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SUMMARY - Hydrothermodynamics of Lake Tovel. Part II: Numerical modelling - The present research is aimed 
at modelling the natural processes that develop in the Lake Tovel (Trentino, Italy), a small alpine lake subject to a 
spectacular reddening which had been occurring each year until 1964, when the phenomenon suddenly ceased. The 
long term thermodynamic behaviour of the lake has been simulated using a well-known one-dimensional model, 
DYRESM, working on the vertical direction. These simulations provide a strong indication on the possibility that 
different external conditions could have played an important role in modifying the thermodynamic response of the 
lake. Furthermore, a three dimensional model has been developed, in order to simulate the short term behaviour of the 
fl ow pattern in response to external forcings, like the wind and the water infl ows and outfl ows.

RIASSUNTO - Idrotermodinamica del Lago di Tovel. Parte II: modello numerico - Il presente lavoro ha l’obiettivo di 
modellare i processi naturali del Lago di Tovel (Trentino, Italia), un piccolo lago alpino soggetto ad uno spettacolare 
arrossamento delle acque che avveniva ogni anno fi no al 1964, anno in cui il fenomeno improvvisamente scomparve. 
Le dinamiche termiche di lungo periodo sono state simulate utilizzando un noto modello monodimensionale, 
DYRESM, che studia la termodinamica del lago lavorando sulla direzione verticale. Tali simulazioni hanno fornito 
convincenti indicazioni sulla possibilità che differenti condizioni esterne possano aver avuto un ruolo importante nel 
modifi care la risposta termodinamica del lago. Inoltre, è stato sviluppato un modello tridimensionale, con lo scopo di 
simulare il comportamento nel breve periodo del campo di moto in risposta alle forzanti esterne, quali il vento e gli 
scambi idrici con l’idrologia superfi ciale o la falda.
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1. INTRODUCTION

In the present contribution we investigate, through 
numerical modelling, the hydro-thermodynamic prop-
erties of Lake Tovel (Trentino, Italy). The lake was 
subject to a spectacular reddening which had been 
occurred until early Sixties, when the phenomenon 
suddenly ceased. Our analysis is mainly aimed at 
understanding those transport processes which might 
have been relevant to promote the reddening process 
of the lake.

Lake Tovel is a small alpine lake which displays a 
nearly triangular shape. According to its bathimetric 
shape, the lake can be roughly divided into two distinct 
regions, the larger and deeper NE part, where the lake 
reaches a maximum depth of about 40 m and shores 
are steep, and the smaller and shallower SW gulf, the 
so called “Red Bay”, where the maximum depth is 
smaller than 6 m and shores are typically mild. The 
above regions are connected through a transition zone 

joining the gulf to the main lake, which displays an 
almost fl at bottom followed by a sudden sharp slope. 
In order to understand the hydro-thermodynamic 
response of the lake, two sets of fi eld measurements 
have been carried out in 2002 and 2003. During the 
fi eld campaigns three columns of thermistors have 
been placed along the main axis of the lake to char-
acterize the main lake, the Red Bay and the transition 
zone; furthermore, velocity measurements have been 
performed through an acoustic profi ler (ADCP), a 
velocimeter (ADV) and fl oating drifters. For further 
details on the study site and on the location of meas-
urements the reader is referred to part 1 (Rizzi et al. 
2006).

Numerical modelling of physical processes is an 
obliged path to understand the biological phenomena 
occurring in the lake; in fact, it allows to investigate 
the behaviour of complex dynamics which are not 
directly measurable through fi eld campaigns, and to 
foresee likely scenarios under different external forc-
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ings. In order to reproduce the complex structure of 
hydro-thermodynamic processes occurring in the lake, 
a preliminary question has to be addressed, namely 
that of model selection.

Numerical models applied to lakes generally focus 
on simulation of hydro-thermodynamics and trophic-
ecological evolution in the bulk system. Typically 
these fragile ecosystems are subject to eutrophication 
and pollution problems: possible solutions aimed at 
reducing the trophic state or the contamination can be 
evaluated with the help of previsional tools that allow 
to choose the best remedy depending on effi cacy or 
effi ciency required.

The hydrodynamics modelling plays a leading 
role in the entire modelling, because of importance 
of transport, dispersion and accumulation phenom-
ena. Generally, transport processes are three-dimen-
sional and are driven by a set of crossed interactions 
of wind, surface thermodynamics, topography and 
thermal seasonal history of the lake. Transport and 
water quality in lakes can be often affected by the 
peculiar behaviour of different regions or zones. 
Understanding the relative role of these different 
zones is fundamental for the modelling approach. For 
example, their presence or absence can affect model 
dimensionality, process descriptions for mixing and 
therefore solution algorithms for water quality simu-
lations. The shallow depth of the littoral zones and 
wind action cause complete vertical mixing and the 
zone can often provide essential habitat for several 
kinds of fi shes. In the euphotic zone, where light 
penetrates, the combination of internal production 
and surface gas exchange may maintain oxic con-
ditions. In the aphotic zone, degradation processes 
dominate, resulting in oxygen depletion and produc-
tion of reduced materials.

Three-dimensional models enable one to compute 
velocity fi eld and transport in all parts of the lake: in 
this way we can obtain data for understanding topo-
graphical effects, internal waves, mixing and spatial 
distribution of lake properties. Unfortunately, such 
models are invariably infl uenced by numerical diffu-
sion, whose effect is negligible for simulations lasting 
few days or weeks, while it may become signifi cant for 
longer simulations. In fact, over monthly or seasonal 
time scales the accumulation of numerical diffusion 
can change the response of the lake to wind, leading 
to an overestimate of the transfer of lake properties 
through different vertical zones, e.g. from epilimnion 
to metalimnion.

