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INTRODUCTION 

In lakes and oceans, surface water temperature is a key 
parameter controlling the air-water exchange of heat, mo-
mentum, and mass. Surface water temperature and these 
exchanges are not only influenced by turbulence and 
waves mainly forced by wind (e.g., Garbe et al., 2004; 
MacIntyre et al., 2021b), but also by surface surfactant 
layers (e.g., Frew et al., 2004; Pereira et al., 2018). These 
processes generally show strong spatial variations, mani-
fested by nonuniform surface water temperature patterns, 
which can affect flux estimates at the air-water interface 
(Hughes et al., 2012; Rahaghi et al., 2019a), and therefore 
should be taken into account when addressing climate 
warming scenarios (Calamita et al., 2021). Although 
wind-induced surface water temperature dynamics have 
been investigated (Kawai and Wada, 2007; Zappa et al., 
2019), the effect of surfactants on surface water tempera-
ture is less documented in oceanic studies (Marmorino 
and Smith, 2006), and apparently has never been investi-
gated in lakes. 

Surfactants are surface-active substances that can orig-
inate from phytoplankton metabolic byproducts (Ẑutić et 
al., 1981), marine bacterial activities (Kurata et al., 2016), 
zooplankton grazing (Kujawinski et al., 2002) and, in par-
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ticular for lakes, from terrestrial sources (Hunter and Liss, 
1981) introduced by rivers when the riverine inflow 
reaches the near-surface layer (Masse and Murthy, 1990; 
Soulignac et al., 2021). The accumulation of natural sur-
factants in the water surface microlayer attenuates small 
waves, thus creating smooth surface areas referred to as 
natural slicks (Liss and Duce, 1997; Gade et al., 2006). 
Slicks are significantly more enriched with particles and 
dissolved material compared to surrounding non-slick 
(rough) surfaces (Garabetian et al., 1993; Wurl et al., 
2016). Previous slick vs. non-slick area comparisons in 
oceans reported higher concentrations of surfactant-asso-
ciated bacteria (Kurata et al., 2016), larval fish and mi-
croplastics (Gove et al., 2019) inside the smooth surface 
layers. Chlorophyll has also been used as a surfactant 
proxy in estimates of surfactant activity (Tsai and Liu, 
2003) and its spatial distribution (De Santi et al., 2019). 

Under light to moderate wind conditions (<6 m s–1, McK-
inney et al., 2012), smooth surfactant-rich slicks and 
rough/rippled areas with low surfactant concentrations 
form distinct patches (Fig. 1) and are distributed on most 
water bodies (Romano, 1996; Engel et al., 2017). 

When surfactants exceed a critical concentration, they 
alter the surface boundary conditions by introducing non-
zero dilational viscoelasticity to the uppermost layer of 
the water (Frew, 1997). Dilational viscoelasticity links 
stress and strain at the air-water interface in response to a 
small expansion and compression of a surface area (Wat-
son et al., 1997). This affects near-surface hydrodynamics 
by thickening the water-side viscous sublayer (Tsai, 1996) 
and dampening Gravity Capillary Waves (GCW) (Alpers 
and Hühnerfuss, 1989), which can, in turn, modulate air-
water exchanges. Since slick surfaces are smooth com-
pared to those of rough non-slick areas, they can be 

Fig. 1. a) Aerial view of slick and non-slick areas on the surface of Lake Geneva (for location, see Fig. 2) recorded in April 2021 by a 
remotely-operated camera system (RGB) installed 195 m above the lake surface water and ~440 m away from the shore. This is a 
typical example of surface patterns frequently observed anywhere on the lake under stable atmospheric boundary layer conditions and 
low wind (solid-line arrows indicate direction and speed). Smooth slick and rough/rippled non-slick areas are easily distinguishable 
due to differences in the surface reflection; smooth slicks are more visible because of their increased specular light reflection. b) and c) 
Slick distribution under higher wind speed conditions (taken in March 2021). With increasing wind speed, slick areas decrease and 
eventually transform into streaks parallel to the wind. Dashed-line double arrows give length scales. Analysis of surface water samples 
during those two days showed higher organic matter enrichment inside slicks (data not shown).
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observed visually (Fig. 1), or by Synthetic Aperture Radar 
(SAR) inside convergent zones produced by internal 
waves (Alpers, 1985; Whitney et al., 2021), Langmuir cir-
culation (Marmorino et al., 2007), mesoscale and subme-
soscale eddies (Schuler and Lee, 2006; Karimova, 2012; 
McKinney et al., 2012), and coastal upwelling and fila-
ments (Dabuleviciene et al., 2018; Hamze-Ziabari et al., 
2022). These underlying hydrodynamic processes, along 
with the direct effect of wind, contribute to the formation, 
distribution, and disintegration of slick patterns. Such dy-
namics, however, have not been documented in lakes 

The effect of biogenic surfactants on near-surface hy-
drodynamics can also result in surface water temperature 
heterogeneity. In a laboratory experiment, Jarvis (1962) ob-
served changes in surface temperature by adding artificial 
surfactants to the water. The temperature shift was either 
caused by the barrier effect of the surfactant monolayer, 
preventing evaporation, or by the suppression of near-sur-
face turbulence (Bower and Saylor, 2011). The latter effect 
is predominant in natural environments, and biogenic sur-
factants typically do not show barrier-like behavior (Liss, 
1983). Frew et al. (2004) and Marmorino and Smith (2006) 
reported that slicks are slightly colder than the surrounding 
non-slick water in the ocean under unstable ABL conditions 
and surface cooling. Under strong solar radiation and low 
wind conditions, a thin warm near-surface layer develops 
in the water when solar heating exceeds heat loss from the 
water surface, and as a result, a Diurnal Warm Layer 
(DWL) (Price et al., 1986) or a diurnal thermocline (Im-
berger, 1985) is formed. Past slick field studies compared 
the surface water temperature to the bulk temperature (as-
sumed constant), measured well below the water surface 
(Marmorino and Smith, 2006). However, DWL formation 
and temperature gradients in the near-surface layer were 
not considered in their analyses.  

Air-water exchange dynamics are different under sta-
ble and unstable Atmospheric Boundary layer (ABL) 
(Kara et al., 2005; Mahrt and Hristov, 2017). Although 
near surface dynamics under stable ABL conditions have 
been studied in lakes during events (e.g., Yusup and Liu, 
2016; Rahaghi et al., 2019b), their potential differences 
in slick and non-slick areas under stable ABL and light 
wind conditions during DWL formation have not yet been 
reported. However, these differences can strongly affect 
air-water exchange. In Lake Geneva, it was shown that 
winds are light (<4 m s–1) 80 - 90% of the time during the 
stratification period (May to October; Lemmin and 
D’Adamo, 1996). Stable ABL conditions have been ob-
served to last for several months in spring and early sum-
mer (Rahaghi et al., 2019b; Lemmin, 2020), thus 
indicating that stable ABL, low wind conditions are im-
portant in the annual air-water exchange cycle.  

The present study, carried out in Lake Geneva, will 
therefore, for the first time in a lake, explore the effect of 

light wind and surfactants on the spatial variability of 
Lake Surface Water Temperature (LSWT) under stable 
ABL conditions. In a novel approach, high-resolution 
near-surface water temperature profiles were combined 
with surface temperature measurements and real-time 
monitoring of water surface roughness. The following 
questions are addressed: 

Can the ability of surfactants to form slicks and affect 
wind wave development influence the near-surface ther-
mal structure? If so, under what conditions? 

