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ABSTRACT

A calibrated three-dimensional numerical model (Delft3D) and in-situ observations are used to study the relation between deep-
water temperature and deep mixing in Lake Garda (Italy). A model-observation comparison indicates that the model is able to adequately
capture turbulent kinetic energy production in the surface layer and its vertical propagation during unstratified conditions. From the
modeling results several processes are identified to affect the deep-water temperature in Lake Garda. The first process is thermocline
tilting due to strong and persistent winds, leading to a temporary disappearance of stratification followed by vertical mixing. The second
process is turbulent cooling, which acts when vertical temperature gradients are nearly absent over the whole depth and arises as a
combination of buoyancy-induced turbulence production due to surface cooling and turbulence production by strong winds. A third
process is differential cooling, which causes cold water to move from the shallow parts of the lake to deeper parts along the sloping
bottom. Two of these processes (thermocline tilting and turbulent cooling) cause deep-mixing events, while deep-cooling events are
mainly caused by turbulent cooling and differential cooling. Detailed observations of turbulence quantities and lake temperature,
available at the deepest point of Lake Garda for the year 2018, indicate that differential cooling was responsible for the deep-water
cooling at that location. Long-term simulations of deep-water temperature and deep mixing appear to be very sensitive to the applied
wind forcing. This sensitivity is one of the main challenges in making projections of future occurrences of episodic deep mixing and
deep cooling under climate change.

Mixing Events (DMEs; Crawford and Collier, 1997). The

INTRODUCTION

Deep temperate lakes can be divided into three classes.
Holomictic lakes undergo a complete overturning each
year, meromictic lakes show a quasi-permanent stratifi-
cation, and oligomictic lakes sometimes undergo episodes
of complete overturning. Such overturning events are
often accompanied by increased vertical mixing at (near-
bottom) depths, as seen by turbulent kinetic energy dissi-
pation rates that are orders of magnitude above the
long-term mean. Hence, these events are also called Deep-
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intensity of vertical mixing is important for a lake and its
ecological status (Imboden et al., 1983; Goldman and
Jassby, 1990). Indeed, vertical mixing enables nutrients
to be transported from deep waters to the surface and oxy-
gen in opposite direction (Salmaso et al., 2002). Since bi-
ological primary production occurs mostly in the euphotic
zone close to the surface, the supply of nutrients from the
deep hypolimnion affects the entire ecosystem of a lake.
This is particularly true for deep lakes, which store sig-
nificantly more nutrients in the hypolimnion compared to
shallow lakes where the nutrients input from the catch-
ment is predominant (Schwefel et al., 2019). Moreover,
the development of anoxic conditions at the water-sedi-
ment interface, due to reduced downward oxygen fluxes,
triggers the release of nutrients from the bottom sediments
(Hupfer and Lewandowski, 2008).

Among deep peri-alpine lakes, there are several exam-
ples where the enrichment of nutrients in the euphotic zone
and the replenishment of deep-water oxygen are intimately
linked to DMEs. Vertical mixing was found to strongly af-
fect the deep- water oxygen concentration in Lake Zurich
(North et al., 2014), Lake Geneva (Schwefel et al., 2016)
and the deep subalpine lakes in Northern Italy (Rogora et
al., 2018). It was also found to be crucial for the trophic
state of Lake Constance (Straile et al., 2003) and Lake Iseo
(Salmaso et al., 2002; Lau et al., 2020) and for the phyto-
plankton composition in Lake Lugano (Simona, 2003). For
Lake Lugano, Lepori ef al. (2018), also ascribed the change
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of the deep-mixing intensity to the failure of the restoration
attempts. Exceptional winter mixing events were found to
be mainly responsible for turnover of nutrients in Lake
Geneva (Krishna et al., 2021), and for deep-water renewal
in Lake Lugano (Holzner et al., 2009). By comparing
multi-annual trends of hypolimnetic water temperature and
oxygen concentrations in Lake Iseo (Valerio ef al., 2015),
also surprisingly high oxygen concentrations were identi-
fied at depth during such mixing events.

Most of the above mentioned studies warn that the on-
going global warming will reduce the occurrence of DMEs
in terms of frequency and intensity. A warming climate in-
creases thermal stratification and lake stability and reduces
the number of cold winters. Both these aspects contribute
to reduce the occurrence of buoyancy-driven turbulence by
surface cooling (Fenocchi et al., 2018; Rogora et al., 2018;
Schwefel et al., 2019), one of the dominant mechanisms of
DMEs. Recent projections of lake water temperature pro-
files worldwide (Woolway and Merchant, 2019) indicate
that (in the next century) the mixing regime of many lakes
will be altered by climate change through a reduction of
DMESs, mainly as a result of the continuation of lakes’
warming which is occurring since the 1980s worldwide
(Piccolroaz et al., 2020) . The ecological effects of such
changes in mixing regime are already evident in many deep
peri-alpine lakes, such as Lake Garda (Salmaso, 2005;
Salmaso et al., 2018). Assessing the occurrence of DMEs
based on temperature stratification alone may lead to wrong
conclusions in some lakes, because other processes (than
surface cooling) affect DMEs (Michalski and Lemmin,
1995). Such processes include density currents due to river
inflows and/or differential cooling between littoral and
pelagic areas (Meybeck et al., 1991; Peeters et al., 2003;
Laborde et al., 2010; Ambrosetti ef al., 2010), the contri-
bution of spring snowmelt and duration of ice cover (Flaim
etal.,2019; Sadro et al., 2019), storm events inducing ther-
mocline tilting and seiches (Imboden et al., 1987), as well
as wind-driven secondary flows inducing up and down-
wellings at the lake boundaries (Piccolroaz et al., 2019;
Reiss et al., 2020). Given all these contributing processes,
it is not surprising that there are also lakes where an in-
crease of DMEs has been observed in the last decades. A
prominent example is Lake Tovel (northern Italy) where
global warming actually increased deep mixing, shifting
the mixing regime from meromixis to dimixis (i.e., fully
mixing twice per year), due to delayed icing and a longer
autumn-mixing period (Flaim et al., 2020). Long-term vari-
ability of the wind-stress field can also alter the occurrence
of DMEs. A paleolimnological analysis of silicon isotope
composition of diatoms in sediment cores of Lake Baikal
(Swann et al., 2020) demonstrated that increasing winds
caused an enhancement of deep ventilation in the last cen-
tury. The increase of deep ventilation resulted in larger up-
welling of nutrient-rich deep water, which was capable of

altering the primary production and community dynamics
in the lake.

