 

identified with prefix S. 
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6.2 Materials and Methods 

6.2.1 Field Site 

Lake Geneva (local name: Lac Léman), the largest lake in Western Europe, is located 

between Switzerland and France (Figure 6.1a). It is composed of two basins: the large Grand 

Lac in the east (maximum depth 309 m), and the small, narrow Petit Lac in the west (maximum 

depth ~70 m). The lake has a surface area of 580 km2, a volume of 89 km3, and a length of  ~70 

km along its main arc. Its maximum width is 14 km. The lake is surrounded by the Alps to the 

south and east, and the Jura mountains to the northwest. Due to the mountainous topography of 

the surrounding area, there are two strong dominant wind fields, the Bise coming from the 

northeast and the Vent, from the southwest. The central and western parts of the lake are fre-

quently subject to strong winds, which can last several hours to several days. However, the 

eastern part of the lake is sheltered from strong winds by high mountains (Lemmin & D'Adamo, 

1996; Lemmin, 2020; Rahaghi et al., 2019). 

The spatial pattern of the averaged Bise and Vent wind fields is shown in Figure 6.1b 

and d. These strong uniform wind events can generate complex gyral flow pattern systems (Fig-

ure 6.1c and e). The surface currents in the lake’s center are either cyclonic (counter-clockwise 

rotating) after a Bise wind or anticyclonic (clockwise rotating) after a Vent event (Hamze-Zia-

bari et al., 2022c). In order to monitor the long-term water quality development of the lake, the 

Commission Internationale pour la Protection des Eaux du Léman (CIPEL) has measured phys-

ical and biological parameters regularly since 1967 at station SHL2 (Figure 6.1a). 
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Figure 6.1. (a) Lake Geneva and surrounding topography, adapted from a public domain satellite image 

(NASA World Wind, last accessed 13 December 2022) and bathymetry data from SwissTopo (last ac-

cessed 13 December 2022). The colorbar indicates the water depth. SHL2 (yellow cross) is a long-term 

CIPEL monitoring station where physical and biological parameters are measured; red square: location 

of the EPFL Buchillon meteorological station (100-m offshore). The thick red arrows indicate the direc-

tion of the two strong dominant winds, called Bise, coming from the northeast and Vent, from the south-

west. (b) Average wind speed and direction during the Bise event that lasted from 18 to 20 September 

2019. (c) Magnitude of simulated near-surface current velocity patterns one day after the Bise ceased. 

https://worldwind.arc.nasa.gov/
https://www.swisstopo.admin.ch/
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A cyclonic gyre formed in the center (widest part) of the Grand Lac basin of the lake (red circular 

arrow). (d) Average wind speed and direction during the Vent event that lasted from 24 to 30 September 

2019. (e) Near-surface (simulated) flow patterns one day after the Vent ceased. An anticyclonic gyre 

formed in the center (widest part) of the Grand Lac basin (red circular arrow). Colorbars indicate the 

range of the parameters. 

6.2.2 Numerical Simulations 

We investigated the 3D processes involved in pelagic upwelling using the Massachu-

setts Institute of Technology general circulation model (MITgcm). This code solves the 3D 

Boussinesq, hydrostatic Navier-Stokes equations, including the Coriolis force (Marshall et al., 

1997). We applied the model setup of Cimatoribus et al. (2018, 2019) who calibrated the model 

for Lake Geneva and demonstrated that stratification, mean flow and internal seiche variability 

can be realistically simulated. In addition, Foroughan et al. (2022b), Hamze-Ziabari et al. 

(2022b, c) and Reiss et al. (2020, 2022) showed that the model can accurately capture both 

submesoscale and basin/mesoscale processes in Lake Geneva. Realistic atmospheric fields (in-

cluding wind, temperature, humidity, solar radiation), extracted from the COnsortium for 

Small‐scale MOdeling (COSMO) atmospheric model provided by MeteoSwiss with a resolu-

tion of 1 km (Voudouri et al., 2017), were used to force the lake surface. Two Cartesian grids, 

a Low Resolution (LR) grid (horizontal resolution 173 to 260 m, 35 depth layers) and a High 

Resolution (HR) grid (horizontal resolution 113 m, 50 depth layers), were applied. The LR 

model was initialized from rest using the temperature profile from the CIPEL SHL2 station 

(CIPEL, 2018) measured on 19 December 2018 (calm weather conditions prevailed on this 

date). The LR model spin-up was ~180 d. Note that the LR results were only used to initialize 

the HR model. The layer thicknesses in the HR model ranged from 0.30 m at the surface to 

approximately 12 m for the deepest layer and the integration time was 6 s.  

6.2.3 Remote Sensing 

The signatures of coastal and pelagic upwelling in lakes and oceans are usually de-

tected using infrared and optical sensors. Advanced Very High-Resolution Radiometer 

(AVHRR) data from the National Oceanic and Atmospheric Administration (NOAA) and the 

European Meteorological Operational (MetOp) polar-orbiting satellites, which are routinely 

collected by the Remote Sensing Research Group at the University of Bern (Riffler et al., 2015), 

were used to study the spatial variability of pelagic upwelling events in Lake Geneva. AVHRR 

data have a spatial resolution of 1.1 km at nadir and a temporal resolution of one to ten images 
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per day (Rahaghi et al., 2018; Bouffard et al., 2018). Detailed information is provided by Hüsler 

et al. (2011) and Riffler et al. (2015). 

6.2.4 In Situ Data 

It was previously shown that gyre patterns in Lake Geneva can be reliably predicted 

by numerical modeling based on forecasted COSMO meteo data (Hamze-Ziabari et al., 2022c). 

Guided by these numerical model forecasts, one or more transects for field measurements were 

selected within the main cyclonic gyre in the central part of the Grand Lac basin. Ten 1 km-

spaced profiles were measured along the transect. An ADCP (Acoustic Doppler Current Pro-

filer, Teledyne Marine Workhorse Sentinel) equipped with a bottom-tracking module was used 

to measure the vertical profiles of current velocity at each point for at least 10 min. The ADCP 

was set up for 100 1-m bins (blanking distance of 2 m). The transducer was located at 0.5 m 

depth, and the high-resolution processing mode was chosen. Tilt and heading angles were de-

rived from an in-built sensor. 

Vertical profiles of water temperature were measured with a multiparameter probe Sea 

and Sun Marine Tech CTD75M and CTD90M at predefined points during the field campaigns. 

The Conductivity Temperature Depth (CTD) instrument was lowered at ~10 cm s-1 and rec-

orded at 7 Hz, resulting in a sampling resolution of ~1.5 cm. 

6.2.5 Empirical Orthogonal Functions 

Empirical Orthogonal Function (EOF) analysis is widely used to identify latent spatial 

patterns in a dataset and how they change over time (Wang & An, 2005). In an EOF analysis, 

similar to Fourier or wavelet analysis, the original dataset is projected onto an orthogonal basis. 

This orthogonal basis is computed based on the eigenvectors of a spatially-weighted anomaly 

covariance matrix. The associated eigenvalues are a measure of the variance captured by each 

pattern. A thermocline with a dome- or bowl-shaped structure associated with pelagic upwelling 

and downwelling, respectively, produces a coherent structure in the temperature field. The spa-

tial variability of pelagic upwelling can therefore be determined from EOFs of temperature in 

the thermocline layer. 

6.2.6 Ekman Pumping Velocity 

Wind-driven upwelling can occur in both coastal and offshore areas of lakes and 

oceans. In coastal upwelling, surface waters are transported away from the alongshore direction 
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due to Ekman transport. This generates nearshore divergence in the surface layers, which is 

balanced by the upwelling of colder waters from below (Reiss et al., 2020). Upwelling in off-

shore areas can be caused by the divergence of Ekman mass transport, which results from the 

curl of the wind stress. The Ekman pumping velocity w induced by wind stress is given by 

(Bravo et al., 2016; Pickett & Paduan, 2003): 

𝑤 =
∇ × 𝜏

𝜌𝑓
 

(6.1) 

where w is the Ekman pumping velocity, τ is the wind stress, 𝜌 is the water density and f is the 

Coriolis frequency. The wind stress at the air-water interface was calculated from hourly 

COSMO data as: 

𝜏 = (𝜏𝑥, 𝜏𝑦) = 𝜌𝑎𝐶𝐷∆�⃗⃗� |∆�⃗⃗� | (6.2) 

where 𝜏𝑥 is the zonal and 𝜏𝑦 is the meridional wind stress, ∆�⃗⃗� = �⃗⃗� (𝑧𝑢) − �⃗⃗� 0 is the difference 

between wind velocity vector at height zu (typically 10 m) and the surface current. The drag 

coefficient at the air-water interface (𝐶𝐷) was estimated as (Large & Yeager, 2004): 

𝐶𝐷(× 103) =
2.7

𝑈10𝑁
+ 0.142 + 0.076𝑈10𝑁 

(6.3) 

where 𝑈10𝑁 is the 10-m neutral-stability wind speed. 

6.3 Results 

6.3.1 Field Observations 

This study focuses on Bise wind events that caused the formation of a cyclonic gyre 

and pelagic upwelling in the central part of the Grand Lac basin of Lake Geneva. Pelagic 

upwelling is important for the ecological development of the lake, since it tranports nutrients 

from the deeper layers into the phototrophic zone. Emphasis was put on cases where modeling 

suggests that thermocline waters reach the surface. On 21 September 2019, a field measurement 

campaign was carried out in the Grand Lac basin whose primary objective was to capture the 

dynamics of the largest and most energetic basin-scale gyre in the center of the basin. A strong 

Bise event started at 20:00 (CET) on 17 September 2019 and ended at 13:00 on 20 September 
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2019. The mean wind speed was 3.65 m s-1 (mean wind gust 7.69 m s-1) with a standard devia-

tions of 0.86 m s-1 (gust standard deviation of 1.78 m s-1). Details of the wind field are given in 

Figure 6.1b and S6.1. As shown in Figure 6.2a, this wind event produced three basin-scale 

gyres. Three transects in the central gyre, T1, T2 and T3, spaced at ~1.8-2 km distance (east to 

west), were pre-selected. Each transect consisted of 10 profiles with 1-km spacing (Figure 6.2a). 

Temperature profiles at each point were measured down to 40 m depth, i.e., the base of the 

thermocline. 

The velocity field shows a cyclonic gyre (Figure 6.3). The maximum horizontal water 

velocity reached ~35 cm s-1 in the near-surface layer. The upwelling in the center of the gyre 

was accompanied by a strong reduction of the horizontal velocity, which can be clearly ob-

served in all transects. The gyre velocity field depth was slightly less than 15 m due to strong 

thermal stratification (Figure 6.2b-d). However, the gyre affected the temperature profiles down 

to a depth of ~40 m. At depths below 10 m, the expected dome-shaped thermocline is evident 

in the temperature profiles (Figure 6.2b). It was observed that the cyclonic gyre circulation 

pushes the water from a depth of 10 m to the surface. As a result,  the surface water temperature 

in the center of the gyre is 1-1.5ºC colder than the surrounding surface water, as seen in the T1 

and T2 transects. Below, we refer to these vertical cold water columns (e.g., between distances 

2-3 km in Figure 6.2b) as chimneys. These gyre features have apparently not been documented 

previously in lakes/oceans in such detail. 

