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Abstract

Mixing is a very important physical mechanism in lakes, since it is strongly connected
to turbulence. Turbulence has a direct influence on thermal stratification and biological
processes. This study used in-situ observations to investigate the seasonal variability
of mixing in northern Lake Garda (Italy). The in-situ observations were made using
a vertical microstructure profiler (MicroCTD, Rockland Scientific International), which
measured temperature, conductivity, turbidity, chlorophyll-a concentrations and vertical
shear. These measurements were performed on a monthly basis, starting in March 2017,
for a whole year. Four different stations were monitored at the same time. Three of
them were forming a cross section perpendicular to lake’s main axis, which is oriented
in a northeast-southwest direction. The fourth station was located further to the south.
Additionally, measurements of meteorological variables were obtained from nearby mete-
orological ground stations. The combination of all these measurements made it possible
to quantify which external forcing mechanisms had the most influence on the dynamics
occurring in the lake throughout the year. It was found that throughout the year the
surface buoyancy flux is the most important source of Turbulent Kinetic Energy (TKE),
except during occasional extreme wind events, which caused significant amounts of TKE
to be produced. Observations suggested the development of a secondary circulation, after
persistent, unidirectional winds, causing coastal up-/downwelling along the narrow and
deep part of the lake. It was found that a transition period from negative to positive
buoyancy fluxes in the months September and October marked a transition in the wind
climate and caused the development of an unstable boundary layer in the air above the
lake. This transition period was accompanied by a second algal bloom and was the on-
set of Mixed Layer deepening. During the months December until March a continuous
cooling of the upper layer was observed. The mixing dynamics in the lake turned out to
be more event-based and did not follow any clear seasonal pattern.
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Chapter 1

Introduction

Mixing is of vital importance in lakes and other bodies of water, since it influences the
rates at which chemical and biological processes take place [1][2]. It depends strongly on
physical quantities like thermal stratification, heat- and momentum fluxes and is strongly
associated with turbulence created by these fluxes. Even though lakes are commonly
more extended in the horizontal directions than in the vertical direction the vertical
stratification is of importance, because it slows down vertical mixing and this causes
vertical mixing to be slower than horizontal mixing [3].

Increased temperatures due to climate change might change the thermal stratification
in lakes [4][5] and possibly the heat flux. Since mixing is depending on these factors,
climate change may change the mixing characteristics of lakes. Furthermore, climate
change may change the timing of the growth of phytoplankton, which will subsequently
affect the ecosystems in lakes and may cause regime change in foodwebs [6]. The timing
of phytoplankton growth is mostly controlled by factors like solar radiation and vertical
mixing [7]. For deep lakes it was shown that it is mostly controlled by vertical mixing [8].

A recent study already found an ecological shift in the past three decades due to cli-
mate change and a decrease in the amount of Deep Mixing Events in Lake Garda, a deep
lake [9]. These events enhance the distribution of nutrients and determine (bio)geochemical
processes occurring in deep lakes [10]. In order to understand the dynamics occurring in
a lake on an interannual or decadal timescale, it is therefore crucial to understand how
quantities like stratification and heat- and momentum fluxes affect turbulence and thus
mixing on an annual timescale.

The study on the dynamics of physical, chemical and biological processes on lakes
on a seasonal timescale is often limited by either low-sampling frequencies or sampling
during relatively short periods of the year. Over the years, though, many comprehensive
studies have been performed on lakes all over the world to study these processes over a
seasonal cycle, for example on the Great Slave Lake [11]. Mixing dynamics in particular,
have been investigated on i.e. Lake Geneva [12], a deep lake, and more recently on
Lake Scharmützelsee and Lake Arendsee [13]. There are also studies which investigate
external forcing and mixing in lakes, for example in the deep mountain lake Lake Redó in
the Pyrenees [14]. However, there are not many studies that investigate external forcing
in relation to turbulence and mixing in lakes on an annual timescale.

The objective of this study was to determine the temporal evolution of quantities
related to mixing, like the Turbulent Kinetic Energy dissipation and the vertical mix-
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ing coefficient, but also of lake temperature and chlorophyll-a over a full seasonal cycle
in Lake Garda, a deep alpine lake. We will discuss whether these quantities possess
a seasonal cycle or are more event-based. These quantities were determined with the
help of in-situ measurements obtained by a free-falling vertical microstructure profiler
(MicroCTD, Rockland Scientific International). The obtained data will also be coupled
to meteorological data from nearby weather stations to quantify which external forcing
mechanisms had the most influence on the dynamics occurring in the lake throughout
the year. Specifically we will assess the influence of air temperature, net surface heat flux
and wind on vertical mixing, lake temperature and chlorophyll-a concentrations in Lake
Garda on an annual timescale.

Lake Garda is of particular interest as a deep alpine lake, because it consists of two
different parts. The northern part of the lake is narrower (4 km on average) and deeper
than the southern part and is surrounded by mountains. Due to these mountains the
winds in the northern part of the lake are mostly along the main axis of the lake in
this part, which is oriented in a northeast-southwest fashion [15]. The bathymetry in
the northern part of the lake is relatively regular and uniform as well. Therefore Lake
Garda forms a natural laboratory to study the relation between mixing in the upper
water column, phytoplankton concentrations and external forcing mechanisms.

Lake Garda is the largest freshwater lake in Italy. Its maximum depth is 346 m, while
it has a surface area of around 370 km2 and a volume of 49 km3. The main inflow of
the lake is the Sarca river at the northern edge. The outflow is the river Mincio at the
southern part of the lake and it has been found that the renewal time of the lake is about
27 years [16]. The lake is located in the northern part of Italy (45.6◦N, 10.6◦E) at the
southern edge of the Alps.

Lake Garda is characterized as a oligotrophic to mesotrophic lake [17][18]. Therefore
Lake Garda has relatively clear water and low to moderate primary productivity and nu-
trient concentrations. The lake is also considered to be oligomictic [16], which means that
the lake will undergo incomplete mixing during variable periods. Occasionally, mostly
during cold winters, a complete mixing of the water column may occur.
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Chapter 2

Theory & Methods

2.1 Generation of turbulence
Mixing1 is the result of turbulence associated with advective motions. So to describe

mixing we need to look at the energy associated with turbulence, the so-called Turbulent
Kinetic Energy (TKE). To derive an equation for the Turbulent Kinetic Energy, one
should start from the Navier-Stokes equations. The Navier-Stokes equations for a viscous,
incompressible fluid on a non-rotating Earth can be expressed as:

∂ui

∂t
+

3∑
j=1

∂ui

∂xj

= −δi3g −
1

ρw

∂p

∂xi

+ ν

3∑
j=1

∂2ui

∂x2
j

(2.1)

with ui the velocity component in the Cartesian direction xi for i = 1 − 3, respectively.
x3 is the upward direction and t is time. δi3 denotes a Kronecker Delta. It is equal to 1 if
i = 3 and 0 otherwise. p is the pressure, ν the kinematic viscosity, g the acceleration due
to gravity and ρw the density of water. Additionally we can write the continuity equation
as:

3∑
i=1

∂ui

∂xi

= 0 (2.2)

In order to separate the mean flow from the turbulent flow, we split all variables (p,
ρw and ui) in two parts. A temporal mean, f , and a fluctuation about the mean, f ′:
f = f + f ′, with f some random variable. The temporal mean is defined as:

f =
1

T

∫ t+T/2

t−T/2

f(t′)dt′ (2.3)

where T is a suitable time interval for averaging and t′ a dummy variable used for inte-
gration purposes only.