What is the potential relationship between LSWT vari-
ability and natural surfactants in the surface microlayer as 
a function of wind speed? Is there a wind speed threshold? 

What is the LSWT difference between smooth slicks 
and rough surface areas during DWL formation? What 
causes this difference? 

 
 

MATERIALS AND METHODS 

Study site 

In 2019, two field measurement campaigns were per-
formed on Lake Geneva (Local name: Lac Léman), a 
warm oligomictic perialpine lake situated between 
Switzerland and France at a mean altitude of 372 m. It is 
Western Europe’s largest lake with a length of 70 km, a 
maximum width of 14 km, a surface area of 582 km2, a 
volume of 89 km3, and a maximum depth of 309 m (Fig. 
2a). The surrounding mountainous topography strongly 
affects the wind field and, as a result, the shear stress dis-
tribution over the lake (Razmi et al., 2017; Rahaghi et al., 
2019a). In addition to the two strong dominant winds 
called Bise and Vent, fishermen have identified over 20 
local wind fields that often have low wind speeds and only 
act on parts of the lake surface. 

 
Measurement platforms for physical parameters 

Measurements were taken from a mobile, two-plat-
form system consisting of: (i) a 7-m long autonomous 
catamaran (called ZiviCat), and (ii) a 9-m3 balloon (called 
BLIMP) carrying an imaging package beneath it (Fig. 3). 
The ZiviCat is equipped with a set of in situ near-surface 
(down to 1.5 m) water temperature sensors (RBRsolo, ac-
curacy: 0.002°C, 1 Hz), a weather station (Airmar 200WX 
IPX7) installed at 3-m height, with motion-corrected out-
puts for wind speed, wind direction, and air temperature 
(0.66 Hz), a relative humidity sensor at 2.8-m height (1 
Hz), and an RGB Raspberry Pi camera at 1.2-m height 
that captures images of the lake surface in front of the 
ZiviCat for a qualitative measure of surface roughness. 
The sensor spar is located well forward of the catamaran 
to avoid hull disturbances. The ZiviCat also has position-
ing (RTK-GPS), stability (IMU), data recording, and com-
munication systems, which allow for real-time data 
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Fig. 2. a) Location and bathymetry of Lake Geneva, and the topography of the mountain ranges surrounding the lake, i.e., the Alps to 
the southeast and the Jura to the northwest. The magenta triangle shows the approximate field of view of the camera system in Fig. 1. 
The yellowish region along the lake’s northern shore represents the area where water sampling campaigns were conducted. The red 
square delimits the study area. The red X marks the meteo station Buchillon. b) Zoom of red square in (a) showing the catamaran 
ZiviCat track in the northern part of Lake Geneva near Lausanne on 18 April 2019. The red squares indicate the sites of the two episodes. 
c) and d) Zooms of the study sites in b). The four colored rectangles illustrate the geo-referenced spatial extent of the thermal snapshots 
in Figs. 6 and 7. The gray, magenta, blue, and green areas and the symbols along the tracks correspond, respectively, to panels c, d, e, 
and f of those figures. In all panels, colorbars indicate the time along the catamaran tracks. Black arrows in c) and d) show the direction 
of the catamaran movement. Red arrows give the mean wind direction during the Episodes.
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control, correction and analysis on the accompanying boat 
(Barry et al., 2019). 

The BLIMP is tethered to a winch on the accompany-
ing boat (Fig. 3). For the measurement campaign, the bal-
loon was positioned approximately 500 m above the lake 
surface, which resulted in a surface spatial resolution of 
0.8 m and an image width of about 400 m. The imaging 
package includes a FLIR Tau 2 Long-wave Infrared (IR) 
camera (7.5-13.5 µm spectral range, 640 × 512 pixel res-
olution, 14-bit digital output) and an RGB Raspberry Pi 
camera for visual inspection, as well as equipment for po-
sitioning (GPS), orientation, tilt angles, and communica-
tion with the boat (Liardon and Barry, 2017). BLIMP 
images were corrected for nonuniformity, i.e., spatial 
noise caused by different detector responses in the focal 

plane array (the core of an uncooled IR sensor), following 
a two-point calibrated-based method (Rahaghi et al., 
2019c), as well as temporal drift. The pretreated images 
were then radiometrically calibrated using the temperature 
measurements taken at 5-cm depth by the ZiviCat. De-
spite the correction, some residual errors can remain in 
the thermal images’ upper left and lower right corners 
(Figs. 6 and 7; Rahaghi et al., 2019c). Therefore, those 
regions should be interpreted with caution. The uncer-
tainty associated with emissivity variation due to surface 
roughness modulations is negligible with a low bias, since 
the incident angle (<10°) for image acquisition of the 
BLIMP package is low (Cheng et al., 2019; Zappa et al., 
2019). The mobile ZiviCat-BLIMP system allowed fol-
lowing water mass parcels in real time as they trans-

Fig. 3. Schematic of the mobile two-platform measurement system consisting of the 9-m3 balloon called BLIMP and the remotely op-
erated catamaran called ZiviCat. Data collected by the BLIMP and ZiviCat were transmitted to the accompanying boat, the Elodea, 
where they could be visualized in real time. The legend identifies the different sensors on the BLIMP and the ZiviCat.
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formed from smooth slicks areas to rough/rippled areas 
and vice versa. 

 
Field Campaign 1:                                                            

Surface water sampling and surfactant analysis 

In situ measurement of the viscoelastic modulus pro-
vides the most direct evidence for determining the slick’s 
ability to modulate wind-wave development and air-water 
exchanges (Watson et al., 1997). However, in previous 
ocean studies, slick and non-slick regions were usually clas-
sified by measuring a proxy for surfactant concentration in 
water samples. Simultaneous water sampling during the 
ZiviCat/BLIMP measurements was not possible due to the 
different strategies required for each campaign. Therefore, 
in order to establish a reliable database on surfactant dy-
namics, separate water sampling field missions were con-
ducted from 10:00 to 14:00 (local time) on 22 January, 15 
February, 21 March, and 17 July 2019 in an area off the 
lake’s northern shore (Fig. 2a). A meteo station (Buchillon 
mast; red X in Fig. 2a) near the sampling sites recorded no 

clouds and the following wind speeds on these four days: 
1.53±0.45, 1.3±0.35, 3±0.55, 1.8±0.35 m s–1, respectively. 
The maximum solar radiation increased from 480 W m–2  in 
January to 980 W m–2 in July, while atmospheric stability 
changed from unstable to stable. Surface water samples 
were taken from visually-identified areas of smooth and 
surrounding rippled water. Such surface roughness patterns 
are typically generated in Lake Geneva under low wind 
conditions (e.g., Fig. 1), and can form anywhere on the lake. 
The glass-plate method was used to collect the uppermost 
20-150 µm of the surface (Cunliffe et al., 2013) as well as 
hand-dipping to sample bulk water (20 cm below the sur-
face) following standard procedures (Cunliffe and Wurl, 
2014). The samples were brought back to the laboratory for 
further analysis, usually performed on the same day. 

