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ABSTRACT
Deep water circulation and mixing processes are responsible for the transport of matter, nutrients and pollutants in deep lakes.
Nevertheless, detailed continuous observations are rarely available. To overcome some of these deficiencies and with the aim of
improving our understanding of deep mixing processes, a dedicated yearlong mooring comprising 100 high-resolution temperature
sensors and a single current meter were located in the deeper half of the 344 m deepest point of the subalpine Lake Garda, Italy. The
observations show peaks and calms of turbulent exchange, besides ubiquitous internal wave activity. In late winter, northerly winds
activate episodic deep convective overturning, the dense water being subsequently advected along the lake-floor. Besides deep
convection, such winds also set-up seiches and inertial waves that are associated with about 100 times larger turbulence dissipation
rates than that by semidiurnal internal wave breaking observed in summer. In the lower 60 m above the lake-floor, however, the average
turbulence dissipation rate is approximately constant in value year-around, being about 10 times larger than open-ocean values, except
during deep convection episodes.
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The occurrence and extent of vertical mixing is a
critical factor regulating important trophic, biological, and
water-quality-related processes in lakes (Salmaso et al.,
2003; Berger et al., 2007; Boehrer et al., 2008; Dokulil
2014; Leoni et al., 2014; Swann et al., 2020). In fact,
vertical mixing directly controls the fluxes of energy,
oxygen, and pollutants along the water column, and the
recycling of algal nutrients from deep layers to the
surface. The understanding of the mixing processes of a
lake is therefore a key prerequisite to characterize its
response to varying external forcing and, in turn, the

possible effects on its health status. In this respect, the
availability of direct measurements of lake velocities and
of turbulence quantities provides substantial information
on mixing dynamics to a degree that is barely reached
with numerical hydrodynamic models, because
observations are typically not sufficient to validate their
turbulence schemes. Acquiring in situ observations of
turbulence quantities can help identifying the important
mixing processes and lead to better parameterizations of
turbulence models.
In confined enclosed basins, mixing in the interior is
largely determined by internal waves, thanks to their
important role in linking large-scale motion triggered by
external forcing to small-scale turbulent structures
(Imboden and Wüest, 1995; Wüest and Lorke, 2003).
Internal waves also play a relevant role in promoting
mixing above the sediments, through shear-induced
convection generated by the interaction between internal
waves and sloping boundaries (Lorrai et al., 2011) and,
more important, through the formation of the so called
benthic boundary layer, a layer with reduced density
gradients due to intense mixing (Gloor et al., 1994).
Internal waves are abundant in a lake interior, anytime and
everywhere, as has been demonstrated in various
observational studies in different lakes (Farmer, 1978;
Thorpe et al., 1996; Boegman et al., 2003; Preusse, 2012),
including some of the deep lakes south of the Alps
(Valerio et al., 2012; Guyennon et al., 2014; Valerio et al.,
2019; Copetti et al., 2020). They can be generated by a
sudden variation in environmental conditions, like a
variation in current-flow over lake-floor-topography, by
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energy production in the boundary layer above the lake
floor, which was about 10% lower than the energy found
in the lake interior. The lake interior turbulence was
mainly driven by wind-induced inertial motions.
In this paper, we report on direct measurements of
deep interior mixing acquired by a yearlong moored
station installed in the bottom 150 m near the deepest
point of the subalpine Lake Garda, Italy. Lake Garda’s
interior is weakly stratified, but its mean N is about five
times larger than Lake Baikal’s interior value. Highresolution vertical temperature profiles and single point
flow velocity observations are used to investigate the
generation of vertical mixing due to various quasiperiodic motions, throughout the seasons and in relation
to different processes such as internal waves and
buoyancy driven deep convection in wintertime. As in
Lake Baikal, we hypothesize that the main driver for
interior vertical turbulent mixing is wind-induced internal
wave breaking, and we compare such mixing with that by
deep convection. The aim is to improve knowledge on the
mechanisms of deep mixing and their importance for the
functioning of a deep lake. In this respect, the
observations acquired for Lake Garda may contribute to
improve our understanding of deep mixing also in the
other deep south-alpine lakes, where turbulence
measurements are still lacking.
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geostrophic adjustment in response to the passage of e.g.,
an atmospheric disturbance, or in larger lakes by
interaction of gravitational (semidiurnal) internal tides
with underwater topography, similar to the ocean interior
(Gill, 1982). However, the most important factor
triggering internal waves in lakes is the wind forcing,
which continuously provides space and time-varying
perturbations in the shear stress at the surface (Antenucci
and Imberger, 2003; Lemmin et al., 2005; Valerio et al.,
2012), thus exciting the internal baroclinic response of the
lake as a closed basin of finite length and given
topography (Wang et al., 2000; Wüest and Lorke, 2003;
Lorke, 2007; Valerio et al., 2019). In this regard, an
important internal mode of variability is represented by
standing internal seiches (e.g., Lemmin et al., 2005). Such
waves are generated by the wind-driven set-up of the
water surface at the leeward end of the lake and contextual
upward tilting of deep layers at the windward end of the
lake, which starts to oscillate once the wind relaxes.
Overall, the internal-wave field in a lake has a basinparticular resonance response, but is also chiefly
modulated by the wind forcing periodicity.
Internal waves are supported by vertical density (ρ)
stratification that is mainly a result of the solar heating
from above, warm water being less dense than cold water
(LeBlond and Mysak, 1978). Freely propagating
gravitational waves span a wide range of frequencies,
between inertial/Coriolis (low) frequency f = 2Ωsinφ,
where Ω = 7.2921×10–5 s–1 denotes the Earth angular
velocity and φ the latitude, and stratification-related
buoyancy (high) frequency N = {-g/ρ(dρ/dz + gρ/cs2)}1/2
(e.g., Gill, 1982), where g denotes the acceleration of
gravity and cs the speed of sound reflecting the
thermobaric correction due to pressure-compressibility
effects. As internal waves may locally deform, ‘straining’
the stratification thereby intermittently forming thinner
more stratified and thicker more homogeneous layers, a
‘background’ N is computed over a typical vertical lengthscale of Δz = 100 m, which roughly represents the scale
of the larger internal waves. Additionally, such N should
also be computed over an associated time-scale, evaluated
at least as an average over the buoyancy scale if known
from high-frequency internal waves, but preferably equal
to the inertial time-scale of half a pendulum day. Over
such time-scales, turbulent overturning such as by internal
wave breaking is expected to be averaged out.
Thus far, vertical turbulent mixing has been mainly
observed
using
shipborne
vertical
profiling
instrumentation in deep lakes. In a comprehensive study
of the weakly stratified interior of Lake Baikal, Ravens et
al. (2000) observed mean N = 1.4×10–4 s–1, mean
dissipation rates O(10–10) m2 s–3) and mean eddy
diffusivities 1-9×10–3 m2 s–1. Ravens et al. (2000) also
noted an important contribution of turbulent kinetic