The lake surface water temperature field retrieved from the Advanced Very High-Res-

olution Radiometer (AVHRR) data with a spatial resolution of 1.1 km taken at 9:00 on 21 Sep-

tember 2019 (Figure 6.2e) shows an irregular ellipse-like cold area that is 1ºC colder than the 

surrounding surface waters. The width of the ellipse is ~3 km and its length is ~5 km. A similar 

cold water pattern at the same location with the same surface area is evident in the numerical 

results (Figure 6.2a), indicating that the model predicts well the observations. The 3D structure 

of the pelagic upwelling in the SML is illustrated by three isothermal surfaces of thermocline 

water at depths 10, 15 and 20 m in the nearshore areas  (Figure 6.2f and g). In the center of the 

observed cyclonic gyre, the water from the thermocline reaches the surface and forms a chim-

ney-like structure in the SML (Figure 6.2g). The 3D structure of isothermal surfaces related to 

these upwelling zones is consistent with the field measurements (Figure 6.2b-d), thus confirm-

ing the existence of a cold chimney-like structure in the epilimnion layer, in which cooler water 

originating from the thermocline is transported upwards into the surface layer. 
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Figure 6.2. (a) Numerical results of the temperature (colors; see colorbar) and velocity (arrows; see 

reference arrow) fields (0.3-m depth) for 21 September 2019 after the strong Bise wind event, showing 

two cyclonic gyres, in the center and to the east, and one anticyclonic gyre in the western part of Grand 

Lac basin. The red lines in the central cyclonic gyre mark the predefined transects (T1, T2, T3) for the 

field campaign. (b-d) Contour plots based on the measured temperature profiles at T1, T2 and T3, re-

spectively. Colorbar gives the temperature range. (e) AVHRR image taken on 21 September 2019 at 
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8:21 with the same temperature range as in panel (a). The location of the cold temperature ellipse in the 

center (blue) coincides well with the one predicted by the numerical modeling (panel a). (f) and (g) 3D 

structure of three isothermal surfaces related to the upwelling zones in the numerical results. Isothermal 

surfaces of thermocline water that have depths 10, 15 and 20 m in the nearshore areas are considered; 

compare with panels (b-d). (f) Plane view. (g) Side view. Yellow dashed line in (f) indicates the central 

plane orientation in (g). Orange arrows in (f) and (g) mark the location of the pelagic upwelling in the 

center of the cyclonic gyre in the Grand Lac basin. 

 

Figure 6.3. 3D structure of the cyclonic gyre velocity field based on the ADCP profiles taken during 

the field campaign of 21 September 2019 along transects T1, T2 and T3 shown in Figure 6.2a. The size 

of the arrows is scaled with the current velocity. Contours show the current velocities near the surface 

and on the sides of the investigated volume.  

6.3.2 Evolution of Spatial Variability of Pelagic Upwelling during Strong Stratification 

AVHRR data and numerical results are used to show the spatial variability of pelagic 

upwelling over the lifetime of the gyre observed in September 2019 (Figure 6.4). In the AVHRR 

images taken from 19 to 21 September 2019, it is evident that the location of pelagic cold areas 
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and their geometric shape are quite variable in time. The same spatial variability of the pelagic 

upwelling can be seen in the corresponding numerical results, indicating reasonable agreement 

with AVHRR data. On 19 and 20 September, the velocity fields in the numerical modeling 

present a gyre-like pattern located in the south (Figure 6.4b, d). On 21 September, the modeled 

gyre velocity field was fully developed and nearly symmetrical with respect to the center of the 

lake with the cold upwelling zone also shifting towards the lake center. The AVHRR and nu-

merical results indicate that the cold surface areas correspond to the gyre’s center, whose loca-

tion varies throughout its evolution. The simulated daily evolution of the gyre velocity field in 

the near-surface layer during the September 2019 event is shown in Figure S6.2. Similar to 

Figure 6.4, the location of the gyre center and the associated pelagic upwelling follow the evo-

lution of the gyre velocity field (Figure S6.3a). Note that on 20 and 21 September, a cyclonic 

gyre in the East and anticyclonic gyre in the West of the Grand Lac basin are well developed. 

For details of this three-gyre pattern, see Hamze-Ziabari et al. (2022c). 

 

Figure 6.4. Left column: AVHRR images. Right column: Corresponding simulated temperature (color 

contours) and near-surface velocity (black arrows) at 0.3 m depth. (a) and (b) for 19 September 2019, 
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(c) and (d) for 20 September 2019, (e) and (f) for 21 September 2019. Note that the AVHRR images 

and corresponding numerical results have identical colorbars. 

6.3.3 Chimney-like Upwelling Observations during Weakly Stratified Seasons 

During autumn and winter, colder air temperatures accompanied by stronger wind 

events erode the strong thermal stratification produced in the summer and move the thermocline 

deeper. As a result, the gyre velocity field can likewise penetrate to greater depths, and thus can 

affect the strength and the depth of pelagic upwelling. To investigate the effect of seasonal 

changes, three field campaigns were carried out, each after a strong Bise event in October 2019, 

November 2019 and January 2020. The wind speed and direction for each event are shown in 

Figure S6.1. According to the numerical results, a cyclonic gyre is formed after each of these 

wind events (Figure 6.5), and the cold upwelling zone can again be seen near the lake surface, 

even though the thermocline is (much) deeper than in September 2019 (Figure 6.4). During 

these three field campaigns, the surface water temperatures at the center of transects were, re-

spectively, 0.4, 0.6 and 0.25ºC lower than the ambient water temperature, and were equal to 

nearshore water temperatures at depths of ~15, 25 and 70 m, measured at both ends of the 

transects. These observations suggest that these chimney-like upwelling events, which have not 

been reported before, are probably common features, and that their potential effect on different 

processes in lakes should be considered. 

Despite the high spatial variability of the upwelling zone during the lifetime of a cy-

clonic gyre, model results and satellite imagery indicate that the pelagic upwelling can reach 

right up to the lake surface. Based on numerical results, the chimney-like pattern of dense water 

can persist for days to weeks. For example, the chimney-like upwelling lasted for almost 5 and 

11 d, respectively, for the September 2019 and January 2020 events (Figures S6.2-S6.4). The 

occurrence and duration of chimney-like upwelling in the center of the lake are determined by 

the preceding and subsequent strong wind events. More details about the lifetime and the effect 

of wind on the September 2019 and January 2020 events are given in Text S6.1 and Figures 

S6.3 and S6.4. 



Results 

183 

 

Figure 6.5. Left column: Numerical results of near-surface velocity (green arrows) and temperature 

(color contours) for the cyclonic gyre in the center of the Grand Lac basin. Right column: Field obser-

vations of chimney-like upwelling in the measured temperature profiles along transects (black line in 

left panels) under weakly stratified conditions, (a) and (b) for 25 October 2019, (c) and (d) for 25 No-

vember 2019, (e) and (f) for 27 January 2020. The yellow cross in the left panels indicates the location 

of SHL2. Colorbars give the temperature range. 
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6.3.4 Chimney-like Upwelling versus Submesoscale Filaments 

Submesoscale cold filaments, i.e., narrow bands of cold water in the near-surface layer, 

are ubiquitous inside cyclonic and anticyclonic gyres and eddies. The vertical structure of cold 

filaments appears as a column of well-mixed cold water in the epilimnion layer. For example, 

Hamze-Ziabari et al. (2022b) showed that cold submesoscale filaments with a width ranging 

from 0.1 to 1 km can be formed at the edges and in the centers of the cyclonic gyres in Lake 

Geneva. It was suggested that the pelagic upwelling at the center of the lake might provide the 

buoyancy gradient required for filamentogenesis or frontogenesis (Gula et al., 2014; 

McWilliams, 2019). A field campaign was conducted on 16 October 2021 after a strong Bise 

event in order to distinguish between submesoscale filaments and chimney-like upwelling. The 

spatial resolution of measurements was set at 300 m to capture submesoscale and mesoscale 

patterns within cyclonic gyres. The location of transect T, which consisted of 30 measurement 

points, was chosen based on the numerical forecast shown in Figure 6.6a.  

The measured temperature profiles along transect T are plotted in Figure 6.6c. A dome-

shaped thermocline and a chimney-like upwelling in the mixed layer were observed (Figure 

6.6c, d). The chimney-like upwelling structure has a width of nearly 4 km, which is much wider 

than that of submesoscale filaments reported in the literature. On the other hand, a smaller cold 

structure (at distances between 5-6 km in Figure 6.6d) with a width of less than 1 km can be 

observed near the upwelling zone. A combination of the buoyancy gradient generated by a 

chimney-like upwelling and the background straining flow field can lead to the isolation and 

elongation of such filamentary patterns in the center of cyclonic circulations. Thus, a chimney-

like upwelling in the mixed layer is required for filament formation in the center of the gyre. Its 

formation mechanism however is different than that of filamentogenesis/frontogenesis. Tran-

sect T passes through the location of CIPEL monitoring station SHL2 (see Figure 6.1 for loca-

tion), where long-term data of different physical and biological parameters are collected. From 

Figure 6.6c, it is evident that measurements taken at SHL2 are affected by the pelagic upwelling 

as will be further discussed below. 
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Figure 6.6. Numerical results of (a) temperature and (b) velocity fields at 1-m depth for the cyclonic 

gyre in the center of the Grand Lac basin on 16 October 2022. The black line in a) marks predefined 

transect T (for the field campaign), which passes through station SHL2 (yellow cross). (c) Isotherm 

pattern obtained from temperature profiles measured along T showing the dome-shaped thermocline and 

the chimney-like pelagic upwelling. (d) Zoomed isotherm pattern of temperature profiles in the epilim-

nion layer measured along T (subset of panel (c)). Note the cold filament between 5 and 6 km in (d). 

The location of monitoring station SHL2 is indicated on the top of the panels. Colorbar legends give the 

range of the parameters. 

6.4 Discussion 

This study, carried out in Lake Geneva, has made evident for the first time in a lake 

that intense pelagic upwelling occurs in the center of a basin-scale cyclonic gyre. It was shown 

that cold water which upwelled from the thermocline layer, frequently reached up to the surface, 
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as was confirmed by satellite images. Detailed field measurement campaigns revealed the ex-

istence of a dome-shaped thermocline and the gyre current pattern that caused this chimney-

like upwelling to rise like a cylindrical vertical water column, as was predicted by theory. 3D 

numerical modeling results agreed with these observations. Based on the modeling results, we 

will discuss below the processes that can or cannot cause and modify pelagic upwelling. Fur-

thermore, we will assess the effects of pelagic upwelling on biogeophysical processes and the 

way in which long-term monitoring at a fixed location and their quantification based on these 

measurements may be affected by the presence of a pelagic upwelling zone. 

6.4.1 Cause of Upwelling 

6.4.1.1 Ekman Pumping 

Ocean studies indicate that cyclonic winds can cause divergence of Ekman mass 

transport in offshore areas, resulting in pelagic upwelling. For example, Lu et al. (2020) theo-

retically demonstrated how Tropical Cyclones (TC) can cause vertical perturbations of the 

background cyclonic and anticyclonic circulations. It was shown that the geostrophic responses 

to the TC forcing can be divided into three layers: (i) the Ekman layer, (ii) an expansionary 

layer, and (iii) a contractive layer. In the Ekman layer, a TC produces a chimney-like upwelling, 

accompanied by an expansionary upwelling zone in the thermocline layer and, as depth in-

creases, the Ekman pumping decays. Although Ekman pumping had been proposed as a mech-

anism responsible for pelagic upwelling in that study, there is little field evidence of its role in 

large lakes.  

