
1. Introduction
Gravity currents are ubiquitous flows driven by horizontal density gradients across fluid environments 
(Benjamin, 1968; Huppert, 2006; Simpson, 1982). The dynamics of gravity currents were traditionally inves-
tigated via laboratory experiments assuming a quiescent ambient fluid (Britter & Linden,  1980; Ellison & 
Turner, 1959; Lofquist, 1960; Middleton, 1966). In nature, gravity currents often propagate through turbulent 
environments, energized, for example, by wind and thermal convection in the atmosphere (Dailey & Fovell, 1999; 
Ogawa et al., 2003; Serafin & Zardi, 2010), or by wind, tides, ambient currents, and waves in nearshore aquatic 
systems (Hetzel et  al.,  2015; Mahjabin et  al.,  2019; Ramón et  al.,  2022; Wright et  al.,  2001). Although the 
effects of ambient flows on the dynamics of gravity currents have been examined via laboratory and numerical 
experiments (Simpson & Britter, 1980; Bühler et al., 1991; C. Chen, 1995; A. J. Hogg et al., 2005), only a few 
studies have investigated the erosion and destruction of gravity currents by background turbulence (Harleman & 
Ippen, 1960; Linden & Simpson, 1986; Simpson, 1986).

Thermal convection is a pervasive and efficient turbulent mixing process in nature. It is driven by surface 
heating in the lower atmosphere (Hall et  al.,  1975; Stull,  1976) and by surface cooling in aquatic systems 
(Cushman-Roisin, 1982; Imberger, 1985), and it erodes stratified layers (Deardorff et al., 1969; Veronis, 1963) 
via plume penetration (Baines, 1975; Ching et al., 1993; Cotel & Kudo, 2008; Folkard, 2000; Noh et al., 1992). 
Although interactions between gravity currents and convection have been examined in the case of pyroclastic 
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flows (Huppert et al., 1986), double diffusive gravity currents (Maxworthy, 1983) and thermally driven winds 
(Dailey & Fovell, 1999; Ogawa et al., 2003; Serafin & Zardi, 2010), observations of such interactions are scarce 
in aquatic systems. An example of gravity currents flowing in the presence of penetrative convection in nearshore 
aquatic systems is the cross-shore overturning circulation driven by differential cooling between shallow and 
deep waters, aka thermal siphon (Horsch & Stefan, 1988; Monismith et al., 1990). By flowing downslope through 
the convective mixed layer, thermal siphons interact directly with convective plumes (Bednarz et al., 2008; Fer 
et al., 2002; Horsch & Stefan, 1988). We recently hypothesized from field observations (Doda et al., 2022) and 
numerical simulations (Ulloa et  al.,  2022) that vertical mixing by convective plumes might destroy thermal 
siphons and we expressed the need for further investigations of the effects of convective surroundings on gravity 
current dynamics. Here, we fill this gap by conducting fine spatiotemporal measurements of thermal siphons in 
a wind-sheltered lake. By analyzing global and local parameters under different thermal forcing scenarios, we 
show that the intensity of penetrative convection controls the vertical mixing and the hydrodynamic stability of 
the thermally stratified downslope flow. Thus, in contrast to classical gravity currents in quiescent environments, 
gravity currents propagating through convective turbulence experience an abrasive degeneration that diminishes 
the horizontal exchange across nearshore waters.

2. Methods
2.1. Field Experiments and Measurements

In situ observations of thermal siphons were conducted in Rotsee (Switzerland), an elongated wind-sheltered lake 
(Figure S1 in Supporting Information S1). The northeastern end of the lake is characterized by a shallow plateau 
that fosters daily thermal siphons from summer to winter (Doda et al., 2022). Such flows develop several hours 
after the cooling phase starts, once the fluid inertia balances lateral density gradients induced by differential 
cooling (Doda et al., 2022; Ulloa et al., 2022). Here, we investigate the dynamics of gravity currents on the plane 
(x, z), where x is the cross-shore direction along the thalweg, and z is the vertical direction (Figure 1a).