1This section is based on Imboden and Wüest [19], unless stated otherwise.
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Applying the above-mentioned splitting of variables to Equation 2.1 and taking the
temporal mean of the equations, we obtain:

∂ui

∂t
+

3∑
j=1

uj
∂ui

∂xj

= −δi3g −
1

ρw

∂p

∂xi

+ ν
3∑

j=1

∂2ui

∂x2
j

−
3∑

j=1

∂u′
iu

′
j

∂xj

(2.4)

Here, we have used the identities:

f1 = f1

f ′
1 = 0

f1f2 = f̄1f̄2 + f ′
1f

′
2

(2.5)

for the random variables f1 and f2. The last term on the r.h.s. of Equation 2.4 is usually
expressed as the Reynolds’ stress:

τij = −ρ̄w(u′
iu

′
j) (2.6)

Subtracting from Equation 2.4 the mean flow, multiplying by u′
i and then time-averaging,

one can obtain an expression for the Turbulent Kinetic Energy:

d

dt
TKE = −u′

iu
′
j

∂ui

∂xj

− ∂

∂xj

[
1

ρw
u′
jp

′+u′
ju

′
iu

′
i−ν

∂

∂xj

TKE
]
−ν

(∂u′
i

∂xj

)2− u′
iρ

′
w

ρw
gδi3 (2.7)

with d
dt

denoting the material derivative2. TKE is defined as:

TKE =
1

2

3∑
i=1

u′2
i (2.8)

Assuming there are no spatial gradients in TKE and neglecting pressure correlations, one
can simplify Equation 2.7 to:

∂

∂t
TKE = −u′

iu
′
j

∂ui

∂xj

− ν
(∂u′

i

∂xj

)2 − u′
iρ

′
w

ρw
gδi3 (2.9)

If we furthermore assume that the mean flow is in the x-direction (u2, u3 = 0, u1 = u0)
and that the turbulence is homogeneous and isotropic, the following equation can be
obtained:

∂

∂t
TKE = P − ϵ+B (2.10)

2 d
dt =

∂
∂t + uj

∂
∂xj
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where P is the production of TKE due to the mean flow, ϵ is the rate of dissipation of
TKE due to friction and B the buoyancy flux. Here P , ϵ and B are defined as:

P = −u′
1u

′
3

∂u0

∂x3

ϵ = 7.5ν

(
∂u′

1

∂x3

)2

B = −ρ′wu
′
3

g

ρw

(2.11)

The factor of 7.5 applies to the special situation of statistically isotropic and homogeneous
turbulence. It was first derived by Taylor [20]. P and ϵ are always positive, whereas B can
change sign. Positive means destabilizing, while negative means destabilizing. Assuming
that we have stationary conditions, one can find that:

ϵ = P +B (2.12)

The ratio B
ϵ

is called the mixing efficiency, Γ. This ratio, often assumed to be 0.2,
can be used to derive the vertical mixing coefficient [21]:

KT = Γ
ϵ

N2
(2.13)

with N2 = − g
ρw

dρw
dx3

being the buoyancy frequency.

2.1.1 Generation by wind
One of the mechanisms which creates TKE in a lake is forcing due to the wind (P ). An

important parameter which determines this forcing is the surface shear stress, τ , which
is the force per unit area acting on the lake’s surface:

τ13 ≡ τ = ρaC10U
2
10 = ρau′

1,airu
′
3,air = −ρ̄wu′

1u
′
3 (2.14)

where ρa is the mean density of air, C10 is the wind drag coefficient and U10 the horizontal
wind speed, both at 10 m height above the surface. Subsequently we can define the friction
velocity as [22]:

u∗ =
τ

ρ̄w
(2.15)

It can be shown that in a constant stress layer at the surface in steady state that:

∂u1

∂x3

= −(u∗)
1/2

κx3

(2.16)
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which is known as the ‘Law of the Wall’. κ = 0.41 is the Von Kàrmàn constant and x3 the
depth. If we additionally assume that B = 0, one can obtain from Equations 2.12,2.15
and 2.16 that [23]:

ϵ∗s =
(u∗)

3

κx3

(2.17)

Hence, it is expected that in a surface mixed layer dominated by wind the dissipation
decays with the inverse of the depth.

2.1.2 Generation by buoyancy
A second mechanism for creation of TKE is due to a positive buoyancy forcing at the

surface (B0), which causes convection. The buoyancy flux describes the production of
potential energy due to density changes. A negative flux increases the potential energy
by extracting kinetic energy from turbulent currents. So in a stably stratified column
the flux is negative. But, if on the other hand B is positive, TKE is being produced. So
a negative buoyancy flux is considered to be stabilizing, while a positive buoyancy flux
is destabilizing. The surface buoyancy flux is due to the rate of change of density of a
well mixed layer at the surface with a depth MLD. The MLD has been defined using a
threshold method. It was defined as the depth where the density had increased by 0.1
kgm−3 relative to the surface density. The density was computed using the method of
Chen and Millero [24]. Assuming the salinity to be zero, the surface buoyancy flux is
defined as [19, p. 110]:

B0 =
αg

cpρw
Qtot (2.18)

with α being the thermal expansion coefficient, cp the specific heat of water and Qtot the
total net heat flux at the surface. The total net heat flux is defined as:

Qtot = QSW +QLW +QLH +QSH (2.19)

where QSW is the incoming shortwave radiation, QLW the net longwave radiation, QLH

the latent heat flux and QSH the sensible heat flux.

2.1.3 Monin-Obukhov length
Generally speaking, both of the above processes, convective mixing and mixing due to

shear, play a role in the well mixed layer. If we assume that dissipation due to convective
mixing is constant with depth (ϵ = B0), one can derive a length scale at which the
dissipation due to convective mixing equals the dissipation due to shear. This length
scale is called the Monin-Obukhov length:

LMO = − u3
∗

κB0

(2.20)
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At depths shallower than the Monin-Obukhov length wind-driven turbulence is expected
to be dominant, while at greater depths than the Monin-Obukhov length turbulence due
to convection is expected to be more important than wind-driven turbulence.

2.2 TKE dissipation
From the above it is clear that measurements of the TKE dissipation are the core of

turbulence measurements. One of the ways to measure the dissipation relies on veloc-
ity gradient measurements with the help of airfoil shear probes [25]. This method was
introduced by Osborn [26].

Kolmogorov was the first to derive the spectrum for turbulent velocity fluctuations.
For this he assumed that the largest scales of turbulence are much larger than the dissipa-
tive scales (now called the Kolmogorov scale, η = (ν3/ϵ)1/4). He showed that the velocity
spectrum must be proportional to k−5/3, where k is the wavenumber, in the inertial sub-
range3. Based on work by Nasmyth [27], Oakey [28] derived an empirical spectrum, with
which the rate of dissipation can be derived based on velocity fluctuations:

ϵ = ν

(
∂u′

∂x3

)2

=

∫ ∞

0

ϕ(k)dk (2.21)

where ϕ(k) is called the Nasmyth Universal Spectrum, defined as [25]:

ϕ(k) =
8.05(kη)1/3

1 + (20.6kη)3.715
(2.22)

This spectrum will be used to determine the TKE dissipation.

2.3 MicroCTD Measurements
Since March 2017 a monitoring program has been established in Lake Garda [29]. In

the light of this monitoring program high-resolution profiles of temperature, chlorophyll-
a and velocity fluctuations have been obtained using a MicroCTD (Rockland Scientific
International, Canada). A MicroCTD is a vertically free-falling turbulence and CTD
profiler suitable for lakes. The instrument can be operated at depths upto 100 m. The
instrument contains two shear probes, which measure velocity fluctuations, two FP07
thermistors with an accuracy of 0.001 ◦C and a resolution of 5×10−5 ◦C and a chlorophyll-
a turbidty sensor and fluorometer (JFE-Advantech Sensors) with an accuracy of 1 ppb
and a resolution of 0.01 ppb for the fluorometer. The turbidity sensor has an accuracy
of upto 0.3 FTU and a resolution of 0.03 FTU. Furthermore, a conductivity sensor was
mounted with an accuracy of 0.01 mS cm−1 and a resolution of 0.001 mS cm−1. Finally,
the mounted shear probes have an operating range of 0-10s−1 an accuracy of 5% and a
resolution of 10−3s−1. Based on depth measurements it was determined that the profiler
descends at a speed of about 0.75 ms−1. The sampling frequency for these sensors is

3The range of wavenumbers for which velocity fluctuations are not affected by viscosity.
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512 Hz. This high sampling frequency results in a spatial resolution of approximately
1 mm.