METHODS
Study site

Lake Garda is the largest lake in Italy and a popular
attraction with a few million tourists visiting it every year.
However, from a hydrodynamic perspective it is also one
of the most unexplored large Alpine lakes (Toffolon et al.,
2017; Amadori et al., 2018). It has a maximum depth of
346 m and a mean depth of 133 m over a heterogeneous
bathymetry (Fig. 1a), which is characterized by an
elongated, narrow, and deep basin to the north and a round
shape and shallower basin to the south. Lake Garda is
classified as an oligomictic lake (Wetzel, 2001), where
variable periods of incomplete mixing are interspersed
with occasional events of complete mixing during cold
winters, similarly to the other major deep lakes located
just south of the Alps (Ambrosetti and Barbanti, 1999;
Salmaso, 2005). While deep mixing events are
traditionally associated to buoyancy-driven convection
during cold winters, recent in situ observations and
modelling results proved that wind-driven advection and
secondary flows influenced by the Coriolis acceleration
appreciably contribute to deep ventilation processes
(Piccolroaz et al., 2019).
Starting in 2017, substantial efforts have been spent
to collect high quality turbulence and hydrodynamic
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The taut-wire sub-surface mooring was deployed near
the deepest point of Lake Garda, off the town of Brenzone
(Fig. 1). The geographic location of the mooring was:
latitude φ = 45° 42.947´N (from which the Coriolis
frequency f = 1.04×10–4 s–1 is computed, so that the
inertial period is 2p/f = 16.7 h), longitude 10° 44.567´E.
The instrumentation operated for one year, between 10
UTC on 24/05/17 (yearday 144.42) and 09 UTC on
31/05/18 (yearday 516.37; days in 2018 are +365).
Locally, the water depth was H = 344 m with a relatively
weak bottom slope (100 m scale) of about β = 3° (based
on the lake bathymetry realized by the Hydrographic
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Operational site characteristics

Institute of the Italian Navy in 1967; Fig 1a). Some 300
m to the east and 1.3 km to the west, the lake-floor
shallows with slopes varying between 10° and 20°.
The relatively flat central part and steep sides of the
underwater topography generate and reflect internal
waves differently. In contrast with surface (wind) waves,
internal waves can freely propagate in three spatial
dimensions with an angle γ(σ, N) = arcsin[((σ2-f2)/(N2f2))1/2] (e.g., LeBlond and Mysak, 1978) from the vertical,
which depends on wave frequency σ and local N at given
f. For deep Lake Garda, assuming a reference value of N
= 7×10–4 s–1 obtained from the observations, the average
semidiurnal solar (S2, 12.0 hours period) angle is γ(S2, N)
≈ 8° and the mooring-site bottom slope β < γ(S2, N) is
sub-critical for these internal waves and about equal
(‘critical’) for near-inertial waves β ≈ γ(1.1f, N).
Conversely, the nearby steeper sloping sides of the basin
are generally super-critical for S2-waves, and thus for
near-inertial waves. Slope-criticality implies a condition
where internal waves may trap their energy at a
topographic site of the same slope, while they reflect back
into the lake interior at super-critical slopes or reflect
forward towards the shelf in the case of sub-critical slope.
Previous results suggest substantial internal wave
breaking and turbulence generation above uniform critical
slopes (Eriksen, 1982; Dauxois et al., 2004; Lorke et al.,
2006), but recent modelling and ocean-observational
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measurements in Lake Garda. During 2017-2018,
turbulent mixing in the upper 100 m has been measured
at several locations in the lake using a microstructure
turbulence profiler (Piccolroaz et al., 2019; MicroCTD
(Conductivity Temperature Depth) profiler manufactured
by Rockland Scientific International). In addition,
between May 2017 and May 2018 an instrumented
mooring line constituted of a string of high-resolution
temperature sensors and a current meter was operating in
the lake. Here we present the analysis of the deep interior
mixing measurements acquired by this moored
instrumentation.

Fig. 1. a) Lake Garda (I) bathymetry, with sub-surface mooring site (red star) and local horizontal coordinate system in insert. The red
and yellow dots indicate CTD and meteorological stations, respectively. b) The mooring top-buoy was towed to the site from Brenzone
at the eastern shore using a fast-boat of the firefighters’ nautical rescue team of the Autonomous Province of Trento. c) Mooring scheme.
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Additional observations