We measured thermal siphons propagating from the northeastern end toward the lake interior from July to Decem-
ber 2019. Measurements are briefly described below, and we refer to Doda et al. (2022) for further details about 
the setup and accuracy of the instruments. Meteorological forcing was resolved by a weather station installed 
near the plateau region. Four moorings M1–M4 were deployed along the lake thalweg at depths of 2.2, 4, 13, 
and 16 m, respectively (Figure 1a). M2 and M4 provided seasonal-scale water temperature and velocity meas-
urements in the sloping zone off the plateau region (M2, slope of 1.5°) and near the deepest point (M4). M2 was 
composed of a vertical thermistor array and an up-looking acoustic Doppler current profiler (ADCP, Nortek 
Aquadopp profiler 1 MHz). The ADCP profiled the water column from 0.25 to 3 m above the bottom, with a 
vertical bin resolution of 0.05 m. Every 15 min, it collected 4.3 min-long bursts of 512 velocity samples at 2 Hz. 
M4 monitored the lake thermal structure with a vertical thermistor array. The other thermistor arrays M1 and 
M3 were deployed during short-term campaigns in autumn 2019. We collected conductivity-temperature-depth 
(CTD, Sea&Sun Technology CTD60M) profiles at 13 points along the same cross-shore transect, from P01 
(1.3 m deep, 190 m from the shore) to P13 (M4, 800 m offshore from P01). We also profiled the water column at 
M2 every 15 min on November 6–7, 2019.

2.2. Data Analysis

Surface heat and buoyancy fluxes were estimated from the meteorological data and surface temperature at M4 
(Doda et al., 2022). The net surface buoyancy flux was computed as B0,net = BSW,0 + B0, where BSW,0 and B0 are 
the shortwave and non-penetrative fluxes, respectively.

We computed the vertical density structure over time at each mooring by applying the equation of state from C.-T. 
A. Chen and Millero (1986) to convert temperature into density by assuming constant salinity of S = 0.2 g kg −1 
(Doda et al., 2022). The average surface densities ρM1 and ρM3 were estimated over the upper 1.5 m at M1 and 
over the upper 2.0 m at M3, respectively. We calculated the cross-shore density gradient caused by differential 
cooling/heating as ∂xρ = (ρM3 − ρM1)/Δx, where Δx = xM3 − xM1 = 400 m is the cross-shore distance between the 
two moorings.

We applied the algorithm introduced by Doda et al. (2022) to detect thermal siphons and compute their cross-shore 
velocity u. The thickness of gravity currents over time hd(t) at M2 was estimated as the length between the 
sediment-water interface and the stagnation point u(hd, t)  =  0. Cross-shore transects of temperature profiles 
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allowed tracking the bottom stratification induced by gravity currents along x. From each temperature profile 
T(z), we estimated the current's thickness hd,T as the height above the bottom, where dT/dz < 0.03°C  m −1. The 
latter gradient threshold was chosen such that hd,T ≈ hd when hd was steady at M2.

2.3. Scaling and Dimensionless Numbers

We consider a two-layer exchange flow, with a downslope stratified current of thickness hd, density ρd, and 
cross-shore velocity Ud > 0 and an upper ambient layer of thickness ha, density ρa < ρd and cross-shore velocity 
Ua < 0 (Figure 1a). The density and velocity of each layer are depth-averaged over hd and ha at M2. The depth 
of the interface between the two layers is zd = −ha = hd − hmax, where hmax ≈ 4 m is the maximum depth at M2.

Figure 1. Diurnal phases for two different thermal siphon events in 2019. (a) Schematic of the night-time convective (C) 
phase and daytime relaxation (R) phase along the lake thalweg. Black arrows represent convective plumes. Dots at the 
lake surface depict the location of conductivity-temperature-depth (CTD) profiles on 6–7 November with moorings in red. 
(b–g) Time series of (b and c) surface net buoyancy flux (shading) and depth-averaged vertical velocity at M2 (black dots 
are burst-averaged values and the black line is the 2-hr moving average), (d and e) lateral surface density gradient caused 
by differential cooling/heating between M1 and M3, and (f and g) burst-averaged cross-shore velocity at M2 as a function 
of height above the sediment. Blue lines in (f) and (g) show the upper interface of the gravity current hd. Gray lines are 
0.05°C-spaced isotherms, linearly interpolated between thermistors (black ticks on the right vertical axis). Offshore (onshore) 
velocities are defined positive (negative). (b, d, f) correspond to 10–11 October (cooling-heating case) and (c, e, g) to 6–7 
November (continuous-cooling case).
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The downslope flow regime is characterized by the densimetric Froude number FrD, expressing the ratio of 
kinetic to potential energy as (Ellison & Turner, 1959)