2.3.1 Shear velocity
The MicroCTD comes with a specially developed MATLAB® library to preprocess the

measured profiles. First of all, the measured profiles are despiked and band-pass filtered
between 0.4-98 Hz. The resulting velocity fluctuations are Fourier transformed using a
Cosine window with 50% overlapping segments [30] and a bin length of 0.75 m (1 s). The
dissipation rate is determined from an ensemble average of several of these segments. To
provide statistical robustness one dissipation bin was chosen to be 4 times the bin length
of the Fourier transformed segments: 3 m (4 s). Hence, one dissipation estimate consisted
of 7 Fourier segments. The dissipations bins have an overlap of 75% and this results in a
dissipation estimate every 0.75 m. In order to obtain a dissipation estimate the sprectra
are fitted to the Nasmyth Universal Spectrum as defined in Section 2.2. For more details
about how the spectra are being fitted, see the Technical Notes by Rockland Scientific
International Inc., especially Technical Note 28 [30] by Lueck and Technical Note 5 [31]
by Lueck.

2.3.2 Thorpe Scale
An alternative measure of mixing is to identify density inversions in the water col-

umn using standard CTD-measurements. A density inversion may signify an overturning
motion and this overturning motion results in mixing [32]. The associated vertical scale
of these overturning motions is called the Thorpe scale (LT ) and is defined as:

LT = (d̄2)1/2 (2.23)

where d is the displacement of water parcels in a measured potential density or temper-
ature profile required to reorder the profile in such a way that it will be gravitationally
stable. The bar here denotes an arithmetic mean. The Thorpe scale is known to be
closely related to the Ozmidov length scale, sometimes referred to as the buoyancy scale.
This scale is the maximum length over which an eddy could expand without losing its
isotropy [33] or the overturning length scale at which the buoyancy forces balances the
inertial forces. It is defined as:

LOz =

(
ϵ

N3

) 1
2

(2.24)

It has been shown by Dillon [34] that the Ozmidov scale and the Thorpe scale are related
by a factor of 0.8:

LT ≈ 0.8LOz (2.25)

In a fresh water lake like Lake Garda, the biggest potential density differences are due
to temperature differences rather than differences in salinity. Therefore we will assume
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that the potential temperature can be used as an indirect measure of the potential density.
The potential temperature was deduced from the measured temperature profiles using the
MATLAB® oceanography toolbox4, which uses a polynomial to determine the adiabatic
lapse rate and a Runge-Kutta fourth-order integration scheme [35].

Figure 2.1: A schematic sketch of a density
inversion (black line) on a background density
stratification (dashed line). The run length is
three here, since three adjacent water parcels
(black dots) have been moving in the same di-
rection.

Thorpe scales have been shown to give
reasonable estimates of vertical mixing in
regions with relatively high stratification
and mixing rates [36][37]. In regimes where
the mixing rates are low, instrument noise
becomes a serious problem. This instru-
ment noise might introduce spurious den-
sity inversions in the measured potential
density profiles. This will result in an over-
estimation of the Thorpe scale if these spu-
rious overturns are treated as real over-
turns. Therefore a method has to be used
to effectively eliminate the noise created
by the instrument in such environments,
while at the same time preserving the real
overturns. A number of methods exist and
one of these methods is a method proposed
by Galbraith and Kelley [38]. They pro-
pose that a useful property to distinguish
between real and spurious overturns might
be a statistical measure called the “run
length”. This measure groups adjacent wa-
ter parcels in a water column, which are
moving in the same direction to obtain an
adiabatically stable profile. The length of such a group of parcels moving in the same
direction is called the “run length”. An example is shown in Figure 2.1. They compared
the root-mean-square run length for a series of density differences between the measured
density profile and the reordered profile, called the Thorpe fluctuation series, with that
of an expected distribution from a random series:

P (n) = 2−n (2.26)

where P (n) is the chance for a run of length n.
It has been shown by Johnson and Garrett [39] that it is insufficient to neglect the

background density stratification of an overturn and that the method by Galbraith and
Kelley is too strict and likely to reject real overturns. Because of this Johnson and Garrett
introduced an extension on the above method. This extension simulates noisy overturns
on a background linear potential density profile. The noisy overturns are simulated as
being normally distributed noise with an amplitude which is equal to the instrument’s
resolution limit. The run lengths and Thorpe scales of these simulated profiles can be

4see: http://mooring.ucsd.edu/software/matlab/doc/ocean/index.html

9

http://mooring.ucsd.edu/software/matlab/doc/ocean/index.html


compared to the measured profiles to assess whether the found overturns in our profile
are distinguishable from noise or not. The algorithm by Johnson and Garrett has been
extended here to include non-linear profiles. To achieve this, every measured profile has
been subsampled to 1 Hz using non-overlapping moving averages to obtain a “mean”
profile and then interpolated to the original resolution. On top of this we simulated
normally distributed noise with an amplitude of σθ = 5× 10−5 ◦C. This value is based on
the resolution of the instrument, see also section 2.3. This simulation was carried out 100
times for each profile. For the calculation of the Thorpe scale we have only considered
run lengths bigger than the run lengths expected from an expected distribution of a
random series. Additionally, only profiles that had a rms run length and a Thorpe scale
significantly bigger than those obtained from the simulations were considered to minimize
the effect of noise. Significantly here means more than three standard deviations above
the noise level obtained from simulations.
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Chapter 3

Results

With the help of in-situ measurements vertical microstructure profiles have been ob-
tained of temperature, chlorophyll-a and shear velocity fluctuations. These profiles can
be used to derive turbulent characteristics like the Turbulent Kinetic Energy dissipa-
tion, ϵ, Vertical mixing coefficient (κT ) and the Thorpe scale (LT ). These profiles have
been obtained for a full seasonal cycle from March 2017 until March 2018. In addition
to this, nearby meteorological data has been obtained during this period to assess the
meteorological forcing on the lake.

3.1 Measurement Locations
Four different locations have been observed during the monitoring campaign (see

Figure 3.1). One of them, called the Reference Station (RS) is located in the center of
the narrow part of the lake, about 4 km from the northern edge. Towards the shores
two different stations are located on opposite ends of the Reference Station, called the
Western Station (WS) and the Eastern Station (ES). Together, these three stations form
a cross section which is perpendicular to the lake’s main axis, which is oriented in a
northeast-southwest direction. The fourth station is located further to the south and is
called the Limone Station (LS). In total 473 profiles have been taken in the period 8
March 2017 to 23 March 2018. At least three, but preferably five, profiles were taken on
a single site before going to a next site, to make the results statistically more reliable.

