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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 have to be taken. This, unfortunately, is difficult due to the high spatial and temporal
variability of gyres/eddies. As a result, few complete field observations of coherent circulation in
oceans/lakes have been reported. With the advent of high-resolution satellite imagery, the potential to
unravel and improve the understanding of mesoscale and submesoscale processes has substantially
increased. Features in the satellite images, however, 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 observations 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 submesoscale and mesoscale currents, or by pelagic upwelling that appears as smooth,
dark elliptical areas in their centers. This unique combination of simultaneous SAR imagery, three-
dimensional numerical simulations and field observations confirmed that SAR imagery can provide
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.

Keywords: Sentinel-1; SAR; eddy; gyre; lake; mesoscale; submesoscale; upwelling; Lake Geneva

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 [1,2]. These rotating coherent structures are primarily driven by wind and are
modified by the Coriolis force [3-6], and can be affected by the irregularity of the lake basin
and the surrounding topography. Such large lakes can be expected to exhibit a complex
combination of counterclockwise (cyclonic) and clockwise (anticyclonic) gyres/eddies [7-9]
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
cyclonic/anticyclonic gyres cause a decrease/increase in water surface elevation at their
centers [10,11].

Cyclonic and anticyclonic circulations can form, respectively, a dome-shaped or bowl-
shaped thermocline at their centers [12,13]. These upward or downward motions of the
thermocline layer may strongly modify the physical (e.g., temperature and pollution) and
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chemical (e.g., water chemical composition and salinity) conditions of the water column,
which in turn can affect biological processes such as phytoplankton growth and bacterial life
cycles [12]. 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 distribu-
tion of such coherent circulations [6,14-16]. In particular, Synthetic Aperture Radar (SAR)
imagery is often used to detect mesoscale/submesoscale circulation patterns (e.g., [17-21]).
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 boundary layers [22].

The effect of different physical and biological parameters on the variation of NRCS val-
ues was examined previously. Using ERS-2 (European Remote-Sensing Satellite) SAR data,
Clemente-Colén and Yan [23,24] found a relationship of 0.66 dB°C~! between NRCS values
and Sea Surface Temperature (SST) over coastal upwelling zones. Gurova and Ivanov [25]
demonstrated that there is a strong correlation between patterns observed in SAR, SST,
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 [26-28]. The reduction of NRCS due to an increase in air-water stability over the
upwelling zone is typically smaller than 3 dB [29,30].

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,
therefore, affect or reveal patterns in SAR images. Surfactants alter water surface tension by
suppressing short wind waves and thus reduce the radar backscatter cross-section [31,32].
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 pro-
cesses associated with eddies and gyres can cause slicks to form irregular spiral structures,
which can be detected in SAR images [33-36]. Eddies identified by slick streaks are referred
to as ‘black’ eddies [17,37]. In the presence of surfactants, the effect of SST on the NRCS is
secondary [23,30].

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 [38,39]. 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 [36]. Backscatter contrast
induced by natural films can reach 5-10 dB in a SAR image [40]. Surfactants are mainly
derived from biological sources, such as phytoplankton metabolic byproducts [41], marine
bacterial activity [42], zooplankton grazing [43] and terrestrial sources [44] introduced
by catchments around inland waters. In SAR imagery, chlorophyll concentration is often
considered a proxy for detecting the spatial variability of surfactants [45,46]. According
to Lin et al. [28], the reduction of NRCS values in SAR images is highly correlated with
the increase in chlorophyll-a concentrations. It was reported that a 1 mg m~3 increase in
chlorophyll-a concentration results in a reduction of 5 dB in NRCS values. Gurova and
Ivanov [25] reported a change in NRCS values in an area with a high concentration of
floating cyanobacteria. Thus, the spatial variability associated with natural films observed
in SAR imagery can serve as an indicator of the different biological activities of different
water masses [28].
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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
mechanism are referred to as ‘white” eddies [15,17,34]. Existing algorithms for detecting
eddies in SAR imagery are generally designed to identify ‘white” or ‘black” eddies. In previ-
ous studies, however, two other mechanisms were proposed 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., [17,47]) and (ii) the presence of visible particles,
such as ice (e.g., [48]). 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 submesoscale /mesoscale processes observed in SAR images,
a multidisciplinary approach involving 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., [49-51]).
Large lakes subject to the Coriolis force, such as Lake Geneva, are characterized by com-
plex large-scale rotational current patterns [51], 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 [52], 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 subme-
soscale and mesoscale currents (‘black” eddies), 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 satellites Sentinel-1A and Sentinel-1B with in situ
observations and results of high-resolution validated three-dimensional (3D) numerical
model simulations of Lake Geneva under low wind conditions. 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
numerical modeling, field campaigns and physical background of cyclonic eddies/gyres are
described 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 A.