The enrichment of Fluorescent Dissolved Organic 
Matter (FDOM) was chosen as a proxy for biogenic sur-
factants (Frew et al., 2002; Salter, 2010). Samples were 
analyzed in a Fluorescence Spectrometer (Perkin Elmer) 
that provided an Excitation Emission Matrix (EEM) for 
each sample (Fig. 4a). The EEM was constructed by as-

Fig. 4. a) The integration of the three components (peaks) P1, P2, and P3 identified with PARAFAC analysis. On the plot, the dominant 
peaks in each sample (obtained prior to PARAFAC analysis) are displayed as red dots, with black ellipses grouping them into three cat-
egories based on Murphy et al. (2008). b) Box plot of the FDOM enrichment factor for components P1, P2, and P3 observed in the 
EEM matrix. Red/blue boxes show the interquartile range (25-75%) for Non-slick (NS) and Slick (S) areas, respectively, and tails 
(dashed lines) indicate the 1-99 percentile range. Heavy black lines in the boxes are the medians. 
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sembling emission spectra (250-600 nm) within a range 
of excitation wavelengths (250-550 nm). Since different 
organic materials fluoresce differently, one or several 
peaks (components) can appear in the EEM. To determine 
the location of peaks (emission/excitation wavelength) 
and the contribution of each sample to that peak, parallel 
factor analysis was applied (PARAFAC, see Stedmon and 
Bro, 2008) to the EEMs of all samples (Fig. 4b). 

Following Frew et al. (2002), the component close to 
450 nm (emission) was selected to compute the Enrich-
ment Factor (EF) for each sample set (surface and bulk). 
However, other peaks (components) appeared in the 
EEMs. The EF is calculated as the ratio of surface fluo-
rescence intensity to the bulk values, which is propor-
tional to the EF of surfactant activity (Salter, 2010). A 
permutation test was performed to compare the samples 
from slick and non-slick areas (Gove et al., 2019) in order 
to estimate the probability that the mean enrichment factor 
of FDOM inside a slick (EFi) is larger than that in the am-
bient water (EFo), i.e., P(EFi >EFo). To compute this prob-
ability, we first permutated the labels (slick or non-slick) 
randomly for all samples, then recalculated the test statis-
tic (EFi - EFo). After sufficient permutations (e.g., 10,000), 
an approximate distribution of the test statistic can be ob-
tained. The p-value was then calculated, which is the 
probability of getting a larger difference of mean EFs than 
the difference in the original data. 

 
Field Campaign 2:                                                            

LSWT patterns and near-surface stratification 

The ZiviCat/BLIMP measurements were made on 18 
April 2019 in the daytime under high solar radiation (max-
imum above 700 W m–2) and low-wind conditions (<2.5 m 
s–1) during the early stages of the seasonal stratification pe-
riod. Vigorous biological activity occurs (CIPEL, 2019), 
and high solar radiation creates a warm layer below the air-
water interface (Fairall et al., 1996). Measurements were 
taken more than 1.5 km from the northern shore of the lake 
(Fig. 2b). During the measurement period, there were sev-
eral short (20 min) and very short (2 min) events when the 
wind speed exceeded 1.5 m s–1. The BLIMP imaging pack-
age simultaneously captured the corresponding develop-
ment of thermal water surface patterns on a larger scale. 

The transient and random nature of the contrast be-
tween smooth slicks and rippled surface areas was cap-
tured by the contrast in the BLIMP images. During the 
measurement campaigns, we located potentially interest-
ing measurement areas using the infrared imagery from 
the BLIMP and RBG images from the ZiviCat, as well as 
by direct visual inspection of the state of the water surface 
from the accompanying boat. The ZiviCat was moved to 
these areas via remote control. The irregular ZiviCat 
tracks observed in the images (Fig. 2b, Fig. 6, Fig. 7) re-
flect this strategy. 

RESULTS 

Surfactants in the surface microlayer 

Twenty-eight water sample sets were selected (surface 
and bulk) and separated into two groups: those coming 
from slick areas and those from non-slick areas. The en-
richment factor was usually >1 for the smooth slicks and 
rippled non-slick areas (Fig. 4b, Salter, 2010). The p-value 
associated with the permutation test, which corresponds 
to the Excitation Emission Matrix (EEM) component 
close to 450 nm, was 0.022. This maximum, labeled P1 
in Fig. 4, corresponds to classic “A” peak regions identi-
fied by Coble (1996), representing terrestrial humic sub-
stances (Murphy et al., 2008). Similar results were 
obtained by analyzing the remaining Fluorescent Dis-
solved Organic Matter (FDOM) peaks (P2, P3; Fig. 4). 
Note that the dominant peak can be different for each 
sample set. For P1, the boxes for the slick and non-slick 
areas are clearly separate (higher p-value), whereas at P2 
and P3 they overlap, and median values are no longer dis-
tinct. From the results, a systematic spatial variability of 
FDOM between smooth slicks and rough non-slick areas 
is evident, with wider scatter in the slicks (Fig. 4b). For 
all three peaks, the interquartile range of the slick areas is 
significantly larger than that of the non-slick areas. 

 
Air-water boundary layer 

On 18 April 2019, incoming solar radiation, measured 
by a radiometer on the stationary platform LéXPLORE 
(Wüest et al., 2021), located ~6 km away from our study 
site, increased steadily throughout the morning (Fig. 5a). 
To calculate the heat budget, surface heat flux terms were 
determined based on the in situ ZiviCat data and the meas-
ured incoming solar radiation. The heat budget in Fig. 5a 
is composed of solar short-wave radiation (Qsw↓) and sur-
face cooling which is calculated as: 
 
Qcooling

 = Qlw↑ – Qlw↓ + Qlat + Qsen                                   (1) 
 
where Qlw↑ is outgoing long-wave radiation, Qlw↓ is incom-
ing long-wave radiation, Qlat is latent heat flux and Qsen is 
sensible heat flux. We selected bulk models for the heat 
budget analysis (Tab. 1) based on a multi-annual two-point 
calibration for Lake Geneva (Rahaghi et al., 2018). For 
roughness lengths and incoming long-wave radiation cal-
culations, calibrated values for Lake Geneva were applied 
(Rahaghi et al., 2018). For incoming radiation, the cloud 
cover fraction (C) was determined as C = 1 – s, where s is 
the ratio of the measured short-wave radiation to clear-sky 
short-wave radiation, which was calculated following 
Crawford and Duchon (1999) based on the methods of 
Meyers and Dale (1983). The latent and sensible heat fluxes 
were calculated using the Monin-Obukhov similarity the-
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ory and empirical relationships by estimating turbulent sta-
bility functions and roughness lengths for wind, tempera-
ture and humidity (Zeng et al., 1998; Rahaghi et al., 2018). 
The atmospheric stability parameter was calculated as ζ = 
z/LMO = 0.93, where z is the measurement height for wind 

speed, and LMO is the air-side Monin-Obukhov length ob-
tained from averaged values during the entire measurement 
period; the Monin-Obukhov length will be discussed in the 
Discussion section. During the measurement period, short-
wave radiation clearly dominated the surface heat budget, 