In this paper, we focus on Lake Garda, the largest lake
in Italy, with a surface area of 368 km? and a volume of
49 km?. Its narrow deep northern trunk is situated in the
mountain region of the Alps, while its wide shallow south-
ern part reaches into the Po valley (Fig. 1). Lake Garda is
an oligomictic lake, and observations clearly indicate
episodic jumps in the bottom water temperature in late
winter (cf. Fig. 2), which we refer to as Deep-Cooling
Events (DCEs). During such DCEs, the averaged bottom
50 m temperature in the northern and central part of the
lake shows changes of 0.1-0.5°C within a 1-2 week pe-
riod. Traditionally, the DCEs are associated to DMEs
driven by surface cooling through buoyancy-driven tur-
bulence (Salmaso and Decet, 1998). Here, we separate
two processes that can lead to DCE due to surface cool-
ing: one is the complete vertical mixing of the lake, and
the other is the vertical displacement of a mass of cold
and well-oxygenated water from the surface to the bottom
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Fig. 1. Map of Lake Garda, including the bathymetry and the
locations of the monitoring stations (APPA, ARPAV1/2 and
TM). Small yellow dots indicate the locations of pCTD sam-
plings near the APPA monitoring point. The deep mooring was
deployed close to the ARPAV1 point. Inset: location of Lake
Garda in Northern Italy.
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(also termed deep ventilation), without necessarily mak-
ing the water column uniform.

Lake Garda has recently received considerable atten-
tion through new observational and modelling efforts.
Piccolroaz et al. (2019) combined in-situ measurements
with three-dimensional (3D) hydrodynamic modeling to
demonstrate that secondary flows induced by wind stress
and affected by Earth’s rotation can affect deep mixing
in the lake. These findings add a new perspective on
DCEs in Lake Garda with respect to previous studies
that were mainly performed from an ecological and
limnological point of view (Salmaso, 2005; Salmaso et
al., 2018).

To understand the physical processes controlling
DCEs in Lake Garda, a numerical model (which is fit for
purpose for this task) is essential. After a preliminary nu-
merical modeling study by Amadori et al. (2018),
Amadori et al. (2021) used observations of water temper-
ature to calibrate a three-dimensional hydrodynamic
model (Lesser et al., 2004; Deltares, 2014) for Lake
Garda. The analysis of the model’s performance to simu-
late DCEs was based on the comparison with observed
temperature time series, but turbulence and velocities
were not evaluated. A preliminary description of turbu-
lence-related quantities had been provided by Lenstra et
al. (2014), but only for the surface layers in spring. More
recently, van Haren ef al. (2021) measured turbulence
characteristics in the deep waters of Lake Garda to inves-
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tigate turbulence generation by internal waves. Although
providing useful observations, none of these studies ex-
plicitly investigated DCEs and their relation to vertical
mixing (e.g., DMEs) in Lake Garda. Amadori et al. (2021)
mentioned the trend in deep water temperature but did not
analyze the processes responsible.

Building on these recent observations and modelling
efforts, the goal of the present paper is to improve our
understanding of the relation between DMEs and the
deep-water temperature (e.g., DCEs) in Lake Garda.
Knowledge of this relation is essential to understand
how the mixing regime of Lake Garda will change under
climate change and gives insight into the interpretation
of observations of physical quantities in the lake, e.g. the
deep temperature and oxygen record. To investigate
these processes, we exploit the existing model by
Amadori et al. (2021) to simulate mixing, determine the
deep mixing and cooling processes, and finally do a
case study where we compare the model data to a meas-
ured DCE.

OBSERVATIONAL DATA AND MODEL
DESCRIPTION

Measurements

From the day of the year (doy) 68 of 2017 until doy
127 of 2018, a team from Utrecht University and the Uni-
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Fig. 2. Lake temperatures averaged over the bottom 50 m as a function of time at the (a) APPA (depth =270 m) and (b) ARPAV1 (depth
= 344 m) location. Oxygen values are also plotted at the ARPAV1 location (orange curve). The blue curves represent the temperature
measurements by the APPA and ARPA and the green curves are the Delft3D simulation results. The green arrows indicate where the
model simulates DCEs and the blue arrows indicate when these DCEs are observed.
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versity of Trento carried out a joint field campaign on
Lake Garda aimed at measuring and characterizing the
turbulence in Lake Garda. A microstructure profiler (Mi-
croCTD, by Rockland Scientific International, RSI,
Canada; hereafter referred to as pnCTD) equipped with
two airfoil shear probes and two fast-response thermis-
tors (FP0O7) was used on a monthly basis to measure tur-
bulence quantities. The pnCTD was deployed in
free-falling downward profiling mode from the surface
to the maximum operation depth of -100 m. Measure-
ments from the shear probes and the fast-response ther-
mistors were then used to calculate the turbulent kinetic
energy (TKE) dissipation rate (¢). The use of these two
different types of sensors allowed to cover the wide range
of turbulence conditions occurring in the lake, by taking
advantage of their different operational characteristics
and accounting for their technical limitations. Specifi-
cally, ¢ estimates based on the air foil sensors are known
to be affected by a noise floor of the order of 107! m? s3
(Wolk et al., 2002; Fer, 2014; Lincoln et al., 2016). For
this reason, the fast-response thermistors were used to
cover the range of below this threshold, while shear
probes were used to cover the larger values of ¢. This al-
lowed to filter out the possible bias introduced by the fre-
quency response correction of fast-response thermistor
sensors, which is known to affect estimates in highly en-
ergetic environments (Nash et al., 1999; Sommer et al.,
2013; Goto et al., 2016; Bluteau et al., 2017). The ma-
jority of profiles are taken in the northern narrow part of
the lake, and for this application we considered only the
measurements taken at the APPA monitoring site 1. Since
monitoring data were taken from a boat, the measure-
ments are spread over a region around this point. For
more details about these measurements, the reader is re-
ferred to Piccolroaz et al. (2019).