2. Materials and Methods
2.1. Study Area

Lake Geneva (France/Switzerland, local name: Lac Léman) is the largest lake in Western
Europe (Figure 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 km?, a volume of 89 km? 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 surrounding 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 mountains shelter the eastern part of the lake from strong
winds [53].
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Figure 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: LEXPLORE floating platform.
The thick yellow arrows indicate the direction of the two strong dominant winds, called the Bise
(coming 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.

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 advantages: (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 provides C-band SAR observations. The co-polarized VV (vertical
transmission; vertical reception) data are used because noise restricts the application of
VH (vertical transmission; horizontal reception) data [54]. 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) [55]. A comparison between VV and VH data obtained from Sentinel-
1 SAR imagery is provided in Figure Al. This figure clearly shows that the VV data are
significantly more sensitive to water surface roughness than the VH data. They capture
surface pattern details 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 [56]. In the pre-processing stage, the following
seven steps are carried out: (1) the precise orbit state vectors for each SAR product are
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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 converted to decibels (dB) for postprocessing purposes.

2.3. Numerical Simulations

To study the 3D processes in cyclonic eddies/gyres, the Massachusetts Institute of
Technology general circulation model (MITgcm; [57]) was used with a configuration similar
to that employed by Cimatoribus et al. [58,59], who also performed an in-depth validation
based on numerous field observations from around the lake. Using the current setup,
Cimatoribus et al. [58,59] demonstrated that stratification, mean flow, and internal seiche
variability in Lake Geneva can be realistically simulated. Hamze-Ziabari et al. [50,51] and
Reiss et al. [60,61] showed that the model can accurately capture both submesoscale and
basin/mesoscale processes in Lake Geneva. In all the cited studies, the modeled results
compared well with field measurements.

The MITgcm code solves the 3D Boussinesq, hydrostatic Navier-Stokes equations
(including the Coriolis force) [57]. Realistic atmospheric fields (such as wind, temperature,
humidity, and solar radiation), extracted from the COnsortium for Small-scale MOdeling
(COSMO) atmospheric model of MeteoSwiss with a resolution of 1 km, were used to force
the lake surface [62]. 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 Protection des Eaux du
Léman (CIPEL) station SHL2 [63] 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.

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 [51]. Profiles spaced at 1 km and/or 500 m intervals were measured along the
predefined transects. An ADCP (Acoustic Doppler Current Profiler, Teledyne Marine
Workhorse Sentinel) equipped with a bottom-tracking module was used to measure the
vertical 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,
with a measurement frequency of 7 Hz, giving a sampling resolution of about 1.5 cm.

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
hydrodynamic surface processes that influence the structure of surface water boundary
layers [64]. 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. [65,60] is used here to demonstrate how
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backscatter in SAR images is related to lake-water surface roughness. According to [64,66],
—

the scattered magnetic field, Bg (r), at field point r can be expressed as

—

. —
= o P b [ expligen(F)expl—ighy F)d7, &
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B —
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>
where k is the electromagnetic wave number, By is the magnitude of the incident field, Pg
represents a polarization vector that defines the scattered field for an incident polarization