To understand the mechanism behind the observed chimney-like upwelling in Lake 

Geneva, we first investigated the possibility of Ekman pumping based on numerical simulations 

driven by COSMO wind data. Using daily-averaged wind stresses derived from COSMO, the 

Ekman pumping velocities (Eq. 6.1) were calculated during and after the Bise event on Sep-

tember 2019 (Figures 6.1b and 6.7). Figure 6.7e and f display the daily average water temper-

ature in the near-surface layer and, at a depth of 15 m, respectively, during the Bise event. Two 

distinct cold water zones are evident in the near-surface layers: (i) nearshore upwelling, and (ii) 

gyre/eddy-induced upwelling. The nearshore upwelling corresponds to the area where the Ek-

man pumping velocity is positive and maximum (Figure 6.7b). A similar nearshore upwelling 

pattern in the same area is also seen in the AVHRR data (see Figure 6.4a). Nearshore upwelling 

has previously been observed in Lake Geneva (Reiss et al., 2020). A comparison of Figure 6.7e, 

f with Figure 6.7a, b and d shows that the offshore Ekman pumping velocity resulting from 
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wind stress curl is small and negative and did not cause the eddy-induced cold-water pelagic 

upwelling zones in the center of the lake. Ekman pumping can therefore be ruled out as the 

driver of the chimney-like upwelling in the center of Lake Geneva. 

 

Figure 6.7. The Bise wind event that lasted from 18 to 20 September 2019 and its effects. (a) Average 

wind stress and (b) estimated Ekman pumping velocity (WEkman pumping) during the Bise event. (c) Average 

wind stress and (d) estimated Ekman pumping velocity after the Bise event. (e) Daily average tempera-

ture in the near-surface layer at 0.3 m depth and (f) at 15 m depth during the Bise event. The colorbar 

legends indicate the range of the parameters. 

6.4.1.2 Nonlinear dynamics associated with a cyclonic gyre 

In order to investigate the dynamics of the gyre flow field in more detail, the effect of 

the different terms in the momentum equation are considered. For this, the vertically-averaged 

horizontal momentum equation over the depth layers influenced by the gyre velocity field (i.e., 

the thermocline layer and epilimnion) is expressed as (Cimatoribus et al., 2018; Vallis, 2017): 
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𝜕𝑈ℎ

𝜕𝑡
= 𝑃 + 𝑁 + 𝐶 + 𝐹 − 𝐷 

(6.4) 

where Uh is the horizontal velocity field, P is the acceleration induced by the barotropic and 

baroclinic pressure gradients, N is the acceleration caused by the nonlinear (advection) terms, 

C is the acceleration caused by the Coriolis effect, F is the acceleration induced by the external 

forces, and D is the deceleration due to dissipation (i.e., bulk, lateral, and bottom friction). First, 

the mean zonal and meridional momentum trends caused by each term in the equation are de-

termined for the full lifetime of the gyre. The averaged spatial variability during the lifetime of 

a cyclonic gyre in magnitude and the direction of the momentum trends induced by the different 

terms are then examined. This analysis will be carried out for the September 2019 event for 

which details of the dynamics are shown above (Figures 6.1c, 6.2, 6.3, 6.4). 

The vertically (over ~30 m) and temporally (~6 d) averaged horizontal momentum 

trends of the different terms in Eq. (6.4) for the cyclonic gyre that developed during the Sep-

tember 2019 event are illustrated in Figure 6.8. The resultant horizontal momentum acceleration 

trend indicates a divergent pattern, as expected for a cyclonic gyre in the Northern Hemisphere 

(Figure 6.8a). In the southern part of the gyre, the horizontal acceleration is much greater com-

pared to the northern part of the gyre. According to Figures 6.8b and c, the Coriolis and pressure 

terms act in opposite directions. In the cyclonic gyre in the center of the Grand Lac basin, the 

Coriolis term shows a divergent pattern, and the pressure term, a convergent pattern. The pres-

sure effect is slightly greater than the Coriolis effect, but is of the same order. The pressure term 

is the only term that opposes the advective term. These two terms clearly cannot be responsible 

for the resultant momentum acceleration pattern in terms of direction and magnitude. The ex-

ternal forcing term is considerably less important than the Coriolis and pressure terms (Figure 

6.8d). Furthermore, there is no correlation between the patterns of local atmospheric forcing 

and the resultant acceleration. The dissipation term is negligible compared to the other terms 

and is only important in the nearshore zones (Figure 6.8f). The nonlinear (advective, Figure 

6.8e) term, however, exceeds the effect of all the other terms. It is of the same order as the 

resultant momentum acceleration (Figure 6.8a), but slightly greater, compensated in part by the 

pressure term. These results are in agreement with the early findings by Bohle-Carbonell & 

Lemmin (1988), who showed that the nonlinear acceleration terms computed for Lake Geneva 

could be as large or greater than the other terms. Thus, this nonlinear divergent nature of gyre 

dynamics can be responsible for the formation of the observed intense chimney-like upwelling 
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at its center. The heterogeneous divergent flow shown in Figure 6.8a may also result in consid-

erable horizontal strain in the gyre’s center and around its periphery.  

 

Figure 6.8. The contribution of different terms to the vertically (30 m) and temporally (6 d) averaged 

horizontal momentum equation for the September 2019 Bise wind event (Figure 6.1b), computed using 

Eq. (6.4). (a) Total acceleration, (b) Coriolis term, (c) pressure term, (d) external forcing, (e) nonlinear 

(advective) term, and (f) dissipative term. Arrows indicate the direction and intensity of the trend. Color-

bars give the range of parameters. 
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6.4.1.3 Ageostrophic divergence and strain 

Numerical results and AVHRR data (Figures 6.2 and 6.4) indicate that the gyre veloc-

ity field continuously changes as it develops, and the upwelling zone changes accordingly. 

Moreover, as shown in Figure 6.8, the nonlinear divergence dynamics associated with the gyre 

flow field can be spatially variable. In contrast to the ocean, a lake gyre velocity field is strongly 

affected by the morphology of its basin. For example, in long narrow lakes, such as Lake Ge-

neva, there is a tendency for the gyre velocity field and the associated pelagic upwelling zone 

to form an elliptical pattern (e.g., Figure 6.2a). Furthermore, local winds and interactions with 

other large-scale currents can alter the gyre velocity field. Due to sudden changes in the gyre 

velocity field, divergence and strain fields within the gyre can be spatially variable. 

A simplified conceptual diagram of the inward and outward distortions that can be 

caused by an elliptical velocity field is presented in Figure 6.9a, b. Conservation of mass dic-

tates that an inward distortion along the minor axis of the ellipse leads to flow convergence. On 

the other hand, an outward distortion leads to flow divergence along the major axis. The center 

of a gyre can be subjected to high strain as a result of both inward and outward distortions. As 

an example, the divergence parameter, 𝜎 = 𝑢𝑥 + 𝑣𝑦 (Figure 6.9e, f), and the horizontal strain 

rate, 𝑆 = √(𝑢𝑥 − 𝑣𝑦)
2
+ (𝑣𝑥 + 𝑢𝑦)

2
 (Figure 6.9g, h), computed at 1 m depth are shown for 

the September 2019 Bise event. The corresponding upwelling patterns are quite different (Fig-

ure 6.9c, d). In general, flow divergence dominates the cyclonic gyre’s velocity field. However, 

the sign of the divergence parameter can change at the edges and in the center of the gyre, due 

to the interaction with basin borders and other large-scale currents, and the constant distortions 

of the gyre’s velocity field. According to Figure 6.9g and h, the distortion of the gyre velocity 

field results in a high horizontal strain rate inside the cyclonic gyre. It can be observed that the 

pelagic upwelling area is generally associated with high strain zones, and its shape is similar to 

that of the horizontal strain rate. There are, however, some areas of high strain that are not 

associated with cold water, such as the nearshore areas and the edges of the gyre where it inter-

acts with other large-scale currents. Pelagic upwelling caused by gyres is therefore a 3D pro-

cess, which cannot be studied solely on the basis of horizontal patterns of divergence and strain 

parameters. 
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Figure 6.9. Two different velocity fields during the September 2019 Bise wind event caused by inward 

distortion (left column) and outward distortion (right column). (a) and (b) Schematic view of inward 

and outward distortion in an elliptical velocity field. (c) and (d) Simulated temperature at 2 m depth. (e) 

and (f) Computed divergence parameter. (g) and (h) Computed horizontal strain rate, S. Colorbars give 

range of parameters. Black arrows indicate the near-surface velocity fields. 
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The effects of heterogeneous divergence or convergence within the gyre flow field as 

well as the strain caused by it were further investigated for the October, November, and January 

field measurement campaigns along three transects (see Figure 6.5 for transect locations), where 

chimney-like upwelling was detected (Figure 6.10). The chimney-like upwelling patterns ob-

served in the field and the simulated ones are in good agreement (Figures 6.5 and 6.10). The 

divergence parameter indicates that the flow generally diverges in the mixed layer, whereas it 

converges in the deeper layers below the zone of maximum stratification strength (red horizon-

tal lines in Figure 6.10). It appears that there is no direct correlation between the chimney-like 

upwelling in the mixed layer and the flow divergence in the epilimnion. A high ageostrophic 

strain (> f, the Coriolis frequency) zone is found in the epilimnion at the location where chim-

ney-like upwellings were observed (Figure 6.10). The higher strain rate extends from the near-

surface down to the thermocline layer and potentially stimulates ageostrophic perturbations (see 

Figure S6.5, as an example, for hourly evolution of strain rate and chimney-like upwelling). 

The perturbed cold thermocline water can be transported by the background divergence flow 

into the epilimnion. This results in an upward flux of cold water from the thermocline layer, 

which is followed by a chimney-like pelagic upwelling depending on the shape of the area 

imposed by the strain. Such strong 3D ageostrophic strain accompanied by upwelling can in-

crease the ageostrophic kinetic energy, favor a higher chlorophyll growth rate, and enhance 

primary production (Zhang et al., 2019). 
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Figure 6.10. Simulated profiles of temperature (left column), normalized horizontal strain rate (center 

column), and normalized divergence parameters (right column) along the transects shown in Figure 6.5 

for the (a-c) October 2019, (d-f) November 2019 and (g-i) January 2020 field campaigns. The red line 

indicates the zone of maximum stratification strength. Note that temperature ranges are different in (a), 

(d) and (g). 

Several physical processes, such as lateral stirring, advection by the rotational velocity 

of gyres or eddies, and the translation of the gyre velocity field, can continuously alter the shape 

of the chimney of cold upwelled water in different depth layers (Lv et al., 2022). The gyre 

velocity is almost uniformly distributed in the deeper layers (e.g., 15 m depth) and the upwelling 

appears as a well-defined circular cold pattern (Figure 6.11). On the other hand, the gyre veloc-

ity field is spatially variable in the near-surface layers, primarily due to its nonlinear dynamics 

and its reaction to the constantly changing local atmospheric forcing conditions. Upwelling 

patterns, therefore can differ considerably in different depth layers (Figure 6.11). In AVHRR 

images, cold areas represent the superposition of upwelling patterns and other local physical 

processes. AVHRR data on 21 September (Figure 6.4e), which correspond to the pelagic 
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upwelling shown in Figure 6.11, may therefore underestimate the area affected by the pelagic 

upwelling, in part due to limited resolution. 

 

Figure 6.11. Left column: Modeled distributions of temperature (indicating pelagic upwelling). Right 

column: Gyre velocity field at (a) and (b) 1 m, (c) and (d) 5 m, (e) and (f) 10 m, (g) and (h) 15 m in the 
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large-scale cyclonic gyre in the center of the Grand Lac basin of Lake Geneva for 21 September 2019. 

Colorbars indicate the range of the parameters. Note that the temperature ranges in the left panels 

change. Arrows in right panels give velocity vectors. 

