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ABSTRACT
Lake Garda, the largest in Italy, is a major source of water supply inserted in a trans-regional area, sustaining an ever-increasing
variety of water interests since the XX century. We perform a multidecadal (1928-2020) water balance, estimating the long-term evolution
of the input and output components under changing anthropogenic and climatic stressors. First, we present our hydrometeorological
database, assembled through consistent collection and digitization of data from different sources. Then, we analyse the annual water
balance, assessing the magnitude of the residual term, i.e., the unknown term that embeds uncertainties and potential sources of error,
closing the water balance equation. Uncertainties are investigated by applying a multi-method analysis for over-lake evaporation and
catchment evapotranspiration. Land use evolution, contributions from the Mount Baldo area as well as the potential role of groundwater
fluxes are additionally analysed. Eventually, we compute a sensitivity analysis to delineate the role of each component on the lake’s
level and outflow variations. The long-term analysis allows for distinguishing some trends in the input and output components of the
water balance. Differences emerged in the periods before and after the lake’s impoundment (1951), and some effects of climate
modifications appeared in the last decades. Precipitation over the catchment has a major influence on the water availability within the
catchment, a result confirmed by the sensitivity analysis. The entity of the residual term, which represents the unaccounted contributions,
calls into question the role of the groundwater fluxes and the
time scale of the analysis. The multi-method analysis highlights
the dependency of the different lake evaporation and catchment

Corresponding author: luca.adami@unitn.it evapotranspiration methods on the amount of data available.
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The accurate closure of the water balance of a lake is
often a challenge for managers and practitioners who are
asked to preserve the value of lakes as water resources.
Lake water balance analysis is extremely useful to reveal
climate change effects (Szesztay, 1974; Adrian et al., 2009;
Schulz et al., 2020), water quality deterioration at different
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spatio-temporal scales (Gibson et al., 2006; Li et al., 2007,
Chebud and Melesse, 2009; Guo et al., 2015), and can shed
light on the hydroclimatic factors mostly influencing the
annual and seasonal water availability and use.
Furthermore, long-term water balance studies can promote
adaptive strategies for meeting current and projected
human and environmental needs (Fowe et al., 2015;
Gronewold et al., 2020), and planning restoration projects
(Lerman and Hull, 1987; Jeppesen et al., 2009).
Nevertheless, even the simplest computation of the lake
water balance equation (water inputs equal water outputs
and storage variation) is affected by biases and
uncertainties. If such inaccuracies are not properly
considered, relevant errors and wrong conclusions can be
reached, possibly leading to ineffective solutions for water
management policies. In this regard, Winter (1981)
reviewed 23 water balance studies on lakes in the United
States and listed several sources of uncertainties, including
factors related to density and location of the available
gauging stations, data processing (temporal averaging and
calculation of the components of the water balance) and
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interpretation of the results. In data-based analyses, the
appropriate quantification of the different lake water
balance terms (e.g., over-lake precipitation and evaporation,
surface and subsurface fluxes) depends on the quantity and
reliability of the available data recorded at the existing
gauging stations, which in turn depends on the study area
as well as on the time window considered. In addition,
inappropriate assumptions, over-simplifications and over-
parameterizations of the models used to quantify some lake
water balance terms (e.g., evaporation) further contribute
to the final (inevitable) uncertainty. Overall, the various
factors listed above compose the so-called "epistemic"
uncertainty that eventually propagates the errors within the
computation (Efstratiadis and Koutsoyiannis, 2010).

Aimed at quantifying to what degree different models
used to compute the different water balance components
contribute to the overall uncertainty, several comparative
studies investigated alternative methods for the estimation
of e.g., evaporation and evapotranspiration. A large number
of comparative studies analysed the accuracy of over-lake
evaporation methods (Rosenberry et al., 2007; Elsawwaf
et al., 2010) by considering the local availability of data
(Rimmer et al., 2009; Majidi et al., 2015), the temporal
scales analysed (Winter et al., 2003; Lowe et al., 2009) and
the influence of climatic factors (Yin and Nicholson, 1998;
Lenters et al., 2005). As for evapotranspiration, such
component is often included in rainfall-runoff models to
estimate the streamflow contribution from ungauged
catchments of a lake (Zhao et al., 2013; Birhanu et al.,
2018) and it has been studied extensively, with various
methods available (Lu et al., 2005; Ravazzani et al., 2012;
McMahon et al., 2013).

A common practice in water balance analyses is to
embed all the uncertainties and potential sources of error
into a residual component (X) that closes the lake water
balance equation. In many cases, this approach provided
important insights into the existence of some neglected
water input or output terms (Wale et al., 2009; Zhou et
al., 2013). However, a small value of X does not
necessarily indicate a high computation accuracy, as
biases associated with the other components can offset
each other (Safeeq et al., 2021). Yet, the X term remains
a valid indicator of the reliability of the assumptions
made, and such reliability can be strengthened by
adopting more than one method to estimate the
components of the water balance.

In this study, we compute 84 years of water balance
of Lake Garda, divided into two periods (1928-1941 and
1951-2020). Lake Garda is the largest lake in Italy and
represents a major source for water supply (Berbenni ef
al., 1992; Goffi et al., 2021) for 42 municipalities located
in two separate regions (Lombardy, Veneto) and one
province (Autonomous Province of Trento). Over the last
decades, the administrative fragmentation of such inter-

regional context entailed a long-term issue for the fair
distribution of water among the contrasting and ever-
growing water needs (Berbenni et al., 1992). The first
systematic water balance of Lake Garda was carried out
over the period 1921-1960 (Berbenni et al., 1992) and the
residual unresolved term was mainly attributed to the
neglected input of groundwater fluxes, with an estimated
average value of 7 m* s™. More recently, Longinelli e al.
(2008) computed a 9-year (1998-2006) balance of Lake
Garda based on an isotope study, from which large
imbalances appeared, i.e., the lake total inflows resulted
in approximately half of the lake outflows, confirming the
relevant role played by the deep aquifers of the area. Thus,
despite the strategic importance of Lake Garda water
resource, there is still a lack of an up-to-date
understanding of the hydrogeological and climatic factors
that control the lake water balance and have influenced it
over the last century.

In our multidecadal lake water balance, we investigate
the long-term variations of the different inputs and outputs
to assess the main drivers of the water availability within
the catchment over a long period (1928-2020).
Concurrently, we perform up to 20 possible versions of
the lake water balance equation by implementing methods
to estimate over-lake evaporation and catchment
evapotranspiration requiring different quantities and types
of data. By comparing different data-demanding methods,
from the simplest to the most advanced, an estimate of the
uncertainties and robustness of each configuration is
possible. We note that such multi-model approach is
increasingly adopted in the limnological community
(Scavia et al., 2016; Moore et al., 2021; Golub et al.,
2022). In fact, a critical cost-performance analysis of
different models particularly helps in data-limited
contexts or when the amount and type of hydroclimatic
observations change over the years of historical time
series.

The main objectives of the paper can be described as
follows: 1) to estimate the long-term evolution of the input
and output components of Lake Garda water balance at
an annual time scale; ii) to build a consistent long-term
hydrometeorological database from different sources in
order to compute an accurate water balance; iii) to analyze
the annual water balance of the lake, and the magnitude
of the uncertainties.

In the following sections, we first analyse the standard
hydroclimatic observations used in this study. An insight
on the spatio-temporal distribution of the data collected
is provided, with a specific focus on the datasets of air
temperature and precipitation. Then, we present the
annual water balance of Lake Garda over the periods
1928-1941 and 1951-2020 to investigate the major drivers
of water availability within the lake catchment and to
quantify the residual term X throughout the years. We
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discuss how the presented results are affected by different
over-lake evaporation and catchment evapotranspiration
models. We also examine the possible role played on the
overall water budget by the groundwater fluxes, by the
contributions from the Mount Baldo area (which is not
included in the surface drainage area of the lake, but might
contribute through the aquifer), and by the land use
evolution. Eventually, we perform a sensitivity analysis
to explore the factors that have mainly controlled the Lake
Garda water level and outflow, assessing the impact of
possible uncertainties in the estimate of some water
balance components (e.g., precipitation, evaporation).
This final analysis is of primary interest in view of the
multiple water needs and stakes that characterize the
downstream Mincio River catchment.