Moreover, three dimensional models require a de-
tailed knowledge of the spatial distribution of external 
forcings or internal properties of the system. The lack 
of the above data is often the cause of wrong simula-
tions, like those concerning topographically-driven 
circulations obtained with a spatially-uniform wind 
(Hodges et al. 2000).

For the above reasons, three dimensional models 
are used to investigate thoroughly the dynamics of 
currents in specifi c situations on short time scales. On 
the other hand, when the seasonal or over-seasonal 
behaviour is the aim of research one must route to 
one-dimensional or box models. Such simplifi ed mod-
els can be applied both in vertical or in longitudinal 
direction: the latter approach is generally employed 
to investigate run-of-the-river reservoirs, while in 
water quality analysis and management of lakes one-
dimensional vertically layered models are used. In 
fact, due to the fairly large difference between vertical 
and horizontal transport and diffusion, one can con-
sider homogeneous horizontal properties with respect 
to vertical gradients. This hypothesis is more valid 
the stronger is the stratifi cation that develops on the 
vertical water column. Such thermal gradient plays 
an important role because it controls transport, diffu-
sion and accumulation of nutrients and contaminants 
between different lake layers (for instance epilimnion 
and hypolimnion) and the hydraulic residence time. 
An equivalent horizontal stratifi cation is rarely ob-
served in natural contexts, unless a so-called thermal 
obstacle establishes, which may be induced in lakes 
due to different inertial thermal capacity of deep and 
shallow zones.

Both the above approaches are adopted in the 
present work and applied to Lake Tovel. In the next 
paragraph we fi rst investigate the thermodynamic be-
haviour of the lake at a seasonal scale using a simple 
one-dimensional model, with the aim of simulating the 
stratifi cation and destratifi cation process of the lake. 
In paragraph 3 we develop a fully three dimensional 
model able to capture the detailed structure of trans-
port processes occurring in the lake under the action of 
given external forcings. Specifi c attention will be also 
devoted to the analysis of fl uxes exchanged between the 
Red Bay and the main lake, in order to identify those 
hydrodynamic processes which might have played a 
role in the reddening process of the lake.

2. LONG-TERM SIMULATION:
 THERMODYNAMICS OF LAKE TOVEL

The long term thermodynamic behaviour of the 
lake is simulated using a well-known one-dimen-
sional model, DYRESM, which has been devel-
oped by the Centre for Water Researches (CWR) of 
Western Australia University (Antenucci & Imerito 
2001). The model, which has been produced as a 
support system for lake management, is based on 
the assumption of one-dimensionality on the vertical 
direction. Hence, variations in the lateral directions 
are assumed to be small with respect to variations in 
the vertical direction. In fact, stratifi cation of water 
column inhibits vertical motions, while horizontal 
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variations in density are small and smoothed by hori-
zontal advection.

The assumption of one-dimensionality enables for 
the use of a layer construction model, in which the 
lake is schematized through a series of horizontal lay-
ers, each characterized by constant properties. In this 
way horizontal variations in the layers are not con-
sidered, while vertical profi les are computed through 
the values of variables corresponding to each layer. 
The thickness of layers can be changed dynamically 
depending on infl ows and outfl ows of the lake, mixing 
phenomena and vertical movements.

2.1. Principles of operation

The model is based on mass conservation and on 
the energy balance. The former reads

(1) 

where dS/dt is the time variation of storage, I is the 
infl ow rate, O is the outfl ow rate, P is the precipita-
tion, E is the evaporation, A

s
 is the surface area and G 

the groundwater infi ltration.
A total energy balance for multilayered lakes is 

written for each layer in the form:
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where the following notations are used: h is the 
thickness of layer, t is time, q= (u
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total kinetic energy, α is the thermal coeffi cient for 
water expansion (α=2.57 10-4 °C-1),  T is the tem-
perature difference between the upper layer and the 
given one, g is the gravitational acceleration, u

f
 is the 

free fall velocity of thermal plumes under cooling 
water surface, u

*
 is the wind friction velocity and  u 

is the velocity gradient between layers; furthermore, 
C

T  
, C

f
 , C

*
 and C

S
 are dimensionless effi ciency coef-

fi cients. The fi rst term on the left hand side of (2), 
which accounts for the rate of change of q, is often 
negligible (Antenucci & Imerito 2001), while the 
second is the buoyancy term. The terms on the right 
hand side represent the available energy produced 
by penetrative convection, the wind (stirring energy) 
and the advective shear connected to mean veloc-
ity structure, respectively. The balance between the 
required energy (left hand side) and the available 
energy determines the degree of mixing of the layer 
and how much its thickness has to be changed. In 
other words, the mixed layer depth is computed, at 
any time step, through the comparison between the 
kinetic energy due to external forces and the poten-

GAEPOI
dt
dS

s)(

tial energy contained in a layer of a stratifi ed lake 
(Martin & McCutcheon 1999).