6.4.2 Effect of Thermocline Shape on Long-term Observations at a Fixed Monitoring Sta-

tion 

There is growing concern about the widespread reliance on single or few profile meas-

urements for monitoring and quantifying different processes in large lakes (Gaillard et al., 

2022). Vertical upward transport of thermocline water can have a significant impact on physical 

and biological processes of a lake. A field study conducted in Lake Issyk-Kul revealed that the 

dissolved oxygen level in the near surface layers of the pelagic upwelling zone can increase 

(Romanovsky & Shabunin, 2002). In Lake Tanganyika an increase in nutrient concentrations 

and phytoplankton chlorophyll levels were found in pelagic upwelling zones (Corman et al., 

2010). Primary production in upwelling areas is expected to increase as nutrient load increases 

(Jane et al., 2021).  

Long-term profile measurements taken at SHL2 (Figure 6.1) in Lake Geneva, for ex-

ample, are used by CIPEL to quantify various physical and biological processes in budget esti-

mates to determine longterm water quality development in the whole lake (e.g., CIPEL, 2018). 

The above numerical results and field observations have made evident that station SHL2 is 

often located in the pelagic upwelling zone of the cyclonic gyre in the center of the Grand Lac 

basin (e.g., Figures 6.5, 6.6). Thus, measurements taken at that station may be affected by pe-

lagic upwelling dynamics. 

To determine the structure of pelagic upwelling over a longer period, EOF analysis 

can be used to compute the dominant spatial temperature variability. In EOF analysis, the sig-

nature of upwelling/downwelling induced by cyclonic/anticyclonic circulations can appear as 

nearly circular areas with temperatures that are different than the surrounding waters. Since the 

signature of upwelling is more obvious in deeper layers and it is less regular near the surface 

due to the high spatial variability of the upwelling zone and local external forces (Figure 6.11), 

the EOF analysis was performed on the average temperature of the thermocline layer (Figure 

6.12). For each month, the depth of the thermocline layer was determined following Xu et al. 

(2019). The results of the EOF analysis show that pelagic upwelling can be identified by a 
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circular cold water area in the center of the lake in all months (Figure 6.12). With the exception 

of August and November 2019, the upwelling signature appears in the first mode.  

During the study period from 1 June 2019 to 1 January 2020, pelagic upwelling mod-

ified the temperature profile at the SHL2 location 41.5% of the time (101.5 d out of 245 d). 

Simulated temperature profiles at the SHL2 location indicate that during this period, five out of 

twelve SHL2 profiles may have been affected by pelagic upwelling caused by cyclonic gyres 

generated by strong Bise events (Figure S6.6 and Text S6.2). Thus, care should be taken when 

developing longterm concepts based solely on SHL2 measurements. Further research should be 

carried out to determine the impact of pelagic upwelling on biological and chemical parameters 

and on water quality in order to quantify the effect of pelagic upwelling on boigeochemical 

processes and on measurements taken at single, fixed monitoring stations. 
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Figure 6.12. Empirical Orthogonal Function (EOF) analysis of the average temperature (T) in the ther-

mocline layer for different months from June 2019 to January 2020; the month and dominant mode (% 

of occurrence) are indicated in each panel. The green circle marks the location of station SHL2 which 

most of the time is in the large-scale (dark blue) gyre area where pelagic upwelling occurs in the Grand 

Lac basin of Lake Geneva. 

6.5 Summary and Conclusions 

A unique combination of field measurements, 3D modeling, and satellite imagery al-

lowed documenting for the first time in a lake, the frequent occurrence of dome-shaped ther-
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moclines and strong pelagic upwelling in the center of cyclonic basin-scale gyres under differ-

ent stratification conditions. Field measurement campaigns were designed based on numerical 

modeling predictions, to capture pelagic upwelling in the presence of a shallow, strong or a 

deep, weak thermocline. It was shown that:  

• Pelagic upwelling forms chimney-like structures that can transport cold thermocline 

water upwards to the epilimnion layer and frequently, even to the lake surface, as con-

firmed in thermal (AVHRR) imagery and numerical simulations.  

• The height of the chimney was about 10 to 20 m in September 2019 (shallow, strong 

thermocline) and 60 to 80 m in January 2020 (deep, weak thermocline).  

• According to the modeling results, the detected upwelling can persist for 5-11 days de-

pending on preceding and subsequent wind conditions. 

• Neither the presence of wind stress over cyclonic circulations, nor wind stress curl was 

observed in the upwelling zone during and after wind events. Numerical results indi-

cate that Ekman pumping cannot be responsible for the formation of this chimney-like 

upwelling.  

• The contribution of the terms of the momentum equation vertically-averaged over the 

lifetime of a gyre, revealed that the nonlinear term is the dominant acceleration term. 

A heterogeneous divergence flow formed around the pelagic upwelling zone due to 

the influence of the advective acceleration. 

• The heterogenous divergence flow associated with the gyre flow field and the continu-

ous distortion of the gyre during its evolution produce an ageostrophic strain in the 

center of the cyclonic gyre that can penetrate the thermocline layer, even a deep ther-

mocline (~60-80 m).  

• Cold water was transported from the thermocline to the mixed layer and to the water 

surface by the background divergence flow in the epilimnion layer. The cold-water ar-

eas observed in the AVHRR images correspond to the areas affected by the chimney-

like upwelling; their shape is mainly determined by the horizontal strain field at the 

water surface. 

Large (basin-scale) cyclonic gyres are ubiquitous in Lake Geneva and other large 

lakes, which suggests that these newly discovered chimney-like pelagic upwelling events occur 

regularly and that they can affect the interplay of complex 3D biochemical physical processes 
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occurring in lakes. Intense pelagic upwelling may, for example, impact on phytoplankton 

growth cycles due to the vertical redistribution of nutrients and potential pollutants. It can also 

affect routine single profile measurements taken at a fixed station if the station is located within 

the pelagic upwelling zone. Since long-term monitoring measurements are frequently used to 

evaluate the water quality status of the entire lake, the effect of pelagic upwelling can have 

severe consequences if lake management concepts are solely based on these measurements. The 

interplay of physical, biological and chemical processes within gyres and pelagic upwelling 

should be taken into consideration. 
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Introduction 

This Supporting Information section contains six figures and two texts: 

• Text S6.1: Effect of wind on the duration of pelagic upwelling. 

• Text S6.2: Effect of pelagic upwelling on CIPEL station SHL2 observations.  

• Figure S6.1: Wind speed and direction recorded at the Buchillon station before and after 

different field campaigns. 

• Figure S6.2: Temporal evolution of the gyre velocity field and pelagic upwelling in the 

surface layer (0.3 m) during the September 2019 event. 

• Figure S6.3: Temporal evolution of the chimney-like pattern of dense water during the 

September 2019 event based on numerical results and the time series of observed wind 

fields measured at Buchillon station. 

• Figure S6.4: Temporal evolution of the chimney-like pattern of dense water during the 

January 2020 event based on numerical results and the time series of observed wind 

fields measured at Buchillon station. 

• Figure S6.5: Hourly evolutions of normalized strain rate, S/f, and temperature profiles 

along transect T1 shown in Figure 6.2a, b. 

• Figure S6.6: Simulated temperature profiles at SHL2 for highly-stratified conditions 

(June to August 2019) and weakly-stratified conditions (September to December 2019). 
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Text S6.1. Effect of wind on the duration of pelagic upwelling 

Despite the high spatial variability of the upwelling zone (see, for example, Figure 

S6.2), numerical results and satellite imagery indicate that pelagic upwelling can persist for 

several days at the lake surface. The time evolution of the chimney-like patterns of dense water 

is shown in Figure S6.3 for September 2019 and in Figure S6.4 for the January 2020 Bise wind 

events. During the September 2019 event, the chimney-like upwelling persisted for almost 5 d 

and the height of the upwelling in the Surface Mixed Layer (SML) changed from 10 to 20 m 

depth (Figure S6.3a). Its lifetime depends on wind conditions, in particular, the onset of the 

Vent wind on 24 September (Figure S6.3b). Thereafter, the cyclonic circulation was attenuated 

by a series of strong Vent events beginning at 15:00 (CET) on 24 September 2019. The effect 

of this Vent was significant: the rotational sign of the basin-scale gyre completely changed after 

a few hours (Figure S6.2). During the January campaign, intense upwelling started to form after 

20 January 2020 as the Bise event weakened (Figure S6.4). Interestingly, it persisted for almost 

11 d and the height of the upwelling in the SML varied between 60 to 80 m. The cyclonic gyre 

and the associated upwelling disappeared a few hours after the second strong Vent wind event, 

which started at 10:00 on 1 February 2020 (Figure S6.4). The first Vent event did not affect the 

cyclonic gyre because it mostly blew over the western part of the lake and was weak over the 

central and eastern parts. However, it displaced the core of the upwelling by ~7 km to the east 

(Figure S6.4a). Therefore, the occurrence and duration of chimney-like upwelling in the center 

of the lake are generally determined by the preceding and subsequent wind events, and the 

upwelling in the SML can last from several days to weeks. 

 Text S6.2. Effect of pelagic upwelling on CIPEL station SHL2 observations 

The analysis presented in this study has demonstrated that SHL2 profile measurements 

are affected by the pelagic upwelling. Yet, SHL2 measurements are used to calibrate 1D nu-

merical energy/mixing models and to make budget estimates of water quality parameters for 

application to the entire lake. As discussed in Section 6.4 in the main text, the observed 

upwelling can have a significant effect on the thermal structure and water quality parameters 

(e.g., dissolved oxygen and biological activities). To further investigate the effect of such 

upwelling on SHL2 observations, the simulated temperature profiles at the SHL2 location for 

the period between 1 June 2019 and 1 January 2020 are presented in Figure S6.6. The dates on 

which SHL2 observations were made are also marked in Figure S6.6. Based on the numerical 

results, five out of twelve profiles at SHL2 could have been affected by pelagic upwelling 

caused by the cyclonic gyre during the studied period. Since all five measurements were taken 
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following strong Bise events, cyclonic circulation was expected to occur at the center of the 

lake, which could lead to pelagic upwelling. 

The temperature measurements reported by CIPEL in 2019 show that the near-surface 

water temperature (2.5-7.5 m) follows seasonal trends, increasing from June to the end of sum-

mer and decreasing from early September to January (Figure S6.6c). However, during some 

measurements, when numerical results indicated pelagic upwelling at SHL2, the water temper-

ature at deeper layers (> 7.5 m) dropped significantly compared to the preceding and subsequent 

measurements. As an example, the temperature at depths between 7.5-25 m for two measure-

ment campaigns conducted in early and late August 2019 dropped significantly compared to 

those in July and September 2019 (maximum of 4.5°C drop at 10 m depth), whereas the tem-

perature at near-surface layers increased due to seasonal changes. Therefore, such drops are not 

caused by changes in atmospheric forcing conditions, but rather by processes occurring in the 

thermocline and mixed layers, such as the pelagic upwelling in the center of the cyclonic gyre. 

The above examples show that it is difficult to determine the exact contribution of 

gyre/eddy-induced upwelling/downwelling to the complex 3D physical and biological pro-

cesses in lakes and oceans if no full 3D model and detailed field observations are available. 