— —
statep, ¢ = (q H, qz) is the difference between the scattered and incident wave number

vectors, and 17(;) 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 17(?) (see Equa-
tion (1)) and, therefore, to backscattering signals. A schematic diagram of the processes
associated with a cyclonic eddy/gyre is shown in Figure 2. An anticlockwise gyre in the
northern hemisphere can cause divergence of the flow near the surface and convergence
in the deeper layers (Figure 2). Consequently, upwelling occurs in the gyre’s center, and
as a result, a dome-shaped thermocline forms. Based on the Boussinesq approximation
and hydrostatic assumptions, the velocity field of a geostrophic flow field can be expressed
as [67]

0
u(x,y,Z) = flpaay/_zp(x/ylz)dz ?aﬂ(a);’y) (2)
109 /0 on(x,
U(X,]/,Z) = ﬁa /ZP(xr]/,Z)dz-i-?ﬂ(;;y), (3)

where u and v are horizontal velocities in the x and y directions, respectively, g is the
acceleration due to gravity, p is water density, and f is the Coriolis frequency. The first
and second terms on the right sides of Equations (2) and (3) describe the baroclinic and
barotropic contributions to u and v, respectively. The baroclinic terms result from the hori-
zontal 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 gradient 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. Consequently, the barotropic terms have to be opposed to the
baroclinic terms according to Equations (2) and (3). The 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 of a cyclonic gyre. Therefore, a reduction
in water surface elevation (1) 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 [68]:
T= PairCDU%o/ 4)

where p,;, is the air density, Uj is the wind speed at a height of 10 m and Cp, is the wind
stress drag coefficient. The value of Cp depends on the surface stability and the roughness
length and can be expressed as [68-70]

k2
D= UnG/z) G/ ©

where ¢ is a function representing the stability of the air-water interface, k is the von Kadrman
constant, L is the Monin-Obukhov length, and zj is the surface roughness height. The
stability parameter increases in the upwelling zone, thereby reducing the drag coefficient
and wind stress in Equations (4) and (5) [22]. Low wind speeds lead to lower backscattering
from the water surface.
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the associated upwelling of the thermocline in the center of the gyre (blue arrows).

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 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 [41]. Due to their impact on water surface
roughness, changes in surfactant concentration affect the backscattering of SAR signals.
Local convergence zones and submesoscale cold filaments also often occur within eddies
and gyres [35,50]. As shown in Figure 2, these processes can accumulate surfactants locally,
thereby generating spatially variable SAR signals.

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.

3.1. 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
imagery, 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, bio-
genic slick streaks that manifest submesoscale/mesoscale processes are observed frequently
in Lake Geneva [50]. Figure 3a illustrates an example of a basin-scale gyre at the 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 3a, an elliptical eddy-like structure can be distinguished
in the center of Lake Geneva. The simulated temperature and current velocity in the
near-surface layer (0.3 m) are shown in Figure 3b (spatial resolution of 113 m). The current
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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 3b). Similar frontal/filamentary
patterns compare well with the SAR image taken on 21 July 2018 (Figure 3a).
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Figure 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 = \/(E)u/ax —9v/3y)? + (9v/dx + du/dy)?, from a high-
resolution, 3D numerical simulation for 21 July 2018 at 18:00 UTC. In this expression, (u, v) are the
(x, y) components of horizontal velocity field. Colorbars in (b,c) give the ranges of temperature and
strain rate, respectively. V and D are reference points marked in Figure 1.
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3.2. Signature of Pelagic Upwelling Induced by a Cyclonic Gyre

Figure 4a illustrates three distinct spatial patterns in the SAR image taken on
21 September 2019. A ‘dark’ elliptical region (marked CG in Figure 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 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 4a) can be distinguished. Unlike the signature of
cyclonic circulation 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 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 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 4b,c. An anticyclonic circulation with
~0.20 m s~! 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 correlated 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 horizon-
tal 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).

A SAR image taken on 20 September 2019 (Figure 5a) shows a similar ‘dark” elliptical
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
formation and that the pelagic upwelling location gradually moved from west to east
(see Figure A2). 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 6a)
were measured. Three transects, T1L, T1, and T1R, with 1.8-2 ki 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 6a
for location of measurement points). The field measurements along each transect took
almost 2 h. The measured near-surface temperatures along each transect are shown in
Figure 6b,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 September. As seen in Figure 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.