The potential energy is calculated through the heat 
balance, that mainly involves surface dynamics, due 
to momentum and mass exchanges. As input data, the 
model needs the wind friction velocity at the surface, 
the heat fl uxes, the mass fl ows and the initial tem-
perature profi le; then, it computes at each time step 
the temperature and velocity of different layers and 
adjusts their volume. Furthermore, the dependence of 
water density on the temperature profi le is expressed 
using the following formula (Gill 1982):

(3) ρ
T
 = 999.842 + 6.794·10-2T – 9.095·10-3T 2 +  

 1.002·10-4 T3 – 1.120·10-6 T 4 + 6.536·10-9 T 5

 
The surface exchanges input the majority of the 

energy for heating, mixing and stratifying the lake; 
they include heating, due to short wave radiation pen-
etration into the lake, and the fl uxes at the surface, due 
to evaporation, sensible heat (i.e. convection of heat 
from the water surface to the atmosphere), long wave 
in- and back-radiation and wind stress (Fig. 1).

The incident radiation consists of two compo-
nents, penetrative and non-penetrative, whose behav-
iour depends on the wavelength. Solar radiation that 
penetrates the water surface is absorbed by the water: 
the absorption takes place over a depth, whose range 
depends on the relative transparency of water to light 
in the visible spectrum. The depth distribution of the 
radiation is expressed using Beer’s law:

(4) kz
z eII 0

where I
z
 is the intensity of radiation at depth z, I

0
 is 

the intensity at the surface and k is an extinction coef-
fi cient.

Fig. 1 - Heat fl uxes acting on a lake system.
Fig. 1 - Flussi termici sulla superfi cie di un lago.
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The surface water of the lake experiences heat 
losses and gains through the emission and receipt of 
long-wave radiation. The Stefan-Boltzmann law is 
used to estimate the emission Q

tw
 of long-wave radia-

tion from the surface of the water body:

(5) 4
wwtw TQ

where ε
w
 is the emissivity of the water surface (~0.96), 

which is close to that of a black body, σ is the Stefan-
Boltzmann constant (σ = 5.6697 10-8 Wm-²K-4) and 
T

w
 is the absolute temperature of the water surface 

(Antenucci & Imerito 2001).
The sensible heat fl ux and the latent heat fl ux are 

controlled by the wind, the air temperature, the tem-
perature gradient in the superfi cial thin layers of the 
lake, the turbulence and the stability of the overlying 
air. The sensible heat fl ux Q

sh
 is related to the trans-

port of heat due to conduction and convection taking 
place between the lake and the atmosphere or to con-
vective processes in both air and water. The following 
estimate is used:

(6) )( saapassh TTUCCQ

where C
S
 is the sensible heat transfer coeffi cient (C

S 
= 1.3 10-3), ρ

a
 the air density (ρ

a
 = 1.2 kg m-³), C

p
 the 

specifi c heat of water (C
p
 = 4,200 J kg-¹ °C-¹), U

a
 the 

wind speed at the water surface, T
a
 and T

S
 the tempera-

ture of air and of the surface water, respectively.
When the water is cooler than the overlying air, 

the air is cooled from below and has the tendency to 
become stably stratifi ed. This fact inhibits the wind 
action on the lake, thereby decreasing heat transfer. 
When the lake is warmer than the air above, convec-
tion is activated and sensible heat transfer is intensi-
fi ed.

Evaporation is the major source of heat loss in 
lakes. Latent heat fl ux Q

l
 is expressed using the fol-

lowing formula (Hamilton & Schladow 1996):

(7) )( waaLwal eeUCLQ

where C
L
 is the latent coeffi cient, e

a
 the saturated 

vapour pressure at the water surface temperature e
w
 

the vapour pressure at the air temperature, and L
w
 

the latent heat of evaporation (L
w
 ~ 2.4 10-6 J Kg-¹). 

Calm meteorological conditions lead to the rapid at-
tainment of equilibrium between the water vapour 
pressure and the air immediately above the water 
surface. Once this state is established, the rate of 
vapour diffusion away from the surface layer plays 
a regulating role on the evaporation rate. However, 
wind induced turbulence both in the water and in at-
mosphere enhances the transport; hence, the transfer 
rate is a function of the wind speed close to the water 
surface.

2.2. Applicability of 1D model to Lake Tovel

In order to establish the range of applicability of 
one-dimensional models to specifi c cases, various to 
decide whether it is possible to apply such simplifi ed 
models relies on dimensional arguments: it is based on 
the values attained by some dimensionless parameters, 
namely the Froude number and the Lake number.

The infl ow Froude number is defi ned as

(8) 
Hg

UFri *

where U is the infl ow velocity, g* = (g ∆ρ/ρ
0
) is the 

modifi ed gravity, with ∆ρ density difference between 
the infl ow water and the lake water, and H is the mean 
depth of the lake. The one-dimensional approximation 
holds when Fr

i
 << 1, which means that the buoyancy 

force is able to damp any non-vertical motion in the 
density structure resulting from infl ow disturbances. 
The outfl ow Froude number can be defi ned in a simi-
lar way.

The Lake number L
N
 is an index of the dynamic 

stability of the water column; it is defi ned as the ratio 
between the moment of the stabilizing force of grav-
ity (resulting from the density stratifi cation) and that 
of the destabilizing forces with respect to the water 
body’s centre of volume. If the wind is assumed to be 
the dominant mixing force, L

N 
can be defi ned in the 

following form:

(9) 
)(

)(
2

32
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where H is the maximum depth of the water body, h
t
 

the seasonal thermocline height from the bottom of 
the lake, h

v
 the height of the centre of volume of the 

lake and A
s
 the lake surface area; furthermore, S

t
 is the 

Schmidt stability index:

(10) 
mz

gt dzzzAzzgS
00

)()()(1

where z
m
 is the water depth, z is the vertical coordinate 

from the bottom of the lake, A(z) and  (z) are the lake 
surface and the water density at height z, respectively, 
and z

g
 the height of the centre of volume of the lake.