Further research needs to be carried out to determine the impact of pelagic upwelling on water 

quality and biological parameters during all phases of the upwelling process, including during 

the formation, active, and relaxation phases. Only then will it be possible to quantify the effect 

of pelagic upwelling on different physical and biological parameters recorded at long-term 

monitoring stations. 
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Figure S6.1. Wind speed and direction (0° is North) recorded at the Buchillon meteorological station 

(see Figure 6.1 for location) before and after different field campaigns in September, October and No-

vember 2019, and January 2020. The green lines delimit the periods during which field measurement 

campaigns were carried out. The Bise wind events that triggered the formation of the cyclonic gyres are 

marked in the panels.   
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Figure S6.2. Temporal evolution of the modeled gyre velocity field (black arrows) and the pelagic 

upwelling (dark blue areas in the temperature contour maps) in the near-surface layer (0.3 m) during the 

September 2019 Bise wind event for the cyclonic gyre in the center of the Grand Lac basin of Lake 

Geneva. Compare with Figure 6.4 in the main text.   
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Figure S6.3. (a) Study site in the center of the Grand Lac basin of Lake Geneva. (b) Side view of the 

3D structure of the temperature pattern in the area marked with green-slanted parallel lines in (a) show-

ing the temporal evolution of the chimney-like structure of the cold water upwelling during the Septem-

ber 2019 Bise wind event. Dates and times (CET) are indicated in each panel. (c) Time series of wind 

data measured at the Buchillon station (see Figure 6.1a for location) during the September 2019 event; 

excerpt of Figure S6.1 above.  Black-dashed vertical lines in (c) indicate the beginning and the end of 

the upwelling event.   
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Figure S6.4. (a) Side view of the 3D structure of the temperature pattern in the area marked with green-

slanted parallel lines in Figure S6.3a showing the temporal evolution of the chimney-like structure of 

the cold water upwelling during the January 2020 Bise wind event. (b) Time series of wind data meas-

ured at the Buchillon station on Lake Geneva (see Figure 6.1 for location) during the January 2020 

event; excerpt of Figure S6.1 above. Black-dashed vertical lines in (b) indicate the beginning and the 

end of the upwelling event.   
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Figure S6.5. Results of the 3D numerical simulation for September 2019.  Hourly evolution of (a) nor-

malized strain rate, S/f, (left column) and (b) temperature profiles along transect T1 shown in Figure 

6.2a, b (right column). Dates and times (CET) are given in each panel in the left column. Note the 

progressive formation of the cold-water chimney-like upwelling in the right column, which coincides 

with areas of the strongest normalized strain rate.  

 



 

209 

 

Figure S6.6. Simulated temperature profiles at CIPEL station SHL2 for (a) highly-stratified conditions 

(June to August 2019) and (b) weakly-stratified conditions (September to December 2019). The yellow 

vertical lines indicate the dates when SHL2 profiles were measured. Triangles on top of the panels in-

dicate where profile observations at SHL2 were marginally (yellow) or strongly (blue) impacted by 

pelagic upwelling. (c and d) Temperatures measured at station SHL2 in 2019, at depths indicated in the 

legends. (c) For the near-surface layer where the pattern is dominated by the seasonal warming/cooling 

and (d) for deeper layers. The narrow rectangles formed between the black dashed lines indicate the 
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dates when the observations of SHL2 were marginally or strongly impacted by pelagic upwelling based 

on the results of the numerical simulation.  
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Abstract 

The role mesoscale circulation plays in the lateral variability of water quality 

parameters in large lakes is virtually unknown. Therefore, we carried out a study in Lake 

Geneva, combining three-dimensional (3D) numerical modeling and field measurements to 

determine how mesoscale circulation can affect Dissolved Oxygen (DO) lateral distribution and 

vertical thermal structure under strong (summer) and weak (fall) thermal stratification. We 

provide unprecedented evidence that the interplay of pelagic upwelling in the center of Cyclonic 

Gyres (CGs) and pelagic downwelling in the center of simultaneously occurring Anticyclonic 

Gyres (AGs) can cause significant systematic lateral variability. In CGs/AGs, a dome-

shaped/bowl-shaped thermocline is observed. Compared to a station located outside the gyres, 

in CGs/AGs DO concentrations are higher/lower, the mixed layer depth is deeper/shallower 

and the metalimnion thickness increases/decreases, thereby exposing more/fewer depth layers 

to biological processes. Our findings challenge classical one-dimensional monitoring and mod-

eling approaches used to quantify processes in large lakes.

 

7.1 Introduction 

Cyclonic and anticyclonic circulations, such as gyres and eddies, are key 

(sub)mesoscale processes for transporting mass, momentum, heat, and biogeochemical param-

eters in large lakes and oceans (e.g., Troitskaya et al., 2015; Li et al., 2021) and can affect 

physical and biochemical processes horizontally and vertically (Romanovskiy & Shabunin, 

2002; Roughan et al., 2017). Upward/downward motions associated with cyclonic/anticyclonic 

circulation can increase/decrease nutrient supply to the euphotic zone by raising/lowering the 

nutricline, which in turn enhances/weakens primary production (Benitez-Nelson et al., 2007; 

McGillicuddy et al., 2007, 2016; Nishino et al., 2018, Xiu & Chai, 2020) and, thereby, changes 

Dissolved Oxygen (DO) levels (Atkins et al., 2022, Chen et al., 2022; Lovecchio et al., 2022).  

A complex interplay of simultaneously occurring cyclonic and anticyclonic circula-

tions dominates epilimnion currents of large lakes subject to the Coriolis force (Hamze-Ziabari 

et al. 2022b, c). However, field evidence on DO lateral variability related to this circulation 

interplay is lacking. At present, concepts of lake ecosystem dynamics are mainly based on lim-

ited measurements taken at fixed monitoring stations that can be affected by this circulation 

interplay. To effectively manage lake water quality, it is therefore essential to understand how 
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mesoscale circulation interplay affects the interaction of physical and biological processes and 

DO. 

Spatially-distributed field measurements are required to determine the role of lateral 

variability in physical and biogeochemical processes produced by (sub)mesoscale process in-

terplay. Lateral variability of hydrodynamic processes and water quality parameters in large 

lakes or marine ecosystems is most often assessed by remote sensing (e.g., Steissberg et al., 

2005; Ng et al, 2011; Kiefer et al., 2015; Nouchi et al., 2019; Yunev et al., 2021; Hamze-Ziabari 

et al., 2022a; Yang et al., 2022) and Autonomous Underwater Vehicle (AUV) surveys (e.g., 

Laval et al., 2000; Forrest et al., 2008; Forrest et al., 2013; Rudnick, 2016). Remote sensing 

offers lateral resolution, but is restricted to the near-surface layers and can be biased by cloud 

cover (Austin, 2013; Soomets et al., 2019), and the use of AUVs in lakes is limited (Sepúlveda 

Steiner, 2020).  

On the other hand, ship-based surveys employing Conductivity-Temperature Depth 

(CTD) and Acoustic Doppler Current Profiler (ADCP) instruments, provide data at a high ver-

tical resolution. In the past, however, it was often not possible to determine in advance when 

and where to sample in order to resolve (sub)mesoscale processes. Recently, Hamze-Ziabari et 

al. (2022c) demonstrated that (sub)mesoscale processes in large lakes can be accurately forecast 

by combining 3D numerical modeling results and remote sensing data. As a result, ship-based 

field campaigns can be planned efficiently to obtain biological-chemical-physical parameters 

with high spatial and vertical resolution and thus quantify the three-dimensional effect of 

(sub)mesoscale circulation.  

Based on these recent advances, we carried out a study in Lake Geneva combining 

detailed spatially-distributed field measurements with 3D numerical modeling, and could es-

tablish, for the first time in a lake, how lateral variations in the thermal structure and DO levels 

in the epilimnion and metalimnion are related to a complex combination of (sub)mesoscale 

circulations (gyres, eddies) under both weakly and strongly stratified conditions.   

The Supplementary Information (SI) section provides complementary texts and figures 

identified with prefix S. 
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7.2 Materials and Methods 

7.2.1 Study Site 

Lake Geneva (Lac Léman), situated between Switzerland and France, is the largest 

freshwater lake in Western Europe with a surface area of 582 km2 and a volume of approxi-

mately 89 km3. The average water depth is 172 m; maximum depth is ~309 m. In most years, 

Lake Geneva is characterized by strong thermal stratification from spring to autumn and weak 

stratification during the rest of the year. 

Two strong, dominant winds, namely the Bise (coming from the northeast) and the 

Vent (coming from the southwest) pass over most of the lake surface (Figure 7.1b, c; Lemmin 

& D’Adamo, 1996). The variability of the wind field over Lake Geneva can generate a complex 

system of mesoscale and submesoscale circulations (Figure 7.1d, e; Hamze-Ziabari et al., 

2022a, c). 

7.2.2 Numerical Simulation 

In this study, the 3D numerical model MITgcm (Marshall et al., 1997), validated for 

capturing (sub)mesoscale processes in Lake Geneva (Cimatoribus et al., 2019; Hamze-Ziabari 

et al., 2022a, b; Foroughan et al., 2022b), is employed to complement our field observations. 

For modeling details, see Text S7.1 in the Supporting Information. 

7.2.3 Field Observations 

Vertical profiles of temperature and DO were measured with a Conductivity Temper-

ature Depth (CTD) probe, and vertical profiles of current velocity, with an Acoustic Doppler 

Velocity Profiler (ADCP). All measurements were taken with high resolution along preselected 

transects in the upper 40 m-depth range. More details are given in Text S7.2.  
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 Figure 7.1. (a) Lake Geneva’s bathymetry and the surrounding mountainous topography. The lake is 

composed of two basins: a large eastern basin called the Grand Lac, and a shallow, narrow western 

basin, the Petit Lac. The Bise and Vent are the two strong, dominant large-scale winds blowing over 

most of Lake Geneva. Yellow circle: location of SHL2, which is a long-term CIPEL monitoring station 

where physical and biological parameters are measured; red circle: location of the LéXPLORE platform. 

(b) Average wind speed and direction during the Bise event that lasted from 7 to 14 October 2021. (c) 

The magnitude of (simulated) near-surface current velocity patterns that formed one day after the Bise 

ceased. (d) Average wind speed and direction during the Vent event that lasted from 19 to 22 October 

2021. (e) Near-surface (simulated) flow patterns that formed one day after the Vent ceased. Flow pat-
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terns are dominated by three large-scale gyres. AG: anti-cyclonic gyre (clockwise rotating), CG: cy-

clonic gyre (counterclockwise rotating); black circular arrows give sense of rotation. Note the change in 

gyre pattern produced by the different winds. V and D are the deltas of the Venoge and the Dranse rivers, 

respectively. These markers will be used in the figures below as reference points. Colorbars indicate the 

range of the parameters. 

7.3 Results 

7.3.1 Lateral Variability during Strong Thermal Stratification 

The 3D numerical modeling results predicted a dipole consisting of an Anticyclonic 

Gyre (AG) in the western part of the Grand Lac and a Cyclonic Gyre (CG) in its center for 22 

July 2022 (strongly stratified conditions, Figure 7.2a). To investigate the effect of these 

mesoscale circulations on the lateral DO distribution, a field campaign along a predefined tran-

sect based on the modeling forecast (Figure 7.2a) was designed and carried out on that day; it 

lasted ~6 h. The measured velocity profiles confirm the presence of the dipole (Figure 7.3a). 

Below, profiles of temperature, oxygen saturation (%), DO anomaly, and stratification strength 

(Figure 7.2b-e) will be compared with profiles of temperature and DO that were collected at 

the same time at the LéXPLORE platform that is located outside the dipole (for location, see 

Figure 7.1a) (Figure 7.2f, g). The DO anomaly is calculated by subtracting the measured DO 

profile from the average DO observed at LéXPLORE over a depth of 40 m. At LéXPLORE, 

the maximum chlorophyll-a concentration was at  ~30 m depth, and the maximum DO and 

oxygen supersaturation were found above this depth (Figure S7.1). Oxygen supersaturation in 

the epilimnion and metalimnion can be attributed to the physiological activity of phytoplankton, 

resulting in a higher rate of photosynthetic production of DO.  