From doy 143 of 2017 until doy 150 of 2018, a taut-
wire sub-surface mooring was deployed at the deepest
point (with a depth of 346 m) of Lake Garda. The deep
mooring measured temperature fluctuations with 100 self-
contained high-resolution temperature sensors. The depth
range is =338 m < z < —189.5 m, so there is 1.5 m dis-
tance between the sensors. These high-resolution temper-
ature observations were used to calculate €. Data after doy
84 of 2018 were not used, as then more than 50% of the
sensors did not work anymore due to battery failure. The
noise level of these sensors is less than 0.1 mK and the
low-range cutoff of ¢ is 107 !> m? s73. At the top (z=—187
m) of the thermistor chain, a Nortek AquaDopp current
meter was mounted, which measured all the three velocity
components with an interval of 300 s. For a more detailed
description of these measurements, the reader is referred
to van Haren et al. (2021).

In addition to the data collected in 2017-2018, vertical
profiles of water temperature and oxygen at three loca-

tions (APPA, ARPAV 1, and ARPAV?2 points, see Fig. 1,
measured by the corresponding Environmental Protection
Agency) were used. These profiles were taken approxi-
mately on a monthly frequency and were available for the
whole investigated period (2004-2018) and along the en-
tire water column. Finally, data from the meteo station at
Toscolano Maderno (Fig. 1), operated by the Regional
Agency for Environmental Protection of the Lombardy
Region, were taken as representative of the lake weather
conditions in the northern trunk.

Hydrodynamic model

The hydrodynamics in Lake Garda was simulated
from 2004 to 2018 using the Delft3D model (Lesser et al.,
2004; Deltares, 2014), in the configuration presented in
Amadori et al. (2021). The horizontal resolution of the
model is about 200 m, and 100 layers in the vertical are
used, with a thickness increasing from 1 m at the surface
to 25 meter close to the bottom; the time step is 30 sec-
onds. To force the model at the lake-atmosphere boundary,
atmospheric fields are taken from a WRF (Weather Re-
search and Forecasting; Skamarock et al. 2008) simula-
tion, whose properties are described in Giovannini et al.
(2014) and Amadori et al. (2021). The atmospheric forc-
ing is provided as time and space varying fields of wind
velocity, air pressure, air temperature, relative humidity,
incoming shortwave radiation and cloudiness. These
quantities are available at 2 km spatial resolution and 1
hour temporal resolution.

The shear stress at the surface (z,) is calculated from
the 10 m wind velocity U,, through 7z, = p,C,|U,(|U,,,
where the wind-drag coefficient C, is defined via a piece-
wise linear function of wind speed, consistent with Wiiest
and Lorke (2003). The surface heat flux is calculated with
the Ocean package (Lane, 1989) as Q,,= O,, — 0., — 0.,
—-Q.,,, where the four terms in the right hand side are de-
termined by the wind speed, solar radiation, cloudiness,
air temperature, air pressure, air humidity and water sur-
face temperature. The heat flux is defined positive when
going from the atmosphere to the lake. The meaning of
the symbols used in these and in the following equations
can be found in Tab. 1.

The TKE k and its dissipation rate ¢ are modelled with
the k — ¢ turbulence model (e.g., Burchard and Baumert,
1995) with the equations:

ak . u dk , v ok ak Ak
6t+,fo;B§+/Gm,6n+waz az(D"az)_P"+Bk &
(eq. la)
de u de v de 2 @ de &2
RN AT T wi =5 (0e5) = Bt Bo— e

(eq. 1b)
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The equations (1) describe that the evolution of & and
¢ is determined by horizontal and vertical advection and
vertical diffusion. There are three terms, which can gen-
erate or destroy turbulence: production by shear (P, and
P,), production (or dissipation) by buoyancy (B, and B,),
and loss by dissipation of turbulence (¢ and ¢,, €% '). The
effect of breaking (surface and internal) waves is not rep-
resented in these equations. The production terms are
given by the following expressions:

2 2
e (2 42, o
__Vapyg 9p
Bk - pop az’ (eq 2b)
P= euip,, (eq. 20)
Be=cq¢ i (1 —c3¢)By . (eq. 2d)

In this formulation, the production of TKE by shear is
thus proportional to the square of the vertical shear and
the buoyant production of TKE is proportional to the ver-
tical density gradient. In this regard, we recall that Lake
Garda is a freshwater lake where the density is almost en-
tirely determined by temperature.

Tab. 1. Meaning of the symbols in the Delft3D model description.

Finally, the vertical (Dirichlet) boundary conditions at
top (z = 0) and bottom (z = —H) for k and ¢ are:

_ Usp _ u*s‘

kly=—n = Ta kl,=0 = T (eq. 3a)
_ u.b:" _ U 3

Ely=—y = P gm0 = xAst' (eq. 3b)

At the surface, TKE is proportional to u.2 = | 7, | po,
and hence proportional to the wind-shear stress, while at
the bottom it is determined by the square of the bottom
friction velocity u.,. We refer once again to Tab. 1 for the
meaning of the symbols used in these equations and to
Amadori et al. (2021) for the parameter values used.

RESULTS

To motivate the specific time periods over which the
turbulence characteristics are analyzed, we plot in Fig. 2a
(APPA) and b (ARPAV1), the observed bottom tempera-
ture and oxygen concentration and the result from the
Delft3D simulation over the entire period 2004-2018. This
figure shows that the observed bottom temperature slowly
rises each year and is sometimes interrupted by episodes

Symbol Meaning Dimension
B, B, Production by buoyancy (of k and ¢, respectively) m?s3 ,m?s
C, Wind drag coefficient no dimension
Clo Cop Cp Calibration constants £ — ¢ model no dimension
D, D, Eddy diffusivity (of & and e, respectively) m?s!
G G, Coefficient used to transform curvilinear to rectangular coordinates m?
g Gravitational acceleration ms2
H Water depth m
k Turbulent kinetic energy m?s 2
P, P, Production by shear (of & and ¢, respectively) m?s3 om2s*
Ot Net surface heat flux W m™?
O, Surface heat flux by solar radiation Wm?
0. Surface heat flux by net long-wave radiation Wm?
0., Surface heat flux by evaporation Wm™
0., Surface heat flux by conduction Wm?
t Time s
Uy, Wind speed (at 10 meter) ms!
Usyy Uy Friction velocity (at surface and bottom, respectively) ms!
u, v Horizontal velocity components ms!
w Vertical velocity component ms!
z Vertical coordinate m
Zy Roughness length m
Az, Thickness of the surface layer m
& Turbulent kinetic energy dissipation rate m?s3
Von Karman constant no dimension
Vip Part of eddy viscosity in vertical direction m?s!
én Horizontal coordinate no dimension
p Water density kgm™
Pa Air density kg m?