Fr2
𝐷𝐷
=

1

Ri𝐵𝐵
=

(𝑈𝑈𝑑𝑑 − 𝑈𝑈𝑎𝑎)
2

𝑔𝑔′ ℎ𝑑𝑑 cos 𝜃𝜃
, (1)

where RiB is the bulk Richardson number, g′  =  g(ρd  −  ρa)/ρ0 is the reduced gravity of the density current, 
ρ0 = 1,000 kg m −3 is the reference density, and θ = 1.5° is the slope angle. We neglect the slope effects in the 
following analysis since cos θ ≈ 1. The upper interface dynamics of turbulent gravity currents depend on FrD, 
with larger interface distortions for higher FrD (Salinas et al., 2020). We use here a critical Froude number of 

𝐴𝐴 Fr
(crit)

𝐷𝐷
= 1 to normalize FrD (Ellison & Turner, 1959; Salinas et al., 2020). Although other definitions of 𝐴𝐴 Fr

(crit)

𝐷𝐷
 

(Huang et al., 2009) or other Froude numbers (Armi, 1986; Thorpe & Ozen, 2007; Waltham, 2004) could be 
used, they would not affect relative changes in FrD over time. The interface stability to shear disturbances can be 
investigated with the gradient Richardson number

Ri𝑔𝑔 = −
𝑔𝑔

𝜌𝜌0

𝜕𝜕𝜌𝜌∕𝜕𝜕𝜕𝜕

(𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕)
2
, (2)

where shear instabilities grow when 𝐴𝐴 Ri𝑔𝑔 < Ri
(crit)
𝑔𝑔 = 0.25 (Miles, 1961). Here, we use both FrD and the gradient 

Richardson number at zd Rig,int = Rig(z = zd) to characterize shear effects on the interface dynamics at M2.

Based on previous studies on plume impingement at stratified interfaces (Baines, 1975; Cotel & Kudo, 2008; Noh 
et al., 1992), we quantify the relative intensity of penetrative convection with respect to the stratified downslope 
flow with the convective Richardson number

Ri𝑐𝑐 =
𝑔𝑔′ ℎ𝑎𝑎

𝑊𝑊 2
𝑎𝑎

, (3)

with 𝐴𝐴 𝐴𝐴𝑎𝑎 = 1∕ℎ𝑎𝑎 ∫
0

−ℎ𝑎𝑎
𝑤𝑤(𝑧𝑧) d𝑧𝑧 the depth-averaged vertical velocity in the ambient layer. A change of convective 

regime has been reported at a critical value of 𝐴𝐴 Ri
(crit)
𝑐𝑐 ≈ 10 , below which plumes penetrate across the stratified 

interface (Cotel & Kudo, 2008; Noh et al., 1992). We further define the penetration depth of convective plumes as

𝛿𝛿𝑐𝑐 =
|𝑊𝑊𝑎𝑎|

𝑁𝑁𝑑𝑑

, (4)

where 𝐴𝐴 𝐴𝐴𝑑𝑑 =
√
⟨−𝑔𝑔∕𝜌𝜌0 (𝜕𝜕𝜌𝜌∕𝜕𝜕𝜕𝜕)⟩𝜕𝜕𝑧𝜕𝜕𝑑𝑑  is the depth-averaged buoyancy frequency in the gravity current. To examine 

whether convection dominates over shear-driven disturbance across the current interface, we compare δc with the 
thickness of shear (δS) and density (δρ) interfaces defined from the maximum velocity and density gradients as 
(Zhu & Lawrence, 2001):

𝛿𝛿𝑆𝑆 =
(𝑈𝑈𝑑𝑑 − 𝑈𝑈𝑎𝑎)

(𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕)
max

, (5)

and

𝛿𝛿𝜌𝜌 =
(𝜌𝜌𝑑𝑑 − 𝜌𝜌𝑎𝑎)

(𝜕𝜕𝜌𝜌∕𝜕𝜕𝜕𝜕)
max

. (6)

If δc > δS, δρ, convective plumes penetrate beyond the current interface defined from shear and density and erode 
the stratified layer.

3. Results
3.1. Diurnal Cycle

We investigate the effect of penetrative convection on gravity currents by examining two distinctive thermal 
siphon events (Figure 1). The first event (October 10–11, 2019) is a canonical scenario expected in the early 
autumn when the diurnal cycle has well-defined cooling and heating phases that constrain the development of 
thermal siphons. In contrast, the second event (November 6–7, 2019) represents a persistently cold late-autumn 
day, with a continuously flowing thermal siphon. We hereafter refer to these scenarios as the cooling-heating 
and continuous-cooling cases, respectively. Despite the differences in the thermal forcing, both scenarios show 
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two remarkable dynamic regimes: (a) a nighttime convective (C) phase, during which convective plumes interact 
with the gravity current; (b) a daytime relaxation (R) phase, during which penetrative convection weakens and 
the gravity current intensifies.