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 6a for the location of measurement points). As shown in
Figure 5b, the cold area at the center of T1 moved toward the north compared to the day
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
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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 4 and 5.
Low wind speeds (<~1.5-2 m s !) can be responsible for such dark areas.
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Figure 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
temperature (0.3-m depth; colorbar legend: temperature range) from a high-resolution, 3D numerical
simulation for 20 September 2019 at 18:00 UTC. Easting and northing coordinates follow the Swiss
CH1903 system.



Remote Sens. 2022, 14, 4967 11 of 26

-15 T T T T -15 T T r T
(C) ——Raw g, . 18] d
—— Averaged ‘\l )
il
-20 f \' | M
| ]|'| . |
= = 25} } M' J'lmh .'.'
) ) i
> > [-‘
> . |
= =
S & -30F 1
35} ]
S1A - 20 Sep 2019 - 17:31 UTC S1B - 21 Sep 2019 - 17:23 UTC
-40 : : : : -40 : : : :
0 200 400 600 800 0 200 400 600 800
Path in pixels Path in pixels

Figure 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 (¢) A-A’ (Sentinel-1A SAR-C image) and (d) B-B’ (Sentinel-1B SAR-C
image). V and D: reference points marked in Figure 1.
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Figure 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
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 1.

3.3. 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 [51,71]. Field observations of such small structures are very rare in
both oceans and lakes. However, Hamze-Ziabari et al. [51] 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. [51], 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 measurement points with
500 m distance from each other (Figure 7a) were selected at the location of the expected
eddy. The measurements along the transect shown in Figure 7a were taken between
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~08:29 and ~11:07 UTC. A SAR image taken on 26 October at 5:43 UTC (Figure 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 7b and ¢, respectively. The velocity profiles indicate a cyclonic
circulation that is constrained by the thermocline. The maximum velocity reaches 0.22 m
s~! 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 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 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.
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Figure 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:
horizontal velocity range) along the measurement points (red dots) in (a). Blue: southward currents;
red: northward currents. V: reference point marked in Figure 1.
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The simulated temperature and velocity for the same time as in the SAR image show
a cyclonic eddy between two anticyclonic gyres (Figure 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 8b. Here, the mixed layer is defined as the layer that has a temperature gradient
<0.1 °C m~! and where the total temperature difference from the water surface to the MLD
(Mixed Layer Depth) is <2 °C [72]. A shallower mixed layer due to upwelling at the center
of the cyclonic 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.
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Figure 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 1.
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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 [17-21]. McKin-
ney et al. [49] reported small-scale cold cyclonic eddies in Lake Superior using data from
Advanced Very High-Resolution Radiometers (AVHRR) and SAR. These authors studied
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
submesoscale eddies to their vertical structure in the water column below.

4. Discussion

The above analysis of SAR images, 3D numerical modeling results and field obser-
vations shows that, under calm wind conditions, the patterns observed in SAR images
are predominantly 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 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 filamen-
togenesis/frontogenesis [35,50,73] or by baroclinic instability [73,74] in adjacent pelagic
upwelling. As an example, the simulated surface water temperature and SAR image on
21 July 2018 (Figure 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 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 deformational flow [50,74]. At the location of the cold
filament, a two-cell secondary circulation with stronger surface convergence and down-
welling at its center is formed and restores the geostrophic and hydrostatic balances [35].
As a result, such convergence zones can accumulate surfactants and pollution at the center
of cold filaments.

Figure 10b shows the variability of NRCS (g yv) values along the transect in Figure 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 presence
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. [50] 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
predicts that a combination of high ageostrophic strain rate and buoyancy gradient caused
by pelagic/coastal upwelling can create filamentary patches of cold water in the mixed
layer [74]. Figure 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.
Such conditions are favorable for filamentogenesis/frontogenesis. It is well known that
surfactants 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 [35].
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Figure 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,c), colors: temperature; colorbar legend: temperature range and arrows: currents;
reference arrow in legend. V and D: reference points marked in Figure 1. In (b,d), zero on the x-axis
is at the southern end of the transect; colorbar legend: temperature range.

