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A water balance model of Lago Azzurro
(Madesimo - Lombardia - Italia)
Abstract: The water balance of a little Alpine lake (Lago Azzurro - Madesimo - Lombardia - Italia) fed by a catchment
of 1.2 km2 and subject to temporary emptying in years characterized by summer drought has been modeled. The lake
develops from a fractured rocks aquifer, with groundwater stored in fractures, joints, bedding planes and cavities of
the rock mass located at the foot of the Pizzo Groppera mountain. The model is based on the daily resolution of two
continuity equations (water balances of both the catchment soils and the aquifer). The results show that the risk of
emptying is increased after the climate change of the end of the 80s, perhaps enhanced by land use changes observed
in the area (new ski runs). Emptying phenomena observed in 1994, 2004, 2005 and 2006 are correctly simulated. The
establishment of a quantitative monitoring of lake level and meteorological variables (first of all snow and rainfall) is
crucial to obtain the data-sets useful to validate the proposed model and to obtain future answers to our questions.
Key words: water balance, alpine lake, lago azzurro, change point
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water shortage and define management strategies
to overcome it. The study was founded on the
following general activities:
geo-morphological and hydrological analysis of the
lake basin by means of specific field surveys carried
out by CNR and Università degli Studi di Milano –
Dipartimento di Scienze della Terra
dynamical modeling of lake water level to describe
its level variability.
In this general context, the work hereafter
presented was specifically aimed to develop a lake
water level mathematical model parametrized with
data representative of the lake environment.
However, the possibility of a mathematical approach
to lake water level shows some important constraints
and more specifically:
(i) reference time series of meteorological data for the
site are not available and the series generated from
other stations are prone to relevant uncertainties
mainly due to complex relief effects (Barry, 1992).
(ii) the incomplete understanding of the subsoil
water system (in terms of depth and behavior) limits
the calibration of the model.
(iii) The absence of quantitative historical series of

Rivista Italiana di Agrometeorologia - 1/2011

1. INTRODUCTION
This work is referred to Lago Azzurro (Azure Lake 1850 m a.s.l.) a little Alpine lake located near
Madesimo (Lombardia - Italy). Lago Azzurro belongs
to the cultural heritage of Italy since Giosuè
Carducci, the main Italian poet of the second half of
the 19th century, consecrated it with the homonymous
“Lago Azzurro” poem in 1888.
One of the main concerns regarding this lake is
represented by the reoccurring summer emptying:
local people reported that the lake was completely
empty as a consequence of summer drought in
some summers of the past (some summers of 50s
years and, later, in 1994, 2004, 2005 and 2006).
In the light of this, FAI (Fondo Italiano per
l’Ambiente - Italian Environment Fund) sponsored
a specific research project (coordinated by
Università degli Studi di Milano - Dipartimento di
Scienze della Terra) aimed to detect the causes of
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Riassunto: Viene presentato e discusso il bilancio idrico di un piccolo lago alpino (Lago Azzurro - Madesimo Lombardia - Italia) alimentato da un bacino idrografico di 1,2 km2 e soggetto a svuotamenti temporanei in anni
caratterizzati da siccità estiva. Il lago è l’espressione di un acquifero ospitato da un complesso sistema di rocce fratturate,
nel quale cioè le acque sotterranee sono ospitate in fratture, articolazioni, piani di assestamento e cavità della massa
rocciosa situata ai piedi del Pizzo Groppera. Il modello è basato sulla risoluzione quotidiana di due equazioni di
continuità (bilanci idrici dei suoli del bacino e dell’acquifero). I risultati mostrano che il rischio di svuotamento è
aumentato dopo il cambiamento del clima che ha avuto luogo della fine degli anni ’80 ed un contributo al rischio
potrebbe essere venuto dai cambiamenti nell’uso del suolo e legati alla costruzione di nuove piste di sci. Gli svuotamenti
segnalati da testimoni locali negli anni 1994, 2004, 2005 e 2006 sono stati correttamente simulati. Tuttavia l’attivazione
di un controllo quantitativo del livello del lago e delle variabili meteorologiche (in primis neve e pioggia) è fondamentale
al fine di ottenere i data-set necessari per validare il modello proposto e per ottenere future risposte alle nostre domande.
Parole chiave: bilancio idrico, lago alpino, lago azzurro, change point
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the lake water level disables calibration and
validation of the model.
Nevertheless the modeling approach to lake water
level can be useful for exploratory purposes in order
to (i) summarize the knowledge obtained by research
groups involved in the project and (ii) highlight the
lack of knowledge to plan future research and
monitoring activities in order to overcome it.