o, Prandtl-Schmidt number

no dimension
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of strong cooling, akin to DCEs. This happens in 2004,
2005 and 2006, but afterwards these DCEs are absent
until 2018, where a small drop in bottom temperature is
observed. The trend in bottom temperature at ARPAV1
(Fig. 2b) is anti-correlated with the deep-oxygen concen-
trations (Rogora et al., 2018), suggesting a link between
the drop in temperature and deep mixing. The orange ar-
rows in Fig. 2 indicate the years when DCEs were ob-
served in the measured bottom temperature. Different
behavior can be clearly seen by comparing the year 2006
(a year with a DCE) and the year 2015 (no DCE) in late
winter. About typically 50-60 days after the beginning of
the year, the bottom water temperature drops in 2006,
while it rises in 2015. While the model clearly captures
the observed DCEs (green curve in Fig. 2), it also simu-
lates false positive DCEs (in 2009, 2010 and in 2017).
This model deficiency was already mentioned in Amadori
et al. (2021), but no analysis was presented on the mis-
representation of the processes responsible; this will be
done in section “Identification of processes controlling
deep-water temperature and deep mixing” below.

Turbulence and velocity
Model results

In Fig. 3a-b we display TKE dissipation rate in the
Delft3D simulation at the ARPAV 1 point over the two dif-
ferent years 2006 and 2015. In the summer (doy 160-250)
of both years, the largest values of ¢ (indicating strong tur-
bulence) occur in the upper 20 m, while during winter
(doy 0-90) the entire upper 100 m experiences strong tur-
bulence. Episodes of strong turbulence reaching larger
depths may occur outside winter as well, although rarely,
for example on doy 152 of 2006. In winter, episodes of
strong turbulence covering the whole depth are observed
in 2006, but they are rarer in 2015. Furthermore, strong
turbulence is present at the bottom for the entire year.

Turbulence in the £ — ¢ model can be produced by four
processes: shear, buoyancy, bottom friction and wind forc-
ing (see paragraph Observational Data and Model De-
scription). For most of the year, turbulence production by
shear (P,) happens close to the surface and just above the
lake floor (Fig. 3 c,d). In winter, turbulence production by
shear covers the entire depth in 2006. Production of tur-
bulence by buoyancy (B, >0) is confined to a narrow sur-
face layer, and only in winter this also happens below 20
m (Fig. 3 e,f). In the rest of the domain, conversion of tur-
bulence to potential energy (B, < 0) dominates (Fig. 3
g,h). This implies that mixing directly associated with sur-
face cooling is limited to the surface layer during most of
the year, and only for short periods in 2006 it affects the
whole depth (Fig. 3e).

According to Tab. 2, the average value of B, is nega-
tive, even in the surface layer, while that of P, is larger in

the surface layer than in the deep layer. The average val-
ues of production of turbulence at the boundaries (free
surface and bottom) can be estimated from Tab. 2 by as-
suming steady state and ignoring transport of turbulent
quantities in equation (1a). Under these assumptions, the
TKE flux at the boundary (bottom or surface) is locally
balanced by the net dissipation given by the right-hand
side of equation (la), i.e. ¢ — P, — B,. According to this
simplified estimate, the production of TKE due to the
wind (in the surface layer) amounts to 1.48 x 1078 m? g3
and the production by bottom friction is estimated to be
2.5 x 107 m? s73; the latter is hence the major process of
TKE production below the surface layer (ignoring the po-
tential influence of wave breaking).

Comparison with uCTD

On doy 50 of 2018 (Fig. 4b), the model simulates ¢ rel-
atively well while on doy 256 of 2017 (Fig. 4d) the simu-
lated turbulence is much too strong in the upper 30 m and
much too weak below 30 m. This difference in simulation
quality for non-stratified (Fig. 4a) and stratified (Fig. 4c)
cases is typical for most times where puCTD measurements
are available. The time interval during which the model per-
forms best on simulating ¢ is from doy 23-80 of 2018 (not
shown), which is the coldest period of the year for Lake
Garda. The difference in the profiles of observed and sim-
ulated suggests that the amount of turbulence produced near
the surface is simulated relatively well, but that the propa-
gation through the vertical is inadequately simulated and
leads to weaker turbulence in deeper waters.

The importance of the thermocline becomes clear
when looking at Fig. 4 c,d. Below the thermocline, turbu-
lence is weaker than above the thermocline due to several
reasons. First, the stratification in the thermocline acts as
a shield to the vertical transport of turbulence to deeper
waters. Second, the horizontal velocities are stronger
above the thermocline, so turbulence production by shear
is stronger in the epilimnion. Third, internal waves are
supported by the stratification, which transport momen-
tum and can induce turbulent overturning. The thermo-
cline simulated by the model is stronger than in the
observations in 32 out of the 41 measurements (and in 5

Tab. 2. Average values of different turbulence production terms
over time in the Delft3D simulation at the ARPAV1 point. Values
are averaged over 14 years of simulation (2004-2018) and winter
is excluded (hence values are averaged from doy 90-365 for
every year). All values are in 107 m? s=.

0-50 m 128.6 123.6 -9.8
50 m - bottom 12.5 0.8 -0.6
200 m - bottom 24.8 0.05 -0.25
Total 29.7 19.0 -2.0
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of the other 9 cases the thermocline is absent in the upper
100 meter). It follows that a too strong modelled thermo-
cline is a reasonable explanation for the differences be-
tween the model and the observations. Indeed, when
stratification is practically absent in winter, turbulence is
correctly simulated.

A possible reason for the difference in thermocline
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strength between the simulation and the measurements is
that (sub-grid) internal waves are not parameterized in the
simulation. Internal-wave breaking at the thermocline can
be a source of turbulence (van Haren et al., 1999; Preusse
et al., 2010). This will lead to enhanced vertical mixing
around the thermocline, thus weakening the vertical tem-
perature gradient, and consequently give a less sharp ther-
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mocline. It should, however, be noted that there are ob-
servations where the thermocline strength is adequately
simulated, but where ¢ is significantly different from ob-
servations (not shown). This indicates that the model does
have deficiencies to simulate turbulence in the presence
of strong vertical temperature gradients, even when the
temperature itself is simulated correctly.