We found that during the C-phase, surface cooling (net surface buoyancy flux B0,net ≈ 10 −7 W kg −1) caused 
convective mixing with depth-averaged vertical velocities of 〈w〉 ≈ 10 −1 cm s −1 (black line in Figures 1b and 1c). 
At the same time, a negative cross-shore density gradient developed by differential cooling, which increased in 
time until reaching a quasi-steady magnitude of about ∂xρ ≈ −1.5 × 10 −4 kg m −4 (Figures 1d and 1e). The ther-
mally driven gravity current was weakly stratified (squared buoyancy frequency 𝐴𝐴 𝐴𝐴2

𝑑𝑑
< 10 −4  s −2) and unsteady, 

with up to ∼2 m vertical fluctuations at its upper interface (blue line in Figures 1f and 1g). The transition from 
the C-phase to the R-phase occurred at sunrise when the net cooling heat flux diminished and the intensity of 
convection weakened. This caused a sudden drop of |∂xρ| and a baroclinic adjustment with an intensification of 
the downslope gravity current (Figures 1f and 1g). In early autumn, strong radiative heating stratified the surface 
layer (Figure 1f), which was not observed in late autumn (Figure 1g). Despite having different forcing conditions, 
the current dynamics during the C- and R-phases were similar between the two scenarios. We remark that verti-
cal fluctuations at the interface swiftly vanished and horizontal circulation intensified (Figures 1f and 1g) once 
vertical velocity dropped during the R-phase (Figures 1b and 1c), suggesting that thermal plumes modified the 
current dynamics.

3.2. Interface Dynamics of the Gravity Current

We further examined the dynamical regime shift from the C-phase to the R-phase using high-frequency 
velocity bursts. We compared two 4   hr-long sub-periods from each phase of the continuous-cooling scenario 
(Figure 2). Although the average thickness of the gravity current was 𝐴𝐴 ℎ𝑑𝑑 ≈ 2m for both phases, the variability 
of hd was more than four times larger during the C-phase with a standard deviation of 0.70 m, compared to 
0.15 m during the R-phase. Fluctuations of 𝐴𝐴 |ℎ′

𝑑𝑑
| = |ℎ𝑑𝑑 − ℎ𝑑𝑑| ≈ 1m indicated vigorous vertical mixing during the 

C-phase (Figure 2c) and patches of positive u observed above the main interface suggested detrainment of the 
downslope flow into the upper layer (Figure 2a). During this turbulent phase, vigorous convective downdrafts 
and updrafts (|w| ≈ 0.5 cm s −1) penetrated across the current interface (Figure 2b). The penetration depth was 
δc ≈ 0.1–1 m > δS, δρ (Equations 4–6, Figure 2d) during the C-phase. In contrast, the combined effect of low 
vertical velocity fluctuations and strong near-bottom stratification prevented the erosion of the downslope gravity 
current during the R-phase, with δc ≈ 10 −2 m < δS, δρ. These observations indicate that the convective regime shift 
between C- and R-phases modified the intensity of (a) the vertical mixing between the downslope current and the 
ambient fluid and (b) the cross-shore flow.

To identify distinctive dynamic properties of the C- and R-phases for the cooling-heating and continuous-cooling 
scenarios, we computed the probability density function of six parameters associated with the strength of the 
bottom layer stratification, and the destabilizing effects of penetrative convection and shear (Figure 3). For both 
scenarios, the gravity current changed its dynamics between the C- and R-phases, with one-order of magnitude 
smaller vertical fluctuations 𝐴𝐴 |ℎ′