METHODS

Study area

Lake Garda (Fig. 1) ranks first in inland freshwater
bodies of Italy for water volume (49 km?) and surface area
(368 km?). The lake is located at the foot of the Alps, a
nationally relevant region for the environmental and
economic importance of its water resources. The Lake
Garda catchment is inserted in a typically Alpine climate,
with air temperature and precipitation variability influenced
by the Mediterranean Sea (Brugnara and Maugeri, 2019).
The main hydromorphological characteristics of the lake
are listed in Tab. 1. The lake level is monitored daily at the
closure of the catchment (2290 km?) on the southernmost

Tab. 1. Hydromorphological characteristics of Lake Garda. The extension of the catchment considered in the analysis is shown in Fig. 1.

Altitude” (m asl) 65 Width® (km) 17
Average depth” (m) 133 Gauging station reference level” (m asl) 64.03
Maximum depth” (m) 350 Average water level” (1951-2020) (m asl) 65.43
Surface area” (km?) 368 Average surface outflow” (1951-2020) (m’s™) 53
Catchment area” (km?) 2290 Average surface inflow” (2008-2018) (m’s™) 35

Shore length (km) 158 Theoretical retention time* (year) 30
Surface area per catchment area ratio” (%) 16 Origin” glacial
Volume® (km?) 49 Mixing regime” oligomictic
Length” (km) 52 Trophic status” oligo-mesotrophic

*Tolotti et al. (2018); *Hinegk et al. (2022); °Provincial Agency for water resources and energy of Trento (APRIE, http://www.energia.provincia.tn.it/).
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Fig. 1. a) Location of Lake Garda and its catchment in the framework of the deep Italian subalpine lakes. b) Focus on the Sarca-Garda
system, which includes the Sarca (main tributary) catchment, the Ledro catchment, the minor tributaries catchment and the Mount Baldo
catchment. The regulation system of the lake is indicated by a red dot (Salionze Dam). The red line connecting the Adige River and Lake

Garda outlines the Adige Garda tunnel layout.
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shore, in the municipality of Peschiera del Garda, where
the lake waters flow through a confined watercourse (N-S
direction) for 5 km before reaching the Salionze Dam in
the municipality of Ponti sul Mincio (catchment 2350 km?).
This infrastructure regulates the outflow regime of the lake
through three distinct channels, i.e., the Mincio River and
the two irrigation-hydropower artificial channels named
Virgilio and Seriola-Prevaldesca. The Salionze Dam was
completed in 1951 to primarily accomplish the main water
needs of the downstream Mincio River catchment, i.e.,
flood protection and irrigation demands.

The regulation of Lake Garda is the result of more
than a century of discussions and projects, e.g., the work
of Martinelli (1881) in the XIX century. With the advent
of the XX century, the regulation of the Lake Garda level
and outflow become an increasingly relevant issue, with
several notes and studies, including those drawn up Eng.
Poletta in 1903 (followed by others) until the final
approval of the executive project of Eng. Silvestri in 1938
(Togliani, 2014). Other important works in the process
were carried out by De Marchi (1919, 1920).
Nevertheless, ever-growing water requirements have
contributed to drastic changes in the long-term trend as
well as the seasonal behaviour of both water levels and
outflows after lake regulation (Hinegk et al., 2022).

The Sarca River represents the main tributary, flowing
from the Presanella mountain to the municipality of Nago-
Torbole (65 m asl), where the river reaches the
northernmost shore of the lake. The pristine nivo-glacial
flow regime of the Sarca River has been heavily altered
since the beginning of the XX century through the
construction of a complex system of artificial waterways
to support the growing hydropower production in the area
(Carolli et al., 2021), determining lower flow conditions in
summer season and higher flow conditions during winter
(Berbenni et al., 1992). In fact, the numerous hydropower
plants including the one located just 3 km upstream of the
Sarca River’s mouth (Torbole hydropower plant) have
affected the annual cycle of the Sarca River regime without
modifying the total volume released to Lake Garda. In
addition to the Sarca River, more than 20 ungauged
tributaries (among which the Ponale River from the Ledro
catchment) flow into the lake from the eastern and western
shores, likely representing a non-negligible contribution to
the water balance. In this work, we define as Lake Garda
catchment the overall contributing catchment, i.e., the sum
of the catchments related to the Sarca River, the Ponale
River and the minor ungauged tributaries.

The Adige-Garda diversion tunnel occasionally
influences the lake level variation, with minor effects in
terms of annual water balance according to Berbenni et al.
(1992). Such tunnel is a 10 km-long interbasin water
transfer system that can convey up to 500 m3s™ from the
Adige River to Lake Garda in case of extreme flood events

(Fig. 1b). Its role has been considered for all major floods
(i.e., registered volume greater than 4 Mm?), while annual
opening operations for technical maintenance have been
neglected.

Lastly, the eastern part of the Mount Baldo catchment
(grey shaded area in Fig. 1b), located along the eastern
shore of the lake, potentially contributes to the Lake Garda
water balance, although topographically not belonging to
the lake watershed. Indeed, it is characterized by dip slope
structures plunging into Lake Garda and by calcareous,
chalky and dolomitic rocks which may promote water
conveyance to the lake (Zorzin and Tottola, 2020).

Data collection and processing

The multi-regional context of Lake Garda required the
collection of hydro-meteorological observations from
different agencies. Such effort implied the exploitation of
both public online sources and historical hand-written
documents. Data from the first half of the XX century (i.e.,
lake levels, lake outflows, precipitation and maximum and
minimum air temperature) were digitized by hand starting
from the Italian Annual Hydrological Books provided by
the Italian Hydrological Service (Ministero dei Lavori
Pubblici - Servizio Idrografico, 1917). Data from the
second half of the XX century were downloaded from the
online portals of the Autonomous Province of Trento
(https://www.meteotrentino.it) and Bolzano (https://meteo.
provincia.bz.it) and of the Regional Agencies for the
Environmental Protection of Lombardia (ARPA
Lombardia, https://idro.arpalombardia.it, https:/www.
arpalombardia.it) and Veneto (ARPAYV, https://www.arpa.
veneto.it). Additional data were provided upon request by
ARPAV. The resulting database represents a unique source
of hydro-meteorological data from the XX century for Lake
Garda and is a comprehensive, site-specific and systematic
baseline of data for this inter-regional context.

Fig. 2 summarizes the data availability over time and
space in the case study. The water balance was performed
for those time periods covered by a sufficient availability
of Lake Garda water levels, outflows, as well as
precipitation and air temperature (light blue shaded areas
in Fig. 2 a,b), which represent the essential meteorological
variables for the water balance computation. Accordingly,
the period 1942-1950 was discarded due to the absence
or scarcity of some relevant data, caused by the advent
and aftermath of World War II in Italy (Brugnara et al.,
2012). Thus, we analyzed two periods, i.e., 1928-1941
and 1951-2020, for a total of 84 years. The selected time
series are representative of the pre-regulated and post-
regulated regime of Lake Garda, due to the Salionze dam
building in 1951.

In general, precipitation data are more abundant than
air temperature data (197 against 151 gauging stations
over the whole period of study, respectively).
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Fig. 2. a,b) Number of rainfall (a) and air temperature (b) stations operative in each year from 1928 to 2020 (dark blue bars at the bottom
of the plots) and their variation throughout the years (red and blue bars at the top); light blue shaded areas indicate the periods taken for
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The availability of data increased over the years, in
particular starting from 1990 in all regions, with the
exception of the period 2005-2010 when some obsolete
gauging stations were dismissed (Fig. 2 a,b). In terms of
spatial distribution (Fig. 2 c¢,d) the stations are
homogeneously distributed but show a small asymmetry
towards the Province of Trento, particularly in recent
decades (Fig. 2 e,f).