Comparison with deep mooring measurements

Fig. 5a displays measured by the mooring and Fig. 5b
displays simulated by Delft3D over the second half of the
year 2017. The large white area in Fig. 5a reveals that for
a large part of the observed period (72 %), the observed &
is smaller than the sensor threshold of 1072 m? s73. The ¢
values extracted from the model (Fig. 5b) show a situation
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where ¢ has its maximum just above the lake floor, and
decays upwards. At several times (doy 240, and from doy
300 to doy 350) stronger turbulence at the bottom is vis-
ible, which extends up to 100 m above the lake floor.

To interpret the reason behind this turbulence maxi-
mum, we refer again to the sources of turbulence in the
deep lake in the Delft3D simulation (Tab. 2, third row). The
net production of turbulence by the sum of shear and buoy-
ancy is negative from the bottom to 200 m. This implies
that all the turbulence produced by shear at the bottom
(which is the major source) is dissipated in the bottom layer.

The modelled maximum of ¢ at the bottom is not found
in the observations (Fig. 5a). Thus, while bottom friction
should be a negligible source of turbulence in reality, the
turbulence dissipation by bottom friction (see equation 3c)
is excessive in the model. The reason for this is the vertical
size of the grid cells, which is only 25 m at this depth,
which does not allow to reproduce the velocity profile at
the bottom and, hence, the velocity in the lower layer is
overestimated. On the other hand, the mooring sometimes
measures episodes of stronger turbulence (Fig. Sa, for ex-
ample from doy 330-340 between 280 m depth and the bot-
tom) that has been identified as breaking internal waves
(van Haren et al., 2021). These turbulent episodes are not
seen in the simulations because internal waves are not ac-
counted for as a source of turbulence in the model. More-
over, also the vertical grid size is too coarse at this depth to
compute internal waves in a sufficiently accurate way.

Velocities are measured at the ARPAV1 point from doy
150 of 2017 until doy 85 of 2018 at a depth of 187 m. The
correlation with the velocity values of the Delft3D simula-
tion is small, because it is difficult to properly reproduce
the phase of the highly variable velocity field. To gain in-
sight into the performance of the model in simulating the
statistics of these velocities, the mean value, standard de-
viation and skewness of the velocity distributions are listed
in Tab. 3 and show the non-Gaussian properties of the ve-
locity field. Both the mean of u and v are approximately
zero, which is expected because of the alternating character
of the flow. The statistical properties of the simulation agree
well with the measurements in the along-channel direction.
In the cross-channel direction the variance in the observa-
tions is much larger than in the simulations. The reason for
this is that the velocities in this direction are weaker and

thus more influenced by smaller-scale processes, which are
not resolved in the model.

A good agreement between the modelled and observed
velocities is found after significant wind events. In Fig.
6, an example of such an event is shown for autumn 2017.
Around doy 316, a strong along-channel wind (Fig. 6 a,b)
starts to blow, reaching wind velocities of over 20 m s!.
The wind excites lake velocities at the depth of the current
meter, mostly in the along-channel direction (Fig. 6 c,d).
The strength and timing of these velocities is well simu-
lated. After this wind event, an oscillating behavior ap-
pears in the observations, which is also reproduced by the
model. To investigate whether these velocities can be re-
lated to seiches, the periodicity of the currents is investi-
gated. We computed the theoretical period of the seiches
in the lake, following the method of Mortimer (1974), and
found an oscillation period of 78 hours. Fourier analysis
of the modelled and observed velocities reveals that in
doy 325-365 of 2017 the dominant period of the oscilla-
tion is between 70 and 90 hours, well in agreement with
the theoretical result. Since the lake is cooling over the
time period shown, vertical density differences will de-
crease and a longer oscillation period is expected, this be-
havior is also visible in Fig 6. Hence, the model appears
well capable of simulating the basic properties of seiches
in the lake, although of course the observational record
used for testing is very limited.

Identification of processes controlling deep-water
temperature and deep mixing

Although Delft3D does not simulate all mixing
processes correctly, we have seen that the skill of the
model, in terms of simulated ¢, is better in winter than in
other seasons. Since the DCEs happen in winter, we con-
sider the model to be fit for purpose to investigate the re-
lation between DCEs and DMEs.

Bottom warming

As shown in Fig. 2b, the temperature in the lower 50
m at ARPAV1 in the center of Lake Garda rises slowly
throughout the year (with a speed up in autumn and win-
ter). This bottom water warming occurs because the sur-
face water is almost always warmer than the bottom

Tab. 3. Mean, standard deviation and skewness of the horizontal velocity components in the ARPAV1 point. Measurements are by the
Nortek AquaDopler meter at 187 meter depth, and for the Delft3D simulation are velocities averaged from 175 to 200 m depth. The

period is doy 150 - 450 of 2017.

Current meter u 0.001 0.013 -0.579
Delft-3D simulation u -0.001 0.004 0.689
Current meter v 0.002 0.019 -0.719
Delft-3D simulation v 0.002 0.018 -0.576
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water. The measured warming is relatively slow ter, because the stratification weakens due to surface cool-
(0.11£0.08°C per year, values calculated from 2007- ing and vertical mixing increases. In addition, mixing in-
2016), since the downward transport of the heat from the duced by internal waves contributes to this process (van
surface layer is hampered by the stratification in the water Haren et al., 2021), but such contribution is lacking in the
column. This warming rate increases in autumn and win- model. The geothermal heat flux in peri-alpine lakes is
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found to be 0.12 W m (Finckh, 1981), which will lead
to additional heating of the deep water; this process was
not included in the model. Nonetheless, the bottom water
warming in the model is larger than in the measurements,
with 0.2340.09°C per year from 2007 to 2016, having ex-
cluded the years with net bottom water cooling. The major
reason for this discrepancy between model and observa-
tions is that in winter the epilimnion of the lake in the
model is colder than in observations by 0.49+0.43°C (av-
eraged over the upper 50 m of the lake); as a consequence,
the thermal stratification in the model is weaker (as con-
firmed by the comparison of the measurements at the
ARPAV1 point from 2007 to 2017 with the model results)
and leads to a larger heat transport from the surface to
deeper waters.