In the center of AG, the Mixed Layer Depth (MLD) is ~12 m, whereas it is ~3 m in 

the center of CG (Figure 7.2b, f); at LéXPLORE, it is ~10 m (Figure 7.2f). A dome-shaped 

thermocline is clearly evident in CG, which pushes cold water to the surface due to pelagic 

upwelling. The average water temperature over 40 m in CG is ~2.5°C lower than in AG. How-

ever, the expected bowl-shaped thermocline in AG is less evident, primarily due to a weaker 

AG velocity field (Figure 7.3a). The depth of the metalimnion and the maximum stratification 

strength are affected by pelagic upwelling and downwelling associated with the gyres. The 

metalimnion is stretched in CG while it is compressed in AG (Figure 7.2b). Both, AG and CG 
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generate local maxima of stratification strength in their centers by compacting the isothermal 

layers (Figure 7.2e).  

Oxygen saturation and DO anomalies are more pronounced in CG than in AG, partic-

ularly in the metalimnion (Figures 7.2c, d). A positive DO anomaly of 2-4 mg l-1 is observed in 

the metalimnion of CG, whereas it is 1-2 mg l-1 in the metalimnion of AG. Compared to the 

LéXPLORE data, the maximum of dissolved oxygen in the center of CG is ~1.5 mg l-1 higher. 

In the AG center, pelagic downwelling can extend DO supersaturation to deeper layers than in 

the CG. 
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Figure 7.2. (a) Numerical results of near-surface velocity (black arrows; see reference arrow) and 

temperature (color contours; see colorbar) for 22 July 2022. The black line marks the preselected tran-

sect along which the field measurements were carried out. Contour plots based on profiles of: (b) tem-

perature, (c) oxygen saturation, (d) oxygen anomaly, and (e) stratification strength measured from 

west-to-east along the predefined transect shown in (a). Triangles on top of (b) mark the position of 
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the centers of AG and CG shown in (a). Profiles of: (f) temperature and (g) dissolved oxygen meas-

ured at LéXPLORE (see Figure 7.1a for location) and at the locations of the AG/CG triangles in (b). 

All measurements were taken at the same time. V and D in (a): reference points given in Figure 1a. 

Colorbars show the range of the parameters. Yellow dot in (a) indicates the location of CIPEL moni-

toring station SHL2. 

 

Figure 7.3. Horizontal velocity field (v) obtained from ADCP profiles along the predefined transects 

on: (a) 22 July 2022 (transect in Figure 7.2a), (b) 19 October 2021, and (c) 26 October 2021 (transects 

in Figure 7.4a and b). On top of each panel, the locations of the gyres, an eddy and a filament are marked. 

AG: Anticyclonic Gyre (clockwise rotating); CG: Cyclonic Gyre (counterclockwise rotating); SCE: 

Submesoscale Cyclonic Eddy (clockwise rotating). Colorbars give the range of horizontal velocity. Cir-

cular/curved arrows give the sense of circulation. Slanted red and blue arrows indicate the direction of 
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the currents around the circulations; positive values indicate currents towards the north, and negative 

values, towards the south.  

7.3.2 Lateral Variability in Weak Thermal Stratification 

Two field campaigns were carried out on 19 and 26 October 2021 to investigate spatial 

variability following Bise and Vent wind events under weakly stratified fall conditions (Figure 

7.1b, d). Numerical results predicted different flow patterns for those two days (Figure 7.1c, e). 

After a Bise event, a dipole formed on 19 October 2021 in the western and central parts of the 

Grand Lac, similar to the one observed in July under strong stratification (Figure 7.4a). The 

measured velocity profiles (Figure 7.3b) confirmed the presence of a dipole along the prede-

fined transect (Figure 7.4a). As predicted by the numerical model, the metalimnion is bowl-

shaped in the AG field, whereas it is dome-shaped in the CG field (Figure 7.4c). Note that the 

CG field was not completely covered in the field campaign. In addition, as a result of the fron-

togenesis process, a cold submesoscale filament was generated between CG and AG at ~14 km 

along the transect (Figures 7.3b and 7.4c, e, g, i) (Hamze-Ziabari et al., 2022c). This filament 

also causes pelagic upwelling. 

Profiles of temperature, oxygen saturation, DO anomaly, and stratification strength 

(Figure 7.4 c, e, g, and i) are compared with those measured in July (Figure 7.2b - e). Again, a 

dome-shaped thermocline is seen at CG and a bowl-shaped one at AG. In contrast to the summer 

observation, oxygen supersaturation is not observed in the epilimnion or in the metalimnion 

(Figure S7.1). However, a maximum DO concentration is found in the epilimnion, which is also 

the region with the highest chlorophyll a concentration (Figure S7.1). The maximum chloro-

phyll-a concentration in October is significantly lower than in July due to the expected reduc-

tion in primary production during fall (Figure S7.1). A metalimnic oxygen minimum is ob-

served (Kreling et al., 2017). 
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Figure 7.4. Numerical results of near-surface velocity (black arrows; see reference arrow) and temper-

ature (color contours; see colorbar) on: (a) 19 October 2021 and (b) 26 October 2021; for forcing and 

whole lake flow and temperature patterns, see Figure 7.1 b, d and c, e, respectively. (c – j) Contours 
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based on profiles measured along the transects shown in (a) and (b). Left column for 19 October, right 

column for 26 October: (c) and (d) temperature, (e) and (f) oxygen saturation, (g) and (h) dissolved 

oxygen anomaly, (i) and (j) thermal stratification strength. Triangles on top of (b) and (d) mark the 

position of the centers of AG, CG and SCE shown in (a) and (b), respectively. Profiles taken on 26 

October 2021 of (k) temperature and (l) dissolved oxygen at LéXPLORE and at the locations of the 

AG/CG triangles marked on top of panel (d). All measurements were taken at the same time. Colorbars 

show the range of the parameters. V and D in (a): reference points given in Figure 7.1a.  

In AG and CG, DO exhibits a significant spatial anomaly (Figure 7.4g), similar to the 

one observed in July. DO is much higher in the epilimnion of CG than in the epilimnion of AG, 

with a positive anomaly of 1-2 mg l-1 (Figure 7.4g). In contrast to the July observations, a re-

duction of DO by 2 mg l-1 can be observed in the metalimnion. DO reductions are more pro-

nounced in upwelling areas. In the epilimnion of CG, oxygen saturation reaches up to 100%. 

This is ~5-10% higher than the oxygen saturation observed in AG and at LéXPLORE (Figure 

S7.1), and can be attributed to the enhancement of primary production in the pelagic upwelling 

zone in the center of CG (Romanovskiy & Shabunin, 2002). Similar to the July observations, 

MLD is deeper in the center of AG (~28 m) and shallower in the center of CG (~12 m) compared 

to the reference point (~22 m) (Figure 7.5a). Furthermore, the thermocline layer is again 

stretched in CG and compacted in AG (Figure 7.5a). DO reductions are also observed in more 

depth layers in CG than in AG (Figure 7.5b). In summary, the dipole that was generated in 

October produced a lateral variability that was comparable to that observed in July, however 

over a greater depth range and with smaller gradients. 

On 26 October, one week after the field campaign on 19 October, and following a 

strong Vent event (Figure 7.1d), the gyre in the center of the Grand Lac changed from a CG to 

an AG (Figure 7.1e). Furthermore, between the two weak anticyclonic gyres (AGs) in the west-

ern part and in the center of the Grand Lac, a strong Submesoscale Cyclonic Eddy (SCE) 

formed (Figure 7.3c). The diameter of SCE was ~5 km. The MLD was ~25 m in both AGs, ~8 

m in the center of SCE due to pelagic upwelling, and ~20 m at LéXPLORE (Figure 7.4k, l). As 

a result of the changed sense of rotation of the mesoscale gyre in the center of the Grand Lac, 

the differences in the MLD and in the thermocline layer between the two gyres (AG1 and AG2) 

disappeared (Figure 7.4k). Compared to the mesoscale dipole observed one week earlier, DO 

spatial variability was not significant, and the reduction in DO, was more uniform in the met-

alimnion. Although there is an increase of ~1 mg l-1 in DO around the center of SCE within 

MLD, the minimum DO reduction is almost as much as in the AGs while no significant decrease 
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in DO can be observed in SCE compared to the CG observed one week earlier. However, CGs 

can persist for days/weeks at almost the same location, whereas SCEs are usually transient and 

advective in nature (Figure S7.2) (Hamze-Ziabari et al., 2022c).  

7.3.3 Effect of Circulations on a Fixed Sampling Station  

Figures 7.2a and 7.4a, b show that measurements at station SHL2 are affected by 

mesoscale circulations. On 19 October 2021, the Commission Internationale pour la Protection 

des Eaux du Léman (CIPEL, 2022) took measurements at SHL2 almost simultaneously with 

the field campaign. A comparison of the temperature and DO profiles measured during the field 

observations and those of CIPEL shows similar profile structures (Figure 7.5a, b). The effect 

of pelagic upwelling induced by CG on the temperature and DO profiles at SHL2 can be clearly 

seen when compared to profiles from a reference station and AG. In the stretched thermocline 

caused by pelagic upwelling in CG, DO consumption at SHL2 increased significantly compared 

to the AG field. There was, however, an increase in DO in the epilimnion. Temperature and DO 

profiles at SHL2 were also measured on 26 October after the circulation in the center of the 

Grand Lac had changed sense of rotation. The DO and temperature profiles differed signifi-

cantly than those at SHL2 on 19 October. On 26 October, the MLD was ~10 m deeper and there 

was a DO reduction in the thermocline at ~28 m depth (almost 10 m deeper; Figure 7.5a, b). At 

that time of the year, atmospheric cooling cannot cause such strong profile changes over one 

week as seen here. 
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Figure 7.5. Comparison of the measured profiles of: (a) temperature and (b) dissolved oxygen at SHL2 

with those in the centers of AG and CG on 19 and 26 October 2021. Locations of the profile stations 

indicated in the legend are shown in Figure 7.4a. “Edge of AG” is a reference point unaffected by gyre 
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motion; compare AG and CG profiles to those at this point. Yellow dotted line profile provided by 

CIPEL; the remaining profiles are from our measurements. Note that SHL2 is located inside the CG 

field. (c) Measured profiles of temperature and (d) total nitrogen for 2021 at SHL2. The red vertical 

lines in (c) and (d) indicate the date when SHL2 and our profiles were measured almost simultaneously 

on 19 October 2021; these profiles are given in panels (a) and (b). 

7.4 Discussion and Conclusions 

At present, knowledge on the effect of mesoscale gyres and submesoscale eddies on 

water quality parameters in lakes is scarce, mainly due to the lack of high-resolution profile 

measurements. Although wind-driven coastal upwelling has been investigated in large lakes as 

a transient nutrient source (Reiss et al., 2020; Salois et al., 2022; Valbuena et al., 2022), pelagic 

upwelling induced by cyclonic gyres and eddies as an alternative nutrient source for the photic 

layer of lakes has largely been ignored. Therefore, we carried out detailed field measurements 

in Lake Geneva along trajectories that were predicted by 3D numerical modeling. This allowed 

for the first time in a large lake to make evident and quantify the effects of gyres/eddies on 

spatial dissolved oxygen (DO) variability. 