Data on lake outflow and water level are available for
the whole considered period, and were collected reaching
back the 1888 in a recent study (Hinegk ef al., 2022). Data
of lake’s inflows are available only for the main tributary,
i.e., the Sarca River, and limited to 1954-1960 and 2008-
2017. Thus, the collected precipitation and air temperature
data, particularly within the Trentino-Alto Adige region,
were essential to estimate the inflows for the lacking years
of the Sarca River as well as for the other minor tributaries
for the lacking years. Moreover, in the upper part of the
Sarca catchment three main group glaciers are present
(namely Adamello, Presanella and Brenta). Their role in
the annual balance has been estimated to provide an
additional contribution in terms of precipitation
equivalence, e.g., for Adamello glacier estimated in 1290
mm of water equivalent in the period 1995-2006 (Ranzi et
al., 2010), with an acceleration of the annual contribution
starting from the 80s (Santilli et al., 2002; Baroni and
Carton, 1990; Calmanti et al. 2007). This effect has been
estimated in the Sarca catchment through the analysis of
two available DTM in the Sarca catchments (years 1984
and 2003) with a resolution of 10 m, we estimated the ice
volume lost by glaciers and converted in an average annual
discharge due to ice melt, using an ice density equal to 900
kg/m? for the conversion ice-water (Ranzi et al., 2019;
Freudiger et al., 2021). We found that this estimate
discharge for the Sarca catchment is 0.84 m?¥s, that
represents nearly 2.4.% of the total average discharge of
the Sarca basin in the period 2008-2018 (about 35.7 m%/s)
and 1.9% of the average total inflow of the Sarca-Garda
catchment (43.7 m%/s) considering the same time interval.
The mean thickness change of ice for the Sarca catchment
is -0.41 m/year. A comparable result has been found by
D’agata et al. 2018 in the Adda catchment (-0.57 m/year in
the period 1981-2007), contiguous to the Sarca basin to the
west. Although this component has not been directly
included in eq. 1, its effect can be considered negligible in
a first approximation.

A gridded-dataset  of  precipitation  and
evapotranspiration was constructed through the application
of the kriging method (Goovaerts ef al., 1997), additionally
including gauging stations located beyond the grid borders
to ensure reliable results. We adopted a 500m x 500m grid
to fairly represent the catchment as well as the lake
coastline (see Fig. S4). Besides the lake surface area, we
included the Sarca, Ledro and minor tributaries catchments

(Fig. 1b), estimating the spatial patterns of the precipitation
and evapotranspiration components. We compared the
Ordinary Kriging (OK) and Kriging with External Drift
(KED) methods, selecting the best interpolation technique
through the Leave One Out Cross Validation procedure.
Details of the kriging techniques are summarised in
Appendix (see Kriging methods for spatial interpolation),
where the discretization grid and the average spatial
distribution of precipitation and mean air temperature are
also shown. The gridded-dataset of precipitation for the
lake area was used to quantify the over-lake precipitation
directly contributing to the lake water balance. The
gridded-dataset of  both  precipitation and
evapotranspiration for the contributing catchments was
instead used to determine the inflow contributions of the
Sarca River and of the other ungauged streams by
implementing a simple hydrological balance (see section
“Estimation of inflows”). For the Sarca River, the daily
data available for the period 2008-2017 allowed for an ad
hoc calibration of the simple hydrological balance adopted.

Lake water balance equation

The lake water balance was computed on an annual
time scale, according to the hydrological year, i.e., from
October 1* to September 30", to properly consider snow
melt and snow accumulation periods. We assumed the
beginning of October as the end of the possible contribution
of ice and snow-melted water from the Lake Garda
catchment. In this way, the annual net precipitation
(including snow) can be transformed, as a first
approximation, into annual inflows to the lake without
significant delay effects. Considering the annual time scale,
we also assumed that the whole net rainfall (i.e., P-ET,)
contributes to the water balance, either in surface waters or
in subsurface waters, within a year. This is a strong
simplification in the computation of the water balance,
although an acceptable way to deal with the large
uncertainties in setting up such a long-term analysis. The
approximation is strictly related to the choice of annual time
scale and it is not valid at shorter time scales (daily,
monthly).

Therefore, the annual water balance was expressed
using annually aggregated values (calculated based on the
available daily values) in the form:

AV

H - (PL+Q,i)+(EVL,i+Q0ul )-Xi:O, (eq 1)
where

%: A, (I;I’t;l_]—]r) (eq. 2)

and the index i=1,...,n represents the combination of
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different over-lake evaporation and evapotranspiration
methods. The term AV/At represents the lake volume
variation over time in m?/s, which is a function of the lake
surface area 4, in m? and of the lake levels H,, ,and H,in m
at time #+/ and ¢ in s, whose difference represents the
annual time step 4z. The lake level is measured at Peschiera
del Garda (Tab. 1). Over-lake precipitation and evaporation
are indicated as P, and EV, ;, respectively. The term Q; is
the total ungauged water contribution conveyed from the
Sarca River and the other minor tributaries, quantified
according to the procedure delineated in section
“Estimation of inflows” and depending on the estimate of
the evapotranspiration. The term Q,,, is the surface water
outflow, represented by the total discharge released into the
Mincio River. Finally, the residual term X is the unknown
term that closes the water balance equation. We assume a
positive value to indicate the underestimation of the total
water inputs (or the overestimation of the total water
outputs) and a negative value to indicate the overestimation
of the total water inputs (or the underestimation of the total
water outputs).

To assess the uncertainties related to the water balance,
we computed a number #=20 of combinations of the lake
water balance (eq.1 ), considering 5 over-lake evaporation
(EV,,) and 4 reference evapotranspiration (used to estimate
Q) methods. In this way, we explored the variation of the
residual term X in response to the different methods
adopted to identify which combination provides the
minimum value over the entire time series.

As additional variations of the approach, we
investigated the role of the Mount Baldo catchment, as well
as the effect of land use changes provided by the available
datasets (discussed in the section “Discussion”).

Over-lake evaporation and catchment
evapotranspiration estimates

The literature presents several methods to estimate over-
lake evaporation and catchment reference evapotranspira-

tion. We decided to test 5 models to compute evaporation
and 4 for evapotranspiration. All selected formulas have
been widely used in the literature and mainly differ for the
type (e.g., meteorological, topographic) and number (from
two up to five) of input variables required. This allows com-
paring the different estimates depending on data availability.
In addition, as the selected methods were conceived for ei-
ther general or site-specific contexts, we discuss their ap-
propriateness for our case study. The inputs required to
compute the over-lake evaporation and reference evapotran-
spiration equations are fully described in Tab. 2, and the re-
lated equations are presented in the Supplementary Material.

In terms of over-lake evaporation (EV,), we
implemented well-grounded approaches that are largely
valid in different contexts, i.e., the combined approach of
the Penman model (Penman, 1948), the Priestley-Taylor
method (Priestley and Taylor, 1972), the mass transfer
method of Dalton (Dalton, 1802), herein implemented as
reported by Fink et al. (2014) and already applied to Lake
Garda by Matta et al. 2022, the simplified Penman, (1948)
method in case of no wind data proposed by Valiantzas
(2006), and the Jensen and Haise (1963) method. Such
methods either exclude the lake surface water temperature
as an input variable (Penman, 1948; Priestley and Taylor,
1972; Jensen and Haise, 1963; Valiantzas, 2006), or include
the aerodynamic component, thus requiring wind data
(Penman, 1948; Fink ef al., 2014). The Dalton approach
(Fink et al., 2014) includes the lake surface water
temperature (LSWT). In this study, the daily LSWT was
reconstructed for Lake Garda based on air temperature by
means of the air2water model (Piccolroaz et al., 2013;
Toffolon et al., 2014; Piccolroaz, 2016). Interested readers
are referred to the Appendix. For those methods requiring
wind speed and relative humidity, we used the average
annual cycle (daily values) computed from years of full
data availability to fill the gaps of the time series. Daily
extra-terrestrial radiation was instead estimated following
Martin et al. (2018).

Tab. 2. Methods selected for estimating over-lake evaporation (EVL) and catchment reference evapotranspiration (ET0) and input

variables they require.

EV,  Penman Pen Penman, (1948) v v v v v

Jensen-Haise JH Jensen and Haise (1963) v 4

Priestley-Taylor PT Priestley and Taylor, (1972) v v v

Simplified Penman Val Valiantzas (2006) v v v

Dalton Dal Fink et al. (2014) v v v v
ET, Hargreaves-Samani HS Hargreaves and Samani (1985) v 4

FAO Penman-Monteith FAO-56 PM Allen et al. (1998 v 4 v v v

HS modified PGUAP PGUAP PAT (2006) 4 4

HS modified Ravazzani HSAlp Ravazzani et al. (2012) v 4 4

AT, air temperature; Rad, radiation; elev, elevation; RH, air relative humidity; wind, wind velocity; LSWT, lake surface water temperature.
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In terms of reference evapotranspiration ET, all
implemented methods are derived from the largely adopted
Hargreaves-Samani (hereafter indicated as HS, Hargreaves
and Samani 1985) and FAO-56 Penman-Monteith (FAO-
56 PM; Allen et al., 1998) models. The FAO-56 PM
method is a widely recommended version of the Penman-
Monteith equation (Allen et al., 1998), whereas the HS is
based only on solar radiation and maximum and minimum
air temperature and is largely applied in data-scarce
contexts. Allen et al. (1998) additionally provided
procedures to compute the FAO-56 PM equation in case of
limited availability of data. The adoption of such simplified
version of the FAO-56 PM equation is primarily suggested
by Allen et al. (1998) before implementing the HS
approach.