Rivista Italiana di Agrometeorologia - 1/2011

Italian Journal of Agrometeorology - 1/2011

2. MATERIAL AND METHODS
The lake water balance model was developed in
standard Pascal language and works with a daily
time step. The lake is considered as the product of
a fractured rocks aquifer (Singhal and Gupta, 2010),
with groundwater stored in the fractures, joints,
bedding planes and cavities of the rock mass located
at the foot of Pizzo Groppera mountain. The aquifer
is fed by rainfall and melting snow gathered in the
catchment (figure 1).
The model is based on the resolution of two specific
water balance equations (continuity equations)
respectively referred to the catchment soils and the
aquifer, where the output of the catchment soils
reservoir feeds the aquifer one. All the terms of
water balances are expressed in millimeters.
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2.1 Atmospheric driving variables
Lago Azzurro climatic normal (period 1971-2000)
is characterised by an yearly mean temperature of
4.0°C, with an average temperature of -3.2°C for
January and 12.2°C for July. The precipitation
(yearly mean value of 1285 mm), is characterized by
a summer maximum and a winter minimum,
byproducts of the Alpine effects on the Oceanic
regime of Central Europe.
The hydrological model is driven by daily maximum
and minimum temperature (tx, tn) and daily
precipitation (rr). Data referred to the study area
(period 1951-2008) were estimated on the base of
data gauged by meteorological stations listed in
table 1.
The inhomogeneous space distribution of meteorological

Tab. 1 - Meteorological stations used for this work.
Tab. 1 - Stazioni meteorologiche usate per questo lavoro.
Station

Acronym

owner

eight
Distance from
(m asl) Lago Azzurro (km)

Chiavenna

CHIV

ex Hydrographic Service

330

11.7

Lago Truzzo

TRUZ

ex Hydrographic Service

2100

7.8

Stuetta
Monte Spluga lake

STUE
SPLUG

ex Hydrographic Service
ARPA Lombardia

1900
1900

5.2
5.7

San Bernardino
Borghetto

SBER
BORG

MeteoSwiss (Gts)
Università degli Studi di
Milano - Laboratorio
Valchiavenna

1620
2010

14.4
5.7

stations justify the decision to rebuilt Lake
temperatures on the base of the available data coming
from the station closest to the lake previously
homogenized by means of specific altitudinal thermal
gradients (Belloni and Pelfini, 1987), avoiding any
spatial interpolation.
2.2 Model architecture and parametrization
During the project, specific geological and geomorphological surveys were carried out to gather
specific data for model parametrization (people listed
in the acknowledgments, personal communications).
The lake, with a maximum depth of 8 m, is
considered as the product of an aquifer with a
cylindrical shape (15 m deep, diameter of 500 m).
Since the 75% of the aquifer is occupied by fractured
rocks, only the 25% remaining vacuum can be filled
with water. The lake is supplied by a catchment of
1.2 km2 extending from the lake level (1850 m a.s.l.)
until a maximum altitude of 2524 m a.s.l. (figure 1).
The catchment is fed by water coming from the
melting of snow and from useful rain (rru), this
latter estimated subtracting 1 mm to total daily
precipitation (Mariani, 2002). The total water input
is first stored in the soil reservoir (Mariani and
Cola, 2006) and subsequently drained to the
aquifer of the lake. The prevalent vegetation of the
basin is represented by (i) man managed larch
forest (Larix decidua L.), (ii) man managed
grasslands that during winter are used as ski runs
and (iii) spontaneous herbaceous plants growing in
Fig. 1 - Picture of Azzurro
lake filled (october 2008)
and empty (source: CAI Lo scarpone, marzo 2007 date of the picture
undeclared).
Fig. 1 - Immagine del Lago
Azzurro pieno (ottobre
2008) e vuoto (fonte: CAI Lo Scarpone, marzo 2007 data della foto non
indicata).
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Fig. 2 - In the centre
of this summer picture is
Lago Azzurro, surrounded
by larches. The lake is
empty (source: Google
Earth - date of the picture
undeclared). Also evident
are the ski runs (pathways
without trees) and the
Pizzo Groppera mountain
(on the right of the lake).
Fig. 2 - Al centro
dell’immagine è il Lago
Azzurro, circondato
da larici, in un tipico
svuotamento estivo
(fonte: Google Earth - data
della foto non dichiarata).
Sono inoltre evidenti
i percorsi delle piste
da sci (tracciati privi
di vegetazione arborea)
e il Pizzo Groppera
(sulla destra del lago).

the upper catchment, above the timberline. The
change in land use with the increased destination
to ski runs has partially changed the natural
morphology of the basin and could be evaluated as
a possible determinant of the water shortage for
the lake.
The catchment soils water balance refers to a total
maximum soil water reservoir (difference between
field capacity and wilting point - AWC) of 30 mm
which represents a reasonable value for the soils of
the area (Comolli R., personal communication).