When L
N 
>> 1 stratifi cation is strong and dominates 

the forces introduced by surface wind energy. Hence, 
isopycnal lines keep nearly horizontal; furthermore, 
negligible seiching of the seasonal thermocline and 
small turbulent mixing within the hypolimnion occur. 
On the contrary, when L

N 
<< 1 stratifi cation is weak 

with respect to wind stress; hence, the seasonal ther-
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mocline can experience strong seiching and turbulent 
mixing due to internal shear occurs in the hypolim-
nion (Imberger 2001).

In order to test the applicability of the one-dimen-
sional model to Lake Tovel, the above dimensionless 
parameters have been computed on the basis of the 
experimental measurements referred to in part 1: data 
which were not directly measured, like the seasonal ther-
mocline, the height of the centre of volume of the lake 
and the lake surface area, have been suitably estimated.

We may note that in the case of Lake Tovel the 
effect of surface infl ows and outfl ows is very small; 
hence, these fl ows are unable to modify the vertical 
density stratifi cation of the water column. As a result 
the Froude number computed both for infl ow and out-
fl ow conditions attains values which are always much 
lower than the critical threshold of 1 (Fig. 2).

This result suggests the absence of strong interac-
tion between the water column and external fl ows, 
even in the case of underground fl ows, except for 
specifi c zones and conditions for which the above 
criterion cannot be verifi ed (i.e. the Red Bay during 
periods of very shallow water).

Furthermore, winds over Lake Tovel surface are 
very weak, which implies that they are unable to tilt the 
isopycnal deep surfaces. In fact, measured data lead to 
estimates of Lake number for the Tovel Lake which 
are always greater than 10 as shown in fi gure 3.

This values suggest the absence of hypolimnetic 
water upwelling, as expected. Under these conditions 
even the cooling process of the lake, with the cor-
responding density difference reduction, may be not 
suffi cient to lead the destabilizing forces to overcome 
the stratifi cation.

From the above analysis we can argue that one-di-
mensional models can be reasonably applied to simulate 
the long term thermodynamic behaviour of Lake Tovel.

Fig. 2 - Froude Number values for infl ows and outfl ow in 
Lake Tovel.
Fig. 2 - Valori del numero di Froude per immissari ed emis-
sari del Lago di Tovel.

Fig. 3 - Lake Number values for Lake Tovel.
Fig. 3 - Valori del Lake Number per il Lago di Tovel.

2.3. Input data

In this work we present the results of a simula-
tion which covers a period of more than 200 days, 
from the middle of May (when fi eld data collection 
started) to the end of October. In order to characterize 
in detail the heat fl uxes and to catch sudden changes, 
the timestep has been set equal to 1 hour, thus avoid-
ing averaged measures of radiation, wind speed and 
fl ow rate entering or leaving the lake (see also Tonetta 
2003). The thickness of layers through which the lake 
is schematized has been varied within the range 0.2-0.4 
m, in order to obtain a reasonable vertical resolution. 
For simplicity, the thickness of the Benthic Boundary 
Level has been set equal to zero, neglecting mixing 
processes at the boundaries.

The one-dimensional model focuses on the bulk 
properties of the lake. Therefore, it is obviously un-
able to reproduce local features, like those occurring 
in the Red Bay, where underground springs converge 
and supply important quantity of cold water. On the 
other hand, such processes can exert a signifi cant in-
fl uence on the overall behaviour of the lake. In the 
present application their effect has been accounted 
for in a simplifi ed manner, putting a cold infl ow dis-
charge at a suitable depth corresponding to the same 
temperature.

Input data comprise relative humidity, air tem-
perature, wind velocity, precipitation, radiation, 
infl ows and outfl ows; in the present application the 
light extinction and heat exchange coeffi cients have 
been chosen as calibration parameters. As for the 
radiation input, the model requires to distinguish be-
tween short-wave and long-wave solar radiation: the 
lake receives long wave radiation during the night, 
while during the day (roughly from 7:00 to 19:00) 
the incident radiation is characterized by the super-
imposition of long wave non-penetrative radiation 
emitted by clouds and short wave penetrative solar 
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radiation. In our simulation the long wave radia-
tion has been set nearly equal to 300 Wm-² (Fig. 4), 
which represents a mean value over a relatively long 
period: we may notice that the use of more detailed 
information is not likely to affect signifi cantly the 
numerical results.

Air temperature data are required to calculate sen-
sible and latent fl uxes. The observed seasonal behav-
iour of the above parameter is rather clear, as shown in 
fi gure 5: mean values reach a maximum at the begin-
ning of August (20 °C) and then start to decrease until 
they reach 0 °C at the end of October.

Since the available fi eld data about infl ows and 
outfl ows were not exhaustive, we have adopted for 
these fl uxes the following approximate schematiza-
tion:
-  2 superfi cial infl ows, characterized by known 

fl ow rates and temperature (which have been 
measured during the fi eld campaigns), supply the 
basin;

-  1 superfi cial outfl ow, characterized by known 
fl ow rates and temperature (which have been also 
measured during the fi eld campaigns), withdraws 
water from the lake, provided the free surface 
level is such to produce the spill out;

-  1 underground fl ow, which accounts for the fl ow 
rates of all underground springs, always sup-
plies the lake, with infl ow temperature set equal 
to 5 °C;

-  3 underground outfl ows, which simulate the see-
page loss occurring when the water level falls, 
spill water from a layer below the free surface, 
whose thickness is set equal to 5 m.