As the reference evapotranspiration estimates of the HS
model need to be adjusted to the local conditions
(Ravazzani et al., 2012), we further considered two
simplified models that are referred to the peri-alpine region
that Lake Garda belongs to. These two methods are the HS
method modified by Ravazzani et al. (2012) (HSAlp) and
the PGUAP (Master Plan for the Utilisation of Public
Waters) method of the Autonomous Province of Trento
(Provincia Autonoma di Trento, 2006), both of which were
conceived by adjusting the simpler HS equation by
introducing correction factors determined through
regression against the more data-demanding FAO-56 PM
equation. On the one hand, (Ravazzani et al., 2012) deal
with the general inaccuracy of the original HS equation in
estimating ET at different elevation sites by applying two
calibration coefficients. On the other hand, PAT (2006)
introduced a multiplication coefficient 0.7 as the result of
the ratio between the HS and FAO-56 PM methods
computed for those stations of the Trentino area (Fig. 1b)
where the input meteorological data permitted to apply both
formulations. With the exception of the HS modified model
(Ravazzani et al., 2012), in Tab. 2 the elevation term is
adopted to estimate the atmospheric pressure as
recommended by Allen ef al. (1998). Further details are
given in the Supplementary Material.

The actual evapotranspiration (£7,) depends on the land
use, soil moisture and on climatic conditions. To account
for this, the reference evapotranspiration (E7,) was first
converted into the potential evapotranspiration (£7,) by
applying the crop coefficient K. to each cell of the
catchment grid (Allen et al., 1998; ET, =K ET,), and then
into the actual evapotranspiration by multiplying £7, by a
stress factor (o, £7,=aET,), considering that climatic and
soil conditions can further reduce the quantity of water that
is actually available for evapotranspiration (Mallucci ef al.,
2019). Since K. depends on the land cover type, we
investigated possible long-term land cover variations by
referring to the annual estimations provided by the Historic
Land Dynamics Assessment+ (HILDA+; Winkler et al.,

2021), a harmonised dataset of maps with spatial resolution
of 1 km x 1 km over the period 1899-2019 (Winkler et al.,
2020). The land cover type of each grid cell of the domain
was related to its corresponding value of K according to
the local land use classification as reported by PAT (2006)
(Tab. 3).

Starting from the E7, » the stress factor o to estimate E7,,
was quantified following the procedure reported by
Mallucci et al. (2019):

_P-0 (eq. 3)

o=

T}’

where, P, O and ET),, are the spatial and temporal average
values over the whole period of analysis (in consistent
units) of total precipitation, streamflow volume and
potential evapotranspiration, respectively. We note that the
computation of o requires streamflow data of the catchment
under analysis. Thus, we evaluated eq. 3 for the Sarca River
Catchment (i.e., the main tributary of Lake Garda and the
only tributary for which observations are partially
available) considering those years with available historical
data, and then considered the value obtained as a reliable
estimate also for the other drainage catchments, i.e., the
Ledro and minor tributaries catchments (Fig. 1b). The final
value of a was 0.63, comparable to the value of 0.7
estimated by Mallucci et al. (2019).

Estimation of inflows

Data about the inflows provided by the catchments
surrounding Lake Garda have not been recorded with
proper continuity. In order to reconstruct their contribution,
we assumed that the net precipitation over the lake’s
catchment, i.e., the difference between precipitation and
evapotranspiration, is a legitimate proxy of the total inflows
at an annual time scale, including the sum of both surface
and subsurface fluxes. In fact, on the annual basis, the large
part of the water that penetrates and reaches the subsurface
reservoir is expected to flow into the streams and contribute
to the lake’s water balance. This assumption is supported
by the results of recent hydrological modeling studies
realized for the Adige River Catchment, close to the region
of interest and much larger, where the mean residence time
of baseflow was estimated to be around 300 days
(Piccolroaz et al., 2015; Laiti et al., 2018). Thus, the water
balance for the generic catchment surrounding the lake can
be written as:

ASA=P-ET+Q, (eq. 4)

Where 4S5/4t is the water stored within the generic
catchment, P is the total precipitation, E7, is the actual
evapotranspiration, Q is the total discharge (i.e., sum of
surface and subsurface fluxes) at the closure section of the



Lake Garda water balance

Tab. 3. Monthly crop coefficient K, according to the land use datasets adopted in this study.

Monthly Kc values

M J J
Urban 111 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
112 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
121 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
122 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
123 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
124 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
131 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
132 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
133 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
141 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
142 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Cropland 211 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
212 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
213 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
221 0.3 0.3 0.3 0.4 0.5 0.65 0.75 0.8 0.75 0.65 0.3 0.3
222 0.3 0.3 0.3 0.4 0.5 0.65 0.75 0.8 0.75 0.65 0.3 0.3
223 0.3 0.3 0.3 0.4 0.5 0.65 0.75 0.8 0.75 0.65 0.3 0.3
241 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
242 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

244 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
Pasture 231 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
Grass/shrubland 231 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95

243 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
321 0.55 0.55 0.55 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.55 0.55
322 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
323 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
411 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
412 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
421 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95

Forest 311 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
312 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
313 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
324 0.3 0.3 0.3 0.6 1 1.1 1.1 1.1 0.95 0.85 0.3 0.3
Other land 331 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

332 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
333 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
334 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
335 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
422 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
423 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Water 511 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
512 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
521 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
522 0.55 0.55 0.55 0.95 0.95 0.95 0.55 0.55 0.55 0.95 0.95 0.95
523 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
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catchment. Note that the discharge Q in this formulation
represents, for the lake water balance, a component of the
inflows Q,; in eq. 1).

At annual time scales, the A4S5/4¢ changes can be
considered negligible (Budyko, 1958; Zhang et al., 2008),
so that eq. 4 can be simplified into:

Q=P - ET=P—oET, (eq. 5)

which is analogous to eq. 3. The net precipitation (P - ET))
was therefore used as a proxy for the lake’s total inflows
from the surrounding catchments (Sarca River, Ledro and
minor tributaries; Fig. 1b), comprising both surface and
subsurface contributions.

In this way, eq. 1 can eventually be expressed as:

A (Pt Py— ET)H(EV,+Q,) X 0i=1....n (eq.6)

Where P; and ET, refer to the total catchment
precipitation and evapotranspiration, i.e., to all the
contributing catchments (Sarca, Ledro and minor
tributaries).

Sensitivity analysis

The lake level H fluctuates depending on the different
components of the water balance. In the formulation of eq.
1, however, H is only present in the storage term, while it
can also have an influence on the outflow Q,, (and, to a
minor extent, to the evaporation term if the influence of the
changing area is considered, an effect that is negligible in
Lake Garda).

To explicitly consider the dependence of Q,,, on H, we
assumed a power-law relation between the annual means
of the two variables:

Qo= (H=by)* (eq.7)

As this relation drastically changed after the
impoundment of Lake Garda in 1951, we distinguished a
natural condition (k=n) for the pre-regulation period (1928-
1941) and a regulated regime condition (k=r) for the
post-regulation (1951-2020). In eq. 7, the outflow Q,,, is
expressed in m’s”’ and the lake level A in m above the
reference zero of 64.027 m asl. The coefficients calibrated
for the two conditions are: a,=35.66, b,=-0.62, ¢,=1.46 for
the natural period (R’=0.97), and a,_0.014, b,_-3.67, ¢,_5.38
for the regulated period (R’=0.54). The power law curves
are reported in Fig. S2 in the Supplementary Material.

We note that, although the outflow is not directly related
to the lake level in the regulated regime (see the lowest R’
of the power law), there is still a clear dependence at the
annual time scale, with larger discharges associated with
higher lake levels.