3.2 Meteorological Data
Meteorological data was obtained from a nearby meteorological station in Limone Sul

Garda (LW in Figure 3.1). The station is maintained by the Environmental Protection
Agency of Region Lombardia (ARPA Lombardia)1. This station collects hourly data of
air temperature, relative humidity and wind speed and direction, among other things.
The station is located at an altitude of 75 m, which is 10 m higher than the altitude of
the lake. The wind speed and direction were measured at a height of 16 m above the

1see: http://www.arpalombardia.it/siti/arpalombardia/meteo/previsionimeteo/
meteolombardia/Pagine/default.aspx

11

http://www.arpalombardia.it/siti/arpalombardia/meteo/previsionimeteo/meteolombardia/Pagine/default.aspx
http://www.arpalombardia.it/siti/arpalombardia/meteo/previsionimeteo/meteolombardia/Pagine/default.aspx


WS

ES

RS

LS

Longitude [easting]

La
tit

ud
e 

[n
or

th
in

g]

Longitude [easting]

La
ti
tu

de
 [

no
rt

hi
ng

]

LW

TW

Figure 3.1: The locations where the measurements have been carried out. RS indicates the
Reference Station, LS the Limone Station and ES and WS the Eastern and Western Station.
The weather stations are indicated as red squares: LW for the station at Limone Sul Garda,
TW for the one in Torbole.

surface and the air temperature and relative humidity data were collected at a height of
1.7 m above the surface.

A different meteorological station is located around 10 km northeast of Limone Sul
Garda in Torbole (TW in Figure 3.1). This station collects hourly data of incoming solar
radiation. We assumed that the incoming solar radiation at Torbole is comparable to
that of Limone Sul Garda.

The data thus obtained can be used to derive the net surface heat flux with the help
of the Lake Heat Flux Analyzer [40], provided that there is data for the surface water
temperature as well. The Lake Heat Flux Analyzer has been slightly adapted for the
calculation of cloud cover. Cloud cover data was obtained from a meteorological station
in Tremalzo located 1560 m above sea level to minimize the effect of mountains. The
cloud cover was calculated as:

Cf = 1− QSW,obs

QSW,clearsky

(3.1)

where Cf the cloud cover fraction, QSW,obs the observed incoming solar radiation and
QSW,clearsky the incoming solar radiation in clear sky conditions.
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In order to obtain a daily resolution of the net surface heat flux we have used the
air2water model [41], which simulates the surface water temperature from air tempera-
tures. The input for the model was the air temperature data from the Limone Sul Garda
weather station and lake surface temperature data from APPA, the Environmental Pro-
tection Agency of the province of Trento. This data is collected on a monthly basis at
the same location as where the Reference Station on the transect is located. For model
calibration the years 2012-2017 have been used. The total net heat flux was used to
determine the surface buoyancy flux and the Monin-Obukhov length.

3.3 Meteorological Forcing

3.3.1 Temperature, Relative Humidity & Wind conditions
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Figure 3.2: (a): Hourly and daily average relative humidity in percentage in the period 7
March 2017 to 7 March 2018.(b): Hourly and daily average air temperature in degrees Celsius
in the period 7 March 2017 to 7 March 2018.

In Figure 3.2 the temperature and relative humidity evolution over a period of 1 year
is shown. The relative humidity (Figure 3.2a) turned out to be highly variable but was
about (62 ± 46)% on average over the whole year. A clear seasonal cycle cannot be
distinguished. However, the variability seems to be decreasing in the summer months
(JJA) compared to the rest of the year. In the other months the variability was bigger
and it was also in those months that relatively high (> 90%) and low (< 30%) values
were found the most.

A much clearer signal was obtained from the air temperature (Figure 3.2b). The tem-
perature shows a clear seasonal signal with a maximum in the summer months (JJA) and
a minimum in the winter months (DJF). In the summer months the mean temperature
was 25 ± 4◦C, while in the winter months it was 6 ± 3◦C. Hence there is a temperature
difference of 19± 5◦C between the summer and winter months.

Figures 3.3 and 3.4 show the wind conditions as they were found on the lake during the
year. If we look at the measured wind speeds (Figure 3.3) we notice that it varies wildly
over the year from no wind at all to a maximum wind speed of 12.9 ms−1, measured on
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September 12. The mean wind speed was determined to be 2.6±1.9 ms−1 over the whole
year. In general a seasonal cycle cannot be distinguished from this data. However there
have been some noticeable wind events during the year. Two of these events, namely
those on April 19 and August 6 happened to be events which preceded measurement
days. The event on August 6 is interesting since it had the third highest wind speed
measured over the year (12.6 ms−1), even though on a daily scale it does not seem to be
particularly spectacular. On the other hand, the April 19 event had lower wind speeds,
but it lasted almost two days.

As can be seen in Figures 3.4a and 3.4b, the wind has two clear preferential directions,
namely a direction around 190◦ and 45◦. A third, less clear preferential direction can be
distinguished around 260◦. The associated wind speeds are very low compared to the
other two directions, though. Over the year it turned out there is a weak daily cycle as
well. A discussion of this can be found in Appendix A.1.
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Figure 3.3: Hourly and daily average wind speed in ms−1 in the period 7 March 2017 to 7
March 2018.
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Figure 3.4: (a): Scatter plot of wind direction and wind speed. Every dot represents an hourly
mean wind speed. (b): A windrose showing the dominant wind directions. The colour indicates
the measured wind speed, while the length shows direction and amount of data points collected
in the specific bin (radial axis).

3.3.2 Net radiation and buoyancy flux
Figure 3.5a shows the incoming short-wave radiation as it was measured at the Torbole

weather station. The short-wave radiation has a seasonal cycle as would be expected.
The maximum daily average short-wave radiation was reached on June 18 with a value
of almost 330 Wm−2, while the minimum was reached on December 27 with a value of
0 Wm−2. The computed daily average values of the net surface heat flux are shown in
Figure 3.5b.
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Figure 3.5: (a): Measured average hourly and daily solar radiation at the Torbole weather
station. (b): The obtained daily average net surface heat flux as calculated with the help of the
Lake Heat Flux Analyzer [40].

During the months March and April 2017 the net surface heat flux was mainly posi-
tive, although there was a day with a negative surface heat flux on April 19 of -29 Wm−2

on average. The next day with an average net heat flux below zero was registered on
September 2 with an average of -145 Wm−2. A transition period is started in the begin-
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Figure 3.6: The daily average wind stress, τ , in Nm−2 is indicated in blue and the daily
average surface buoyancy flux, B0, in m2s−3, is indicated in orange for the period 7 March 2017
to 7 March 2018. the dashed line indicates a neutral buoyancy flux (0 m2s−3). The red dots
indicate measurement days.

ning of September which lasted until October 21. This was a period where both negative
and positive net heat fluxes were being registered. October 21, 2017 was the last day
that a net positive heat flux was registered until it would happen again for the first time
in 2018 on January 9.

Since the surface buoyancy flux is directly depending on the total net surface heat
flux, the seasonal cycle described above is clearly visible in the surface buoyancy flux as
well. The daily average surface buoyancy flux is shown in Figure 3.6 together with the
daily average wind stress forcing τ . In the summer and spring of 2017 the surface buoy-
ancy flux was mostly negative, which means that it was stabilizing and thus repressing
turbulence. An interesting exception here was the period at the end of April. Two of
these days, April 19 and 20, are also associated with a wind event. On these days the
wind stress was 0.08 Nm−2, which is about 10-100 times higher than other days during
the spring. During the months September and October there is a transition period where
the surface buoyancy flux changes from positive to negative and vice versa. From October
21 onwards the buoyancy flux stays destabilizing (i.e. positive) until January 9 in 2018.
The surface buoyancy flux thus ranges from −1.5×10−7 to 2×10−7 m2s−3 throughout the
year, with negative values being found mostly between April and September and positive
values being found during the period October till March. The transition periods are in
September/October and February/March.

When we compare the surface buoyancy flux B0 with the wind stress forcing τ a
pattern seems to emerge. Peaks in the surface buoyancy flux seem to be associated with
peaks in the wind stress. The most clear examples are April 19 and 20, as discussed but
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Figure 3.7: The daily average Monin-Obukhov scale (LMO) over the period 7 March 2017 to
7 March 2018. Green means stabilizing, red means destabilizing. The black crosses indicate the
measurement days.

also November 6 and 13, which have the highest wind stress measured over the year. The
wind stress increases suddenly in October.