The moored observations are supported by weather
data from meteorological stations about 10 km to the
north of the mooring site (station ‘Limone-sul-Garda’)
and about 10 km to the south of mooring (station
‘Toscolano-Maderno’), both operated by the
Environmental Protection Agency of Regione Lombardia
(acronym ARPA-L in Italian) (Fig. 1a).
Further support is provided by multiple SeaBird
Electronics SBE 19plus V2 SeaCAT CTD-profiles that
were measured by the Environmental Protection Agency
of Regione Veneto (acronym ARPAV in Italian) within 1
km from the mooring site over almost the entire water
depth eight times, roughly distributed over the year-long
observational period. The CTD-data are used in finetuning the correction for instrumental drift of the
temperature sensors. For the Lake Garda data, they are
especially important for the proper establishment of the
polynomial correction-profile in the lower 30 m above the
lake-floor. The CTD-data are also used to establish a,
preferably linear, temperature-density relationship, which
is more straightforward for data from a lake than from the
ocean where salinity may significantly contribute to
density variations. A tight temperature-density
relationship enables the computation of turbulence values
from the moored T-sensor observations. In order to do so,
the moored T-sensor data are first transferred to potential
temperature (q) values (IOC et al., 2010) to correct for
pressure-compressibility effects. To account for local
chemical ion-composition, salinity is computed following
the parametrization by Salmaso and Decet (1998).
Salinity contributes about 15% to density variations that
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As one cannot use (large) research vessels on Lake
Garda, the mooring top-buoy was towed to the dedicated
position with a fast boat thanks to the support of the
firefighters’ nautical rescue team of the Autonomous
Province of Trento (Fig. 1b).
The mooring consisted of floatation providing 1100 N
net buoyancy near its top at about 150 m below the lakesurface. Due to shipping, fishing, and environmental
constraints, the authorization for the unattended
instrumented line was not given closer to the surface. Below
the floatation, a single point Nortek AquaDopp current
meter was at 157 meters above the bottom (corresponding
to 187 m below the water surface; henceforth we will refer
to the vertical coordinate in terms of mab, meaning “meters
above the bottom”). The AquaDopp sampled current
components [u v w] and acoustic echo intensity I, storing
ensemble data every 300 s. Based on these data the
(horizontal) kinetic energy KE is defined as KE = 1/2(u2 +
v2). Its tilt and pressure sensors demonstrated that the topbuoys did not move more than 0.01/0.05 m vertically and
not more than 1.5/5 m horizontally, under general/maximum
current speeds of 0.05/0.17 m s–1, respectively.
Between 6 and 154.5 mab, 100 ‘NIOZ4’ selfcontained high-resolution temperature (T) sensors were
deployed at 1.5 m vertical intervals, sampling for 0.12 s
at a rate of once per 2 s, with a precision of better than 0.5
mK after drift correction, and a noise level of less than
0.1 mK (van Haren, 2018). The T-sensors’ internal clocks
are synchronized via induction every 4 hours. Thus, each
entire vertical profile of 148.5 m is measured within a
clock-accuracy of less than 0.02 s, which is not achievable

by shipborne profiling instrumentation that would take
more than 150 s to cover such distance (with a typical
profiling speed of <1 m s–1). As a result, the amount of
statistical data provided by the moored temperature
sensors is much larger than achievable using standard
shipborne or wire-walker profilers.
Drift of nominally 1 mK/mo for aged sensors is
corrected by fitting typically four-day mean temperature
profiles to a smooth statically stable multiple order
polynomial profile. Up to yearday 350, 7 months after
deployment, 7 sensors showed various electronic (noise,
calibration) problems and are not further considered.
Their data are obtained from linear interpolation between
neighbouring sensor data. At yearday 450, 40 sensors had
failed due to inferior batteries with Voltage dropping
below threshold sooner than expected from the
manufacturer’s specification. For data until then
interpolation is still possible, although turbulence values
(see below) are biased low by about 30%. For data after
yearday 470, when 50% of sensors had failed, no further
analyses of turbulence characteristics were performed.

us

efforts show more intense internal wave breaking
turbulence above super-critical slopes (van Haren et al.,
2015; Winters, 2015; Sarkar and Scotti, 2017).
It is noted that lakes, like seas and oceans, are not rigid
environments in which the density stratification and
topographic slopes are fixed. In reality, topographic slopes
vary in value over many length-scales and N(x,y,z,t) is
not constant but may vary considerably with space and
time, e.g., upon sub-inertial modifications like warming
from above, wind-induced flows and seiches. As a result,
being the wave propagation angle γ dependent on N,
internal wave slope-criticality is seldom found over any
prolonged period of time. In Lake Garda large-scale N
varies between about 10–4 (~f) and 10–3 s–1 in the deeper
half, as calculated from the obsevations below. Even
under the strongest mean large-scale stratification, the
local bottom-slope at the mooring site will be sub-critical
for the S2-wave slope. On small (~2 m) scales in thin
layers due to wave straining, stratification may increase
to Nmax = 4×10–3 s–1, which can extend the internal wave
band to higher frequencies locally.
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We obtained turbulence values using the moored
temperature sensor data as tracers for density variations
by calculating ‘overturning’ scales. These scales followed
after reordering (sorting) every 2 s the 148.5 m high Θprofile, which may contain inversions, into a stable
monotonic profile without inversions following Thorpe
(1977), who proposed the method for shipborne CTD-data
(in a lake). After comparing observed and reordered
profiles, displacements (d) were calculated necessary for
generating the reordered stable profile. Certain tests apply
to disregard apparent displacements associated with
instrumental noise and post-calibration errors (Galbraith
and Kelley, 1996). Such a test threshold is very low for
rigorously moored NIOZ-temperature sensor data, <5×10–
4
°C (van Haren, 2018). Then the turbulence dissipation
rate, with the same dimensional units as the vertical
turbulent flux, reads (Thorpe, 1977):