𝑑𝑑
|∕ℎ𝑑𝑑  and a stronger and less variable stratification 𝐴𝐴 𝐴𝐴2

𝑑𝑑
ℎ𝑑𝑑∕𝑔𝑔

′
max

 during the R-phase 
(Figures 3a and 3b). The magnitudes of 𝐴𝐴 |ℎ′

𝑑𝑑
|∕ℎ𝑑𝑑  and 𝐴𝐴 𝐴𝐴2

𝑑𝑑
 in the C- and R-phases were the same between the two 

forcing scenarios. The two scenarios also showed a similar change in the convective regime (Figures 3c and 3d). 
From the C-phase to the R-phase, the mean convective Richardson number Ric increased by two orders of magni-
tude and the mean ratio δc/δS dropped by one order of magnitude from ∼10 0.5 to ∼10 −0.5. Such striking changes 
in Ric and δc/δS confirm that the shift in current dynamics resulted from a weakening of penetrative convec-
tion. On average, the flow was close to critical conditions (𝐴𝐴 Fr𝐷𝐷∕Fr

(crit)

𝐷𝐷
≈ 1 ; Figure 3e) and marginally stable 

(𝐴𝐴 Ri𝑔𝑔𝑔int∕Ri
(crit)
𝑔𝑔 ≈ 1 ; Figure 3f). Although the surface stratification during the R-phase of the cooling-heating case 

led to a decrease in FrD and an increase in Rig,int compared to the C-phase, such a shift was not observed for the 
continuous-cooling case. The absence of a consistent shift of FrD and Rig,int between the C- and R-phases implies 
that shear was not responsible for the substantial change in the gravity current dynamics.

3.3. Structure and Propagation of the Gravity Current

The vertical density structure and the propagation of the stratified downslope flow during the continuous-cooling 
scenario were analyzed from density inferred from temperature profiles (Figure 4). Active convection foster-
ing vertical mixing during the C-phase led to a weakly stratified downslope flow (vertical density gradi-
ent ∂ρ/∂z  ≈  −0.01  kg  m −4, Figure  4a). The near-bottom stratification was spatially variable and dropped to 
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∂ρ/∂z ≈ −0.001 kg m −4 for x > 200 m. On average, only the lower 1.5 m at the sloping region (M2) were stratified, 
which represented hd,T/hd ≈ 60% of the gravity current thickness (Figure 4b). The velocity maximum was located 
close to the bottom boundary, at 𝐴𝐴 𝐴𝑈𝑈𝑑𝑑𝑑max

< 0.15𝐴𝑑𝑑 , and not captured by the ADCP.  During the R-phase, hd,T 
increased at all locations, and the intrusion of cold water was observed at the base of the mixed layer for x > 400 m 
(Figure 4c). The gravity current became vertically stratified from its base to its upper interface (hd ≈ hd,T), and 
the height of maximal velocity increased to 𝐴𝐴 𝐴𝑈𝑈𝑑𝑑𝑑max

≈ 0.25𝐴𝑑𝑑 (Figure 4d). The strengthening of flow velocity and 
stratification once convection weakens suggest that vertical mixing during the C-phase eroded the downslope 
density current and reduced the lateral transport.

4. Discussion
By comparing the dynamics of thermal siphons in the presence and absence of convective plumes, this study 
pinpoints the effects of penetrative convection on the structure and propagation of a thermally driven gravity current. 

Figure 2. Subsets of the convective and relaxation phases captured in the sloping region (M2) on 6–7 November. (a) High 
frequency cross-shore velocity over the three first meters above the sediment as a function of time. The bursts are combined 
together and delimited by vertical black lines. The time is expressed as the burst duration since the first sample. Solid black 
and blue lines depict the high-frequency and smoothed upper interface of the gravity current, respectively. The dashed 
horizontal line indicates the average thickness 𝐴𝐴 ℎd during each subset. Gray lines are 0.02°C-spaced isotherms, linearly 
interpolated between the thermistors (black ticks on the right vertical axis). (b) Same as (a) for the vertical velocity. Arrows 
highlight strong convective downdrafts and updrafts that penetrate across the interface. Their penetration depth is qualitatively 
shown with dotted lines. The blue line is identical to (a). (c) Burst-averaged time series of interface fluctuations 𝐴𝐴 𝐴′

𝑑𝑑
 and 

depth-averaged vertical velocity in the ambient layer |Wa|. (d) Burst-averaged time series of penetrative length scale δc, shear 
interface thickness δS, and density interface thickness δρ. Shaded areas in (c) and (d) show the standard deviation for each 
burst-average.
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When convective plumes penetrated across the interface of the downslope flow during the C-phase, we found that 
(a) the interface of the gravity current experienced large vertical fluctuations and (b) the dynamic bottom layer of 
positive cross-shore velocity was only partially stratified. This partial stratification differed, for instance, from the 
density structure resulting from lock-exchange gravity currents, for which the maximum shear and maximum density 
gradient coincide and 𝐴𝐴 𝐴𝑈𝑈𝑑𝑑𝑑max

∕𝐴𝑑𝑑 ≈ 0.2 (Ellison & Turner, 1959; Thorpe & Ozen, 2007; Wells & Dorrell, 2021). 
Conversely, in the absence of penetrative convection and vigorous vertical mixing during the R-phase, the downslope 
flow showed a more stable interface, and it recovered the canonical structure of gravity currents.