Due to the above estimates of the underground 
fl uxes, several uncertainties have been introduced in 
the numerical simulation. As for the incoming fl ux, 
we may note that while the temperature can be rea-
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Fig. 4 - Short Wave and Long Wave Radiation data used in 
the numerical simulation.
Fig. 4 - Radiazione a onda corta e lungo utilizzata nella 
simulazione numerica 1-D.

sonably assumed to keep nearly constant, the estimate 
of the volume entering into the lake is not straightfor-
ward, since only the data from two piezometers can 
be used and no detailed information is available con-
cerning the area subject to groundwater fl ow. As for 
the outgoing underground fl ux, uncertainties on both 
the outfl ow rate and the location of spill affect the 
resulting estimate of temperature of the near-surface 
layers. A suitable value of the underground rate has 
been obtained by subtracting from the overall outfl ow 
the contribution of superfi cial outfl ow, that in turn has 
been computed on the basis of the measured values of 
the level of the free surface.

A summary of the volumes introduced (or subtract-
ed) as input data to the model is given in fi gure 6.
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Fig. 5 - The time variation of air temperature at Lake Tovel 
observed during the summer 2003 fi eld campaign (tem-
perature diurnal range and mean data).
Fig. 5 - Temperatura dell’aria misurata presso il Lago 
di Tovel durante la campagna di misura dell’estate 2003 
(temperatura misurata e valore medio giornaliero).
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Fig. 6 - Volume of water entering and leaving Lake Tovel, 
as considered in 1-D model.
Fig. 6 - Volume d’acqua in ingresso e in uscita dal Lago di 
Tovel: valori utilizzati nel modello 1-D.
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2.4. Calibration parameters

As mentioned before, the extinction coeffi cient k 
and the heat exchange coeffi cients have been used as 
calibration parameters for the one-dimensional model. 
The former has been set equal to 0.13, in agreement 
with the results of depth measures performed with 
Secchi disk (estimated depths were always larger 
than 10 m). Furthermore, a satisfactory response of 
the numerical model has been obtained setting both 
the coeffi cients of sensible and latent heat, C

S
 and C

L
, 

equal to 0.0037.
We may note that, with the above choice of model 

parameters, the sensible heat displays a standard be-
haviour during the summer season and moves from 
negative values during the night, when the lake loses 
heat because the surface layer is warmer than the air, 
to positive values during the day, when conduction 
and convection are directed from the air to the water 
surface. During cooling periods, like in autumn, the 
sensible heat is always negative, which implies a con-
stant cooling of the water body even in the afternoon.

As for the latent heat values, the condensation ef-
fects have been neglected (hence positive values have 
not been considered), while the evaporation fl ux has 
attained a maximum estimated value nearly equal to 
130 Wm-2 (in absolute value).

According to the model results, the mean value 
of latent heat shows its maximum in August, when 
the water surface reaches the largest temperature and 
evaporation is strongly promoted.

A typical daily portrait of heat fl uxes, as computed 
by the model with the above choice of calibration pa-
rameters, is displayed in fi gure 7.
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Fig. 7 - Lake Tovel: heat fl uxes in a typical summer day.
Fig. 7 - Flussi termici sul Lago di Tovel in un tipica gior-
nata estiva.

tical movement of isotherms and to capture the 
overall thermodynamic behaviour of the lake. The 
comparison with measured data is performed each 
day, at noon; the temperature data refer to the sen-
sors moored on the chain D (see Rizzi et al. 2006), 
which can be considered as representative of the bulk 
properties of the lake.

Fig. 8 - Simulated temperature data during the summer 
2003.
Fig. 8 - Temperature simulate dal modello durante l’estate 
2003.
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Fig. 9 - Temperature vertical profi les simulated (line) and 
measured (solid circles) in centre of the lake from May to 
October 2003.
Fig. 9 - Confronto tra i profi li di temperatura misurati (pun-
ti) e simulati (linee) al centro del lago dal mese di maggio 
a ottobre 2003.

2.5. Results

As shown in fi gures 8 and 9, the one-dimensional 
model is able to reproduce reasonably well the ver-
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The results reported in fi gures 8 and 9 also 
suggest that the heating process in Lake Tovel es-
sentially develops within a superfi cial layer, whose 
thickness is nearly equal to 5 m, where temperature 
changes from 11 °C in May to 20 °C at the end of 
July. Furthermore, the mixed surface layer is very 
thin. The numerical model seems able to replicate 
the observed behaviour: mixing doesn’t occur in the 
fi rst layers, because the wind action does not induce 
signifi cant effects until the seasonal weather condi-
tions start to change, as autumn is approaching. At 
the beginning of September a sudden cooling at the 
surface occurs, as shown by the temperature profi le, 
though the progressive heating of the central part of 
the water column still occurs.

It is worth mentioning that numerical tests have 
highlighted the sensitivity of model predictions with 
respect to the temperature of infl ows and the loca-
tion of outfl ows. The lack of historical data on these 
fl uxes doesn’t allow one to reconstruct the previous 
conditions of the lake; however, a strong indication is 
obtained from the numerical model on the possibil-
ity that different external conditions (i.e. the amount 
of spill from the lake, the inlet geometry of outgoing 
channel, the snow coverage, ...) could have played an 
important role in modifying the thermodynamic re-
sponse of the lake.