On the other hand, the SAR imagery of 20 and 21 September 2019 (Figure 5) shows
patterns quite different from those typically observed in a cyclonic eddy/gyre. Figure 9d
illustrates the simulated temperature profiles at the center of the cyclonic gyre, where dark
elliptical 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 5c and d, respectively. Along A-A’, the drop in NRCS values in smooth areas can
reach 10-15 dB compared 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 Buchillon Mast (see Figure 1 for locations), is plotted in Figure 11. The
wind speed was recorded every 10 min at the LEXPLORE station, whereas it was measured
hourly at the Buchillon station. According to both sets of field data, the wind speed was
low during both events. Furthermore, the NRCS values in the rough area are comparable.

Changes in SST affect NRCS by altering the stability of the atmospheric marine bound-
ary layer and the viscosity of surface waters [26-30]. 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 [23,24], 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
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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 [23,24]. Clearly, 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.
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Figure 10. (a) Subset of a Sentinel-1B SAR-C image acquired on 21 July 2018 at 17:31 UTC. Filaments
are marked by F along the orange transect; C: center of the gyre. (b) Variability of the raw NRCS data
(00,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 for
the area shown in (a). Colorbar legend: range of surface elevation. V: reference point marked in

Figure 1.
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Figure 11. Wind speed measured at the (a) LEXPLORE and (b) Buchillon stations during

20-21 September 2019. For locations, see Figure 1. Red parallel lines: times when SAR satellite
images were taken.

The effect of SST on the NRCS is relatively small compared to that due to surfac-
tants [23,30], which can be up to 5-10 dB [40]. Surfactants originate from biological ac-
tivities and terrestrial sources introduced by catchments around the lake [52]. Due to the
divergence of the flow field at the center of a cyclonic gyre/eddy, an accumulation of ter-
restrial source material therein seems unlikely. This suggests that the source of surfactants
at the center of the lake is probably autochthonous [52]. A field study in Lake Tanganyika
revealed that nutrient concentrations and phytoplankton chlorophyll levels increased in
the pelagic upwelling zone [75]. As nutrients increase in the upwelling area, primary
production increases [76], which can explain the increase in phytoplankton chlorophyll
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
dynamics during summer and autumn was reported in Lake Geneva [77]. 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
photosynthetic 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 [28].
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The NRCS reduction of 10-15 dB on 20 September (see Figure 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 phytoplankton 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.

Baroclinic pressure gradient induced by pelagic upwelling can lead to a decrease in
water surface elevation at the center of cyclonic eddies/gyres [11]. 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
cyclonic gyre for 20 September 2019 reached -0.020 m and -0.016 m on 21 September 2019
(Figure 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 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., [78,79]). 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 10b). According to Figure 10c, the simulated 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 elevation
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.
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Figure 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 September 2019 at 18:00 UTC. Colorbars show ranges. V and D: reference points marked in
Figure 1.
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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.
Existing databases on mesoscale/submesoscale processes in large lakes are limited to a few
measurement points, and thus cannot realistically capture the 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 submesoscale filamentary patterns inside the submesoscale
eddy observed in the SAR image can be due to very focused convergence zones and
horizontal strain zones (Figure 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 13. (a) Simulated surface convergence, given by du/dx + dv/dy, and (b) horizontal strain rate
for 26 October 2021 at 06:00 UTC. V and D are reference points marked in Figure 1.

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
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in a lake that links surface observations of mesoscale gyres and submesoscale eddies to
their vertical structure in the water column below. Compared to the ocean, the gradient of
surface currents induced by the interaction of waves and currents is not sufficiently large
in Lake Geneva to result 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 appeared 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 concentrations 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 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. Understanding
these processes is required for developing effective lake management concepts.
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Appendix A

Figure Al. 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 1.
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Figure A2. 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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