4.1. Role of Convection in the Small-Scale Interface Dynamics

At low Ric, the impingement of plumes and thermals deflects stratified interfaces (Baines,  1975; Ching 
et  al.,  1993; Cotel & Kudo,  2008; Noh et  al.,  1992), as observed in convective boundary layers (Deardorff 
et al., 1969; Stull, 1976). During the C-phase, Ric varied over six orders of magnitude due to the temporal fluc-
tuations of Wa and was statistically larger than 𝐴𝐴 Ri

(crit)
𝑐𝑐 = 10 (Figure 3c). Yet, if we focus on intense convective 

episodes by including negative Ric (Figure S2 in Supporting Information S1) and discarding weak convective 
periods (depth-averaged vertical velocity in the ambient layer Wa < 1 × 10 −3 m s −1), we found that 𝐴𝐴 Ri𝑐𝑐 ≲ Ri

(crit)
𝑐𝑐  

(interquartile intervals of −8 < Ric < 25 and −5 < Ric < 25 for the cooling-heating and continuous-cooling 
scenarios, respectively). Sullivan et al. (1998) showed that convective updrafts (downdrafts) push the boundary 
layer interface locally upward (downward). Such interface fluctuations are linked to the penetration depth δc 
and the convective Richardson number as 𝐴𝐴 𝐴𝐴ℎ𝑎𝑎∕ℎ𝑎𝑎 ∼ 𝛿𝛿𝑐𝑐∕ℎ𝑎𝑎 ∼ Ri

−𝛾𝛾
𝑐𝑐  , where 𝐴𝐴 𝐴𝐴ℎ𝑎𝑎 and 𝐴𝐴 ℎ𝑎𝑎 are the standard deviation 

(similar to 𝐴𝐴 |ℎ′
𝑑𝑑
| ) and mean of the convective layer thickness, with γ ≈ 1 (Ching et al., 1993; Cotel & Kudo, 2008; 

Noh et al., 1992). For Ric ≈ 10 and 𝐴𝐴 ℎ𝑎𝑎 ≈ 1m , the standard deviation 𝐴𝐴 𝐴𝐴ℎ𝑎𝑎 scales with the penetration depth, that 
is, 𝐴𝐴 𝐴𝐴ℎ𝑎𝑎 ≈ 𝛿𝛿𝑐𝑐 ≈ 0.1m , which is the same order of magnitude as the fluctuations 𝐴𝐴 |ℎ′

𝑑𝑑
| (Figure 2). Yet, this Ric-𝐴𝐴 𝐴𝐴ℎ𝑎𝑎 

Figure 3. Probability density plots comparing the convective (blue) and relaxation (orange) phases, for the cooling-heating 
and continuous-cooling scenarios (lower and upper part of each panel, respectively). (a) Vertical fluctuations of the 
interface 𝐴𝐴 𝐴′

𝑑𝑑
 normalized by the mean current thickness 𝐴𝐴 ℎ𝑑𝑑  . Large fluctuations, with hd thicker than the acoustic Doppler 

current profiler (ADCP) profiling range (3 m), are not included. (b) Dimensionless squared buoyancy frequency of the 
gravity current, where 𝐴𝐴 𝐴𝐴′

max
= 𝐴𝐴 |𝜕𝜕𝑥𝑥𝜌𝜌|max Δ𝑥𝑥∕𝜌𝜌0 = 5.9 × 10 −4 m s −2 is the reduced gravity from the maximum absolute 

lateral gradient |∂xρ|max = 1.5 × 10 −4 kg m −4 (Figure 1). (c) Convective Richardson number normalized by 𝐴𝐴 Ri
(crit)
𝑐𝑐 = 10 . (d) 

Ratio of penetrative length scale to the shear interface thickness. (e) Densimetric Froude number normalized by 𝐴𝐴 Fr
(crit)

D
= 1 . 