3. HYDRODYNAMIC SIMULATION

We now investigate through a three-dimensional 
model the detailed structure of fl ow patterns occur-
ring in the lake. As pointed out in Section 1 the choice 
of a more refi ned model entails a different spatial and 
temporal scale of investigation.

The available record of historical observations 
provides some support to the hypothesis that in the 
reddening process of lake Tovel an important role 
was played by the passive transport; therefore, in this 
Section we focus our attention to the daily scale dy-
namics in order to understand the interaction and ex-
change processes between the Red Bay and the main 
part of the basin. In this case a detailed description of 
the wind fi eld is required, while the infl ows and out-
fl ows are less important since they induce a negligible 
contribution to lake hydrodynamics.

3.1. Principles of operation

Following the procedure proposed by Casulli 
(1999), a three-dimensional quasi-hydrostatic model 
has been developed. The model solves Reynolds 
equations along the horizontal directions, x and y, 
where the classical Boussinesq turbulence closure is 
adopted. In dimensionless form the above equations 
read:
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where t is time, u, v e w are the velocity components 
on the horizontal plane (x, y) and in the vertical di-
rection, z, ρ is the density, ν

H
T, ν

V
T are the horizontal 

and vertical eddy viscosity coeffi cients, respectively,  
η(x,y,t) is the water surface elevation, q(x,y,z,t) de-
notes the hydrodynamic pressure component and Fr² 
= U

0
²/(gD

0
). Variables have been made dimensionless 

using suitable reference values of the velocity, U
0
, 

depth, D
0
, and density, ρ

0
.

The pressure gradient is derived by the vertical 
momentum equation; neglecting the convective and 
the viscous acceleration terms, given the quasi-hydro-
static character of the fl ow, the above equation reduces 
to the expression:

(13) qdz
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where p
a
 is the atmospheric pressure (that can be set 

constant in the plane).
Integrating the fl ow continuity equation over the 

depth and using the kinematic condition at the free-
surface, the following equation for the free surface is 
obtained:
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where h(x,y) is the bottom elevation.
The dynamic boundary conditions at the free-sur-

face are set in the following form:
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where γ
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 is a non-negative wind stress coeffi cient 

(typically γ
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 + v2

w
), C

D
 is the drag co-

effi cient and the subscripts w and s denote wind and 
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free surface values, respectively. A similar structure is 
used at the bed to account for bottom friction:

(17) u
z
u

b
T
V

(18) v
z
v

b
T
V

where γ
b
 is a non-negative bottom friction coeffi -

cient.
The governing equations have been discretized 

and solved through a semi-implicit technique, which 
makes use of a fractional step method, whereby at fi rst 
the hydrostatic pressure component is determined, 
while the non-hydrostatic component of the pressure 
is computed in a subsequent step, according to the 
procedure originally proposed by Casulli & Stelling 
(1998). Convective and viscous terms have been dis-
cretized using a Eulerian-Lagrangian method, while 
barotropic and vertical viscosity terms have been ex-
pressed implicitly in the horizontal equations (Casulli 
& Cheng 1992).

According to the above schematization, the x- mo-
mentum equation, neglecting the hydrodynamic pres-
sure, leads to the following expression in terms of the 
provisional horizontal components of velocity (~u, ~v):
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where the weighting coeffi cient θ may range between 
0 and 1 (the value 0.5 has been adopted). A similar 
structure is obtained for the momentum equation in 
y-direction. In matrix notation the above expression 
can be written in a more compact form:

(20) 
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where G is a known term containing all variables cal-
culated at time n (the lagrangian part).

We note that the exchange of momentum between 
each layer is expressed by the tridiagonal matrix A, 
which relates the matrix of discrete horizontal veloci-
ties, U, in each vertical level to the gradient of the wa-
ter surface elevation (the barotropic pressure gradient 

xFr

n
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n
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,
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2 ).

Substituting the solutions for the horizontal com-
ponents of velocity into the vertically integrated con-
tinuity equation (14), a linear fi ve-diagonal system is 
obtained, where the only unknowns are the values of 
water surface elevations η

i,j
n+1. Once the free surface 

has been determined, using the conjugate gradient 
method, the provisional horizontal components of ve-
locity can be calculated directly from equation (20).

Furthermore, the momentum equation in the verti-
cal z-direction takes the form:
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from which the provisional value of vertical velocity 
~w can be easily computed.

In the second step of the procedure each veloc-
ity component is adjusted through the hydrodynamic 
pressure

(22) 
x
qtuu ~

(23) 
y
qtvv ~

(24) 
z
qtww ~

imposing that the new velocity fi eld is divergence free. 
As a result the hydrodynamic pressure is found to be 
governed by a Poisson-type equation: this leads to a 
symmetric epta-diagonal system for the N

x
N

y
(Nz-1) 

unknowns q
i,j,k

n+1, which has been solved using the 
preconditioned conjugate gradient method (Casulli & 
Stelling 1998).

Finally, having determined the pressure component 
for each cell, the corrected values of velocity compo-
nents are computed through equations (22-24).