Thermocline tilting

Spikes are visible in the modeled deep water tempera-
ture for example from doy 24 to 36 of 2005 (Fig. 2). They
can be associated to the action of a strong wind event,
through the mechanism of thermocline tilting (Imboden e?
al., 1987; Socolofsky et al., 1995), as schematically dis-
played in Fig. 7 a-c. The thermocline tilting process is a
phenomenon that only happens when strong winds are
present during a specific state of the stratification in the
lake. It does not happen when stratification is too weak or
absent because then most of the momentum input from the
wind will be converted into turbulence. When the momen-
tum input by the wind is relatively low compared to the
strength of the thermocline, the vertical stratification will
survive the strong winds, because the potential energy bar-
rier is in that case too large for the wind to cause significant
horizontal gradients in water temperature. When wind and
stratification conditions for the occurrence of thermocline
tilting are fulfilled, the development of this wind-driven
basin scale flow causes a spike in the deep water tempera-
ture signal, because warm water reaches the bottom (Fig.
7b), but disappears a few days later when the wind weakens
and the stratification recovers. The (short-living and local)
disappearance of stratification in combination with strong
winds causes mixing over the entire water column, giving
a DME that homogenizes the temperature and the concen-
tration of chemical components. A further cooling of the
surface waters may found favorable conditions to cause a
DCE, but this is not always the case. A detailed illustration
of this process in a specific event is provided in the Sup-
plementary Material (Section 1).

Unfortunately, direct observational evidence of the
thermocline tilting process in winter 2018, when the deep
mooring was operational, is not available and the temporal
resolution of the monitoring data is not sufficient to cap-
ture this process. Note that winds can also generate a
cross-lake overturning circulation because of the Coriolis
force (Amadori et al., 2018; Piccolroaz et al., 2019). This

process differs from the one associated with thermocline
tilting where the overturning circulation is along the main
axis of the lake and parallel to the wind.

Turbulent cooling

Another process relevant for determining the deep-
water temperature in Lake Garda is indicated here by tur-
bulent cooling and it consists of two well-known
processes: convective cooling (Fig. 7 d-f) and shear driven
cooling (Fig. 7 g-i). It was identified as a dominant
process of deep-water cooling in many other alpine lakes
(Ambrosetti et al., 2010).

Convective cooling starts when cold air arrives over
the lake (Fig. 7d) which causes a negative surface heat
flux and cools the epilimnion. When the epilimnetic water
reaches and drops below the temperature of the metalim-
netic/hypolimnetic water, the entire water column starts
to cool and is also mixed (Fig. 7¢), with turbulence pro-
duced by negative buoyancy. When the (daily-averaged)
surface heat flux becomes positive, a new (weak) thermo-
cline forms (around a typical depth of 10 meter) and the
bottom cooling process stops (Fig. 7f). Therefore, the in-
gredients for the convective cooling process are i) a weak
enough stratification, and ii) low air temperatures (typi-
cally, values below the deep-water temperature of the
lake), producing a negative heat flux at the surface.

Shear-driven cooling starts with a strong wind over the
lake (Fig. 7g). Shear-generated turbulence in the epilimnion
will erode the thermocline, eventually reaching the bottom
(Fig. 7h), and cooling and mixing the entire water column.
When the wind weakens and the daily-averaged surface
heat flux becomes positive, a new thermocline forms, sim-
ilar to the previous case (Fig. 7i). The ingredients for shear
driven cooling are therefore i) a weak enough stratification,
and ii) strong enough winds (typically, values above about
10 m s). These two processes can happen separately or si-
multaneously. If the air is cold but there is no strong wind,
only convective cooling will happen, so the lake will cool
but mixing will be relatively weak. If there is a strong wind
but no cold air, the lake will mix but cooling will be weak.
If the air is cold and there is strong wind, cooling and mix-
ing will both be strong. An example of the combined action
of the two processes as simulated by the model is provided
in the Supplementary Material (Section 2).

Convective cooling is a well-known mechanism for
DCEs (Ambrosetti et al., 2010), also in Lake Garda, and
can happen at the end of the winter (February and March)
when the lake surface temperature is at its lowest. Tem-
perature profiles measured at the APPA point during the
DCE in the winter of 2004 (not shown) indicate that the
coldest water was at the surface, hence negative buoyancy
was present, and turbulent cooling was taking place. Such
a situation was not observed, for example, in 2008 (no
DCE), although this does not necessarily mean that tur-
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bulent cooling did not happen at all during that winter as
this process is episodic and the observed profiles were
taken on a monthly basis.

Differential cooling

The deep water of Lake Garda can also cool because
of a process called differential cooling, as schematically
shown in Fig. 7 j-1.

south south

This process is closely connected to turbulent cooling
happening in different parts of the lake. Differential cool-
ing was also observed in other lakes and has been dis-
cussed extensively in the literature (Fer et al., 2002;
Pecters et al., 2003; Ambrosetti et al., 2010; Verburg et
al., 2011).

A turbulent cooling event is present in the simulation
in the winter of 2005 (doy 64) and the details are de-
scribed in the Supplementary Material (Section 3). Here,
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we summarize the main dynamics. Initially, the whole
lake is cooling over the entire water column (Fig. 7j), but
with a volume of colder water at the bottom in the south-
ern part. When turbulent cooling ceases, colder water
starts to appear at the bottom of the central, deep part of
the lake. This cold water cannot be created by turbulent
cooling at that location, since the surface water never was
this cold. Instead, the origin of the cold water is advection
of water from the shallower parts of the lake, through bot-
tom currents (Fig. 7k). This is confirmed by the currents
in the model, where a northward current is present close
to the bottom and the spread of the cold water matches
with the along-channel bottom flow velocities. The flow
simulated during these events (not shown) is independent
of wind speed and direction at that time, and differential
cooling happens even when the wind is very weak. The
northward bottom currents are caused by density differ-
ences: cold water from the south flows to the deep north-
ern part because of its larger density. The simulation
shows that it takes approximately one week to reach the
north. In this way, differential cooling generates stratifi-
cation in the deep part of the lake because cold water
flows beneath warm water (Fig. 71).