(f) Interfacial gradient Richardson number normalized by 𝐴𝐴 Ri
(crit)
𝑔𝑔 = 0.25 . In (c, e, f) only positive values are included, 

corresponding to a stable stratification. The vertical black solid line in (c)–(f) indicates a ratio of one. Vertical dashed lines 
show the median values over each phase.
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relationship was derived for a horizontally “stationary” stratified interface interacting with vertical plumes, which 
differs from our case where both the stratified and ambient layers are actively streaming in the horizontal direc-
tion. The horizontal flow modifies the plume trajectory and penetration, which could explain the weak relation-
ship between the current dynamics at M2 and the local Ric (γ ≈ 0.1, Figure S3 in Supporting Information S1). 
The observed small-scale dynamics may also integrate fluctuations generated by convectively forced internal 
waves (Ansong & Sutherland, 2010; Fritts & Alexander, 2003), shear instabilities (Pawlak & Armi, 2000; Zhu 
& Lawrence, 2001), and pulses and roll waves (Alavian, 1986; Dressler, 1949; Fer et  al., 2001; Needham & 
Merkin, 1984). However, the absence of a consistent shift of Rig and FrD between the C- and R-phases (Figures 3e 
and 3f) suggests that shear instabilities and roll waves play a secondary role in the current dynamics. The domi-
nant period of the fluctuations 𝐴𝐴 𝐴𝐴ℎ′

𝑑𝑑
≈ 1 h (Figure 1) does not match the characteristic periodicity of pulses (Table 

S1 in Supporting Information S1), but agrees with the duration of a convective overturn τc = 2 ⋅ ha/|Wa| ≈ 1 hr, 
where ha ≈ 2 m and |Wa| ≈ 1 × 10 −3 m s −1. Therefore, penetrative convection arises to be the primary cause of the 
fluctuating dynamics observed during the C-phase.

4.2. Role of Convection in the Basin-Scale Lateral Transport

The erosion of the stratified downslope flow by convective plumes (Figure 4) was comparable to the effects of 
turbulence on fronts propagation (Linden & Simpson, 1986; Simpson, 1986) and exchange flows (A. M. Hogg 
et al., 2001). Linden and Simpson (1986) found that the front velocity of lock-exchange gravity currents experienc-
ing turbulent mixing was less than the velocity scale Us based on horizontal density gradients in a quiescent  envi-
ronment. In our case, 𝐴𝐴 𝐴𝐴𝑠𝑠 = 0.5

√
−𝑔𝑔 𝑔𝑔𝑥𝑥𝜌𝜌Δ𝑥𝑥𝑥lit∕𝜌𝜌0 ≈ 1.7 cm s −1, where Δx = 400 m is the cross-shore distance 

along which ∂xρ ≈ −1 × 10 −4 kg m −4 was computed (Figure 1) and hlit ≈ 3 m is the mean depth of the littoral region 
experiencing ∂xρ. The averaged downslope velocity during the R-phase Ud ≈ 1.5 ± 0.4 cm s −1 ≈ 0.9Us matched the 

Figure 4. Cross-shore propagation of the gravity current during the convective and relaxation phases on 6–7 November. 
(a and c) Cross-shore transect of density profiles inferred from temperature profiles P01–P13, as a function of distance x 
from P01, for (a) the convective phase (period 03:33–04:51 UTC), and (c) the relaxation phase (period 09:43–10:39 UTC). 
Each density profile Pi is shifted proportionally to the distance 𝐴𝐴 𝐴𝐴Pi

 from P01 (black stars on the x axis), as �̃Pi = �Pi + �Pi × 
0.0015 kg m −4, where 𝐴𝐴 𝐴𝐴Pi