The resulting hydrodynamic fi eld has been used 
as input data to compute the scalar transport. In our 
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model the advective part has been discretized as fol-
lows:

(25)
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 are unknowns values 

interpolated on the cell faces with respect to East, 
West, North, South, Upper and Lower sides of a stag-
gered cell. In order to obtain a conservative scheme 
the following conditions have been imposed:

(26) ,1,1 njsieiwkupklow SSSSSS

Along the vertical direction, in order to reduce the 
numerical diffusion, the so-called β-method, namely 
a linear combination of an Up-Wind scheme and a 
QUICK scheme, has been used to interpolate the con-
centration to the upper and lower face (Gross et al. 
1998).

Advective horizontal terms have been discretized 
explicitly because the planimetric dimension of com-
putational cells is large enough to avoid a restrictive 
condition on the time step (Rizzi 2004). Hence, the 
Lax Wendroff algorithm has been used, which is made 
of an Up-Wind scheme with a second-order corrective 
term to reduce numerical diffusion. Finally, diffusive 
terms have been discretized using the Crank-Nicolson 
method.

3.2. Input data

The physical domain of Lake Tovel has been sche-
matised, using a grid made up by N

x
=104, N

y
=86, 

N
z
=50 grid points, through computational boxes char-

acterized by fi xed length  x and width  y, set to 10 m, 
and with a variable thickness  z

k
 ranging from 2 m 

in hypolimnion to 20 cm in epilimnion and metalim-
nion.

In fi gure 10 the Red Bay is clearly distinguishable, 
in the right part, as well as the slope that joins the bay 
with the deeper interior lake.

The wind fi eld has been imposed using fi ve 
weather stations; two of them correspond to actual 
stations (operated by the University of Trento and 
by the Istituto Agrario di San Michele all’Adige, re-
spectively), while three are fi ctitious and are used to 
simulate the presence of sheltered zones.

In sunny days (Fig. 11), it is easy to distinguish an 
undisturbed diurnal cycle of net radiation and up- and 
down-valley winds which arise as a response of the 
valley atmosphere to the solar radiation input.

Fig. 10 - Lake Tovel computational domain.
Fig. 10 - Dominio computazionale utilizzato per il Lago di 
Tovel.

Fig. 11 - Mean diurnal wind properties in summer sunny 
period. Thick line: mean values; bars: standard deviations.
Fig. 11 - Valori medi di vento per il periodo estivo (giornate 
soleggiate). Linee: valore medio; barre: deviazione standard.

In analyzing a rainy period (i.e. the last week of 
August) or autumn periods, we have found a similar 
behaviour, characterized by a different sequence of 
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up-valley and down-valley breezes, because different 
temperatures have occurred in these days. The most 
important feature is the decrease of the wind intensity, 
that moves from a peak value of 2 m s-1 to 1.5 m s-1: 
this occurs because the pressure gradient, produced by 
the differential heating of mountain rocks and valley, 
keeps lower and draws smaller quantity of air from 
the bottom of the valley.

The numerical simulations cover two different pe-
riods, corresponding to fi eld measurements, in order 
to check the performance of the model on complex 
topography. In this simulations we introduce as in-
put parameters the estimated vertical eddy viscosity
ν

V
T =10-4 m2 s-1 and the measured temperature profi le. 

Infl ows and outfl ows contributions are neglected due 
to the short temporal scale of simulation.

3.3. Results

The fi rst simulation corresponds to a period of 
strong stratifi cation, when the free surface level is still 
high (roughly 1177.5 m a.s.l.) and the wind blows quite 
strongly. The simulation starts on July 18th, at midday, 
and fi nishes after 72 hours, on July 21st. Measured and 
computed results are reported in fi gure 12.

If we neglect the upper and lower zones (where 
measurements are affected strong echo effects), the 
model prediction of velocity direction is fairly satis-
factory, the disagreement being possibly due to inac-
curacy of topographic survey or weather conditions 
reconstruction. The model results support the idea 
that fl ow in Lake Tovel develops along the main lake 
direction (60°-240°); furthermore currents do not re-

Fig. 12 - Comparison between measured (above) and simu-
lated (below) velocity direction from July 18th to 21st.
Fig. 12 - Confronto tra le direzioni delle velocità misurate 
(sopra) e simulate (sotto) dal 18 al 21 luglio 2003. spond instantaneously to wind forcing: both the model 

and fi eld data suggest that the circulation moves in op-
posite direction with respect to wind direction.

In fact, the response of the lake is produced by the 
wind action as well as by inertia effects, topography 
and stratifi cation of the water body. The wind, blow-
ing toward SW, accumulates superfi cial water at the 
downwind end of the lake with a consequent deep-
ening of the local thermocline. At the upwind end 
upwelling phenomena occur. This process is always 
accompanied by a double circulation on the vertical 
column that develops such to maintain, in a dynamic 
equilibrium, the isopycnal surfaces tilted. When the 
wind stops, the formation of seiches is observed.

Results of the numerical model suggests that fl ow 
direction change begins at the bottom, because the 
adjustment of the lake to internal gravity dominates, 
for most of the time, the external forces.

Model results suggest the importance of baroclinic 
terms, which are responsible for the propagation of 
internal waves and account for the isopycnal surfaces 
tilting: the stratifi cation is the most important ingredi-
ent of the lake response to wind forcing.

Another simulation has been performed with ref-
erence to the meteorologic conditions occurring in 
October, when the stratifi cation of the lake is very 
weak and the water level low. The resulting scenario 
is completely different, as shown in fi gure 13.

In this case the lake seems to be unaffected by the 
breeze alternation in the central part of water column. 
Such different behaviour can not be attributed to ex-
ternal forcings (that keep nearly the same) but rather 
to the different stratifi cation.