al

Turbulence quantification

value of 0.2 in more stratified natural waters. Recently,
Portwood et al. (2019) analyzed direct numerical
simulations estimating a mixing coefficient near the
classical bound of 0.2 in stationary flows for a wide range
of conditions. It has been argued that c1 and Γ vary as a
function of stratification, stage and type of turbulence
generation (e.g., Chamalla and Sarkar, 2013; Mater et al.,
2015; Garanaik and Venayamoorthy, 2019). While this is
acknowledged for specific unique conditions like pure
convection, low Reynolds number flows, there are several
reasons why it may not apply, and cannot be applied, to
the present data, as partially outlined in van Haren (2017).
The moored high-resolution temperature sensor provide
a priori insight in particular internal wave turbulence
processes, but we are not primarily concerned with
individual overturning values. Instead, we give “suitably
averaged” turbulence values, as detailed below. In any
given high Reynolds number environment like natural
waters, shear- and buoyancy-driven turbulence
intermingle and are hard to separate. Examples of
numerical modelling studies of particular stages of
instability developments show that a finger of convective
instability develops secondary shear instability along its
fringe (Li and Li, 2006), while the roll-up stage of shear
instability develops secondary convective instability
mushrooms (Matsumoto and Hoshino, 2004).
Comparison between calculated turbulence values using
shear measurements and using Thorpe overturning scales
with c1 = 0.8 from areas with such mixtures of turbulence
development above sloping ocean topography led to
‘consistent results’ (Nash et al., 2007) and ‘results similar
to within a factor of three’ (van Haren and Gostiaux,
2012). A factor of two is the minimum error range for
turbulence parameter values (Oakey, 1982). It is presently
impossible to try better in natural waters where turbulence
values from individual overturns vary over four orders of
magnitude (e.g., Oakey, 1982; van Haren and Gostiaux,
2012; Gregg et al., 2018).
Thus, from the argumentation above and the reasoning
in Mater et al. (2015), internal wave breaking unlikely
biases turbulence dissipation rates computed from Thorpe
overturning scales by more than a factor of two-three,
provided some suitable time-space averaging is done
instead of considering single profiles. This is within the
range of our error. Likewise, Ravens et al. (2000) found
a mixing efficiency very close to 0.2 in very weakly
stratified deep interior Lake Baikal.
As for averaging the present data, we first calculated
non-averaged d in (1) and (2) for high-resolution profiles
of Kz(z, t) and ε(z, t). Subsequently, we calculated ‘mean’
turbulence values by averaging the parameters in the
vertical [ ] or in time <>, or both. This averaging was a
straight arithmetic average for dissipation rate, but for
eddy diffusivity the turbulent flux was averaged first

ci

are thus dominated by temperature variations in the
deeper half of Lake Garda. Over the range of moored
temperature observations, the relationship between
potential density anomaly referenced to the surface (σθ)
and q is obtained from CTD-data (shown in Fig. 2d), σθ =
αq, where α = -0.1129±0.0003 kg m–3°C–1 denotes the
regression coefficient under local conditions over the
range of T-sensors. This regression coefficient remains
constant to within about 5% for most of the mooring
period. When deep dense water passes after day 428
(March 5, 2018), it changes to α = -0.054±0.0007 kg m–
3
°C–1, still relatively tight.

(eq. 1)

N

on

where N denotes the buoyancy frequency computed
from each of the reordered, essentially statically stable,
vertical density profiles. The numerical constant c1
follows from empirically relating the rms displacement or
Thorpe overturning scale with the Ozmidov-scale LO of
stratified turbulence c1 = |LO/d|rms = 0.8 (Dillon, 1982). As
an additional vertical turbulence parameter, diffusivity Kz
= ΓεN–2 can be computed. Hereby, a constant mixing
efficiency is used of Γ = 0.2 established from extensive
open ocean data (Osborn, 1980; Oakey, 1982; Gregg et
al., 2018) as a mean value, in a large data-range scattered
over a factor of ten, for the conversion of kinetic into
potential energy, so that,
Kz = 0.128d2N [m2 s–1]

(eq. 2)

From microstructure profiles and CTD (Conductivity
Temperature Depth) data in Lake Baikal Ravens et al.
(2000) established a mean mixing efficiency of Γ =
0.16±0.1, which they found consistent with the mean

49

Mixing events in deep Lake Garda

winter (see the shipborne CTD example from midNovember in Fig. 2 a-c). As is clear from the vertical
profiles, salinity contributes positively to the density
stratification, but its contribution to density variations is
relatively weak, around a factor of 10 less, compared to
that of temperature, also in deep waters. The 13 March
2018 profile is unique with enhanced temperature and
salinity decreases with depth near the lake-floor. These
decreases are associated with winter deep dense water
formation. During this episode, the temperature-density
relationship changes (Fig. 2d). Even in the late autumn,
in the upper half of the water column, stratification is
relatively strong in particular layers. However, it does not
imply that turbulent exchange cannot occur and vertical
fluxes of e.g., nutrients are not necessarily negligible, as
will become clear in examples below when the layers go
deeper upon mixing from the surface down. In the lower
half of the water column, temperature variations seem
very small, but the waters are not permanently
homogeneous, and the stratification supports internal
waves that may also break, as will be demonstrated from
the detailed observations presented in the following.

ly

before obtaining mean-Kz and for the buoyancy frequency
the stratification was averaged first before obtaining
mean-N. Averaging over at least the largest overturning
scale is required (Thorpe, 1977). The rapid sampling of
vertical profiles of moored high-resolution T-sensor data
warrants sufficient samples for averaging over all
different turbulence characteristics. A buoyancy period of
3 h averages 5000 profiles, an inertial period averages
30,000 profiles, a four-day period averages 160,000
profiles.
The errors in the mean turbulence parameter estimates
thus obtained depend on the displacement estimates, the
variation in turbulence type and age, the error in N and
the error in the temperature-density relationship, while the
instrumental noise error of the T-sensors is negligible.

Entire time series

Lake Garda is characterized by along-lake regular
(especially in warm and sunny days) daily alternate winds
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The water temperature in Lake Garda is well above
4°C, so that the density-temperature relationship is
monotonic all year round. The stable stratification due to
the heating of the lake surface water is deformed in layers,
with multiple diurnal and seasonal thermoclines still
prominent in individual profiles also in fall and early
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CTD-profile over the entire water-depth
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RESULTS