Fig. 5. Surface energy budget and observed in situ parameters on 18 April 2019. a) Incoming short-wave radiation (red) is compared to 
surface cooling (blue) due to long-wave radiation, sensible and latent heat fluxes. The diurnal variation in short-wave radiation was 
measured, whereas the cooling terms were calculated based on the observed parameters from 11:20 to 15:20 (local time). Outside this 
observation period, shortwave radiation is shown in light red. The absorption fractions of incoming short-wave radiation for different 
layers in the water are given at 14:30; the legend indicates the depth ranges. b) Time series of wind speed (top panel; m s–1) and air tem-
perature and near-surface water temperature (bottom panel; °C) from 11:20 to 15:20. The temperature data were smoothed using a 2-
min moving average. Yellow shaded bands mark Episodes 1 and 2, respectively. Wind speeds above and below 1.5 m s–1 are indicated 
in red and blue, respectively. The legend for temperature gives the water depth of the sensor.
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with surface cooling having a negligible effect under such 
low-wind conditions. Water surface temperatures were 
clearly below the air temperature (Fig. 5b). Due to the re-
sulting downward heat flux, the near-surface water temper-
ature increased (Fig. 5b) at all levels in the near-surface 
water column during the measurement period. The absorp-
tion profile of the incoming shortwave radiation in the 
water was estimated as: 

                                    

(2)

 
where n is the number of wavelength bands, Fi are the 
fractions of solar energy in each band, and kdi are the cor-
responding attenuation coefficients. We estimate Qsw↓(z) 
= f (z) Qsw↓ (0) as the amount of solar radiation absorbed 
down to depth z; for Qsw↓ (0), see Tab. 1. For ultraviolet 

and infrared bands, we used the attenuation coefficients 
provided by Olesen and Maberly (2001) and Jellison and 
Melack (1993), respectively, as summarized in Woolway 
et al. (2015). Visible light, accounting for less than half 
(Fi = 0.42) of incoming solar radiation (Gueymard et al., 
2002), can penetrate into deeper layers. As a result, its at-
tenuation coefficient depends on the transparency of near-
surface water. This data was not available for our field 
campaign; instead, hyperspectral underwater irradiance 
measurements made with an autonomous profiler 
(Minaudo et al., 2021) the following year during the same 
period at the LéXPLORE platform were used to estimate 
kdvisible. In the second half of April 2020, the weighted av-
erage of spectral attenuation coefficients was calculated 
as ͞kd = 0.45 ± 0.05 m–1, and was implemented in the cal-
culations (Fig. 5a). Most of the solar radiation was ab-

Tab. 1. Bulk models for radiative, sensible, and latent heat fluxes. The calibrated values for Lake Geneva are indicated by coefficients 
Ci. Details are given in Rahaghi et al. (2018).  

Surface heat flux                                                                                   Formula                                                                            Reference 

Incoming shortwave radiation                                                                                                                                         Cogley (1979); Fink et al. (2014) 

 

 
 
 
 
 
 

Incoming longwave radiation                                                                                                                                                        Brutsaert (1975) 

 

 
 
 
 
 
 

Outgoing longwave radiation                                                                                                                                                                    - 

 

Sensible and latent heat flux                                                                                                                                                Monin and Obukhov (1954) 
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sorbed in the layer closest to the surface (Fig. 5a), where 
the temperature increase was strongest. 

Two episodes of different wind conditions were inves-
tigated in detail (yellow shaded bands in Fig. 5b), here-
inafter called Episode 1 and Episode 2. 

 
Episode 1: Wind speed mostly above 1.5 m s–1 

During Episode 1, the ZiviCat moved continuously 
along the track shown in Fig. 2c. The wind speed first pro-
gressively increased and then remained just above 1.5 m s–

1 (Fig. 6a). The wind direction remained nearly constant 
(onshore winds; Fig. 2c). The air temperature was higher 
than the LSWT (Fig. 6b). In the early stage, LSWT spatial 
gradients were relatively small, the near-surface water layer 
was strongly stratified, and there were only low amplitude 
swells on the surface (Fig. 6b, c). As the wind continued to 
blow, slick/non-slick patterns appeared on the water sur-
face. Surface and near-surface conditions hardly changed 
while the ZiviCat operated inside the slick (Fig. 6d). Tracks 
of the ZiviCat and the boat movements, which disturbed 
the stratification and caused upwelling of colder water to 
the surface, are clearly visible. When a sharp front between 
the slick and a larger cold area appeared in the BLIMP ther-
mal images, we navigated the ZiviCat towards that front 
(thermal contrast of up to 2°C). This thermal front coin-
cided with a surface roughness gradient, i.e., a slick/non-
slick boundary. Fig. 6e shows where the ZiviCat just passed 
the front and entered the cold area. The very rapid drop in 
LSWT and near-surface water temperatures is evident in 
the thermal image (Fig. 6e) and the temperature time series 
(Fig. 6b), respectively. Simultaneously, small well-devel-
oped sharp-crested GCW appeared in the RGB image as 
the Zivicat entered the non-slick area (Fig. 6e). In the last 
panel (Fig. 6f), the ZiviCat was entirely inside the cold/rip-
pled area. The GCW were well-developed, and the stratifi-
cation in the upper 25 cm of the water column had 
disappeared, with temperatures in that layer below those in 
the warm slick (Fig. 6b, c).  

The thermal images in this sequence also show the 
rapid time evolution of surface water temperature in re-
sponse to forcing by steady winds exceeding the 1.5 m s–

1 threshold. In the upper right and lower left sectors of the 
thermal images, large areas of colder water progressively 
expanded (Fig. 6d-f). At the same time, in the upper right 
sector, within the large warm slick, many small “islands” 
of colder water appeared almost simultaneously. They 
stretched in the wind direction and continuously increased 
in size and number within minutes (Fig. 6e, f).  

 
Episode 2: Wind speed mostly below 1.5 m s–1 

After ~12:25, the wind speed remained low for 1.5 h, 
rarely exceeding the threshold of 1.5 m s–1, and surface 
heating by solar radiation continued (Fig. 5). The second 

episode of interest occurred at ~13:50 when wind speed 
exceeded 1.5 m s–1 during two short intervals (each about 
2 min) (Fig. 7a). The wind direction remained nearly con-
stant (off shore winds; Fig. 2d). The ZiviCat continuously 
moved along the track indicated in Fig. 2d. 

The time evolution of surface roughness, LSWT, and 
wind data during Episode 2 is shown in Fig. 7c-f. LSWT 
was almost uniform in the center of Fig. 7c, even though 
GCW started to form. Two brief periods of wind speeds 
>1.5 m s–1 generated wind-induced small ripples on the 
water surface, as seen in the RGB images (Fig. 7c, d). 
However, the GCW appear not to be as sharp-crested as 
in Fig. 6f. There was a stronger near-surface stratification 
compared to Episode 1 (Fig. 7b) due to continued strong 
solar radiation and low wind speed. 

The ZiviCat then entered a cooler patch (Fig. 7d), 
where GCW had further developed and surface tempera-
tures had dropped slightly (<1°C, Fig. 7b, d). However, 
unlike in Episode 1, in terms of both duration and wind 
speed, wind forcing was not enough to break up the near-
surface stratification. LSWT patterns can be seen on the 
surface but with weaker temperature gradients than in 
Episode 1. Thereafter, the ZiviCat advanced into progres-
sively warmer surface patches (Fig. 7e, f) and stratifica-
tion returned to similar values as in Fig. 7c, with higher 
fluctuations due to the passing of a packet of what appears 
to be long waves generated by a passing boat (Fig. 7f). 