3.3.3 The Monin-Obukhov Length
With the help of the wind stress and the buoyancy flux the Monin-Obukhov length

can be determined. The result is shown in Figure 3.7. The Monin-Obukhov length is
ranging over almost 7 orders of magnitude from as small as 2 × 10−3 m to as big as
1.4 × 104 m. Interestingly there is a clear transition in the magnitude of the Monin-
Obukhov scales in October. From March 2017 until September 2017 the Monin-Obukhov
scale is relatively small, certainly upto July. However, during September and October the
scale increases by almost 2 orders of magnitude to unity length scale and also transitions
from a stabilizing regime to a destabilizing regime. This thus means that the buoyancy
flux is not suppressing the production of TKE anymore, but starts producing TKE,
instead.

3.4 Reference Location
3.4.1 Temperature and Chlorophyll-a evolution

In Figure 3.8a the temperature evolution at the Reference Station is shown for various
isobaths. The measurements made on August 7 turned out to be part of an anomalous
event, which will be discussed later. For this reason this measurement has been left out
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Figure 3.8: (a) Temperature and (b) Chl-a evolution at Reference Station. The shaded areas
indicate 95% confidence intervals. The colours, blue, red, yellow and pink indicate the depths
5, 20, 50 and 90 dBar depths, respectively. For chlorophyll-a a mean was taken over 10 dBar
centred around these depths.

from Figures 3.8a and 3.8b.
The temperature increased at all depths between April and the end of May. At 5 dBar

depth the temperature was increasing until July and reaches a maximum temperature of
22.38± 0.09 ◦C. For greater depths the maximum temperature was not reached in July,
but seems to be lagged. At depths of 20 dBar and 50 dBar the maximum temperature was
reached in September with temperatures of 18.03±0.04 ◦C and 12.8±0.5 ◦C, respectively.
At a depth of 50 dBar a second, but smaller, peak (11.81±0.09 ◦C) was being observed in
November. At an even greater depth of 90 dBar the maximum temperature was reached
in December with a temperature of 10.45 ± 0.01 ◦C. The water column was completely
mixed on January 24 with a temperature of 9.152± 0.001 ◦C and it would keep cooling
down until March 23 with a temperature of 8.779±0.001 ◦C being reached at 90 m depth
that day.

A slightly different approach has been taken for the Chl-a evolution. Here we have
taken the mean value of the Chl-a over a range of depths of 10 dBar, centred around 5,
20, 50 and 90 m. The results are shown in Figure 3.8b. A different pattern is observed
when compared to the temperature evolution. The Chl-a concentrations were rising
sharply at the depths up to 50 dBar during April and May. The biggest increase and
biggest concentration were observed around 20 dBar with a maximum concentration of
1.224± 0.021 ppb being reached on June, 13. The concentrations at the surface (5 dBar)
were significantly lower on this day with a concentration of 0.637 ± 0.024 ppb. In fact,
the surface concentration went down compared to the previous month on May 22, when
a maximum was observed, albeit not significantly. A maximum was also observed at 50
dBar (0.73±0.12 ppb) at that day. From June onwards the Chl-a concentrations decrease
(20 and 50 dBar) in July or do not change significantly (90 dBar). A peak concentration
was observed at a depth of 5 dBar in July. Throughout the summer and early autumn
there was little significant change in the concentrations. This changes in October. In
October a peak in concentrations was observed at 5 dBar and 20 dBar of 1.16± 0.17 ppb
and 1.21±0.13 ppb, while in the preceding month the concentrations were 0.74±0.15 ppb
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(a) (b)

Figure 3.9: (a) Temperature and (b) Chl-a contour evolution at Reference Station. The
contour lines indicate intervals of 2◦C for the left figure and 0.2 ppb for the right figure.
The black line indicates the Mixed Layer Depth, with the black dots showing the individual
measurements. The white lines indicate the Monin-Obukhov length (LMO). Here, a green dot
indicates that the buoyancy flux was stabilizing, while a red dot indicates destabilizing.

and 0.76 ± 0.07 ppb, respectively. In November an increase was measured at 50 dBar
after which the profile became homogeneously mixed in the following months.

3.4.2 Mixed Layer Depth and Monin-Obukhov length
Figure 3.9 shows contour plots for both temperature and Chl-a. The contour plots

in this and subsequent sections were made by using linear interpolation between mea-
surement days. Also shown are the Mixed Layer Depth and the Monin-Obukhov length.
During the month May the stratification quickly increased and this was also found in
the MLD which became quickly shallower from about 96.5 dBar on April 21 to 24 dBar
on May 23. During June and July the the MLD became even shallower with a mini-
mum depth being reached in July of 11 m, which was also when the temperature reached
its maximum. In August the MLD deepened temporarily to 52 dBar, only to climb up
again during September and October, when the lake was stratifying again with a second
minimum being reached on October 10 of 28 dBar. From the end of October until the
beginning of December the MLD deepened very fast and reached a maximum of about
100 dBar in the winter.

When we compare the MLD with the Monin-Obukhov length (LMO) we notice that
there are only a few occasions where LMO exceeded the MLD at the reference station.
This happened for the days April 19, July 24, September 18, October 20 and January 7.
Of these only April 19, October 20 and January 7 were destabilizing. Above LMO mixing
due to shear is expected to be dominant. Hence, most of the time the mixing in most
parts of the MLD, namely at depths below LMO, is dominated by buoyancy and not by
wind, but occasionally wind can play an important role in the production of TKE in the
mixed layer.

In Figure 3.9b we notice that the Chlorophyll-a was increasing during May mainly
above the MLD, but during June a maximum concentration was found just below the
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Figure 3.10: Measurements of TKE dissipation scaled with Law of the wall (ϵ∗s) at Reference
Station. the black vertical line indicates an ideal scaling. The color scheme indicates time.

MLD and in July the maximum concentration was found at the depth of MLD. In subse-
quent months most of the Chlorophyll-a was found above the MLD and the MLD itself
was mainly following the 0.4 ppb contour from October onwards. During November and
December, the concentration is lowered at the surface (above 40 dBar) and increased in
the lower layers. A second increase in the chlorophyll-a was found during the transition
from a stabilizing to a destabilizing LMO.

3.4.3 Dissipation and Vertical Mixing
Figure 3.10 shows a scaling of TKE dissipation with the Law of the Wall. The depth

is scaled with the Mixed Layer depth. The black line indicates a perfect scaling with the
Law of the wall. As can be seen from this Figure, most of the time the found dissipation
is a much higher throughout the column than what could be expected from the wind
only. For some days, though, the found dissipation was actually lower, namely for 21
April, 30 October and August 7.