Fig. 2. Shipborne CTD-observations near the mooring location recorded on 14 November 2017 (black) and 13 March 2018 (blue; 10
days after cold water influx). a) Potential temperature. b) Salinity (note the small x-axis scale). c) Density anomaly with pressure
corrections relative to the surface level. d) Potential temperature-density anomaly relationship, from the portion of CTD-data in a-c.
between 10 and 154 mab, short for meters above the bottom, which includes the range of moored temperature sensors.
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responses of standing waves (seiches) to wind events, and
with shorter periodicities associated with diurnal
variations, inertial motions and internal waves having
periods between inertial and buoyancy. For example,
seiches of approximately two days periodicity occur for
the duration of about 3 to 4 periods between days 254 and
261 (late summer, strongly stratified period). Seiches with
approximately five days periodicity occur between days
360 and 380 (winter, weakly stratified period). These
periodicities correspond with those found in the Delft-3D
numerical model of Lake Garda (Amadori et al., 2018).
Over most of spring to late autumn, the air
temperature is higher than the mid-depth (154 mab) water
temperature (Fig. 3c). In late autumn from about day 325
onward, air temperature drops episodically below the
mid-depth water temperature. Following air temperature
cooling, the lake surface temperatures drops and the lake
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in the northern elongated part, which generally are
stronger and more persistent when blowing from the north
(to the south) than vice-versa (Fig. 3a). Strong wind
episodes occur year-round, on a periodic daily basis
(according to the daily alternation between the Peler and
Ora del Garda breezes during the warm season,
Giovannini et al., 2015) and on a non-periodic
approximately 10-day basis (in correspondence with
episodic northerly Föhn winds, particularly abundant in
the cold season, Piccolroaz et al., 2019). The wind events
directly affect near-surface flow-currents, while the waterflow around mid-depth (Fig. 3b) is inversely correlated
with these wind events (as will become clearer in detailed
images below). Mid-depth flow-speeds peak up to 0.15 m
s–1 upon an early winter wind event around day 318.
Otherwise mid-depth flow speeds are typically about 0.05
m s–1, with several days periodicities associated with basin

Fig. 3. Overview of about 300 days of observations in and near Lake Garda. a) Wind components measured at the station near the
northern end of the lake and plotted in oceanographic convention (facing with the wind), with along-lake component in blue and (the
weaker) cross-lake component in green. b) Current-flow components measured at the mooring near mid-depth, with along-lake
component in black and cross-lake component in green. c) Air temperature measured at the northern end of the lake (blue) and water
temperature near mid-depth (153 mab) (red). d) Time-depth series of potential temperature from high-resolution temperature sensors,
with missing sensors interpolated (see text). The lake-floor is at the horizontal axis. e) Logarithm of vertically lower ~50-m (black) and
upper ~100-m (green) averaged turbulence dissipation rates.
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compared with the meaningful harmonic frequencies:
diurnal (S1), semidiurnal (S2) and a quarter of day (S4),
inertial (f) and buoyancy (N). The pressure record,
representing the lake-surface barotropic variations, have
a broad band of variations on a yearly basis, with about
1 m higher levels in spring compared to late
summer/autumn, due to the different seasonality
between rainfall, snowmelt, hydropower releases and
use of lake water for irrigation purposes. Pressure
variations also have a periodicity of 10 days and more
(frequency <0.1 cpd, short for ‘cycles per day’), besides
narrow-band quasi-deterministic variations at solar
diurnal and, slightly less energetic, semidiurnal
frequencies that are related with wind alternation. The
kinetic energy of current flows varies over a broad band
of 2 to 5 days periodicities, over narrow bands peaking
around solar diurnal and semidiurnal frequencies and
over a moderately broad band at a frequency just above
the inertial frequency. The latter is typical for (nearinertial) internal wave motions. The mid-depth (157
mab) current meter temperature shows hardly any
significant peaks, but weak enhancements around 10
days periodicity, roughly around 0.3 cpd, just above f
including a small peak at the solar semidiurnal frequency
and around 2f. The spectral slope becomes steeper at just
above the buoyancy frequency.
The average (up to day 425) temperature sensor
spectra at 5 different levels from the lower half of the
water column show a decrease in variance by more than
one order of magnitude towards the lake-floor (Fig. 4b).
In this figure panel, the plotted spectra are scaled with a
-5/3-power law in frequency, which represents the
common inertial subrange of shear-induced turbulence
decay with frequency for a passive scalar (Tennekes and
Lumley, 1972; Warhaft, 2000). Relative to this spectral
slope (on a log-log plot), it is observed that the entire
internal wave band is dominated by turbulent motions
around mid-depth (153 mab), rather than following the
canonical slope of σ–2 representing internal waves
(Garrett and Munk, 1972) or thermal fine structure
advected passed the sensors (Phillips, 1971). Internal
wave slopes of σ–2 do occur in spectra from deeper down
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starts destratifying in this season determining unstable
situations at the surface, with contextual deepening of the
epilimnion and enhancement of mixing. This is detected
by the T-sensor string in deep water between 0 and 150
mab, where heat is observed to be pushed down over time
(Fig. 3d). This already occurs in summer, weakly, and
progressively more in winter, where heating reaches down
to the lake-floor.
Only upon a large cooling event in late winter
occurred around day 425 with the passage of a cold
Siberian front (named “Burian”), sudden and efficient
cooling of near-bottom waters is observed due to deep
buoyancy-driven convection. Such an event is
characterized by large turbulent overturning resulting in
commensurate turbulence dissipation rates (Fig. 3e).
Before this event, episodes of relatively enhanced,
certainly non-negligible, turbulence are observed that are
associated with northerly wind events and/or with internal
wave breaking, as will be demonstrated in detailed
examples below. Some local enhancement of turbulence
dissipation rate seems associated with the two different
seiche-periods mentioned above and with the strong
northerly wind event. Small-scale internal waves are not
discernible in the overview plot of Fig. 3d, but will be
visible in detailed plots below.
Averaged over the 148.5 m vertical range (indicated
by the brackets [ ]) and the 300 days of observations
(indicated by the brackets < >) of Fig. 3, the mean
turbulence dissipation rate is <[ε]> = 8±5×10–9 m2 s–3,
while <[N]> = 7.7±1×10–4 s–1 (cf. Tab. 1). For the period
up to day 425 before the sudden cooling <[ε]> =
1.1±0.6×10–9 m2 s–3, while for the period from day 425 to
429 <[ε]> = 4±3×10–8 m2 s–3. The turbulence values up to
day 425 are comparable with, albeit up to half an order of
magnitude larger than, open-ocean values (e.g., Gregg,
1989; Polzin et al., 1997; van Haren, 2019) and other lake
interior observations (e.g., Goudsmit et al., 1997; Wüest
and Lorke, 2003).
The above periodicities stand out more clearly in the
average spectra from mid-depth (157 mab) current meter
observations (Fig. 4a). The spectra of different
parameters show different characteristics when