Having recognized that the outflow depends on the
water level, we identified the equilibrium condition as the
level resulting from the long-term averaged values of the
input and output components and assuming no temporal
variation of the lake volume, i.e., solving eq. 1 for O,,, (H)
with AV/4t=0. Among the 20 water balance combinations
defined in the section “Over-lake evaporation and basin
evotranspiration estimates”, we looked for the one that
provided the minimum averaged value of the residual term
X. Then, we used it to define the equilibrium lake level /7,,,
(including the residual term X). In fact, substituting Q,,,
from eq. 7 and rearranging eq. 6, we obtain the equilibrium
water level as follow:

b _[PrPs—ET, —EVL+X]V"k , (eq. 8)

eqk | ak

In this way, we were able to assess the deviation of the
lake level from its equilibrium value in response to the
reduction by a given percentage of one or more water
balance components.

RESULTS

Variability in lake evaporation and catchment
evapotranspiration estimates

The comparison of various methods to estimate lake
evaporation (£V,) and catchment evapotranspiration (E£7,)
outlines significant differences in the values to be used in
the water balance, also depending on the amount of data
required. To highlight such a variability, we calculated the
climatological year and the statistical distribution of the EV,
and ET), values for each day of the year, using the most
“cost-effective” methods, i.e., those that require the
minimum number of input data: Jensen and Haise (1963,
JH) for EV, and Hargreaves and Samani (1985; HS) for
ET,. We considered the 1o, 206, 30 as the 68%, 95" and
99.7" percentile of the distribution. Then, the statistical
distributions were compared with the climatological annual
cycle obtained from the other £V, and ET, methods. This
allows for analysing the reliability of less data-requiring
methods against more data-demanding methods.

By referring to Fig. 3a, in terms of EV,, all tested
methods lay within the statistical boundaries of the simplest
method (JH). The only exception is represented by the
Dalton (Dal) approach Fink ef al. (2014), indicated with a
green line in the plot. In fact, the inclusion of the lake
surface water temperature (LSWT) required by Dal brings
to a different annual cycle when compared to the other
methods. This is due to the fact that over-lake air
temperature (AT) and LSWT have shifted annual cycles,
which is particularly notable in terms of minimum annual
values (middle February against beginning of January, see
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the Supplementary Material). Thus, the inclusion of the
LSWT-AT difference within the Dal approach, known as
the instability term (Fink et al., 2014), allows for
considering the heat storage capacity of Lake Garda, which
is typical of deep lakes and shifts the minimum and
maximum EV; estimates of Dal from January to April and
from July to August. The Dal method is different from the
others not only because of this seasonal shift, but also in
terms of annual variability of the estimated daily
evaporation. The annual evaporation cycles of the Penman,
1948, Pen), Priestley and Taylor (1972, PT) and simplified
Penman Valiantzas (2006, Val) methods are contained
within the 2o limits of JH, with minima close to 0 mmd™!
from December to February. Dal instead falls within the 36
limits only from April to August (spring-summer season),
when the difference between AT and LSWT is at its
minimum (constantly lower than 5°C (see Fig. S3b in the
Supplementary Material). Conversely, in the rest of the
year Dal falls outside the statistical boundaries of the JH
method, the yearly minimum evaporation does not go
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below 2 mm d! (on an annual average), as the air-water
thermal gradient in winter months (see again Fig. S3b) still
determines evaporation, eventually enhanced by wind and
dry air conditions.

In terms of ET), (Fig. 3c), we observe the same annual
cycle among the different methods, with maximum and
minimum annual values occurring in July and December,
respectively. Minor differences from the HS method used
as a reference are shown by its modification by Ravazzani
et al. (2012; HSAlp) and by the FAO-56PM method, whose
mean estimates are contained within the 2o region. The
only significant distance is with the PAT (2006; PGUAP)
method because of the regionally calibrated 0.7 factor
included in this formulation.

The long-term estimates of £V, and ET, (Fig. 3 b,d)
show an upward trend starting from the 1951, with a great
increase starting from the 1990s in accordance with the
augmented mean air and water temperature within the study
area (Fig. S3c in the Supplementary Material). The Theil-
Sen approach (Theil, 1950; Sen, 1968) indicate the slope
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Fig. 3. Annual cycle and long-term trends considering the different methods adopted to estimate the over-lake evaporation (a,b) and
reference evapotranspiration (c,d). The 1o, 20, 30 in a) and c) indicate the 68", 95™ and 99.7™ percentile of the statistical distribution
constructed for each day of the year by referring to the less-data requiring methods of over-lake evaporation (i.e., the Jansen-Haise, JH,
method) and reference evapotranspiration (i.e., the Hargreaves-Samani, HS, method). The vertical black lines in a) and c) split the
climatological year in the warmest and coldest months. The grey shaded areas in b) and d) are referred to a 95% confidence level.
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of the EV, and ET, trends over the period 1951-2020 as
+0.035 mm d'/decade and +0.033 mm d'/decade,
respectively, with a major increase during the 1990-2000
decade (+0.16 mm d'/decade and +0.12 mm d-'/decade).
Such trends are evaluated with a 95% confidence level
(grey shaded area), with similar intervals (2s limits) for both
EV, and ET, (£0.6 mm d ! and £0.5 mm d'!, respectively,
on average). We note, however, that the confidence
intervals are largely affected by the inclusion of the Dal
method for £V, and PGUAP method for E7,, without
which they would shrink to 0.1 mm d'.

Long-term variation of water balance components

The water balance equation (eq. 1), was applied on an
annual basis (hydrological year from 1 October to 30®
September) for the 20 combinations of over-lake
evaporation and catchment evapotranspiration methods
introduced in the section “Over-lake evaporation and basin
evotranspiration estimates”. The combination that
minimized the residual term X over the entire time period
was provided by the Pen evaporation model and PGUAP
evapotranspiration approximation. As reported in Fig. 4a,
the PGUAP-based E7) allowed for the lowest median value

of X, while presenting similar variability in terms of 25"
and 75" and percentiles. The EV, estimate was less
influential, with the Penman and JH methods providing the
lowest median value of X (red lines of PGUAP-Pen and
PGUAP-JH in Fig. 4a), estimated as 2.99 m*s~' and 3.03
m3s!, respectively.

The magnitude and long-term tendency of the water
balance components (WBCs) included in eq. 6 are shown
in Fig. 4b, together with the residual term X of the optimal
combination. In Tab. 4 are summarised the average values
of the single WBCs estimated in the two analyzed periods
(1928-1941 and 1951-2020) together with their range of
variation. The statistics of the term X, obtained as the
average from the analysis of all the combinations, are
reported in the table together with the values evaluated for
the optimal combination (X,,,). We noted that a significant
statistical comparison between the pre-regulation and post-
regulation periods is limited by the lack of a sufficient
number of data for the former time period. Despite this data
limitation, mostly related to a minor number of gauging
stations in the first decades of the XX century, we consider
such comparison as a useful information for comparing the
results of the two periods.

Tab. 4. Statistics of the Lake Garda water balance components (WBCs).

1928-1941 1951-2020
Min/Max Mean c Mean c
(m3s—1) (m3s—1) (m3s—1) (m3s—l) (m3s—1)
Py 56.4/92.1 70.7 11.7 0.17 46.1/111.2 68.6 12.4 0.18
P, 9.6/15.0 11.8 1.9 0.16 8.4/19.7 12.3 22 0.18
-8.2/6.7 -0.2 4.8 - -14.3/9.1 0.03 39 -
9.8/10.6 10.2 0.2 0.02 10.1/11.9 10.8 0.3 0.03
9.5/10.9 10.2 0.4 0.04 -13.3/-9.9 11.4 0.7 0.06
12.4/13.4 12.8 0.3 0.03 12.7/14.9 13.6 0.4 0.03
12.3/14.0 13.1 0.50 0.04 12.9/15.4 14.0 0.52 0.04
14.0/17.0 16.1 0.89 0.06 14.4/17.2 159 0.71 0.04
Mean EV;, 9.5/17.0 12.5 0.47 0.04 10.0/17.2 13.1 0.54 0.04
23.5/26.9 25.1 0.92 0.04 26.2/31.2 28.0 0.93 0.03
16.4/18.8 17.6 0.64 0.04 18.3/21.8 19.6 0.65 0.03
22.4/25.7 24.1 0.88 0.04 25.5/30.4 27.1 0.95 0.04
24.4/28.3 263 1.04 0.04 27.2/32.6 29.1 0.99 0.03
Mean ET, 16.4/28.3 233 0.87 0.04 18.3/32.6 259 0.88 0.03
O, 49.6/91.6 63.3 11.4 0.18 26.6/122.0 52.5 15.5 0.30
X 12.4/47.6 19.0 16.0 - -23.0/61.5 9.2 15.2 -
X, -2.3/32.0 10.5 16.0 - -23.0/48.4 0.9 14.8 -