Figure 3.11 shows a contour plot of the measurements for dissipation and the vertical
mixing coefficient. On top of it, there is once again the MLD in black and the LMO in
white. From this Figure there is no clear seasonal variability in either the dissipation2 or
the vertical mixing coefficient. However, there are some features worth noticing. First
of all, the dissipation and vertical mixing close to the surface were significantly higher
than at a greater depths of 50 dBar and below. The values which were measured at the
surface can be upto a factor of 100 higher than the values at a depth of 50 dBar. The

2It must be noted that ϵ is lognormally distributed [42]. Therefore the uncertainty can be upto an
order of magnitude for individual measurements.
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(a) (b)

Figure 3.11: Time evolution of (a) dissipation and (b) Vertical mixing coefficient contours
at the Reference Station. The contour intervals are 0.5 (a) and 1 (b), respectively. The black
line indicates the Mixed Layer Depth, with the black dots showing the individual measurements.
The white lines indicate the Monin-Obukhov length (LMO). Here, a green dot indicates that the
buoyancy flux was stabilizing, while a red dot indicates destabilizing. The contour plots were
made by using linear interpolation between measurement days.

values range from about 10−7 m2s−3 at the surface to 10−9 m2s−3 at 50 dBar and below.
Secondly, during June and July there was a large jump in the measurements, just below
the MLD. The dissipation and vertical mixing increased by a factor of 100. The reason
for this is unknown, but it was present at all stations for all profiles during these two
measurement days, which were about a month apart in time. At the MLD there was a
minimum in the vertical mixing of 10−6.9 m2s−1, while just below it at about 20 dBar it
was 10−3.5 m2s−1. Thirdly, in the period December to March the dissipation is increasing
at all depths below 40 dBar. The dissipation in this period rose from 10−9 to 10−8 m2s−3.

3.4.4 Thorpe Scales
In figure 3.12 the root-mean square run length and the normalized Thorpe scale

(LT/H, H = 100 m) are compared to simulations with random noise as explained in
section 2.3.2 for the Reference Station. Figure 3.12a shows us clearly that the measured
run lengths in our profiles are generally much higher than those obtained from our sim-
ulations. Only 2 profiles, indicated in red, were found to have run lengths slightly below
what is expected from random noise; hence they were not considered. The obtained
Thorpe scales (Figure 3.12b) show more profiles that were rejected. 20 profiles were re-
jected based on the fact that they had a LT indistinguishable from noise. So in total of
the 424 profiles that were taken at the reference station, 22 were rejected, which is 5.2%
of the total.

In order to distinguish whether there is any seasonal change in LT at the reference
station, all profiles have been categorized in which season they were taken. The seasons
are defined as follows: December, January and February count as winter (abbreviated as
DJF). March, April and May are considered to be the spring months (MAM). June, July
and August (JJA) are the summer months, while September, October and November is
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Figure 3.12: (a): Comparison noise run length versus measured run length (b): Comparison
Thorpe length from noise versus the measured normalized Thorpe length, with H = 100 m, the
normalization constant. The blue solid lines indicate the line y = x. Profiles found below this
line or less than three standard deviations away were considered indistinguishable from noise.
Rejected profiles are indicated in red; accepted profiles are blue.

considered to be the autumn. The results are shown in a stacked histogram in Figure
3.13.

Clearly, most of the profiles were taken during the spring (indicated in yellow). 238
of the profiles were taken in these months. Only 4 of the profiles were rejected in this
period (1.7%). For the summer and the fall there are 48 and 74 profiles, respectively. 5
and 2 profiles were rejected, amounting to 10.4% and 2.7% being rejected. In the winter
11 out of 64 profiles were rejected in total, which is more than 17%.

Overall, a clear peak is distinguished between 0.1 and 0.2 m. 39.8% of all the measured
values fall in this range. 86.6% of the profiles had a Thorpe length of less than 0.4 m.
However, when sorted to season a different pattern appears. During the spring and the
autumn almost all values lay in the region 0 to 0.4 m and have a peak between 0.1 and
0.2 m. The mean values were found to be 0.22± 0.12 m and 0.16± 0.08 m, respectively.
In the summer even lower values were found and all values were found to be lower than
0.2 m. The mean was 0.106±0.019 m. A clear peak cannot be distinguished. But, during
the winter the values are much more spread out. In the winter the mean value was found
to be 0.9 ± 2 m. The high uncertainty here comes from the fact that two profiles were
found to have a LT of more than 10 m. If we would leave these out the mean would be
0.53± 0.25 m.
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Figure 3.13: Stacked histogram of the measured Thorpe lengths (LT ) divided per season: blue
(autumn), green (winter), red (summer) and yellow (spring).

3.5 East-West Anomalies
3.5.1 Lateral variability

Figure 3.14: A visual representation of an
idealized version of the secondary circulation.
Sketch taken from Toffolon [43].

The wind on Lake Garda is most of the
time along the main axis and is rather pre-
dictable. A theoretical study by Toffolon
[43] has shown that a wind-driven steady
flow can develop in a closed basin with
an elongated shape due to the Coriolis ef-
fect. This flow contains a secondary closed
circulation, and, when lateral boundaries
are present can cause significant up- and
downwelling at the boundaries.

When a relatively strong wind is blow-
ing over such a closed basin along its main
axis, an Ekman transport mechanism may
develop. A net transport of water will oc-
cur in a direction 90◦ to the right of the
wind direction. This will cause a down-
welling motion at the right side of the basin
and an upwelling motion at the left side of
the basin. A schematic sketch is presented
in Figure 3.14.

In order to assess whether anomalies were significant we defined the relative anomalies
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as follows:

XStationY −XRef

σY+Ref

(3.2)

where XstationY is the mean of variable X3 at station Y4 and XRef the mean at the
Reference Station. σY+Ref is the combined standard deviation of the Reference station
and station Y , defined as:

σY+Ref =
√

σ2
X,Ref + σ2

X,Y (3.3)

with σX,Ref and σX,Y the standard deviations for variable X at locations Reference
Station and Station Y, respectively. The reason for this is to make the comparison as
fair as possible for the different seasons as possible. For example, temperature variations
are much bigger during summer than during winter and would therefore be much more
pronounced if there would be no proper scaling. More than two standard deviations
from the values found at the Reference Station is considered to be significant. The
relative anomalies with explanatory text for temperature and chlorophyll-a can be found
in Appendix A.2 and A.3, respectively. Graphs for the absolute anomalies can be found
in Appendix A.4.

3.5.2 TKE Dissipation anomalies
In Figure 3.15 the TKE dissipation anomalies for the different stations (Western

Station, Eastern Station and Limone Station) with respect to the Reference Station are
shown. The contours in Figures 3.15a, 3.15c and 3.15b indicate levels of significant
deviation. On top of it, there is once again the MLD in black and the LMO in white.
This time the MLD is associated with the specific station being considered. There are a
few things that deserve attention.

On the 21st of April there was a significant event happening at the Eastern station,
where almost the whole water column experienced significantly more TKE dissipation
than the Western and Limone station. Also, we notice that during this moment there
was a significant increase in the Monin-Obukhov length, which extended down below the
Mixed Layer Depth. Secondly, we find patches of significant increases during December
at all stations, but when we take a look at the dissipation at the Reference Station, we
notice that it did not experience enhanced TKE dissipation. The most significant change
was measured at Limone Station, with a few patches that are even more than 4 standard
deviations away from the values found at the Reference Station.

The western part of the basin (Limone Station and Western Station) experienced a
minimum in their MLD, with MLD’s found to be only 7.1 dBar and 4.8 dBar for Limone
Station and Western Station, respectively, on August 7. This is a contrast between the
Eastern Station and Referene Station which experienced a local maximum of 53.6 and
52.4 dBar, respectively. Interestingly, an increased amount of TKE dissipation was found

3Chl-a, T or ϵ.
4Limone, East or West.
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(a) (b)

(c) (d)

Figure 3.15: Relative anomalies of TKE dissipation in terms of standard deviations, σ, for
the stations: (a) West, (b) East and (c) Limone. The contour intervals are two standard
deviations. Figure (d) shows the TKE dissipation in 10 log(ϵ) at the Reference station. The black
line indicates the Mixed Layer Depth, with the black dots showing the individual measurements.
The white lines indicate the Monin-Obukhov length (LMO). Here, a green dot indicates that the
buoyancy flux was stabilizing, while a red dot indicates destabilizing. The contour plots were
made by using linear interpolation between measurement days.

at the Eastern Station, although not significantly, at deeper layers below 20 dBar and
a significant decrease in TKE dissipation at a depth of 10 dBar. A significant decrease
in TKE dissipation was also found during October at the Limone Station and Eastern
Station.
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Chapter 4

Discussion

4.1 Meteorological Forcing
The air temperature, the incoming solar radiation and the total net heat flux show a

clear seasonal cycle (Figures 3.2b, 3.5) as opposed to the relative humidity and the wind
speed (Figures 3.2a and 3.3). These variables seem to be more event-based.