Even after wind speeds decreased below 1.5 m s–1, 
cooler patches are visible in the thermal images in Fig. 
7d-f. Real-time monitoring of surface roughness and sur-
face water temperature indicated that even though wind-
induced GCW had disappeared rapidly (RGB images in 
Fig. 7e, f), the associated heterogeneity in the LSWT con-
tinued to develop and change in shape; however, at a 
much slower rate and with much smaller horizontal gra-
dients than in Episode 1 (Fig. 6). A noteworthy feature at 
the top of the thermal images of Fig. 7e, f is the formation 
of long, streak-like warm structures aligned with the wind. 

 
 

DISCUSSION 

Our measurements were carried out under stable ABL 
conditions when a strong Diurnal Warm Layer (DWL) 
had formed near the surface, winds were light and heat 
flux was into the lake. Above a wind threshold of ~1.5 m 
s–1, smooth surface slick/rough surface non-slick patterns 
appeared on the surface, causing well-developed Gravi-
tational Capillary Waves (GCW) in the rough surface 
areas. The LSWT in these rough patches was up to 1.5°C 
cooler than in the surrounding smooth surface slicks with 
sharp temperature gradients between the two. DWL strat-
ification disappeared in the near-surface layer of the rough 
patches. This led to a rapid spatial redistribution of LSWT 
patterns with strong horizontal thermal contrasts. Our data 
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Fig. 6. Surface temperature and roughness evolution during Episode 1 with wind speed >1.5 m s–1. a). Wind history and Relative Hu-
midity (RH; green line) during this time window. b) Time series of the near-surface water temperatures at different depths and air tem-
perature at 3-m height between 12:10 and 12:20 (local time). Two sharp temperature drops at ~12:12 and 12:13, indicated by the lighter 
colored segments, occurred when the ZiviCat traversed boat tracks, which had caused upwelling of cold water. c)-f) Four snapshots at 
different times are marked by vertical bars in a) and b). Each panel consists of (clockwise): (i) a thermal image taken by the BLIMP 
(top; the ZiviCat and the accompanying boat are marked with letters Z and B, respectively; the colorbar indicates water temperature in 
°C), (ii) a ZiviCat RGB camera image of the lake surface (bottom right), with near- and far-field distance scales of 1.2 and 4.5 m (Gerum 
et al., 2019), respectively, and (iii) a wind rose diagram showing the wind magnitude and direction (bottom left). Wind data present 
one-min averages. The North on the rose diagram is aligned with the North in the IR images, and thus, the wind direction can be super-
imposed onto the thermal images. The tracks of the ZiviCat (Z) and the boat (B) in the thermal images are caused by upwelling of 
colder water (propellers at ~30-cm and ~50-cm depth, respectively). In each thermal image, the ZiviCat trajectory from one image to 
the next is approximated by a red dash-lined arrow. Colder upper left and lower right corners of the thermal images are artifacts (Rahaghi 
et al., 2019c).
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indicate that there was a higher surfactant concentration 
in smooth slicks than in rough surface areas. In the fol-
lowing, we will further describe the nature of the surfac-
tant material and discuss how the interplay of surfactants, 
low wind, DWL formation, and GCW development af-
fects the dynamics of the near-surface layer.  

Natural surfactants  

In oceanic studies, it has been shown that slicks have 
higher surfactant concentrations (Wurl et al., 2016). How-
ever, such a study has not been carried out in a lake be-
fore. To investigate the surfactant distribution in smooth 
and rough areas, water samples were collected at the sur-

Fig. 7. Surface temperature and roughness evolution during Episode 2 at low wind speed. See the caption of Fig. 6 for details. The 
whitish-grayish shades on the water surface in the RGB images in e) and f) are cloud reflections on the mirror-like water surface. Black 
arrows in the thermal images point at long streak-like features.
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face and the near-surface water layer of Lake Geneva 
when winds were above the threshold speed of 1.5 m s–1. 
The samples were analyzed for the presence of surfac-
tants. The analysis revealed that three peaks (P) frequently 
appeared in the Excitation Emission Matrix (EEM) (Fig. 
4a). The study by Salter (2010) showed that the enrich-
ment factors derived from these peaks strongly correlate 
with the EF of surfactant activity in an estuarine region 
during different seasons. Peak P1 corresponds to terres-
trial humic substances, whereas components P2 and P3 
are linked to marine and terrestrial humic materials (Mur-
phy et al., 2008) and tryptophan-like components (Wolf-
beis, 1985), respectively. However, neither of these two 
substances shows as distinct a difference in EEM concen-
tration between slick and non-slick areas as peak P1 does. 
Although the chemical composition of slicks can vary sig-
nificantly spatiotemporally (Frew et al., 2006), our results 
suggest that the Surface Micro Layer in general, and 
slicks, in particular, are more likely to be enriched by al-
lochthonous production rather than by autochthonous ac-
tivities (Salter, 2010), as would be expected in inland 
waters (Hunter and Liss, 1981). Further extensive sam-
pling campaigns are required to map the SML composi-
tion in Lake Geneva in more detail. 

The surfactant analysis of 28 water sample sets col-
lected on four different days established that there is a sig-
nificant difference in surfactant concentration between 
smooth slicks and rough non-slick areas, with concentra-
tions in slicks being much higher, in agreement with ob-
servations in the ocean (Wurl et al., 2016). The larger 
interquartile range in the slick areas (Fig. 4c) indicates 
higher variability in enrichment, suggesting that the thick-
ness and characteristics of the surface surfactant film 
varies more within slicks than in rough surface areas. This 
can affect solar radiation penetration and lead to LSWT 
variability within warm slicks, as observed in Figs. 6 and 
7. It can also affect the slick response to wind forcing by 
modifying dilatational viscoelasticity in the uppermost 
layer of the water (Frew, 1997). Thinner surfactant layers 
may break up more easily under wind forcing and open 
up rough non-slick areas within slicks (Fig. 6f). Previous 
studies in the ocean also observed a wider interquartile 
range inside slicks (Wurl et al., 2016). During our water 
sampling campaigns, direct visual observations of the lake 
surface confirmed that smooth surfaces can be associated 
with surfactant-enriched slicks. Thus, the results of the 
surfactant study allow us to interpret the observed surface 
roughness in the RGB lake surface images taken by the 
ZiviCat on 18 April 2019 (Figs. 6, 7) in terms of surfactant 
concentration. 

 
Diurnal Warm Layer (DWL)  

The meteorological conditions on 18 April 2019 were 
characterized by weak winds and a significant input of 

solar radiation into the upper layer of the lake (Fig. 5a). 
For the surface heat flux, incoming solar radiation sub-
stantially exceeds cooling (Eq. (1), Fig. 5a). This situation 
leads to the formation of a Diurnal Warm Layer (DWL) 
(Price et al., 1986). Under calm conditions (wind speed 
below 1.5 m s–1) and intense incoming shortwave radia-
tion (clear skies), DWL amplitudes in tropical oceans and 
lakes may reach up to several degrees (Ward, 2006; Au-
gusto-Silva et al., 2019; Bartosiewicz et al., 2019; Mac-
Intyre et al., 2021a) confined to a shallow surface layer 
(O(1 m)) at around midday (Gentemann et al., 2009). If 
wind speed increases slightly, the development of GCW 
and the resulting surface mixing contribute to a rapid and 
strong reduction in diurnal warming amplitude (Gente-
mann and Minnett, 2008). 