opt

CV, /mean is the coefficient of variation; P, catchment precipitation; P,, over-lake precipitation; £V, over-lake Penman (1948) evaporation; £V, over-
lake Jensen and Haise (1963) evaporation; EV*7, over-lake Priestley and Taylor (1972) evaporation; E£V'#, over-lake Valiantzas (2006) evaporation; £V,
over-lake Dalton (Fink ef al., 2014) evaporation; mean EV;, over-lake evaporation as the mean between the different models considered; , catchment
Hargreaves and Samani (1985) evapotranspiration; , catchment Provincia Autonoma di Trento (2006) evapotranspiration; , modified HS catchment
evapotranspiration (Ravazzani et al., 2012); , FAO-56 Penman-Monteith catchment evapotranspiration (Allen et al., 1998); X, residual term as the average
of all the 20 possible WB combinations; X,,,, residual term considering the optimal combination; mean ET,, catchment evapotranspiration as the mean
between the different models considered; Min/Max, minimum and maximum annual values; mean, mean annual value; o, standard deviation.
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Fig. 4. Box-plot of the residual term X obtained from the different water balance combinations of £V and E7, (in the x axis according to
Tab. 2) over the entire period of analysis; the combination that provides the minimum average value of X is indicated with a bold and
underlined font. b) Water balance of Lake Garda in the periods 1928-1941 and 1951-2020, separated into its main components averaged
over a hydrological year (October-September). The EV, ET, and X components refer to the method that provides the minimum X absolute
value. ¢) Annual difference (black solid line) between over-lake precipitation and evaporation (coloured bars), and d) catchment precipitation
and actual evapotranspiration E£7,. Gray shaded areas and vertical lines are computed considering a 95% confidence level referred to the
over-lake evaporation and catchment evapotranspiration variability. c-d) Annual difference (black solid line) between over-lake precipitation
P, and evaporation EV, (coloured bars), and catchment precipitation P and actual evapotranspiration £7,,.
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The precipitation over the catchment P, is the most
important contribution to the lake overall water budget. The
mean value of this term (70.7 m*s™) is almost six times
greater than the over-lake precipitation P, (11.8 m*s™). On
average, both P, and P, mean values are lower in the
second period of analysis (1951-2020) than in the first
(1928-1941) of -2.1 m’s™" and -0.5 m’s™!, respectively.

In terms of catchment actual evapotranspiration (£7,),
we observe an increment of 2.6 m*s! on average between
the two periods considered, whereas the over-lake
evaporation EV, increased of 1.6 m3s™! (in both cases
considering the average value among the different
methods considered here). In addition, the mean values
reported in Tab. 4 highlight that £7, represents the 33%
(1928-1941) and 37% (1951-2020) of Py, in line with the
typical value of 30% as reported by McMahon et al.
(2013). The lake volume variation (4V/A4t), which reflects
the lake’s water level annual oscillations, shows higher
maximum and minimum values during the period 1951-
2020 but a smaller standard deviation & (3.9 m*s™! against
4.8 m’s™). In terms of coefficient of variation (CV),
precipitation and lake outflow present values one order of
magnitude higher than those of the £V, and ET,,. The CV
values of precipitation and lake outflow are of similar
entity for the pre-regulation period (0.16 against 0.18),
whereas the CV of the lake outflow almost doubles after
lake regulation (0.30).

The residual term X is characterized, considering its
average on the 20 combinations, by a positive mean value,
possibly indicating the lack of some input contribution or
even the overestimation of the output components. In
particular, the general deficiencies in the X term might be
related to unaccounted deep aquifer dynamics, including
potential input contributions from sublacustrine sources
(Zorzin and Tottola, 2020). However, a more careful
analysis of the temporal variation (Tab. 4) shows a relevant
reduction in the post-regulation period: from 19.0 m’s! in
1928-1941 t0 9.2 m*s™! in 1951-2020.

Moreover, the averaged X values of Tab. 4 reveal higher
mean values when compared to the results obtained from
the optimal combination X, adopting the Pen and PGUAP
methods), i.e., 10.5 m*s™" (1928-1941) and 0.9 m3s™! (1951-
2020), reflected also by a reduction of -15.6 m’s’!
(1928-1941) and -13.1 m3s™! (1951-2020) in the maximum
values recorded.

The variability of X decreases in the second period as
well (16.0 m’s™ against 15.2 m3s™), but higher extremes
are registered, as indicated by the maximum and minimum
values. As shown in Fig. 4b, the residual term X, of the
optimal combination reveals a downward tendency in the
second period of analysis, with its mean value passing from
positive  (1951-1989 average: +7.4 m’s!, e,
under/overestimation of the total water inputs/outputs) to
almost neutral (1990-2002 average: -2.7 m’s™) to negative

(2003-2020 average: -10.2 m’s™, i.e., under/overestimation
of the total water outputs/inputs).

Such a tendency calls into question the influence of the
long-term trends of the different WBCs on the unaccounted
contributions. Besides the increasing trend of £V, and ET,,
triggered by the augmented air and water temperature
starting from the 1990s (see Fig. S3c in the Supplementary
Material), a major influence might be related to the lake
outflows and the catchment precipitation. In particular,
while outflows show a significant downward trend after the
lake regulation (with a mean value of 10.8 m’s™' lower than
the pre-regulation period), an increasing trend is observed
for the difference between precipitation and
evapotranspiration starting from the 2000s (Fig. 4b).

In addition, we note occasionally high values of X
concurrent with significant variations of the lake’s volume
(4V/4t), but with opposite sign (e.g., 1929, 1936 and
1937, 1960 and 2002). This occurrence provides some
insights on the response time of Lake Garda’s water levels
to relevant floods, and the potential influence of the
outflow regulation through the Salionze Dam
management. For instance, the flood event of 17-21
September 1960 occurred at the end of the hydrological
year (30" September 1960). The Sarca River peak flood
was registered as 394 m®s! and determined an increase
of the lake’s water level up to 2.12 m above the reference
level (annual AV/At=+9 m3s™!). Such major variation of
the storage was restored to normal conditions just during
the subsequent hydrological year (1960-1961) by
discharging 85 m’s™' at the outlet, producing a consistent
lowering of the lake level (annual AV/At=-14 m?s™). Thus,
the large variation of the storage resulted from a
temporary event during the transition from one
hydrological year to the following one. In fact, all red
crosses in the boxplots of Fig. 4a indicate the value of X
found for the flood event of 1960: the statistics confirm
that such value is an outlier for the 20 combinations of the
water balance. In Tab. 4, X, value for the period 1951-
2020 (61.5 m?¥/s) refers to this relevant flood event.

Splitting the water balance between the lake and its
catchment

In addition to the overall water balance of Lake Garda,
in Fig. 4 c-d, we examine the evaporation £V, from the lake
surface and the actual evapotranspiration £7, from the
overall contributing catchment (Sarca, Ledro and minor
catchments) separately, and compare them with their input
counterparts, .e., over-lake and catchment precipitation (P,
and Pj). The net over-lake balance is represented by the
difference P,-EV,. Instead, we consider as water yield of
the catchment the difference P,-ET, (Budyko, 1974), which
in turn represents our estimate of the total inflows as
detailed in the section “Estimation of inflows”. The two
sub-balances were computed including all the different EV,
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and ET, methods, defining the related mean value and 95%
confidence intervals.

The mean annual values of over-lake balance and water
yield range from 7.9 m*s'to -5.4 m’s™! (P, — EV,) and from
27.5 to 95.6 m3s™! (P, — ET)). The variation of the sub-
balances is mostly driven by the higher precipitation
variability if compared to the one of £V, and ET,, as the
maximum and minimum annual values of water yield and
over-lake balance are generally in accordance with the
highest and lowest annual precipitation estimates. The
absolute maximum was recorded in 1960 (P,=19.7 m’s!,
Py=121.2 m*"), while the absolute minimum in 1989
(P,=8.6 m’s™!, P,=53.9 m3s").

In terms of over-lake balance, we observe a decreasing
trend of P, — EV, starting from the second period of
analysis (1951-2020), with slope of -0.28 m?®s~!/decade
according to the Theil-Sen approach, and constantly
negative values for the decade 1989-1999 (-2.8 m3s™! on
average). We note that the over-lake balance trend would
become more marked (-0.30 m’s!/decade) the Dalton
method were not included in the options for the
computation of EV, as it determines an increase of 0.7
m’s™! of the net over-lake balance (averaged over the entire
period of analysis). A negative over-lake balance was
already estimated by Berbenni et al. (1992) (-2.3 m3s!
on average).