Tab. 1. Time-depth mean values for turbulence dissipation rate, eddy diffusivity and buoyancy frequency computed for data of indicated
figures. Values for the overview Fig. 3 are split in two, including the cold period and up to the cold period.
Figure
3 total

3 <day 425

5 early winter N-wind

7 late winter cold influx

8 late spring internal waves
9 late winter inertial waves

<[ε]> (m2 s–3)

<[Kz]> (m2 s–3)

<[n]> (s–1)

1.1±0.6×10

2.7±1.2×10

7.6±1×10–4

4±3×10–9
6±4×10

–10

6±4×10

–8

7±4×10–11
3±2×10

–9

–9

2.7±1.2×10–3
2.0±1×10

–4

–3

3±1.2×10

7.6±1×10–4
6.3±1×10–4

–2

3±1.5×10–5

7.5±1×10–4

1.3±0.7×10

–3

6.8±1×10–4
7.6±1×10–4
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of the Coriolis force that expand the internal wave band
to <f and >N-frequencies and that become dynamically
important in weak stratification only (LeBlond and
Mysak, 1978). Diurnal motions are not significantly
peaking in any of the temperature spectra.
In the following sections, we examine some specific
processes that can be noticed in the different periods, when
the variability is related both to the external forcing (e.g.,
wind forcing, deep convective cooling) and to the strength
and vertical distribution of stratification in the lake.
Wintertime northerly wind events

A four-day (12-16 November 2017) magnification of
data shows the sudden onset of winds from the north and
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(82 mab), which show a rather broad peak at semidiurnal
frequency and a progressively narrowing internal wave
band with increasing depth and decreasing stratification.
All spectra roll-off towards lower (sub-inertial)
frequencies at about 1.1f, but less clearly towards the
lake-floor. The frequency of 1.1f either reflect nearinertial waves that propagate from a distant source
northward of the observational site, which however
cannot be relevant in Lake Garda because of the small
size of the lake compared with the required latitudinal
variation, or the addition to planetary vorticity of local
vorticity, e.g., due to sub-inertial seiche or other
motions. The statistically non-significant sub-inertial
extent of the spectral peak at great depths suggests
influences of the non-traditional horizontal component

Fig. 4. 275 day (covering year days 150 to 425) averaged spectra. (a) Data from the mid-depth (157 mab) current meter, with arbitrary
shifts for the vertical to compare different parameters. The spikes in T (and p) at frequencies >10 cpd (short for cycles per day) are due
to low resolution of the instrumental sampling. KE denotes the total kinetic energy and Wy the along-lake wind spectrum. Several
harmonic tidal frequencies are indicated (diurnal solar S1, semidiurnal S2, fourth-diurnal S4), besides inertial frequency f, 1.1f (magenta
line) and its first harmonic 2f, mean local large-scale buoyancy frequency N and maximum local small-scale buoyancy frequency Nmax.
(b) Data from five temperature sensors at indicated z-levels (in mab). The spectra are scaled with turbulence inertial subrange σ–5/3 (of
which the slope is indicated by horizontal black bar). The slope of σ–1/3 (dashed black line) indicates either a non-inertial turbulence
subrange or the canonical internal wave slope of σ–2 in an unscaled spectrum. The small horizontal bar indicates the variation in N.
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lower 10 to 60 m above the lake-floor, with the notion that
the extent of this ‘layer’ varies considerably over time
with the high-frequency internal waves.
The internal waves episodically break, increasing
local turbulence, foremost in weaker stratified layers in
between thin stratified layers in the interior, e.g., around
144 mab between days 317.5 and 318, but notably also
in the lower 30 m above the lake-floor (Fig. 5d). The
largest turbulent patch near the bottom is associated with
the turn to southerly flow around mid-depth and the
deepening of the stratification around day 316.8. The
wind event and internal wave breaking thus generate
near-bottom turbulence. For these 148.5 m thick layer
and four days of observations, the average turbulence
values are <[ε]> = 6±4×10–10 m2 s–3 and <[Kz]> =
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their response in the lower half of the lake-center (Fig. 5).
At both the northern and southern meteorological stations,
the moderate southerly winds change to strong northerly
winds (blowing to the south and reaching more than 10
m s–1) simultaneously within an hour or so (Fig. 5a). The
mid-depth water-current initially responds with flow to
the north building up within about 6 h, opposite to the
wind and presumably in shear with water-flow near the
surface, before turning to the south about 17 h later (Fig.
5b). This corresponds with the 16.7 h local inertial period.
Upon the southerly flow, temperature increases at nearly
all depths investigated. With it, high-frequency internal
waves are initiated that are supported by local
stratification that is somewhat enhanced due to straining
(Fig. 5c). The stratification varies down to N ~ f in the

Fig. 5. Four days detail from Fig. 3 (12-16 November 2017) on moderate wintertime wind/internal wave mixing. a) Along-lake wind
components measured at the station near the northern end of the lake (blue) and near the southern end (light blue), plotted in
oceanographic convention. b) Current-flow components measured at the mooring near mid-depth, with along-lake component in black
and cross-lake component in green. c) Time-depth image of potential temperature. Contours in black are drawn every 0.018°C. In the
blue part the weak stratification yields approximately N ≈ f. The white bar indicates the inertial period, the light-blue bar the mean
buoyancy period and the purple bar the minimum buoyancy period. Tick-marks are at semidiurnal periods. d) Logarithm of dissipation
rate per vertical increment and per time step, with q-contours from c. Red ellipses highlight near-bottom mixing to the left and interior
internal wave breaking in the centre.
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are not small and extend several tens of meters in the
vertical. The synchronization between the upper stratified
layer around 125 mab, characterized by more roll-up
overturning, and isotherm displacements closer to the
lake-floor, characterized by more convection-like up- and
down-turbulent movements, is irregular. A few examples
are indicated by red ellipses in Fig. 6. Larger than 10 m
overturns do occur episodically and are not a rare
phenomenon.
The apparent lack of correlation between interior and
near-bottom motions implies that internal waves do not
occur as local vertical mode-1 but mostly as higher local
vertical modes of isotherms oscillating 180° out-of-phase,
likely associated with local overturning.
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2±1×10–4 m2 s–1, while <[N]> = 7.6±1×10–4 s–1. These
values compare with open-ocean and open-lake values
away from (sloping) boundaries near the surface and
sea-floor (Gregg, 1989; Polzin et al., 1997; Ravens et
al., 2000; Wüest and Lorke, 2003; van Haren, 2019).
Molecular diffusion of heat has values of about 10–7 m2
s–1 in water.
Details of this interior and near-bottom internal wave
breaking induced mixing are visible in magnifications of
8, 4 and 1 h panels (Fig. 6). The anecdotic images show
that the shape of isotherms is far from sinusoidal (i.e.,
single frequency linear internal waves), but rather it is
skewed and highly nonlinear, due to episodic instabilities
and associated overturning. The amplitudes and overturns