Pelagic upwelling induced by cyclonic circulation can favor phytoplankton growth if 

the upward flux of nutrients from these depths occurs (Corman et al., 2010). In Lake Geneva, 

the effect of pelagic upwelling can be observed in temperature profiles down to 40 m in July 

(Figure 7.2). A DO enhancement of 4 mg l-1 and its supersaturation in the thermocline layer 

suggests a phytoplankton activity increase in pelagic upwelling zones. On 19 October, an uplift 

of nutrients was also detected at SHL2, located in the pelagic upwelling zone of CG, resulting 

in an increase of DO in the epilimnion (Figure 7.5c). On the other hand, the pelagic down-

welling associated with AG reduces the supply of nutrients for phytoplankton activity (McGil-

licuddy, 2016; Li et al., 2021) in summer or fall, resulting in a lower DO level in AG than in 

CG (Figure 7.5b). 

The mixed layer depth can vary laterally when complex circulation patterns are pre-

sent. This is more evident under weak stratification (see Figure S7.3 as an example). Cy-

clonic/anticyclonic circulation also widened/narrowed the metalimnion. The metalimnion pro-

vides an ecological niche for certain phytoplankton species (Fernández Castro et al., 2021a, b) 

and accumulates settling organic material (Nõges et al., 2005). Since the metalimnion is wider 

in CG than in AG, associated biological processes can take place in extended layers. As a result, 

the increase in DO during summer is generally more significant in CG than in AG. 
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At present, concepts of lake ecosystem dynamics are mainly based on limited meas-

urements taken at fixed monitoring stations that can be affected by the circulation interplay 

observed in this study. For example, we demonstrated that the long-term observations at the 

SHL2 monitoring station, which is located in the gyre field, are affected by mesoscale circula-

tions (Figure 7.5a, b). In the temporal variations of nutrients and thermal structure at SHL2 in 

2021, occasional nutrient and thermocline uplifts were detected (Figures 7.5c, d, and S5). Com-

parisons of temperature profiles measured at SHL2 and LéXPLORE, the latter located at the 

edge of CG, confirm pelagic upwelling at SHL2 during certain periods (Figure S7.4). Note, 

however, that LéXPLORE may at times be located in a cold filament (Hamza-Ziabari et al., 

2022c). Randomly collecting water quality parameters at fixed monitoring stations located in 

such mesoscale circulation fields can adversely affect the assessment of water quality parame-

ters if the effect of mesoscale circulations are not taken into account.  

We documented the significant lateral variability induced by the interplay of 

mesoscale gyres and submesoscale eddies. Strong Bise and Vent wind events that form such 

circulation patterns occur frequently over Lake Geneva throughout the year (Lemmin and 

D’Adamo, 1996; CH2018, 2018). Therefore, this observed systematic lateral variability also 

occurs frequently, and can be expected to exist in other large lakes. It can result in a complex 

interplay of 3D bio-chemical-physical processes, and thus should be taken into consideration 

when developing long-term water quality management concepts. Further research is needed in 

order to gain a deeper understanding of how pelagic upwelling/downwelling associated with 

mesoscale circulations affects processes in large lakes. 

In the present study, we focused on quantifying extreme values of the lateral variability 

of physical parameters and DO that occur between the centers of mesoscale gyres and sub-

mesoscale eddies due to pelagic upwelling/downwelling. From the detailed measurements 

taken along the transects between the gyres and eddies (Figures 7.2, 7.4), it is obvious that 

parameters change progressively between these extrema. Due to the dome-shaped/bowl-shaped 

thermocline in CGs/AGs, strong gradients between the centers and the outer edge of the 

gyres/eddies can be expected all around their circumference. This indicates that gyre/eddy in-

duced variability is a complex 3D process that occurs over large areas of the lake. 

These new findings challenge classical single point, one-dimensional monitoring and 

modeling approaches/concepts often used to quantify processes in large lakes, and instead sug-
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gest applying adaptive monitoring (Lindenmayer & Likens, 2009) that evolves as our under-

standing of lake system dynamics advances. This would greatly benefit management strategies 

and thus long-term lake ecosystem development.
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Introduction 

This Supporting Information section contains two texts and five figures: 

Text S7.1. Numerical modeling 

Text S7.2. Field measurements 

Figure S7.1. Profiles of oxygen saturation and chlorophyll-a concentration at the LéXPLORE 

platform on 22 July 2022 and 19 October 2021. 

Figure S7.2. The temporal evolution of a Submeoscale Cyclonic Eddy (SCE) and a Cyclonic 

Gyre (CG) in Lake Geneva. 

Figure S7.3. Field observation of a complex gyre system under weakly stratified conditions in 

Lake Geneva. 

Figure S7.4. Comparisons between temperature profiles measured at CIPEL station SHL2 and 

the LéXPLORE platform. 

Figure S7.5. Measured profiles of dissolved oxygen (DO) and total phosphorus for 2021 at 

station SHL2 provided by CIPEL.
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Text S7.1. Numerical modeling 

The three-dimensional (3D) numerical model MITgcm (Marshall et al., 1997) has been 

widely applied to model mesoscale/submesoscale processes in oceans, and more recently in 

lakes (e.g., Dorostkar et al., 2017; Cimatoribus et al., 2018, 2019; Hamze-Ziabari et al. 2022a, 

b, c). The 3D Navier-Stokes equations are solved with the Boussinesq assumption (including 

the Coriolis force) and an implicit free surface. The model capability for realistically simulating 

stratification, mean flow, mesoscale to submesoscale eddies/gyres, submesoscale filaments, and 

fronts are validated with field observations and remote sensing data. It has also been success-

fully employed to study near-shore currents and internal seiche variability, coastal upwelling, 

river plume dispersion, interbasin exchange and frontal dynamics in Lake Geneva (Cimatoribus 

et al., 2018, 2019; Foroughan et al., 2022b; Reiss et al., 2020; Reiss et al., 2022; Soulignac et 

al., 2021). Here, a series of MITgcm simulations for Lake Geneva was carried out for 2021 and 

2022. The lake surface was forced by meteorological data (wind, atmospheric temperature, hu-

midity, solar radiation) extracted from the COnsortium for Small-scale MOdeling (COSMO) 

atmospheric model provided by the Swiss Federal Office of Meteorology and Climatology, 

MeteoSwiss (Voudouri et al., 2017). COSMO data were interpolated when necessary so as to 

match the spatial and temporal discretization of the model. 

Two Cartesian grids were generated. A Low Resolution (LR) grid, with a horizontal 

resolution of 173-260 m and 35 depth layers, was initialized from rest on 26 December 2021 

using the measured temperature profile from CIPEL station SHL2 (Figure 7.1a) as the horizon-

tally uniform initial condition. The integration time step of the LR model was 20 s and the spin-

up was nearly six months. The LR model results were used to initialize the High Resolution 

(HR) version of the model. The horizontal resolution of the HR model was 113 m with 50 depth 

layers, with a vertical z-level spacing of 0.35 m at the lake surface, increasing gradually to a 

maximum of 5 m near the bottom. The initial time step was set to 6 s for stability, and then 

gradually increased to 30 s. The starting date of the HR model simulation was 7 July 2021 and 

simulations continued for almost twelve months.  

Text S7.2. Field measurements  

It was previously shown that gyre patterns in Lake Geneva can be reliably predicted 

by numerical modeling based on forecasted COSMO meteo data (Hamze-Ziabari et al., 2022c). 

Guided by these numerical model forecasts, transects for field measurements were selected be-

fore the field campaigns and extended from the gyre in the western part of the Grand Lac basin 
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to the gyre in the central part of the Grand Lac basin. At predefined points along the transects 

(~1 km-spacing), profiles were taken. Campaigns lasted ~6 h.  

Vertical profiles of water temperature were measured with a multiparameter probe Sea 

and Sun Marine Tech CTD90M. The Conductivity Temperature Depth (CTD) instrument was 

equipped with a RINKO III composed of a fast-response optical Dissolved Oxygen (DO) sensor 

and a temperature sensor (JFE Advantech). The CTD was lowered at ~10 cm s-1 and recorded 

at 7 Hz, resulting in a sampling resolution of ~1.5 cm. Temperature profiles at each point were 

measured down to 40 m depth, i.e., to the base of the thermocline.  

An ADCP (Acoustic Doppler Current Profiler, Teledyne Marine Workhorse Sentinel) 

equipped with a bottom-tracking module was used to measure vertical profiles of current ve-

locity at each point for at least 10 min. The ADCP was set up for 100 1-m bins (blanking dis-

tance of 2 m). The transducer was located at 0.5 m depth, and the high-resolution processing 

mode was chosen. Tilt and heading angles were derived from built-in sensors. Manufacturer 

recommendations were followed for post-processing the measurements. 
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Figure S7.1. Profiles of: (a) oxygen saturation and (b) chlorophyll a concentration at the LéXPLORE 

platform on 22 July 2022 taken at the same time as the transect measurements. Profiles of: (c) oxygen 

saturation and (d) chlorophyll a concentration at the LéXPLORE platform on 19 October 2021 taken at 

the same time as the transect measurements. 
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Figure S7.2. Numerical simulation of the temporal evolution of a Submeoscale Cyclonic Eddy (SCE) 

and a Cyclonic Gyre (CG) in the Grand Lac on October 2021. Near-surface (0.3 m) temperature (colors) 

and current (black arrows) at: (a) 1:00 CET on 16 Oct. (b) 13:00 on 16 Oct. (c) 1:00 on 17 Oct. (d) 

13:00 on 17 Oct. (e) 1:00 on 18 Oct. (f) 13:00 on 18 Oct.  
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Figure S7.3. Field observations of a complex three-gyre system in weakly stratified condition in Lake 

Geneva for November 2019. (a) Numerical simulation of horizontal velocity on 25 November 2019 at 

the near-surface (0.3 m). The yellow lines represent the transects (T) where velocity and temperature 

profiles were measured. Measured velocity profile along transects from the south (left edge of panel) to 
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north (right edge of panel) for: (b) T1, (c) T2, and (d) T3. The blue shades indicate southward currents 

and the red color, northward currents. Measured temperature profiles along transects: (e) T1, (f) T2, and 

(g) T3. AG: Anticyclonic Gyre, CG: Cyclonic Gyre. A bowl-shaped thermocline is seen in AG and a 

dome-shaped thermocline in the CGs. Note that pelagic upwelling in the CGs reaches to the surface in 

(f). Colorbars indicate the range of the parameters. Black arrows in a) give the orientation of the currents. 

In a), AG: Anticyclonic gyre (clockwise rotating); CG: Cyclonic Gyre (counterclockwise rotating). 

 

Figure S7.4. Comparisons between temperature profiles measured at CIPEL station SHL2 (blue lines) 

and LéXPLORE platform (red lines) for different months in 2021; for station location, see Figure 7.1a 

in main text. The blue shaded panels show the cases when significant pelagic upwelling occurred at 

SHL2 (see Figure 7.5d in main text).  



Supporting Information for Chapter 7 

237 

 

Figure S7.5. (a) Measured profiles of Dissolved Oxygen (DO) and (b) total phosphorus for 2021 at 

station SHL2 provided by CIPEL. The red vertical lines in (a) and (b) indicate the date when SHL2 and 

our profiles were measured almost simultaneously on 19 October 2021.
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8.1 Summary and Conclusions 

In order to advance the understanding of water mass movement dynamics in Lake Ge-

neva, a procedure combining high-resolution 3D numerical simulations, remote sensing, and 

statistical analysis was proposed to provide direct evidence of the existence of cyclonic (coun-

terclockwise) and anticyclonic (clockwise) rotating basin-scale gyres and mesoscale eddies. It 

has been shown that the proposed framework is a powerful tool for designing field sampling 

strategies and will allow new types of field measurements that can contribute to advancing the 

understanding of large lake dynamics. Its feasibility and robustness was assessed and confirmed 

by field measurements taken in Lake Geneva along transects whose location and timing was 

based on the proposed procedure. Field observations confirmed that complex multiscale rota-

tional flow fields regularly and simultaneously formed after strong wind events, as was 

predicted by the proposed procedure. The results indicated the significance of 3D processes 

associated with such complex dynamics in Lake Geneva, thus indicating that 1D concepts 

cannot adequately describe them. 