Different from the over-lake balance (P, — EV), the
catchment water yield (P, — ET,), is characterized by a
constantly positive value, always larger than 40 m’s™". Such
difference increases in the last decade, passing from 56
m’s™! (1951-2009) to 62 m*s™ (2010-2020).

Sensitivity analysis

We finally performed a sensitivity analysis to evaluate
which water balance component mainly controls the
equilibrium lake water level (#,,) and outflow (Q,,,.,)-
The analysis also provides a measure to understand how
the uncertainties related to the estimation of each water
balance component may alter the lake level and outflow.
Fig. 5 shows how the perturbation of the Lake Garda
water level and outflow are primarily driven by catchment
precipitation  (P.)  followed by  catchment
evapotranspiration (E7a). The plot reports also the
influence of total inflow from the surrounding catchments
(Sarca, Ledro and minor tributaries), which is assumed to
be directly related to catchment precipitation and actual
evapotranspiration (Q,=P.-ET,; eq. 5). This information
is redundant but useful to illustrate the dynamics in
comparison with the trend assumed by the catchment
precipitation. Finally, the over-lake evaporation and
precipitation (EV, and P,) play a secondary role, with
opposite effects but similar magnitude, on both H,,

and Qout,eq'
The influence of precipitation (P, and P;, and

consequently of the total catchment inflow, Q,,) on H,,
largely diminishes in the post-regulation period (1951-
2020; solid lines in Fig. 5a). This behaviour highlights the
mitigation effect of the dam operational rules on the Lake
Garda water level variation. Conversely, evaporation and
evapotranspiration maintain a similar effect on /7, before
and after the lake regulation. Similarly, the equilibrium
value of the Lake Garda outflow (Fig. 5b), which reflects
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Fig. 5. Sensitivity analysis on the Lake Garda. a) Equilibrium
water level . b) Outflow Q,,, ., performed following eq. 8. The
variation of H,, (or Q,,,,, is obtained by altering one of the water
balance components by a specific percentage (hereby named
fractional change). The origin point of the plot (no variation)
represents the equilibrium value of lake level (or outflow). The
dashed lines refer to the pre-regulation period (1928-1941), while
the solid lines indicate the post-regulation period (1951-2020).




L. Hinegk et al.

the Mincio River discharge, is mostly sensitive to
variations of P.

As for the entity of the variations of /,, and Q,,,,, We
see that an increment of, e.g., 25% of ET, would decrease
the lake level of some 0.07 m, corresponding to 25.7 Mm?
of lake volume. Under the current regulated conditions, an
increase of 25% of the P, would determine an increment
of 0.12 m of H,,, while it would have been of 0.27 m over
the pre-regulation regime. The great influence of P on the
lake variation is also underlining by the asymptotic
behaviour assumed by /,, in the regulated period when
reducing the contribution of P. by more than 77%. A
fractional change of 25% in £V, would decrease the lake
level of 0.04 m (i.e., of 14.7. Mm? of lake volume) both in
the pre- and post-regulation periods, while P, would
increase the lake level of 0.05 m and 0.03 m, respectively.
In light of the long-term trends presented in Fig. 4 ¢,d),
considering the H,, for the periods 1951-1989 and 1990-
2020 separately, the modification of EV; (with a 25% of
fractional change) reveal a decreasing impact on the lake
level variation from 0.047 m to 0.026 m, respectively. In
terms of lake outflows, diminishing the P, by 10% would
reduce Q,,,,,0f 7 m’s”'. We note that this value is close to
the total environmental flow discharge established for the
Mincio River by the current management policy (6 m’s™).

DISCUSSION

The computation of the multidecadal water balance of
Lake Garda outlined the role of the different terms
contributing to the overall water budget of the Sarca-Garda
system. Our analysis considered the role played by the
number and kind of hydro-meteorological data adopted as
inputs. In this way, our study provides an overview of the
long-term evolution of one of the major water resources of
the Italian Alpine context, following some other relevant
works carried out within this area, especially the multi-
century (1845-2016) meteo-hydrological analysis for Lake
Como carried out by Ranzi et al. (2021). In particular, the
approach adopted in Ranzi et al. (2021) to explore the
rainfall and runoff variability (i.e., North Atlantic
Oscillation (NAO), Atlantic Multidecadal Oscillation and
Western Mediterranean Oscillation indexes and sunspot
activity) could also be applied to the Lake Garda catchment
to discuss regional patterns within the Alpine area. Thanks
to a multi-method approach, we also explored the relative
weight of the over-lake evaporation and catchment
evapotranspiration terms based on the chosen method for
their estimation. By including a residual term X in the water
balance equation, we discussed the possible influence of
additional, unresolved components and their long-term
trend. Here, we discuss our results on the residual term X
and the potential contributions to its magnitude. We recall,
however, that the proper estimate of this term highly

depends on the accuracy of the other components of the
water balance, e.g., surface inflows or precipitation (Kampf
et al., 2020). In addition, we state that the optimal WBC
found, i.e., the one obtained from the Pen evaporation and
PGUAP evapotranspiration, might be different by
increasing the number of records adopted within the
analysis, especially in terms of the Sarca River discharge
for calibrating the inflows.

In several cases, the residual term is related to the
groundwater fluxes (Hood et al., 2006; Li et al., 2007; Zhou
etal.,2013). A similar supposition was made also for Lake
Garda (Berbenni et al., 1992; Longinelli et al., 2008), but
a proper quantification of the groundwater fluxes and the
related drainage timing is still lacking. In particular,
Berbenni ez al. (1992) state that the residual unresolved
term was mainly attributed to the neglected groundwater
fluxes upstream the Lake Garda catchment as well as to the
fluxes through the geological formations in the Mount
Baldo area. The total estimated average value of the
residual is 7 m*/s. Based on the isotopic values and the
available hydrological data, Longinelli et al. (2008)
concluded that large amounts of groundwater flow into the
lake and can explain the input-output imbalance found. In
comparison, here we estimated the groundwater fluxes due
to Mount Baldo catchment in the range 2.7-8.5 m¥/s, with
an average value of 4.7 m’/s, while the groundwater
component of the Sarca Catchment is indirectly estimated
with the choice of hydrological year for the balance
evaluation.

The time scale of the analysis is crucial. In our analysis,
we argue that the net precipitation (i.e., Py - ET,) on the
whole lake’s drainage catchment can be considered as a
plausible proxy of the total water contributions to the lake
water balance on an annual time scale, including
groundwater fluxes. In fact, a large part of the water that
penetrates and reaches the subsurface reservoir is expected
to flow into the streams and contribute to the lake’s water
balance on this time scale. Nevertheless, results might be
affected by deep aquifer dynamics and possible delays in
the drainage. In this regard, the lack of reliable data on the
Sarca River (i.e., the major lake tributary) to quantify its
inflow discharge is of special concern, especially in light
of the growing role of hydroelectricity production within
its catchment over the last century. ikewise, snow melt and
its long-term variation within the lake’s catchment (and
particularly again within the Sarca River catchment) might
have changed the annual contribution of surface water
flows throughout the years. In fact, in order to account for
the water stored as snow or ice in the catchment, we set the
start of our hydrological year in October, the latest time to
consider the melted water reaching the lake before the
accumulation in the cold season for the new year.