From Figures 3.4a and 3.4b it is clear that there are three preferential directions for
the wind. From the west and south-southwest and northeast. These two last directions
have to do with topography, since this part of the lake is rather narrow and is being
surrounded by mountains. Therefore the wind on the lake is mainly along the lake’s
main axis northeast - southwest.

4.2 Atmospheric Stability
The net surface heat flux (Figure 3.5b) was mainly positive during March and April

2017, except for April 19, which was an event associated with strong winds. During the
summer the net heat flux was positive. A transition period started on September 2 and
ended on October 21 where alternating days of positive and negative heat fluxes were
being registered. From October 21 onwards the net heat flux was negative until January
9, 2018.

The days of October 16 to October 22, marked a special point in the seasonal cycle.
On this day a few things happened. First of all, as a result of the negative net heat flux,
the buoyancy flux became destabilizing instead of stabilizing. Hence Turbulent Kinetic
due to buoyancy was produced from that point on, instead of converted to potential
energy (Figure 3.6). Also, the Monin-Obukhov length (LMO) increased by a factor 24
in the period October 17 to October 22, with a Monin-Obukhov length of 175 m being
reached on October 20 while a positive buoyancy flux was being measured (Figure 3.7).
The sudden increase was due to an increase of the shear stress and thus an increase of
the friction velocity u∗. The reason for the increase, however, was more fundamental.
In Figure 4.1 the daily water temperature from the air2water model [41] and the daily
air temperature are shown. Before October 18 the water temperature was most of the
time lower than the air temperature. However, this changed after October 18. The water
temperature became higher than the air temperature and only two days until January 9
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Figure 4.1: (a): The daily air and water temperature evolution between March 2017 and
March 2018. The green dot shows the transition point on October 21. (b): Same as (a), but
zoomed in.

had a higher daily average air than water temperature, namely October 24 and October
30. When the water temperature became higher than the air temperature, the air started
to get heated from below and this resulted in the development of an unstable boundary
layer in the atmosphere and in the water. This in turn increased the turbulent momentum
flux, resulting in a higher wind stress.

The first algal bloom occurred in May and June. The beginning of the transition
period marked the onset of a second algal bloom, which occurred during the months
of September and October. This is shown in Figure 4.2 for the Reference Station. A
clear increase above the MLD was observed throughout the period. Possibly the tran-
sition period plays an important role here, since generally, the circumstances are rather
spring like, with water temperatures close to air temperatures and therefore alternating
destabilizing and stabilizing regimes due to the changing buoyancy flux.

Generally the Monin-Obukhov length was much smaller than the Mixed Layer Depth
(see for example Figure 3.15d, except for a few days, namely April 19, July 24, Septem-
ber 18, October 20 and January 7 at the Reference Station. The fact that this only
occurred several times during the year indicates that buoyancy forces were most of the
time dominant in the Well Mixed Layer.

The transition period also marked a transition in the wind patterns. This is shown in
Figure 4.3. During the Summer (14 June until 2 September) the wind was primarily from
the south (4.3a), while during the transition period (2 September until October 21, 4.3b)
it was sometimes from the south en sometimes from the northeast, with weak winds from
the southwest. Then, in the autumn and the beginning of the winter (October 21 until
January 9, 4.3c) the wind was most of the time either from the south-southwest or from
the northeast. There seems to be a relation between the development of the unstable
boundary layer over the lake and the local wind pattern. However, it remains unclear if
the boundary layer is somehow affecting the local wind pattern or that the wind pattern
and the development of this boundary layer are related by an external forcing mechanism.
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(a)

(b)

(c)

Figure 4.2: The increase in Chlorophyll-a concentrations at the Reference Station during the
transition period in red (on the left). Shown in blue is the temperature. The right figure shows
the TKE dissipation in red and temperature in blue. Shown here are three dates: 14 Sep 2017
(a), 10 Oct 2017 (b) and 30 Oct 2017 (c). The shaded areas indicate 95% confidence intervals.
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Figure 4.3: Wind roses for three different periods: (a): 14 June - 2 September 2017, (b): 2
September - 21 October 2017, (c): 21 October 2017 - January 9 2018. The colour indicates
the measured wind speed, while the length shows direction and amount of data points collected
in the specific bin (radial axis).
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4.3 Thorpe Scale & Dissipation
The values for TKE dissipation range from about 10−7 m2s−3 at the surface to

10−9 m2s−3 at 50 dBar and below. This difference is due to the fact that at the sur-
face turbulence generated by the wind plays a much more prominent role than at greater
depths. However, there is no clear seasonality in the dissipation or the vertical mixing
coefficient. During June and July intense mixing was observed in the layers around 20 m
of depth. The explanation for this remains unclear, but a possibility might be that it has
to do with mixing caused by internal waves. During December, January and February
mixing was intensified throughout the water column, compared to the months before.
Probably because the lake was cooling all the time, causing Mixed Layer deepening. A
wind event also took place on January 7, which has probably enhanced the Mixed Layer
deepening. The signal of enhanced mixing is also present in the Chlorophyll-a concen-
trations (Figure 3.9b).

It was found that the dissipation profiles at the Reference Station were not following
the Law of the Wall. We might therefore conclude that other processes play a more
important role on the lake, like buoyancy. For some days (October 30, April 21 and
August 7) there was found less mixing than what would be expected from the wind that
was blowing that day.

The Thorpe length (LT ) shows a seasonal cycle, albeit it being relatively subtle and
only visible because so many profiles have been taken. Despite the results not being
significantly different, it was still observed that the Thorpe scale increased during the
winter months and thus that eddies tend to be larger during the winter than during the
summer. The biggest difference in the Thorpe length was also found between summer
and winter: 0.106± 0.019 m in summer and 0.53± 0.25 m in the winter.

4.4 Extreme Situations
The mean wind conditions for the days preceding April 21 and August 7 are shown

in Figure 4.4. Both on April 21 and August 7, the wind was coming from the northeast
in the preceding days. The wind event on August 7 lasted less long, but the winds were
a lot stronger than on April 21.

Significant anomalies with respect to the Reference Station were found in the TKE
dissipation. These anomalies were most profound on April 21, August 7 and December
13. The anomalies during December are probably due to anomalous low mixing rates
below 50 dBar at the Reference station. (Figure 3.15d). The anomalies were mostly
found at the Western Station and Limone Station. On April 21 there was significantly
intensified mixing at the Eastern Station and not at the Western or Limone Station.
The same happened, albeit less intense, on August 7. The same kind of pattern during
these days is observed in the temperature profiles. On April 21 and August 7, it was
significantly warmer at the Western and Limone Station and significantly colder (Figure
A.2) at the Eastern Station. In fact, it was 0.8◦C colder at the Eastern Station with
respect to the Reference station, and 7 ◦C and 4.9 ◦C warmer at the Limone Station
and Western Station, respectively, on August 7. Hence, we observe indeed an increased
upwelling in the east directly after these wind events on both April 21 and August 7.
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Figure 4.4: (a): Wind speeds and direction on the three days preceding 21 April. (b): Wind
speed and direction on the days preceding 7 August. The colour indicates the measured wind
speed, while the length shows direction and amount of data points collected in the specific bin
(radial axis).

This is in accordance with the theory as explained in Section 3.5.1 and there is thus
observational evidence of such a circulation.