 and �̃Pi are the measured and shifted densities, respectively. The density profile at M2 is shown 
in green. The horizontal dashed line depicts the base of the mixed layer at M4. Red dots indicate the upper interface of the 
gravity current hd,T. (b and d) Average profiles of cross-shore velocity (purple), density anomaly (green), and temperature 
anomaly (yellow) as a function of dimensionless height at M2, for (b) the convective phase (17:30–07:50 UTC) and (d) the 
relaxation phase (07:50–12:00 UTC). The density anomaly is computed from the temperature anomaly ΔT(z) = T(z) − T0, 
where T0 is the median temperature above hd,T. Shaded area on each profile represents the standard deviation. Dots depict 
the upper interface of the gravity current, from the stagnation point (hd, purple dot) and temperature gradient (hd,T, green and 
yellow dots).
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scale Us. In the presence of convection during the C-phase, however, it was only Ud ≈ 0.8 ± 0.3 cm s −1 ≈ 0.5Us—
consistent with Linden and Simpson (1986). The authors found that the flow became vertically mixed after a 
distance Lx and ran out of energy to propagate further. We posit that the propagation distance is controlled by 
penetrative convection during the C-phase and scales as Lx ∼ Us hd/we, where we = A Wa/Ric = A B0ha/(g′hd) is 
the convective entrainment velocity, with A an empirical coefficient (Deardorff et al., 1980). This distance repre-
sents how far the gravity current propagates before being entirely eroded by penetrative plumes. Considering 
g′ ∼ g ∂xρ Δx/ρ0 ≈ 4 × 10 −4 m s −2, hd ≈ ha ≈ 2 m, B0 ≈ 1 × 10 −7 W kg −1, and A ≈ 0.2 (Sullivan et al., 1998), we 
obtain 𝐴𝐴 𝐴𝐴𝑥𝑥 ≈ 0.5 𝑔𝑔′3∕2 ℎ

1∕2

lit
ℎ2
𝑑𝑑
∕(𝐴𝐴𝐴𝐴0 ℎ𝑎𝑎) ≈ 700m . The order of magnitude Lx ≈ 10 2−10 3 m is consistent with our 

observations of complete mixing at around x ≈ 250 m from P01 (Figure 4a), equivalent to Lx ≈ 200 + x = 450 m 
from the shore. The degeneration of the downslope stratified layer before reaching the lake interior confirms the 
numerical results by Ulloa et al. (2022).

Convective mixing may also modify the growth of the gravity current by entrainment. The net shear entrainment 
of ambient water into a gravity current is expressed by Enet = ∂x(Udhd)/(Ud − Ua), which has been parametrized 
as a function of the bulk Richardson number RiB in quiescent environments (Cenedese & Adduce, 2010; Ellison 
& Turner, 1959). Fer et al. (2002) suggested that convective plumes increase Enet in thermal siphons, but their 
estimate of Enet did not include the effects of the large Reynolds number Re ≈ 10 5. Although we observed a thin-
ner stratified layer in the presence of penetrative convection (Figure 4), we cannot infer the effects of convective 
plumes on the downstream evolution of the discharge (Udhd) from a single-point measurement. We encourage 
future studies to quantify the contribution of convective plumes to the net entrainment by comparing estimates of 
Enet between the C- and R-phases. Such estimates could be obtained from simultaneous discharge measurements 
at several locations along a cross-shore transect. We stress that the effects of the return flow must be included 
since hd/ha ≈ 1 as in counterflows (Christodoulou, 1986; Moore & Long, 1971).

During the C-phase, vertical fluxes between the downslope flow and the ambient layer were enhanced by convec-
tive mixing, which diluted transported tracers and diminished the cross-shore exchange. A similar reduction in 
the lateral transport of tracers due to turbulent diffusion has been reported for exchange flows (Helfrich, 1995; A. 
M. Hogg et al., 2001; Winters & Seim, 2000). The maximal transport was observed during the R-phase or heating 
phase in Rotsee (Doda et al., 2022), in agreement with numerical simulations of thermal siphons (Chubarenko 
et  al.,  2013; Safaie et  al.,  2022). This relaxation is comparable to the frontogenesis observed by Linden and 
Simpson (1986) once turbulence was turned off. The intensification of gravity currents with weaker turbulent 
mixing has also been observed in the atmosphere (Parker et al., 2005; Sha et al., 1991; Simpson et al., 1977) 
and estuaries (Hetzel et al., 2015). Although thermal siphons are traditionally perceived as a nocturnal transport 
process (Brothers et al., 2017), our results show that penetrative convection delays the time of maximal transport 
to daylight conditions. Accounting for this delay is essential to quantify the ecological implications of thermal 
siphons in aquatic systems.

5. Conclusion
The dynamics of downslope flows induced by differential cooling result from the intimate interaction between 
penetrative convection and gravity currents. Our high-resolution observations demonstrate that convective plumes 
modify the small-scale dynamics and the basin-scale propagation of gravity currents by vertical mixing. Due to 
the rich fluid dynamics driven by differential cooling, in which shear and convective flows coexist, further inves-
tigations of thermal siphons would expand our understanding of gravity currents in convective surroundings. Our 
study highlights the need for a holistic understanding of geophysical flows that integrates the various interactions 
between physical processes.
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