In addition to such factors, here we discuss the role of
Mount Baldo, whose role has been questioned in the past.
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Besides the contribution provided by the west side of the
mount, whose rainfall is naturally conveyed into the lake,
an additional contribution might be given by the east side,
as its dip slope structure and calcareous morphology is
likely an additional input contribution to Lake Garda, both
in terms of surface and subsurface fluxes (Zorzin and
Tottola, 2020). Hence, we included the net precipitation
(Pg - ET,, which we assume is transformed into Q,,) over
the Mount Baldo catchment in an alternative water
balance using the same procedure detailed in eq. 4 (Q
term) and in eq. 1 (Q, term). Similarly to what was
obtained for the water balance analysis without
considering the Mount Baldo contribution, the analysis of
all the 20 possible combinations that minimize X was
provided by selecting the Pen EV, and PGUAP ET,
methods. Thus, starting from such water balance
combination that minimizes the value of X (Fig. 4a), we
compare the estimates of X from this new configuration
with those obtained without considering the contribution
of Mount Baldo catchment. Results are reported in Fig.
S1 (Supplementary Material) for discussion. The Mount
Baldo drainage catchment contributes with an average
input of 4.2 m’s™! (Fig. Sla, Supplementary Material).
Thus, its inclusion in the water balance of Lake Garda
reduces (in absolute terms) the value of X until the 1990s,
when X starts to assume negative values (Fig. Slb,
Supplementary Material). However, by computing the
difference between the mean absolute value of X
(averaged on all the 20 possible combinations of the water
balance) with and without the Mount Baldo area, we
obtain a reduction of 4.6 m*s ! and 2.0 m®s™! for the 1928-
1941 and 1951-2020 periods, respectively. A general
reduction of the X terms was also noted by comparing the
average values calculated for all the 20 possible
combinations with and without including Mount Baldo as
was carried out in Tab. 4. In particular, the statistics of X
considering the Mount Baldo catchment indicate
significant lower values for the maximum (14.8 m’s!
against 47.6 m?s™! and 23.6 m’s! against 61.5 m’s!),
mean (-7.8 m’s! against 19.0 m*s~! and -3.8 m®s~! against
9.2 m’s7!) and s (8.2 m’s! against 16.0 m*s™! and 9.6
m’s! against 15.2 m3s™).

These results indicate that the inclusion of the Mount
Baldo area within the Lake Garda water balance
computation contributes to reducing the magnitude of the
X term. In addition, we noticed that this effect is reduced
starting from 1990. Another possible source of uncertainty
is related to the land use/land cover and its evolution
throughout the years, as its value influences the potential
evapotranspiration (£7,) of the drainage catchments of
Lake Garda. By following the land use evolution within the
catchment over the last century, we observed significant
changes occurring from 1970 onward (Figure a in the
Appendix). In particular, we note a consistent increment of

urban and forest areas, and a concurrent decrease of the
pasture and cropland areas. This change causes an overall
reduction of the mean annual crop coefficient K. (Fig. S5b
in the Supplementary Material) (Ranzi et al., 2017;
Balistrocchi et al., 2021). In order to test how such a long-
term K, variation affects the final £7), estimates, we applied
the mean K. characterizing the first period of analysis
(1928-1941) to the ET, of the second period (1951-2020)
for all the four methods considered in the analysis. A little
difference (average of all methods <0.1 mmday, i.e., <2.2
m’s ' day ') was found with respect to the E7, estimated
with the correct K.s. In addition, we also investigated
whether the number of land use categories is relevant for
the ET, estimates in our study area. Hence, we estimated
the K. coefficient based on the Corine Land Cover (CLC)
dataset (44-classes land cover maps with spatial resolution
of 100 m x 100 m since 1990), and eventually compared
the results with E7, estimated from the HILDA+ dataset (7-
classes land cover maps with spatial resolution of 1 km x 1
km over the period 1899-2019; Winkler et al., 2020). As
shown in Fig. S5c¢ in the Supplementary Material, the CLC
inventory determined a marginally lower average K. value
and a final ET, estimate up to 0.5 mmday' lower than the
values obtained from the HILDA+ dataset. The marginal
variation of the catchment evapotranspiration obtained with
different land use datasets confirm the lower influence of
this component in altering the lake equilibrium, as we
found in our sensitivity analysis in terms of lake level and
outflow variations.

To further underpin the results obtained in our study,
alternative approaches could be implemented. Examples
are given by stable isotopes analyses (Gibson and Edwards,
2002; Tian et al., 2008; Longinelli et al., 2008; Turner et
al., 2010; Cui et al., 2018), which require continuous
sampling campaigns, or remote sensing studies (Swenson
and Wahr, 2009; Jiang et al., 2017; Mohebzadeh and Fallah,
2019). Furthermore, the uncertainties related to the lake
water balance computation have been recently investigated
through different statistical techniques in several studies to
improve the estimates of the different components. For
instance, a Bayesian framework was proposed for the
Laurentian Great Lakes catchment (Gronewold et al., 2020;
Do et al., 2020). Such alternative approaches could help
quantifying the entity of the inaccuracies and provide
valuable information on the reliability of the hydro-
meteorological data recorded by the existing gauging
stations (Kampf et al., 2020). In this regard, designing
strategic monitoring plans and ensuring a comprehensive
network of hydro-meteorological gauging stations can
improve the computation accuracy of the water balance,
though uncertainties cannot be completely removed
(Kampf et al., 2020).

In light of the fragmented administration and the large
number of water interests characterizing the Lake Garda
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catchment, we outline the importance of ensuring a
consistent hydro-meteorological database, with data
recorded through a unique and concerted standard. In this
regard, the large database of daily hydro-meteorological
data constructed within this study represents a unique
source of information to support integrated water resources
management investigations in the Lake Garda system,
which are still limited (Salmaso and Mosello, 2010).
Additionally, such database can boost further studies on
different ecological and water quality aspects, given their
interdependence with hydro-meteorological factors. The
creation of a freely accessible geo-portal would promote
lake monitoring projects (Baracchini et al., 2020), as well
as a participatory approach that can sustain water resources
management in the area (Voinov et al., 2016; Amadori et
al., 2020). In this regard an open access comprehensive
database of the collected hydro-meteorological data will be
provided.

CONCLUSIONS

The main results of the paper can be summarized as
follows:

i) aconsistent hydrometeorological database for the Lake
Garda catchment has been constructed starting from
different sources. This dataset will be systemized in a
comprehensive online geoportal for public access,
supporting future investigations in the area;

il) the multi-method approach adopted within the
computation of the water balance provided an
indication of the relative weight of the over-lake
evaporation and catchment evapotranspiration terms
based on the chosen method for their estimation,
highlighting their suitability for the study area

iii) site-specific calibrated methods, such as the PGUAP
formula, provide more reliable results than not site-
specific methods within the water balance computation

iv) the value of the unresolved term X provided an
indication of the unaccounted contributions, including
the deep groundwater fluxes, a finding that has already
been shown in previous works (Berbenni et al., 1992;
Longinelli et al., 2008).

We analysed the multidecadal water balance of Lake
Garda, monitoring the long-term evolution of its main
components and detecting their relative influence on
determining the lake level variation. In order to reduce the
errors about the quantification of the water storage in snow
and ice reservoirs at high elevation, we aggregated the
lake’s WBCs on an annual basis, assuming the hydrological
year from October to September (end of the melting
season). The annual aggregation also allowed us to reduce
the uncertainties in the estimate of the groundwater
contribution with respect to the surface streams.

Being aware of the many alternative formulations to

compute some terms of the water balance (in particular,
over-lake evaporation and catchment evapotranspiration),
we tested different combinations of the most used empirical
relations. Through this multi-method analysis, we
recognized how the amount of available data influences the
estimates, for instance producing quite different annual
cycles of evaporation when using the Dalton formula with
respect to the Penman approach. Testing the different
combinations, we found the one that minimizes the entity
of the residual term X, which includes both the errors in the
estimates and the unaccounted contributions (e.g., the
groundwater fluxes or the temporary storage across two
consecutive years). Then, it was possible to analyse the
variation in time of X, calling in questions the evolution of
possible unaccounted contributions, as well as the
uncertainty related to the WBC estimates depending on the
quality of the data. As expected, the estimate of the WBCs
indicated a major influence of precipitation in controlling
the water availability within the catchment; such a result
was confirmed by a sensitivity analysis that we performed
by looking at the relative contribution of the different
WBCs on the water level fluctuations.

The long-term analysis allowed us to distinguish some
trends in the input and output components of the water
balance. Two major changes can be highlighted. First, after
the impoundment of Lake Garda in 1951, the outflow has
been artificially regulated and the relationship between the
water level and the outflow discharge has changed. This
change modified the sensitivity to the different WBCs, as
well. Second, some effects of the climatic alteration can be
seen, especially in the last three decades. Among them, a
change in the sign of the residual component X could be
detected, suggesting a transition from a general
underestimation of the input terms (or overestimation of
the output) to an overestimation in the last two decades.
The reasons for such a behaviour are still unknown.

Knowing the effect of the WBCs on the availability of
the water resource is of primary importance for the
management of Lake Garda, where different water uses are
present and are all characterized by high economic
relevance. The potential conflict, together with the lack of
coordination produced by the trans-regional administration,
makes any choice for the water management critical in this
area. In this respect, our contribution represents the first
necessary step towards the definition of a common
background for the definition of policies the local
stakeholders can agree on.
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