Fig. 6. Magnifications of potential temperature from Fig. 5c on day 318 (14 November 2017). a) 8-h example period. The green bar
indicates the period of subplot b. b) 4-h period. The green bar indicates the period of subplot c., the light-blue bar indicates the mean
buoyancy period. c) 1-h period, with focus on the lower half of the observed range and with a different colour scale but identical contour
interval of 0.018°C. The purple bar indicates the minimum buoyancy period. The ellipses indicate several overturning events.
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Late spring/early summer internal waves
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In late spring/early summer, when stratification is
well-established throughout most of the lake, the interior
is far from quiescent (Fig. 8). Internal waves are observed
that have amplitudes of typically 10 m, with crest-trough
values larger than 40 m episodically (Fig. 8 c,d). Vertical
phases and isothermal straining vary rapidly, so that
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At the end of winter (3-7 March 2018) after about two
months with cold air temperature determining the
deepening of the surface well mixed layer through
episodes of near-surface cooling (Fig. 3c), a drastic
cooling is observed in the moored temperature data (Fig.
7). Under circumstances with weak and cyclic winds to
the north and associated weak but persistent mid-depth
currents to the south and weakly stratified waters through
the array of temperature sensors on days 426 and 427,
temperature falls abruptly by <-0.1 °C on day 428.0, near
the lake-floor first. Whilst it associates with a deep
cooling (and freshening, Fig. 2) event, the cooling is not
effective locally, but apparently occurred to the north of
the mooring (according to the southward deep current,
Fig. 7b). Subsequently, relatively cool waters are advected
underneath warmer waters above, which generates a
statically unstable situation with a natural convectively
driven overturning that appears as partial shear-driven
turbulence in the interior. This unstable episode follows a
local natural convective instability of approximately the

same size of half a day of turbulent overturning between
days 427.1 and 427.6. It cannot be established whether
this cooling arrived from the lake-surface, or from the
sides of the basin around mid-depth.
For these 148.5 m thick layer and four days of
observations, the average turbulence values are <[ε]> =
6±4×10–8 m2 s–3 and <[Kz]> = 3±1.2×10–2 m2 s–1, while
<[N]> = 6.3±1×10–4 s–1. These values are two orders of
magnitude larger than during the wintertime northerly wind
events (Fig. 5). They compare with the upper limit of values
observed in the interior of Lake Baikal (Ravens et al., 2000)
and in internal wave breaking above steep deep-ocean
sloping topography (van Haren and Gostiaux, 2012).

us

Late winter cold water influx

Fig. 7. As Fig. 5 with the same scales, but for late winter (3-7 March 2018) cold water influx and strong overturning.
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For these 148.5 m thick layer and four days of
observations, the average turbulence values are <[ε]> =
7±4×10–11 m2 s–3 and <[Kz]> = 3±1.5×10–5 m2 s–1, while
<[N]> = 6.8±1×10–4 s–1. These values are half an order of
magnitude smaller than during the wintertime northerly
wind events (Fig. 5). These values are compatible with
those found in the hypolimnion of deep lakes during the
stratified period and quiescent episodes (e.g., Wüest and
Lorke, 2003).
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Late winter inertial waves
In contrast with the previous example, in late
winter/early spring (17-27 March 2018) the interior
overturning can be very strong while the direct effects on
the lake-floor remain rather small (Fig. 9). Upon a
relatively strong diurnal/inertial wind oscillation, the
basin responds with a group of 7-9 near-inertial waves,
which commonly have a short vertical scale or relatively
large vertical current difference ‘shear’ (LeBlond and
Mysak, 1978; van Haren et al., 1999). Across a given
layer, which can be near-homogeneous for more than 50
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vertical local low-mode internal waves are nearly always
accompanied by higher modes. It is noted that only half
of the water column is monitored so that a single vertical
mode-1 cannot be well established. The dominant
periodicity is semidiurnal but distributed over a rather
broad band of frequencies because the internal waves
occur in groups of 5-7 waves, similar to surface windwave groups. Such internal wave group intermittency is
attributed to multiple wave-wave interactions and
variations in the background stratification that supports
the waves. The semidiurnal variation is expected to be
generated as a first harmonic of the diurnal wind variation
(Fig. 8a), whose speed is not very strong so that
(semi)diurnal current-flows are also rather weak of a few
0.01 m s–1. The associated turbulence is mainly
concentrated in the lower 70 mab, with some intense
semidiurnal pulses up to 40 mab, but otherwise rather
weak in the interior (Fig. 8d). Apparently the
(semidiurnal) internal wave interior shear does not induce
strong or large overturning locally in the interior; thus
turbulence is relatively weak.