A confirmation of the existence of differential cooling
in Lake Garda comes from the analysis of bottom temper-
ature at the (shallow) ARPAV2 point and at the (deep)
ARPAV1 point (Supplementary Material, Section 3): the
temperature profile at the ARPAV1 point shows that, just
above the bottom, cold water is present over a small depth
range. Differential cooling could also be generated by
cold water from the shallower east or west sides of the
basin. However, no significant contributions by this
process are found in the model. This is expected because
the horizontal temperature gradients are very weak over
the northern part of the lake in winter. Differential cooling

also results in a weak stratification at the bottom, which
is quite different from the one due to turbulent cooling.
This signature could be used to distinguish future DCE:s,
as it should be visible in temperature time series at differ-
ent depths.

Case study: the 2018 DME

Having identified the dominant processes responsible
for the DCEs in Delft3D simulations, we now take winter
2018 as a case study when a DCE was measured (in Feb-
ruary 2018) by the deep mooring (van Haren et al., 2021).
This provides the most detailed observational data of bot-
tom water cooling in Lake Garda so far. Below, this event
is studied and the processes responsible are identified.

Plots of wind speed, surface heat flux and air temper-
ature (from the WRF simulation and measurements) are
shown in Fig. 8. The highest wind speeds are observed
around doy 53. However, this does not lead to a very low
surface heat flux. Around doy 55, the air temperature
drops about 10°C, associated with the arrival of a Siberian
front. This leads to a negative surface heat flux, but be-
cause the wind was not strong at this moment, the heat
flux did not become (Fig. 8b) strongly negative as, for ex-
ample, for the case of turbulent cooling examined in the
Supplementary Material (Fig. S2). The simulated air tem-
perature is mostly in line with the measurements, except
that the drop in air temperature due to the Siberian front
was more intense in the simulation. Moreover, wind ve-
locities are lower in the measurements, in particular from
doy 50-55. We note that the observations are taken at the
Toscolano Maderno weather station (Fig. 1), which is on
the land, while the ARPAV1 point is in the middle of the
lake, where the wind is not hindered by obstacles. Based
on a comparison between on- and off-shore wind velocity
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Fig. 8. Atmospheric forcing versus time at the ARPAV1 point. The thick line represents the daily averages, while the shaded line shows
the hourly values. Data from the WRF (wind and air temperature) and Delft3D (surface heat flux) simulation (blue) and from measure-
ments at the TM (Fig. 1) station (red). The brown line is the measured wind speed times 1.6, which is more representative for the wind
speed above the lake (Piccolroaz ef al., 2019). (a) Wind speed. (b) Surface heat flux. (c) Air temperature.
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measurements, Piccolroaz et al. (2019) estimated a factor
1.6 between the two but this was for a meteorological sta-
tion in the north-western shore (Limone del Garda) and
the APPA off-shore site. Hence, this factor may be larger
between the Toscolano-Maderno and ARPVAT1 station.
The agreement between observed and simulated wind is
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reasonable in the investigated period with the exception
of doys 50-55 and 75-80, when the simulated wind speed
is clearly an overestimation.

The measured vertical distribution of temperature
(Fig. 9a) shows that the water column is nearly homoge-
neous around doy 62, when a sudden cooling occurs (a
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Fig. 9. Observed and simulated quantities at the ARPAV1 point versus time and vertical coordinate in winter 2018. (a) Temperature
measured at the mooring. (b) TKE dissipation rate (¢) calculated from measurements at the mooring. (¢) Temperature simulated by
Delft3D. (d) simulated by Delft3D. (e) Temperature simulated in a different run (described in text) of Delft3D. (f) ¢ simulated in the ad-
ditional simulation (described in the text) of Delft3D.
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DCE). This cooling is most pronounced at the bottom.
Also Fig. 9b indicates strong turbulence remains present
for a few weeks after doy 62. According to the description
of the different cooling mechanisms, differential cooling
is the best candidate to explain the observations. The tim-
ing of bottom water cooling is what one would expect if
this process were happening. Cold air temperatures arrive
over the lake around doy 55 (cooling the entire lake, also
the shallow southern part), and about a week later the first
cooling is observed at the ARPAV 1 point, in line with the
propagation velocity of the cold water in the model (see
paragraph Differential Cooling). The fact that the mini-
mum water temperature occurs at the bottom is also con-
sistent with differential cooling. In van Haren et al.
(2021), it is also stated that this DCE is due to differential
cooling, but they suggest that the cold water comes from
the north, based on the flow direction observed by the cur-
rent meter: strong south-westward horizontal velocities
are observed by the Nortek AquaDopp current meter dur-
ing this event. However, according to the model results
and the measurements of temperature, the biggest temper-
ature drop is only present in the bottom layer (with a max-
imum vertical extent of 50 m). This makes it unlikely that
the current meter (150 meter above the bottom) measures
the flow which transports this cold water, but rather meas-
ures a counter-current. If at the bottom a northward flow
(deflected to the right, i.e. east, by the Earth’s rotation)
exists, a southward (again deflected to the right, i.e. west)
counter- current above is expected.

In the simulation, stronger turbulence is present during
the differential cooling process, but it remains close to the
bottom and is for a large part generated by the model
through bottom friction. In the observations, turbulence
peaks over most of the depth range of the mooring during
that time. In Fig. 9c, the simulated water temperatures also
do not show a good agreement with measurements during
this event. In particular, between doy 45 and 65 several
episodes of turbulent cooling are present in the Delft3D
simulation and the strong wind at doy 53 seems to be the
major cause of this. Fig. 10 shows that the Siberian front
(doy 55-60) caused most bottom cooling in the southern
part of the lake. This water flows with approximately 0.07
m s~ to the north (according to Fig. 10), which is in agree-
ment with the bottom velocities in the simulation (not
shown).

Delft3D is not able to simulate the correct amount of
bottom water cooling and mixing in winter 2018. This dis-
agreement originates from the stronger (model) winds
from doy 50-55 and the fact that the surface layer is colder
in the simulation than in reality. A pnCTD measurement at
doy 59 at the APPA point indicates that the surface layer
is 0.2°C colder in the simulation than in observations,
partly caused by overestimation of the wind speed from
doy 50-56. This explains why the Delft3D simulation sim-

ulates turbulent cooling at the ARPAV1 point which does
not (or barely) happen in reality.