It has been shown that SAR imagery can give valuable new information about physical and 

biological processes induced by mesoscale or submesoscale processes in Lake Geneva. Mesos-

cale/submesoscale patterns in field observations, 3D numerical modeling, and SAR images 

were shown to be closely correlated and complementary. In particular, SAR images can indicate 

potential biochemical hotspots related to pelagic upwelling and submesoscale features such as 

filaments in large lakes. High-resolution SAR imagery in combination with realistic validated 

numerical models and multi-sensor imagery can be used to better design field campaigns that 

seek to unravel the complex interactions of biological–chemical–physical large-scale processes 

associated with basin-, meso- or submesoscale currents in large lakes subject to the Coriolis 

force. 

Motivated by submesoscale patterns observed in SAR imagery and numerical results, the exis-

tence of submesoscale filaments within a well-developed basin-scale counterclockwise rotating 

gyre was documented for the first time in a lake. A unique combination of 3D numerical mo-

deling, SAR imagery, and targeted field campaigns was employed to measure temperature and 

current profiles in submesoscale filaments. It was shown that submesoscale filaments with O(1) 

(local) Rossby and balanced Richardson numbers are ubiquitous within basin-scale gyres in 

Lake Geneva, as also previously suggested by SAR images. Filaments were measured during 
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field campaigns when the upper mixed layer was relatively shallow with a fairly sharp thermo-

cline (i.e., summertime). Field results confirmed that cold filaments with a depth between 5-10 

m are present during summertime and that they can form at the edge and center of the counter-

clockwise rotating gyre. The water temperature within the filaments was 1-2°C colder than 

ambient water.  

Field observations and numerical results have shown that submesoscale cold filaments can also 

form at the edge of both cyclonic and anticyclonic circulations (gyres and eddies) under weakly 

stratified conditions. The results also indicated that the pelagic upwelling can form submesos-

cale cold filaments at the center of a cyclonic circulation. A combination of comprehensive 

field observations, high-resolution 3D numerical simulations, and particle tracking highlighted 

the role of submesoscale filaments in re-stratifying the Surface Mixed Layer (SML) under 

weakly stratified conditions. Field observations indicated that the stratification strength, N2, can 

increase in areas adjacent to the observed filaments. The enhancement of stratification strength 

reached O(10-5 s-2) for heating and cooling atmospheric conditions in October and November 

2020, respectively. Guided by numerical results, it was shown that a combination of Symmetric 

Instability (SI) and centrifugal instability can occur in proximity to the center of cold filaments. 

Slantwise convection associated with SI, a previously overlooked process in lakes, could ex-

plain enhanced stratification strength in areas adjacent to the observed filaments. 

Particle tracking was employed to determine how fluid parcels and passive tracers can be trans-

ported horizontally and vertically in the presence of submesoscale filaments. The results indi-

cated that the patterns of secondary circulation induced by filamentogenesis can be detected in 

Acoustic Doppler Current Profiler (ADCP) backscattering signals, as confirmed by numerical 

results and forward particle tracking. It was shown that passive tracers accumulate in the center 

of the cold filament and are transported to deeper layers. The results of particle tracking indi-

cated that more than 20% of the particles were subducted into the thermocline and the hypo-

limnion layers due to secondary circulation associated with submesoscale filaments/fronts. 

Furthermore, field observations demonstrated dissolved oxygen (DO) variability in the ob-

served cold filaments reached 0.1-0.5 mg l-1 under weakly stratified conditions. On each side 

of the cold filament, a distinct cell with higher levels of dissolved oxygen formed, while the 

level of DO within the cold filaments was lower with respect to the ambient waters. 
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SAR images also indicated potential biochemical hotspots related to pelagic upwelling at the 

center of Lake Geneva. Field measurement campaigns were designed to capture pelagic upwel-

ling in the presence of a shallow, strong or a deep, weak thermocline. The frequent occurrence 

of dome-shaped thermoclines and strong pelagic upwelling in the center of cyclonic basin-scale 

gyres under different stratification conditions were investigated. It was shown that pelagic up-

welling forms chimney-like structures that can transport cold thermocline water upwards to the 

epilimnion layer and frequently, even to the lake surface, as confirmed in thermal (AVHRR) 

imagery and numerical simulations. The height of the chimney was about 10 to 20 m in Sep-

tember 2019 (shallow, strong thermocline) and 60 to 80 m in January 2020 (deep, weak ther-

mocline). Numerical results indicated that Ekman pumping cannot be responsible for the for-

mation of the chimney-like upwelling. A heterogeneous divergence flow formed around the 

pelagic upwelling zone due to the influence of the advective acceleration. The heterogeneous 

divergence flow associated with the gyre flow field and the continuous distortion of the gyre 

during its evolution produced an ageostrophic strain in the center of the cyclonic gyre that could 

penetrate the thermocline layer, even a deep thermocline (~60-80 m) and formed the chimney-

like upwelling. 

Long-term profile measurements taken at SHL2 in Lake Geneva, which are used by CIPEL to 

quantify various physical and biological processes in budget estimates to determine long-term 

water quality development in the whole lake, is often located in the pelagic upwelling zone of 

the cyclonic gyre in the center of the Grand Lac basin. Thus, measurements taken at that station 

may be affected by pelagic upwelling dynamics. It was demonstrated that the long-term obser-

vations at the SHL2 monitoring station are affected by mesoscale circulations. For example, 

occasional nutrient and thermocline uplifts were detected in the temporal variations of nutrients 

and thermal structure at SHL2 in 2021. Comparisons of temperature profiles measured at SHL2 

and LéXPLORE, the latter located at the edge of CG, confirm pelagic upwelling at SHL2 during 

certain periods. Randomly collecting water quality parameters at fixed monitoring stations lo-

cated in such mesoscale circulation fields can adversely affect the assessment of water quality 

parameters if the effect of mesoscale circulations is not taken into account 

Furthermore, extreme values of the lateral variability of physical parameters and DO which 

occur between the centers of mesoscale gyres and submesoscale eddies due to pelagic upwel-

ling/downwelling were quantified. From the detailed measurements taken along the transects 

between the gyres and eddies, it was obvious that parameters change progressively between 

these extrema. Due to the dome-shaped/bowl-shaped thermocline in cyclonic/anticyclonic 
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gyres, strong gradients between the centers and the outer edge of the gyres/eddies can be ex-

pected all around their circumference. This indicates that gyre/eddy-induced variability is a 

complex 3D process that occurs over large areas of the lake. Compared to the LéXPLORE 

station located outside the gyres, in CGs/AGs, DO concentrations were higher/lower, mixed 

layer depth was deeper/shallower and metalimnion thickness increased/decreased, thereby ex-

posed more/fewer depth layers to biological processes. 

Large (basin-scale) cyclonic/anticyclonic gyres are ubiquitous in Lake Geneva and other large 

lakes, which suggests that the submesoscale and mesoscale processes reported here occur re-

gularly and that they can affect the interplay of complex 3D biochemical physical processes 

occurring in lakes. Since long-term monitoring measurements are frequently used to evaluate 

the water quality status of the entire lake, the effect of pelagic upwelling/downwelling asso-

ciated with mesoscale or submesoscale circulations can have severe consequences if lake ma-

nagement concepts are solely based on these measurements. The interplay of physical, biologi-

cal and chemical processes within mesoscale and submesoscale circulations should be taken 

into consideration. These new findings challenge classical single-point, one-dimensional mon-

itoring and modeling approaches/concepts often used to quantify processes in large lakes, and 

instead suggest applying adaptive monitoring that evolves as our understanding of lake system 

dynamics advances. This would greatly benefit management strategies and thus long-term lake 

ecosystem development. 

8.2 Future Work 

The results indicate that systematic lateral variability occurs frequently and can be ex-

pected in other large lakes as well. This lateral variability can result in a complex interplay of 

3D bio-chemical-physical processes, and thus should be taken into consideration when devel-

oping long-term water quality management concepts. Nevertheless, further research is needed 

to understand how pelagic upwelling and downwelling associated with mesoscale circulations 

affect bio-chemical-physical processes in large lakes. Active, passive, and reactive phases can 

be involved in the spatial variability of biogeochemical parameters caused by mesoscale circu-

lation. Accordingly, SHL2 measurements could be made at different biological phases of pe-

lagic upwelling and downwelling. Consequently, this may result in temporal variability in the 

distribution and succession of seasonal species, as well as in the structure of local communities. 

Future research can therefore focus on how biological activities associated with local commu-

nities will respond to different phases of pelagic upwelling and downwelling. 
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The submesoscale vertical motion associated with filaments/fronts can potentially 

carry heat and atmospheric gases into deeper layers below the thermocline and even to the 

benthic layers, thereby potentially playing a role in deep-water winter mixing. During winter-

time, baroclinic instabilities in the deep mixed layer can energize submesoscale processes. The 

effects of submesoscale processes on winter mixing have generally been overlooked in lake 

studies, mainly due to limited field observations and low-resolution numerical models. Future 

research can focus on quantifying how submesoscale flows contribute to the exchange of water 

parcels and atmospheric gases between the near-surface layer and the hypolimnion layer of 

large lakes, especially during the winter months. Future research can also examine the seasonal 

variability of submesoscale processes, which is generally unknown in large lakes such as Lake 

Geneva. 

Traditionally, processes affecting density stratification in the upper part of a lake/ocean 

are studied only from a vertical perspective and the SML is generally considered to be well-

mixed. However, it is important to take into account the contribution of lateral processes, such 

as the submesoscale instabilities reported in this thesis, to the thermal stratification of lakes. 

Despite the fact that the numerical model used in this thesis accurately captured the formation 

of submesoscale filaments induced by the large-scale ageostrophic strain, it was not able to 

resolve the increase in stratification strength around the cold filaments and fronts. The turbulent 

mixing parameterization models, such as the K-Profile-Parameterization (KPP) model used in 

this study, only consider the vertical fluxes of momentum and tracer properties. These para-

metrizations do not take into account horizontal variations in oceanic and atmospheric proper-

ties. According to the presented results, submesoscale instabilities induced by horizontal tem-

perature gradients are able to remarkably enhance the stratification strength of SMLs and po-

tentially enhance biological activity. Future numerical studies can therefore focus on modifying 

the current mixing parameterization model in order to take into account the effects of sub-

mesoscale processes. 

The effect of climate change is expected to cause large lakes, such as Lake Geneva, to remain 

stratified for longer periods of time. The strength of the thermocline stratification, as demon-

strated in Chapter 1, is closely linked to gyral flow. Consequently, it is expected that stronger 

stratification in the deeper layers induced by climate change will prevent the dissipation of gyral 

energy. Therefore, there will be a greater likelihood of a gyre forming, and its lifetime will be 

extended. It will be pertinent to assess how climate change will affect the contribution of pelagic 

upwelling/downwelling associated with cyclonic/anticyclonic circulations to the exchange of 
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water between the euphotic zone and the thermocline or hypolimnion. Additionally, it is likely 

that submesoscale filaments and fronts will also become more frequent, and their role in mixing 

water will increase as well.
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