The chlorophyll-a showed no significant gradients along the transect (see section A.3.
The uncertainty is too high, so more precise measurements are needed to indicate whether
there is any effect on the chlorophyll-a concentrations. It is clear though, that Limone
had higher concentrations of chlorophyll-a during the spring than the Reference Station.
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Chapter 5

Conclusion
In this study we have investigated the influence of external forcing on the dynamics of

a deep alpine lake (Lake Garda) over a full seasonal cycle. Specifically we have looked at
the influence of air temperature, net heat flux and wind on vertical mixing, temperature
and chlorophyll-a concentrations.

It was found that throughout the year the buoyancy flux, and thus the net heat flux,
is the most important parameter throughout the year. This is reflected in the Law of the
Wall scaling, which showed that dissipation in general does not follow this law, but also
in the fact that the Monin-Obukhov was most of the time smaller than the Mixed Layer
Depth. However, during occasional extreme wind events, significant amounts of TKE
were produced and the Monin-Obukhov exceeded the Mixed Layer Depth. Observational
evidence has been found that these wind events gave rise to a secondary circulation as
discussed by Toffolon [43], causing upwelling in parts of the lake.

It was found that a transition period from negative to positive buoyancy fluxes in
the months September and October marked a transition in the wind climate and caused
the development of an unstable boundary layer in the air above the lake, but also in the
lake itself. It was the onset of Mixed Layer deepening. The development of the unstable
boundary layer was caused by the lake surface temperature becoming higher than the air
temperature. Furthermore, the transition period was marked by a second algal bloom.

The first algal bloom started at the end of April and led to a maximum being observed
on June 13 at the Reference Station, with a concentration of 1.224 ± 0.021 ppb being
reached at a depth of 20 dBar. The maximum recorded temperature in the lake was
reached a month later on July 13 with a maximum of 22.38 ± 0.09◦C at a depth of 5
dBar. The water column was completely mixed on January 24 with a temperature of
9.152 ± 0.001 ◦C and it would keep cooling down until March 23 with a temperature of
8.779± 0.001 ◦C being reached at 90 m depth that day.

A clear seasonal signal could not be distinguished from the dissipation and vertical
mixing profiles, but it was found that during the months December, January and February
significant mixing was taking place throughout the water column. This was reflected in
the found Mixed Layer Depths, and the increased dissipation during this period. It is
therefore likely that a Deep Mixing Event has happened in these months. A clearer
seasonal signal was obtained from the Thorpe scale analysis, but the results were not
significant, unfortunately. It was found that the Thorpe scale is larger in the winter
months than in the summer months, but the spread is also larger. The mean values were
0.106 ± 0.019m and 0.53 ± 0.25m, respectively for the summer months and the winter
months.
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All in all it can be concluded that most of the time the mixing dynamics seem to be
dominated by the bouyancy flux, rather than the wind. The mixing dynamics in Lake
Garda are strongly influenced by events occurring over the year and a clear seasonal cycle
in the mixing dynamics could not be found.
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Appendix A

Daily cycle and anomalies

A.1 Daily cycle of wind
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Figure A.1: The average daily cycle of wind
direction as measured in the period 7 March 2017
to 7 March 2018. The shaded areas indicate the
standard deviation.

It was found that the wind direction
has a daily cycle, averaged over the year,
as well. This can be seen in Figure A.1.
Generally the winds are from the West dur-
ing the night, but during the morning the
wind starts changing direction and changes
by about 120◦. The wind thus changes
direction to a southeast direction. After
this initial rapid change in the wind di-
rection, the wind typically starts turning
back slowly again during the day and ex-
periences a maximum wind speed around
15.00 h of about 3.5 ms−1. 1

A.2 Temperature anoma-
lies

Figure A.2 shows the temperature anomalies with respect to the RS. The contours in
Figures A.2a, A.2b and A.2c indicate levels of significant deviation. There were significant
difference found throughout the year. On April 21, it was significantly warmer at LS and
WS compared to RS, however, at ES the situation was the opposite. It was significantly
colder than at RS on this day over the whole water column. The same situation occurred
in March, but also in August. But, on August 7, the temperature anomalies were confined
to the upper 20-30 dBar of the water column. During October the situation was reversed
and it was a significantly colder at the stations of Limone and West station, while it was
significantly warmer at the East station at depths upto 20m. At Limone the observed
effect was less strong and reached a depth of just 10m. During November the pattern
reversed, but now to depths of 50 dBar at ES and 70-80 dBar at WS and LS.

1All measurements on the lake were carried out between 10 and 15 o’clock.
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(a) (b)

(c) (d)

Figure A.2: Relative anomalies of temperature in terms of standard deviations, σ, for the
stations: (a) West, (b) East,(c) Limone. The contour intervals are two standard deviations.
Figure (d) shows the temperature in ◦C at the Reference station. The contour plots were made
by using linear interpolation between measurement days.
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A.3 Chlorophyll-a anomalies

(a) (b)

(c) (d)

Figure A.3: Relative anomalies of chl-a in terms of standard deviations, σ, for the stations:
(a) West, (b) East,(c) Limone. The contour intervals are two standard deviations. Figure
(d) shows the concentration in ppb at the Reference station. The black line indicates the Mixed
Layer Depth, with the black dots showing the individual measurements. The white lines indicate
the Monin-Obukhov length (LMO). Here, a green dot indicates that the buoyancy flux was
stabilizing, while a red dot indicates destabilizing. The contour plots were made by using linear
interpolation between measurement days.

Figure A.3 show the relative deviations from the Reference Station in Chlorophyll-a
concentrations. The contours in Figures A.3a,A.3b and A.3c indicate levels of deviation.

There are very few significant differences at the other stations in Chlorophyll-a con-
centration compared to the Reference Station. The only significant differences are found
during the spring. On April 6, 2017, the concentration of Chl-a was significantly higher
in the upper 40 dBar at the Limone station. The same thing happened in the next spring.
On March 23 a significant increase was found below 50 dBar.
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A.4 Absolute Anomalies

(a) (b)

(c) (d)

Figure A.4: Absolute anomalies of TKE dissipation in terms of 10 log(ϵ), for the stations: (a)
West, (b) East,(c) Limone. The contour intervals are two standard deviations. Figure (d)
shows the TKE dissipation in 10 log(ϵ) at the Reference station. The black line indicates the
Mixed Layer Depth, with the black dots showing the individual measurements. The white lines
indicate the Monin-Obukhov length (LMO). Here, a green dot indicates that the buoyancy flux
was stabilizing, while a red dot indicates destabilizing. The contour plots were made by using
linear interpolation between measurement days.
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(a) (b)

(c) (d)

Figure A.5: Absolute anomalies of temperature in in terms of ◦C, for the stations: (a) West,
(b) East,(c) Limone. The contour intervals are two standard deviations. Figure (d) shows the
temperature in ◦C at the Reference station. The black line indicates the Mixed Layer Depth,
with the black dots showing the individual measurements. The white lines indicate the Monin-
Obukhov length (LMO). Here, a green dot indicates that the buoyancy flux was stabilizing, while
a red dot indicates destabilizing. The contour plots were made by using linear interpolation
between measurement days.
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(a) (b)

(c) (d)

Figure A.6: Absolute anomalies of chl-a in in terms of ppb, for the stations: (a) West, (b)
East,(c) Limone. The contour intervals are two standard deviations. Figure (d) shows the
chl-a in ppb at the Reference station. The black line indicates the Mixed Layer Depth, with the
black dots showing the individual measurements. The white lines indicate the Monin-Obukhov
length (LMO). Here, a green dot indicates that the buoyancy flux was stabilizing, while a red
dot indicates destabilizing. The contour plots were made by using linear interpolation between
measurement days.
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