To better understand what causes the model’s inaccu-
racy during the cooling event in February 2018, an addi-
tional simulation was performed. The model was restarted
from doy 40 of 2018, but now integrated with the forcing
from doy 56 to 85. The motivation for this simulation was
that the state of the lake as simulated on doy 40 well de-
scribes the observed lake conditions. The bottom temper-
ature is well simulated on doy 40 by the model (the root
mean squared error is 0.037°C in the overlapping depth
range with the mooring). Furthermore, this temperature is
very similar to that observed on doy 56 (the average tem-
perature in the depth range of the measurements is 8.84°C
at doy 40 and 8.83°C at doy 56). At the same time, the
simulated surface temperature on doy 40 is consistent
with the closest (in time) pCTD temperature profile,
available on doy 51 (the root mean squared error is
0.16°C). Results of the additional simulation are displayed
in Fig. 9 e,f. The bottom water cooling is now solely
caused by advection, which starts at doy 63, just as in the
observations. The mixing observed at doy 59-62 is caused
by negative buoyancy from the surface, but causes hardly
any bottom water cooling. These new results strengthen
the confidence in the capabilities of Delft3D to model
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DMESs and DCEs and emphasizes the importance of forc-
ing the model with correct wind speeds.

DISCUSSION

The results show that the model is able to simulate tur-
bulence in Lake Garda in a reasonable way. However,
once stratification appears, the TKE dissipation rate in the
hypolimnion is smaller in the simulation than in observa-
tions. This is likely caused by an overestimation of the
thermocline strength in the simulation and/or by the ab-
sence of the contribution of breaking internal waves,
which could also explain why the thermocline is stronger
in the simulation. At the bottom, turbulence is artificially
generated by bottom friction in the simulation. So to im-
prove the simulation of turbulence in Delft3D, internal
waves should be included and the vertical grid size of the
model next to the bottom should be made finer. We have
seen that in Lake Garda, DCEs can occur with and with-
out a DME happening simultaneously, e.g. turbulent cool-
ing causes a DCE and DME, while differential cooling
only cools the bottom water and thermocline tilting only
mixes the lake. Thus, we propose specific features of the
two processes. On the one hand, DCEs are an alteration
of deep water temperature which can be caused by several
factors. Cold water can be transported downwards either
by convective transport from the surface or by deep down-
welling from littoral zones or conterminous sub-basins.
These mechanisms do not necessarily produce a complete
mixing of the lake. Indeed, localized downwellings may
also cause the opposite, as deep cooling enhances the ther-
mal gradients in the deepest layers. On the other hand, in
order to clearly identify and understand the occurrence of
a DME, we need to observe the vertical distribution of all
water quality components (temperature, oxygen, salinity,
nutrients concentration), as well as turbulent quantities.
Based on the numerical results, we have seen that DMEs
can occur due to thermocline tilting and turbulent cooling,
but among the two processes, only the latter is also asso-
ciated with DCE (because it is mainly driven by a surface
cooling). However, mixing produced by tilting can favor
the occurrence of a subsequent DCE in the presence of a
surface cooling over a homothermal water column.

The model clearly captures DCEs (green arrows in
Fig. 2) and shows that turbulent cooling and differential
cooling can lead to a series of cooling events in a cold
winter. These take place approximately from the moment
that the thermocline disappears, for example after a strong
wind event, until the daily averaged surface heat flux re-
mains positive and spring starts. The use of the hydrody-
namic model and the observations of the deep mooring
were essential to find that these DCEs occur in series,
while such information could not have been deduced from
the low-frequency monitoring data. Thus we showed how

hydrodynamic models can be used to fill in gaps arising
by low-frequency monitoring data in lakes.

With this knowledge of the processes in Lake Garda,
we can now understand the observed temperature and
oxygen profiles better (Fig. 2): In 2004, 2005 and 2006 a
series of cooling and mixing events occurred, in 2018 a
single cooling event occurred and in 2009 probably ther-
mocline tilting happened: oxygen-rich surface water
reached the bottom but disappeared shortly afterwards.
The Delft3D model simulates false positive DCEs (in
2009, 2010 and in 2017), where a drop in deep water tem-
perature is simulated but not observed. Amadori et al.
(2021) ascribed this model inaccuracy to a misrepresen-
tation of the atmospheric forcing provided by the atmos-
pheric model in these periods, i.e. an overestimation of
wind speed and an underestimation of air temperature dur-
ing winter periods, which led to a cold bias in the upper
layer temperature. The latter indeed makes DCEs more
likely to happen, since a prerequisite for this is weak
enough stratification. Also, salinity is ignored in the sim-
ulation, which will in reality often stabilize the water col-
umn (although not always, see Fig. 2 in van Haren ef al.,
2021). Salinity contributes about 15% to density varia-
tions that are thus dominated by temperature variations in
the deeper half of Lake Garda.

The effect of climate change on the frequency of
DME:s in Lake Garda has been already investigated by
Salmaso et al. (2018), who showed how the thermal strat-
ification is strengthened by warming air temperatures,
thus making DME:s less frequent. However, since the bot-
tom water temperature increases during the periods with-
out DMEs in Lake Garda (up to 1°C per decade), the
temperature difference between surface and bottom wa-
ters does not necessarily increase under higher air tem-
peratures. Based on the results provided here, the
probability for a DME to happen is more sensitive to the
frequency and strength of strong wind events during (rel-
atively cold) winters, because these events are the direct
drivers of mixing processes. How their characteristics
change above Lake Garda is an issue that should be ad-
dressed by high-resolution climate-model based projec-
tions of future atmospheric forcing over the lake. Even
when those forcing fields are available, the use of a
thermo-hydrodynamic model to provide reliable projec-
tions of future DME:s is challenging. Further efforts com-
bining modeling and observations are necessary to
address this issue.

CONCLUSIONS

In this study, the relation between deep-mixing events
(DMEs) and deep-cooling events (DCEs) in Lake Garda
was investigated using observations and a long 2004 -
2018 simulation with a three-dimensional hydrodynamic
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model (Delft3D forced by the atmospheric model WRF).
Comparing observations with the simulations revealed
that the values of the turbulent kinetic energy dissipation
rate close to the surface and in winter are reasonably well
simulated. Two processes, thermocline tilting and turbu-
lent cooling, were identified which can cause DMEs in
Lake Garda. Turbulent cooling causes a simultaneous oc-
currence of a DME and a DCE. A DCE can also occur due
to differential cooling. We showed that differential cool-
ing was the best explanation for the DCE in the winter of
2018, where both measurements of temperature and tur-
bulence are available.
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