During Field Campaign 2, the development of a DWL 
was confirmed from the analysis of the heat flux terms 
(Fig. 5a). As a typical example, the absorption fractions 
of incoming short-wave radiation in different layers of the 
water column were calculated for light-wind conditions 
at ~14:30 using attenuation coefficients from Woolway et 
al. (2015) (Fig. 5a) for infrared and ultraviolet bands and 
the estimated kd for Lake Geneva for the visible range. 
Nearly 75% of short-wave radiation is absorbed in the up-
permost 1.5 m of the water column, and a large part of 
that in the uppermost 5 cm. Since heat absorption in this 
5-cm layer is significantly greater than surface cooling, 
an intense, stable near-surface stratification develops. Al-
though the rise in LSWT can potentially enhance surface 
cooling by increasing outgoing longwave radiation and 
latent heat flux (Rahaghi et al., 2019a), the persistent, in-
tense solar radiation maintains the near-surface water 
stratification. These high-resolution stratification profile 
measurements in the near-surface layer, which allowed 
quantification of the DWL development, are the first-ever 
taken in a slick study. In previous oceanic studies, water 
surface temperatures were compared only to one temper-
ature measured deeper in the water column (Marmorino 
and Smith, 2006). The surface heat budget analysis in Fig. 
5 suggests that DWL formation began earlier in the morn-
ing. However, the meteorological parameters needed to 
assess surface cooling were not available before 11:20. 

 

Threshold wind speed  

One of the objectives of this study was to investigate 
the effect of increasing wind speed on slick formation and 
on the dynamics of the diurnal warm layer. An analysis 
of all the data collected on 18 April 2019 reveals that 
whenever the wind speed exceeded a threshold, the near-
surface stratification was altered, and patches of GCW 
were produced, causing mixing. Based on the ZiviCat 
weather station data measured 3 m above the water sur-
face, we compared the results of Episodes 1 and 2 (re-
spectively, Fig. 6 and Fig. 7) and determined a threshold 
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value of U ≈ 1.5 m s–1, above which GCW start to grow. 
This value is close to the range (1.6 to 1.8 m s–1) observed 
in a laboratory study (Donelan and Plant, 2009). Gente-
mann and Minnett (2008) reported that the DWL devel-
opment in the ocean significantly changes when wind 
speed exceeds 1.5 m s–1. The threshold also depends on 
wind gustiness and fetch, ABL stability, water tempera-
ture, and surface film concentration. Note that when this 
threshold wind speed was exceeded, the lake surface be-
came patchy. However, warm patches (slicks) with no 
GCW still covered a significant part of the lake surface 
(Fig. 6). When winds blow above the threshold wind 
speed for extended periods, the area covered by smooth 
slicks becomes progressively smaller (Fig. 1). 

 

Wave height estimate 

The non-slick area (Fig. 6f) is characterized by sharp-
crested and well-developed GCW. GCW wave height can 
be estimated during Episode 1 based on significant wave 
height parameterization (Taylor and Yelland, 2001; Wang 
et al., 2017): 
 
Hs = 0.018U1

2
0n  (1 + 0.015U10n)                                     (3) 

 
where Hs is significant wave height, and U10n is 10-m 
height neutral wind speed. Using the same parameteriza-
tion scheme as for calculating the heat budget (averaged 
meteorological measurements over the first episode), we 
estimated a wave height Hs ≈ 4.4 cm. Although the above 
equation was derived mainly for higher wind speeds, the 
resulting wave height is in the range of wave height esti-
mates obtained from ZiviCat RGB images in Fig. 6f and 
visual inspection of the lake surface in the non-slick areas. 

 

Episode 1:  

Wind speed above the 1.5 m s–1 threshold 

In Episode 1, the most striking feature of the LSWT 
field was the sharp drop in stratification when moving 
from a slick to a non-slick area (Fig. 6e). Using one-min 
averaged temperature data from the uppermost 25 cm of 
the water column, the buoyancy frequency (N) can be es-
timated. Just before entering the rough rippled area (at 
~12:16), a value of N = 9.21×10–3 s–1 (~33 cycles per hour)  
was found. Stratification of this intensity is comparable 
to previous measurements in lakes under surface heating 
and low wind conditions (Augusto-Silva et al., 2019; Bar-
tosiewicz et al., 2019). In the non-slick area (at ~12:18), 
the buoyancy frequency dropped to less than one cycle 
per hour. The strong horizontal LSWT gradient (1.5°C in 
10 m; estimated by combining temperature data in Fig. 6b 
and ZiviCat speed) between ~12:16 and ~12:17 can be 
explained by a sequence of two processes: (i) preferential 
absorption of shortwave solar radiation in the water col-

umn causes significant temperature gradients in a very 
thin layer below the surface, as discussed above (Fig. 5a), 
and (ii) air-water momentum exchange increases substan-
tially as GCW form due to the potentially significant con-
tribution of the wave-form drag in momentum transfer 
compared to the background tangential skin friction (Ban-
ner and Peirson, 1998).  

Frew (1997) reported that surface film-induced non-
zero viscoelasticity can modify this surface exchange by 
dampening small waves or by changing the near-surface 
turbulence. Here, the observed effect of surfactant con-
centration is mostly associated with the former. Within 
slicks, wind-wave formation and growth are suppressed 
(most likely due to higher surfactant concentrations; Fig. 
4b), resulting in the absence of wave-induced mixing, 
which causes less efficient near-surface mixing than in 
non-slick areas. In particular, under low wind conditions, 
turbulence production by wave-induced motions exceeds 
that resulting from wind-driven shear (Savelyev et al., 
2020). The enhanced wave-induced mixing in non-slick 
regions can partly be attributed to the generation of small-
scale (centimeter-scale) Langmuir circulation at the onset 
of wind-wave development (Veron and Melville, 2001; 
Tejada-Martínez et al., 2020). In their laboratory experi-
ments, Veron and Melville (2001) demonstrated that 
adding surfactants prevents wave formation and thus the 
generation of this small-scale circulation. The total wind 
stress increases as the wave field develops outside the 
slicks (Banner and Peirson, 1998). This effect can be seen 
as reduced wind drag (Shen et al., 2019; Vanderplow et 
al., 2020), and smaller stress exerted by the airflow (Bene-
tazzo et al., 2019) inside slicks. Therefore, slicks can be 
expected to remain warmer than non-slick areas under 
strong solar radiation and low wind conditions. As a re-
sult, slicks can alter the dynamics of the air-water inter-
face, causing spatial variability of LSWT between slicks 
and non-slick areas.  

During Episode 1, a rapid transition from the warm 
stratified slick to a cold non-stratified non-slick area takes 
place over a distance of less than 10 m, as is evident from 
the destratification of the upper 25 cm of the water col-
umn and a more than 1.5°C drop in the subskin tempera-
ture (Fig. 6b). The Monin-Obukhov length scale (LMO) 
illustrates the balance between stabilizing buoyancy 
forces and Turbulent Kinetic Energy (TKE) produced by 
wind-induced mixing (u*,water) under horizontally homo-
geneous and stationary conditions and ignoring shear- or 
wave-driven turbulence (Thompson et al., 2019). This 
scaling is given by: 
 

                                                             
(4) 

where κ = 0.41 is the von Karman constant and B is the 
effective buoyancy flux. Tab. 2 lists the parameters used 
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to calculate LMO together with their associated definitions. 
Following the methods outlined in the heat budget analy-
sis (Fig. 5a), correcting for stability of the atmospheric 
boundary layer and measurement height, and using 5-min 
averaged data, LMO was estimated as ~5 cm for the non-
slick area in Episode 1. This small LMO value is the result 
of a large B (Fig. 5) and a weak u*,water value. However, 
this estimate should be interpreted with caution, because 
the assumptions of horizontal homogeneity and stationary 
conditions may not be satisfied in the present case due to 
the observed patchiness (Figs. 6, 7) which can affect B 
and u*,water. Small ratios between LMO and the actively mix-
ing layer depth (~ 25 cm in the non-slick area in Episode 
1; Figure 6b), previously observed (Augusto-Silva et al., 
2019; MacIntyre et al., 2021a), imply that wind-induced 
shear dominates turbulence production only in shallow 
surface layers. On the other hand, wave-induced mixing 
can contribute significantly to TKE production even under 
non-breaking surface waves (Qiao et al., 2016; Savelyev 
et al., 2020). 