Fig. 4 - Change point analysis on 1951-2008 time series of
annual average temperatures (Bai and Perron test of
Strucchange library - R Cran). The discontinuity of the 80s is
evident (most likely year of the breakpoint is 1985 and with a
95% confidence the breakpoint falls between 1983 and 1991).
Fig. 4 - Analisi di discontinuità eseguita sulla serie storica
1951-2008 delle temperature medie annue (test di Bai e
Perron). È evidente la discontinuità degli anni ’80 (anno più
probabile: 1985; con una confidenza del 95% la discontinutà
cade fra il 1983 e il 1991).
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Fig. 3 - Mean precipitation regime of Lago Azzurro (19512008).
Fig. 3 - Regime precipitativo medio del Lago Azzurro (19512008).
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The calculation of evapotranspirational losses is
based on a reference daily evapotranspiration (ET0)
estimated with the Hargreaves and Samani method
(Hargreaves and Samani, 1985; Allen et al., 1998).
Lai (Leaf area index) is simulated with the empirical
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algorithm Lai=0.1+∑Tu/500 based on the cumulated
daily thermal units ∑Tu from January the 1st. Daily
thermal units Tu are estimated subtracting a
suitable minimum cardinal temperature (Cm) from
the daily mean temperature Td and negative Tu
values are neglected. A standard Cm value of 5° C
suitable for many herbaceous and woody species of
the Alpine area (Larcher, 1996; Korner, 2006) has
been adopted.
The maximum evapotranspiration ETM for the
specific plants of the studied area (larch trees and
grasses) has been calculated with the formula ETM
= ET0 * kc where the empirical relation kc = Lai/5.5
was adopted to obtain the kc crop coefficient.
The catchment soil water exceeding field capacity
is partly (35%) lost through the deep fractures of
the rocks while the remaining feeds the aquifer,
modulated by an efficiency coefficient (eff1). An
eff1 value of 1 has been adopted for the period
1951 - 1999 while since 2000 a reduced 0.80 value
(people listed in the acknowledgments, personal
communications) accounts for the reduction
caused by changes in surface morphology
occurred in recent years after the land use change
(ski runs).
The catchment soils water content WC for the day
d (mm) has been modeled by means of the
following continuity equation:
WCd=WCd-1 + rru + Sm - ETM
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where the daily snow-melt Sm (mm) is discussed in
the next paragraph.
If WCd exceeds AWC (30 mm), the water excess
(We) is used as input for the aquifer and AWC value
is assigned to WCd.
On the other hand the aquifer water level WA for
the day d (mm) has been modeled by means of the
following continuity equation:
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WAd=WAd-1+ We - El – Dr - Se
The losses of the aquifer included in the water

balance are evaporation from the lake surface El,
obtained multiplying ET0 for 1.3 (Mariani, 2002),
drainage from the lower limit of the aquifer Dr and
surface efflux Se, referred to water exceeding the
maximum capacity of the aquifer, testified by the
presence of an ephemeral emissary of the lake
basin, active only during water excess periods. A
empirical value of 50 mm is assumed for the daily
water drainage Dr (people listed in the
acknowledgments, personal communications). This
approach was decided in order to overcome the
unavailability of hourly data that prevent the
adoption of hourly water infiltration approaches like
the one based on the Morel-Seytoux’ equation
(Chahinian et al., 2005) that was formerly intended
to be applied.
2.3 Model of snow accumulation and fusion
Snowfall represents about the 40% of the yearly
total precipitation at the average altitude of the lake
catchment (Cati, 1981).
Rainfall is here considered snowy when the average
daily temperatures is below 0 °C. In this case an
accumulation of 1 cm of snow per mm of fallen
water is adopted. Considering the whole catchment
area, since air temperature varies with altitude, also
the fraction of snow on total precipitation will vary
with it. For this purpose a vertical temperature
gradient of -0.5 ° C/100 m of altitude has been
adopted with reference to the temperature at the
lake level.
Inversely, snow fusion will occur when the daily
mean temperature is above 0 °C, with a fusion of 2
mm of liquid water (2 cm of snow) adopted for each
°C of temperature exceeding 0 °C.
2.4 Sensitivity analysis
To evaluate the overall system stability of the lake
system to climate variability, a sensitivity analysis
was applied imposing a constant additive value of
Fig. 5 - 3 D model of the
lake and the catchment
limits (white line).
The black baseline is
the isoline of 2000 m a.s.l.
Fig. 5 - Modello
tridimensionale di massima
del lago e dei limiti
del bacino imbrifero che lo
alimenta (linea bianca).
L’isolinea dei 2000 m s.l.m.
è riportata in nero.
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+5°C to maximum and minimum daily temperatures
and alternatively a constant of 0.9 to daily
precipitation. A further sensitivity evaluation was
carried out by means of a Monte Carlo approach
which details are discussed in the “results” section of
the paper.
RESULTS
All model results, obtained with the above described
parametrization using daily thermal - pluviometric
time series, are daily values referred to the period
from 1 January 1951 to 31 December 2008.
Simulation of lake water level is summarized in
figure 7. It should be noted that the lake faced
periods of complete emptying during 1994, 2004,
2005, 2006 as confirmed by local witnesses. After