Figure 14 displays the behaviour of the superfi -
cial velocity fi eld at 12:00, obtained by averaging 
the value of velocity within the fi rst meter below the 
surface. This fi gure suggests a different behaviour of 

Fig. 13 - Comparison between measured (above) and simu-
lated (below) velocity direction from October 3rd to 4th.
Fig. 13 - Confronto tra le direzioni delle velocità misurate 
(sopra) e simulate (sotto) dal 3 al 4 ottobre 2003.
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horizontal surface velocities in the two parts of lake: 
in the southern part (on the right side) velocities are 
directed towards the Red Bay, while in the northern 
part (on the left side) fl ow goes in the opposite direc-
tion. As the wind changes direction, nearly at 17:00, 
the velocities in the whole lake change direction to-
wards the North, with a certain time lag.

As night is approaching the velocity fi eld exhibits 
four zones of vorticity (Fig. 15) which tend to join 

Fig. 14 - Simulated superfi cial velocity fi eld at 12 AM (the 
colour displays the vorticity).
Fig. 14 - Campo simulato di velocità in superfi cie alle ore 
12 (i colori rappresentano la vorticità).

Fig. 15 - Simulated superfi cial velocity fi eld at 8 PM (the 
colour displays the vorticity).
Fig. 15 - Campo simulato di velocità in superfi cie alle ore 
20 (i colori rappresentano la vorticità).

together in the subsequent morning, before the start of 
the breeze fl owing up-valley.

This behaviour is due to a central current driven by 
down-valley breeze that develops along the main axis 
of the lake and divides in correspondence of sheltered 
zones and boundaries. The occurrence of macrovor-
ticities has been confi rmed by several experimental 
measurements. In order to investigate the role of 
transport in the reddening process, the exchange be-
tween the Red Bay and the rest of the lake has been 
analyzed in detail: a cross section located in front of 
the Red Bay, representing a typical velocity fi eld, is 
reported in fi gure 16. We can distinguish a superfi cial 
circulation entering the Red Bay in the afternoon from 
the western part and outgoing from the eastern part. 
At the depth of 1 m below the surface velocities are 
directed towards the North.

As shown in fi gure 16 the fl ow structure is rather 
complex: the superfi cial fl ow toward the Red Bay is 
highly uninstable (small changes of the wind fi eld 
leads to internal waves and velocity inversions), such 
that only sheltered zones are steadily fed by incoming 
fl uxes. However, the net incoming fl ux to the Bay of 
water belonging to surface warm layers is positive, 
and an equivalent volume, by continuity, outgoes 
from the deeper layer.

Under these conditions, the contribution of the 
passive transport in accumulating red algae fl oating 
on the water surface seems to be moderate; we may 
estimate, on the average, a daily superfi cial fl ux of 
few thousands cubic meters of warm water.

Fig. 16 - 3D representation of velocity fi eld at the mouth 
of the Red Bay. Notice the fl ux entering in Red Bay at the 
surface and outgoing below 1 m of depth.
Fig. 16 - Rappresentazione tridimensionale del campo di 
moto allo sbocco della Baia Rossa. Si può notare il fl usso 
entrante nella baia in superfi cie e il fl usso uscente al di 
sotto di 1 m di profondità.
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Notice that, according to this fl ow pattern, the 
algae could accumulate in the Red Bay, due to their 
tendency to spontaneously rise to the surface layer 
during the sunny period of the day. This behaviour 
is displayed in fi gure 17 where the concentrations of 
algae, measured by Baldi in ’40s (Baldi 1941), are 
reported.

An unresolved question about the hourly distribu-
tion of red algae is the occurrence of two concentration 
peaks at 19:00 and 23:00, which cannot be explained 
by phototropism effect. Some hypotheses have been 
formulated on this matter, with reference to the moon 
light. In analysing the temperature distribution which 
has been considered as passive tracer in the all simu-
lations, we have noticed that the same behaviour is 
reported and is related to internal waves generation 
(see Fig. 17).

4. CONCLUSIONS

In this work we have analysed the thermody-
namic evolution and the fl ow structure of Lake Tovel 
through numerical modelling. In order to reproduce 
the thermodynamic behaviour of the lake over the 
seasonal scale, simulating the stratifi cation and 
destratifi cation process, the DYRESM 1-D vertical 
model has been used. This simulation has pointed 
out the importance, over the long scale, of under-

Fig. 17 - Hourly distribution of red algae concentrations in 
the surface layer, 2 m and 4 m below and of passive tracers 
(temperature) in the surface layers and below. Thick line: 
mean values; bars: standard deviations. Notice the occur-
rence of the peaks at 19:00 and 23:00.
Fig. 17 - Distribuzione oraria della concentrazione di alghe 
rosse (sopra) e di tracciante passivo (temperatura – sotto) 
nello strato superfi ciale e 2 m e 4 m di profondità. Linee: 
valore medio; barre: deviazione standard. Si osservi il veri-
fi carsi di due picchi alle ore 19:00 e alle 23:00.

ground water fl uxes on the global heat balance of 
the lake. We have then thoroughly investigated the 
exchange process between the Red Bay and the rest 
of the lake. A 3D quasi-hydrostatic model has been 
developed: the model results suggest the occurrence 
of moderate superfi cial fl uxes (that could transport 
the fl oating algae) ingoing in the Red Bay and the 
possible infl uence of internal waves in the distribu-
tion of red algae on the water column.
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