Therefore, we investigated the mixing time that can 
be estimated from wave-induced turbulence production 
in the near-surface layer. Dai et al. (2010) determined the 
water-side eddy diffusivity induced by low amplitude me-
chanically-generated non-breaking surface waves. In their 
laboratory experiment, a wave amplitude of 1.5 cm gen-
erated a turbulent diffusivity Kz of O (10–4 m2 s–1) in the 
near-surface layer. Applying this diffusivity to the present 
case, a time scale (h2

m ix/Kz) of ~10 min is obtained. Dai et 
al. (2010) also reported that with increasing wave ampli-
tude, this time scale rapidly decreases while the mixing 
rate and the mixing depth increase. Consequently, the ac-
tual time in Episode 1 would be shorter since wave am-
plitudes are greater, which is also evident from the LSWT 
time evolution in Fig. 6c-f. Babanin and Haus (2009) 
measured turbulent dissipation below similar non-break-
ing laboratory waves. They observed that although turbu-
lence was highly intermittent in space and time, turbulent 
dissipation rates reached values comparable to those re-
ported under breaking waves. They indicated that the tur-
bulent dissipation rate is very sensitive to wave amplitude, 
since it increases with the third power of wave amplitude. 

The above estimates suggest that the strong and rapid 
mixing in the rough non-slick areas observed in our study, 
is predominately produced by the presence of GCW and 
that wind stress-induced TKE in the near surface layer, 
estimated by LMO, only makes a minor contribution. Fur-
thermore, under stable ABL and low wind conditions, the 
drag coefficient is considerably smaller than in neutral 
and unstable cases (Smith, 1988; Kara et al., 2005). This 
results in low u*,water and wind-induced TKE levels, thus 
underscoring the importance of wave-induced mixing 
under these conditions. 

Given the above timescale, it can be expected that the 
water surface layer in the non-slick area reaches quasi-
equilibrium within minutes after the wind speed threshold 
is exceeded, and surface waves are formed. The relatively 
constant LSWT observed in the non-slick region (12:17 
to ~12:25) during the period when the wind speed was 
above the threshold further supports this. The results con-
firm that the diurnal warming amplitude rapidly changes 
in response to slight variations in wind speed when GCW 
develop in the absence of surfactants and cause near-sur-
face mixing (Gentemann and Minnett, 2008). The time 
evolution of the thermal contrast between slick and non-
slick areas (Fig. 6d-f) that appeared shortly after the wind 
speed exceeded the threshold illustrates that, at low wind 
speeds, the near-surface layer is particularly sensitive to 
wind speed changes. 

The scenario described above for Episode 1 in Lake 
Geneva is different from previous observations in the 
ocean that reported slightly colder (<0.5°C) surface tem-
peratures in slicks (e.g., Frew et al., 2004, Marmorino and 
Smith, 2006 and references given therein). Those ocean 
measurements were carried out under upward heat fluxes 
and thus unstable ABL conditions, whereas our measure-
ments were taken under stable conditions (ζ = 0.93) and 
net surface warming (Fig. 5a), which is typical for the 
spring period over Lake Geneva (Rahaghi et al., 2019b). 
The difference between our measurements and those car-
ried out in the ocean illustrate two mechanisms through 
which slicks can affect the surface water temperature: In 
the ocean studies, the reduction of temperature in slicks 
was associated with the surfactants’ ability to suppress 
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Tab. 2. Parameters used for the water-side Monin-Obukhov length scale and mixing time scale calculations. 

Parameter                                                                                              Definition                                                                     Computed value 

u*,water                                                                                                                                                                                                0.0014 [m s–1] 

 
 

B                                                                                                                                                                                                  1.45 × 10–7 [m2  s–3] 

 

(a)The air-side friction velocity is calculated following Zeng et al. (1998), accounting for atmospheric boundary layer stability and measurement height; 
(b)The effective heat flux considers only that amount of shortwave radiation (mainly in the visible part) that heats the actively mixing layer (estimated to be 
25 cm based on thermistor measurements, Fig. 6b; Imberger, 1985; Thompson et al., 2019). The remaining terms in the surface heat budget are not affected.

Q *
Net 

(b)
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convective motions close to the surface by thickening the 
water-side viscous sublayer (Bower and Saylor, 2011). 
Therefore, cooled surface water could not be exchanged 
efficiently with warmer sub-surface water. In the present 
study, however, under net surface warming, the slick vs. 
non-slick temperature difference changed both in sign and 
intensity. Furthermore, surfactants inhibited mixing in 
slicks by suppressing the wind-wave formation and damp-
ening short GCW amplitudes. Thus, the elevated surface 
water temperature due to the DWL effect was maintained, 
at least temporarily, inside slicks. This finding indicates 
that the impact of slicks on surface water temperature de-
pends on: (i) the direction of air-water heat transfer, (ii) 
the intensity and duration of solar radiation and wind forc-
ing, (iii) characteristics of the GCW field, and (iv) the type 
of the material inside slicks, as well as the presence of bi-
ological activity (Wurl et al., 2018). 

The thermal images in Fig. 6, particularly those captured 
at the later stages of LSWT development with winds above 
the 1.5 m s–1 threshold, showed sequentially arranged warm 
and cold patches, elongated in the wind direction. The elon-
gation of all surface patches in the wind direction suggests 
that wind shear is the driving force in these dynamics. In 
particular, one can identify multiple islands of cold water 
that develop simultaneously over a large area inside a large 
warm slick (right-hand side of Fig. 6f). All these features 
rapidly evolve in time, with cold surface areas overall in-
creasing in size. The LSWTs in these cold areas are compa-
rable to those measured with the ZiviCat (Fig. 6f), 
suggesting that they can be characterized by well-developed 
GCW and a near-surface destratification. Thus, air-water ex-
change processes can be expected to change strongly and 
rapidly with time and space, even under light winds. Con-
sidering the larger interquartile range observed in the slick 
areas (Fig. 4c), it is likely that the observed simultaneous 
development of these islands of cold water was mainly due 
to the spatial heterogeneity in the thickness or composition 
of surfactant enrichment rather than to small-scale spatial 
variations in the wind field. Marmorino and Smith (2006) 
reported that the ocean slick they studied did not change 
much over time. 