the 2004-2006 period, characterized by hot
summers with low precipitation, the lake returned
to a normal level in 2008 due to the abundant and
well distributed summer rainfall.
Figures 8, 9, 10, 11 represent some intermediate
variables generated by the model and useful to
understand the existing links between physical and
biological features of the system.
Some interesting evaluations can be carried out on
relations between model results and climate
variability. In the 80s of the 20th century, the EuroMediterranean climate has experienced the effects
of an abrupt change of phase of the Atlantic
circulation (Werner et al., 2000). This phenomenon,
mainly resulted in an increase of about +1 / +1.5 ° C
in annual average temperature, is also highlighted
Fig. 7 - Simulation of Lago
Azzurro depth (0
m=empty; 8 m=maximum
depth).
Fig. 7 - Profondità del Lago
Azzurro simulata con il
modello di bilancio idrico
(0 m=vuoto; 8 m=massima
profondità).
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Fig. 6 - Schematic model
of water balance of the
Lago Azzurro system.
The system is composed
by two subsystems and
a daily water budget is
carried out for each of
them.
Fig. 6 - Schema del modello
di bilancio idrico
del sistema che comprende
il Lago Azzurro. Il sistema
risulta composto da due
sottosistemi per ognuno
dei quali viene eseguito
il bilancio.
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Fig. 8 - Mean snow depth
in the lake catchment.
Fig. 8 - Altezza media
simulata della neve nel
bacino di alimentazione del
lago.

Rivista Italiana di Agrometeorologia - 1/2011

Italian Journal of Agrometeorology - 1/2011

Fig. 9 - LAI behaviour
of the lake catchment.
Fig. 9 - Andamento del
LAI nel bacino del lago.
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by the discontinuity analysis of yearly mean
temperature time series of the Lago Azzurro area
(figure 4) and is also reflected in some model
outputs like snow depth (Figure 8) or LAI values
(Figure 9).
A working hypothesis is that the milder climate
could have negatively affected the lake water level
through increased evapotranspirational losses and
reduced precipitation incoming as snow. In order to
asses the validity of this hypothesis, the model has
been fed with a warmer meteorological scenario
(maximum and minimum temperatures 5 °C higher
than at present). In these conditions lake water level
(Figure 12) is not significantly affected. Conversely,
the model shows that precipitation is the main
determinant of the lake level since a 10% decrease
of daily rainfall gives a significant level reduction
(Figure 13).

In the light of the model reaction to precipitation,
a sensitivity analysis based on a Montecarlo
approach was adopted to evaluate the overall
system stability to climate variability. More
specifically a random number generator was
adopted to produce values characterized by a
statistical distribution with mean 1 and standard
deviation 0.67 (Gaussian noise). These values were
used as multipliers for precipitation data to assess
1000 synthetic daily precipitation time series, used
to feed the model to produce 1000 “perturbed”
outputs.
The results of the Montecarlo approach are shown
in Figure 14. It is interesting to say that after the
80’s climate change, areas between +1 and –1
standard deviation lines have become more wider,
showing a decrease of system stability to external
perturbations.
Fig. 10 - Soil water
balance of the lake
catchment.
Fig. 10 - Bilancio idrico
del suolo del bacino
simulato dal modello.
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Fig. 11 - Aquifer water
level.
Fig. 11 - Livello della falda
acquifera del lago simulata
dal modello.

Fig. 12 - Lake water level
(scenario with an additive
factor of +5°C applied to
maximum and minimum
daily temperatures).
Fig. 12 - Andamento del
livello del lago nello
scenario con temperature
massime e minime
giornaliere aumentate di
5°C.

data will permit a standard validation process for our
modeling approach.
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Fig. 13 - Lake water level
(scenario with a
multiplication factor of
0.90 applied to daily
precipitation).
Fig. 13 - Andamento della
falda diminuendo la
precipitazione giornaliera
del 10%.
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Fig. 14 - Diagram of the
lake depth for the period
1951-2008 generated with
a Monte Carlo approach.
The wideness of the area
between the mean plus one
standard deviation and the
mean minus one standard
deviation represents a
measure of the system
stability with respect to
external forcings.
Fig. 14 - Diagramma
dell’altezza del lago per il
periodo 1951-2008
generato con un approccio
tipo Montecarlo (vedere
testo). L’ampiezza della
zona compresa tra media
più una deviazione
standard e media meno una
deviazione standard
rappresenta una misura
di stabilità del sistema
rispetto alle forzanti
esterne.
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