Fig. 8. As Fig. 5 with the same scales, but for summertime (8-12 June 2017) weak interior and moderate near-bottom mixing induced
by semidiurnal period internal waves.
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m, equivalently large overturns are observed with a
duration of the local buoyancy period individually and the
local inertial period for the group of overturns (Fig. 9d).
During the passage of the inertial waves peaking around
day 446, the isotherms are most squeezed upon a
downward isotherm motion from above and upward
motion from the lake-floor.
For these 148.5 m thick layer and ten days of
observations, the average turbulence values are <[ε]> =
3±2×10–9 m2 s–3 and <[Kz]> = 1.3±0.7×10–3 m2 s–1, while
<[N]> = 7.6±1×10–4 s–1. These values are half an order
of magnitude larger than during the wintertime northerly
wind events (Fig. 5). They support the hypothesis that
inertial motions dominate lake-interior mixing, together
with episodic deep dense water formation.
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vertical profiles of turbulence values for the events
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Vertical profiles of four day mean values

discussed above show considerable differences (Fig. 10).
Values of turbulence dissipation rate vary over about
four orders of magnitude (Fig. 10a), those of diffusivity
over more than two orders of magnitude (Fig. 10b). The
stratification is generally larger away from the lakefloor, but episodes occur when N has a maximum at 10
to 20 m from the lake-floor (or perhaps even closer). The
effect is a maximum in turbulence dissipation rate
(~flux) at some distance from the lake-floor which varies
between 6 m (or even closer) to about 100 mab. Between
three of the four selected periods, the profiles show
similarity in the lower 60 mab, while being dissimilar
higher-up. With the exception of the convective cooling
period of Fig. 7 with much higher turbulence values,
mean (shear-induced) turbulence values are thus
approximately ‘constant’ year-around in this layer and
about 10 times larger than open-ocean values.
Conversely, Lake Garda interior (between 60 and 150
mab) mean turbulence values can be between ten times
smaller and ten times larger.

Fig. 9. As Fig. 5 with the same scales, but for a ten-day period of late winter (17-27 March 2018) inertial wave (interior) mixing.
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Fig. 10. Vertical profiles of (logarithms of) time-mean turbulence values from the moored temperature data of Fig. 5 (early winter
northerly winds, black), Fig. 7 (late winter cold water influx, blue), Fig. 8 (late spring/early summer internal waves, light blue), Fig. 9
(late winter near-inertial waves, purple). a) Dissipation rate. b) Eddy diffusivity, after averaging flux first. c) Buoyancy frequency from
reordered profiles.

DISCUSSION AND CONCLUSIONS

The presented overview of observations on mixing
processes in the deeper part of Lake Garda demonstrates
variations at different scales. In general, year-long mean
turbulence intensity values are comparable with values in
the open ocean and in the interior of deep lakes (e.g.,
Ravens et al., 2000; Wüest and Lorke, 2003). Most
intense turbulent overturning is associated with deep
convective overturning in late winter, albeit probably not
locally generated but being advected via the sloping sides
of the basin, likely as cascading from the nearshore as
previously observed in Lake Geneva (Fer et al., 2002) and
possibly enhanced by wind-driven along-lake and lateral
flows (Piccolroaz et al., 2019). Strong turbulence
exceeding the mean values is also observed during a
period with relatively intense near-inertial oscillations

that, apparently, induce shear-induced turbulent
overturning across a 50 m high near-homogeneous layer
bordered by relatively large stratification in thin layers. It
is known that the relatively short vertical scales of nearinertial motions can drive stratification to marginal
stability which is adequate for the vertical fluxes of
nutrients in seasonally stratified shallow seas like the
North Sea (van Haren et al., 1999). It is more difficult to
understand why the observed near-inertial induced
turbulence, occurring in association with high-frequency
internal wave breaking, is not affecting the lake-floor of
Lake Garda.
Other internal-wave-induced turbulent overturning,
albeit less intense, does reach the lake-floor. Summertime
semidiurnal periodic overturning reaches up to 60 mab,
and, although the observations start at 6 mab, may well
resuspend material from the lake-floor. Whilst the
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this regard, observations can help identifying additional
important mixing processes and lead to better
parameterizations of these processes.
Hence, the observation of deep turbulent mixing
events provided here may contribute to the improvement
of the turbulence parameterization as well as of the
bottom friction parameterization, by identifying the key
physical processes contributing to the turbulence field and
the appropriate vertical resolution near the bottom to
properly simulate them
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semidiurnal motions cannot be gravitationally driven
internal tides, they seem to be associated with the
semidiurnal wind variations. As mid-depth semidiurnal
flow amplitudes of about 0.01 m s–1 unlikely generate 60
m high frictional benthic boundary layers, which would
reach only about 1 mab for such speeds (Ekman, 1905;
Gloor et al., 1994), the semidiurnal internal waves are
expected to be responsible for the observed large
overturning. As internal waves have relatively large
vertical scales compared to inertial motions, and thus have
relatively weak shear, the overturning may be partially
driven by convection in the near-homogeneous deep
layers. However, (secondary) shear overturning will be
associated with the convection.
As the semidiurnal response is suggested to be
generated following diurnal atmospheric variations,
lower-frequency wind events also affect the near lakefloor turbulent motions. Via the generation of a seiche,
packets of high-frequency internal waves are generated.
The nonlinear waves’ oscillation modifies the
stratification in the lower 50 mab, just like with the
semidiurnal motions, with the most intense near-lakefloor turbulent overturning occurring at the front of a
group of internal waves, about one inertial period after the
onset of the wind.
Internal waves are thus found to be an important
medium in transferring momentum of larger-scale
atmospheric-driven disturbances to the turbulent
motions in the deep lake interior, foremost close to the
lake-floor. The sloping sides of the lake are supercritical
for most of the dominant internal wave frequencies and
are expected to be important for the waves’ nonlinear
deformation. A quasi-permanent turbulence layer is thus
established, which is only exceeded in intensity by
turbulence due to rare deep cooling events and due to
strong inertial wave action. This is important
information to verify the mixing schemes in lake
models. For example, the effects of local (e.g., seiche)
vorticity the turbulent overturning induced by internal
waves is currently not taken into account in the Delft3D k- turbulence scheme, and numerical experiments
have shown that turbulence generated at the bottom is
too large compared to observations.
Verifying simulated mixing coefficients is not
straightforward in many practical cases, as measurements
are not always available, and models might not take into
account all relevant processes contributing to the
turbulence field. For example, in the Delft-3D model of
Lake Garda (Amadori et al., 2018), where a kturbulence scheme is used, the turbulent mixing is known
to be inaccurate below the thermocline, due to the
parameterizations of small-scale turbulent processes (e.g.,
internal seiches, see also Goudsmit et al., 2002 and
Perroud et al., 2009 for one-dimensional applications). In
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