 

Episode 2:  

Wind speed below the 1.5 m s–1 threshold 

In Episode 2 (Fig. 7), the period during which the 
wind speed exceeded the threshold was much shorter than 
in Episode 1 and lasted only about 2-min. Nevertheless, 
a drop in surface temperature was observed inside the rip-
pled water surface area shortly after the second slight in-
crease in wind (Fig. 7b-d), although with much smaller 
amplitudes, barely affecting the near-surface stratification. 
In Fig. 7b, the topmost temperature sensor (depth of about 
5 cm) shows a noticeable decrease (<1°C) after the two 
very short wind events impacted on the surface (Fig. 7a). 

However, the second and third top thermistor measure-
ments (Fig. 7, depths of ~ 10 and 15 cm) revealed no signs 
of mixing due to the absence of sufficient wind stress, in-
dicating that wind-induced mixing probably only affected 
the uppermost centimeters of the near-surface water layer 
(which could not be captured by our measurement sys-
tem). This agrees with the findings of Dai et al. (2010) 
concerning the dependence of penetration depth on wave 
height. Despite the brief appearance of smooth and rough 
surfaces caused by that short wind pulse, the correspon-
ding spatial variability in the surface temperature persisted 
over an extended period (Fig. 7e, f). Length and time 
scales were not calculated for Episode 2 because the event 
was shorter than the timescale related to such a develop-
ment, and GCW did not fully develop. 

Elongated streak-like warm features appeared in the 
thermal imagery, aligned with the wind (e.g., black arrows 
in Fig. 7e, f). Marmorino et al. (2008) observed that striped 
patterns had formed on the upwind side of slicks aligned 
with wind direction. They suggested that Langmuir circu-
lation (with a spacing of ~25 m) that developed under 
steadily increasing wind (up to 5 m s–1) plays a major role 
in fragmenting slicks, with surface film cumulating in the 
convergent zones. A similar process for redistributing bio-
genic films was proposed by Ermakov (2018) who ob-
served the formation of streaks on the upwind side of 
artificial slicks under higher wind conditions (8 m s–1) with 
cross-wind scales of 7-10 m. Although the spatial scales 
(~10 to 20 m) in our observations are similar to the above 
studies, the formation of Langmuir cells is unlikely for such 
short-duration, low wind speed events (<2.5 m s–1). Even 
if a uniform wind field over the area of the thermal images 
(Fig. 7c-f) were present, the conditions required for their 
formation would not be fulfilled (Leibovich, 1977). Warm 
streaks were previously observed under light wind condi-
tions in Lake Geneva (Rahaghi et al., 2019a), where Zivi-
Cat measurements showed that warm near-surface water 
underwent downwelling to more than 1.5 m depth in those 
streaks. Large-scale upwelling and downwelling processes 
below the surface may also manifest themselves by streak-
like features on the surface. Farrar et al. (2007) showed that 
internal waves under low wind speeds and intense solar ra-
diation can cause similar surface temperature patterns at 
these scales, which favor the development of a DWL. Ad-
ditional investigations with targeted measurement cam-
paigns are needed to determine the origin and dynamics of 
these streaks and their role in near-surface layer dynamics. 

Lemmin and D’Adamo (1996) reported that wind speed 
in Lake Geneva is less than 4 m s–1 80-90% of the time dur-
ing the stratification period (May to October), and winds 
below 3 m s–1 by far dominate the annual wind rose pattern 
(CIPEL, 2019). Rahaghi et al. (2019b) and Lemmin (2020) 
showed that the ABL is stable for the period from March 
to the beginning of August, at least during the daytime. The 
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findings of the present study are therefore an important con-
tribution to the understanding of the annual air-water ex-
change cycle. Furthermore, images regularly recorded with 
the remote sensing camera installation (Fig. 1) confirmed 
that slicks are frequent during periods of stable ABL con-
ditions. The results of the two episodes in the present study, 
therefore, can be considered representative for patch dy-
namics and air-water exchange under strong solar radiation 
and low wind speeds in Lake Geneva, and probably in other 
lakes under similar conditions. 

 
 

SUMMARY AND CONCLUSIONS 

This field study carried out in Lake Geneva investigated, 
in a novel approach, processes that can cause nonuniformity 
in Lake Surface Water Temperature (LSWT) under com-
monly occurring light wind conditions and determined how 
this nonuniformity can be related to biogenic surfactant dis-
tribution. High-resolution measurements of surface temper-
ature, near-surface water temperature profiles and real-time 
observations of surface roughness were combined. Surfac-
tant concentrations are significantly lower in rough non-
slick patches than in smooth slicks, as determined from field 
observations and Enrichment Factor (EF) analyses. Such 
measurements taken under stable Atmospheric Boundary 
Layer (ABL) conditions have not been previously reported 
for inland waters, in this case a lake, even though they are 
key for better understanding and quantifying air-water ex-
change dynamics. 

The data show that a Diurnal Warm Layer (DWL) de-
veloped in the near-surface water column when intense 
solar radiation input greatly exceeded heat loss from the 
lake under stable ABL conditions. Under calm conditions 
with wind speeds below a threshold of ~ 1.5 m s–1, it is 
evident from surface images that the surface is essentially 
smooth, and LSWTs vary only slightly. Stratification with 
a strong temperature gradient (up to a few degrees) de-
velops in the near-surface water column with the greatest 
thermal gradient being in the very shallow (a few centime-
ters) near-surface layer. 

It was demonstrated that when light (<2.5 m s–1) winds 
rose above the threshold of ~1.5 m s–1, smooth surface 
slick/rough surface non-slick patterns appeared on the sur-
face, causing well-developed Gravitational Capillary 
Waves (GCW) to develop in the rough surface areas, 
thereby promoting near-surface water mixing. The LSWT 
in these rough patches was up to 1.5°C cooler than in the 
surrounding smooth surface slicks with sharp temperature 
gradients between the two. However, as wind continued 
to blow above the threshold, slicks broke up on certain 
parts of the surface and remained intact elsewhere; this 
may be due to the observed surfactant concentration vari-
ability. This led to a rapid spatial redistribution of LSWT 
patterns with strong horizontal thermal contrasts. The 

elongation of all rough surface patches in the wind direc-
tion suggests that wind shear is the driving force in the 
break-up of smooth slicks. It can be assumed that the 
time-integrated effects of the interaction between light 
winds and spatially varying natural films contribute to the 
spatial heterogeneity of LSWT and thus affect the spatial 
distribution of the exchange of heat, momentum and mass. 

These lake observations contrast with results from pre-
vious oceanic studies where slicks were found to be cooler 
(<0.5°C) than ambient surface areas under net surface 
cooling conditions. The present results suggest that the ef-
fect of natural films on surface water temperature devel-
opment depends on the direction of the heat flux 
(downward in the present study vs. upward in ocean ob-
servations reported in the literature), as well as the time 
evolution of near-surface processes involved in the sur-
face renewal and turbulent heat exchange. Most previous 
slick studies in oceans investigated the influence of sur-
factants on near-surface turbulence, where reduced con-
vective motions decreased the renewal of relatively cold 
surface water. Our study, carried out in a lake, highlighted 
the role of surfactants in retarding and dampening GCW, 
which is another mechanism through which slicks can af-
fect surface water temperature. 

In conclusion, the effect of high concentrations of nat-
ural surfactants on LSWT depends on atmosphere-water 
boundary layer dynamics. The results of the present study 
contribute to the understanding and the quantification of 
air-water exchange processes, which presently are lacking 
for stable Atmospheric Boundary Layer (ABL) conditions 
in lakes, and can be expected to be applicable to other 
lakes under similar boundary layer conditions.  
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