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Water balance components 
In this section, we briefly review all the formulas used in this work, with a specific focus on the open-
surface lake evaporation 𝐸𝑉! and catchment reference evapotranspiration 𝐸𝑇". In particular, the 
final formulation will be always expressed in the same units (𝑚𝑚	𝑑𝑎𝑦#$) and in accordance with the 
units reported in the list of symbols, except where otherwise specified in the Method’s description. 

 
Open-surface lake evaporation 
Penman (1948) proposed a combined aerodynamic-energy equation, avoiding the need for lake 
surface water temperature data, for the open-surface lake evaporation is: 
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where 𝑅'( is the net daily radiation at the water surface, evaluated using a proper albedo for open-
water (𝑎+  = 0.08). On the basis of the discussion reported in Section S4 in McMahon et al. (2013), 
we considered the Penman’s 1956 wind function: 

 

𝑓(𝑢) = 1.313 + 1.381𝑢,, (S.2) 

  

where 𝑢, is the wind velocity at 2 m above the lake surface. 

Jensen and Haise (1963) developed an empirical relationship to estimate evaporation starting from 
air temperature and incoming solar radiation data as follows: 

 

𝐸𝑉!
-. = 0.03523𝑅)(0.014𝑇* − 0.37), (S.3) 

  

where 𝑅) is the incoming solar radiation (𝑊𝑚,), 𝑇* is the air temperature and 0.03523 is the 
coefficient of conversion from 𝑊𝑚, to 𝑚𝑚	𝑑𝑎𝑦#$. Due to its simplicity and reliability, eq. (S.3) was 
found a low-cost method to estimate evaporation by Majidi et al. (2015). 

Starting from the equation proposed by Penman (1948), Priestley and Taylor (1972) provided an 
alternative estimation of over-lake evaporation that excludes the aerodynamic component: 
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where 𝛼%/  = 1.26 is the Priestley-Taylor constant for open-surface water and 𝐺 is the heat flux term 
(𝑀𝐽𝑚#,𝑑𝑎𝑦#$). 

In case of missing wind data, Valiantzas (2006) developed an alternative method to estimate 
evaporation by simplifying the original Penman equation as follows: 
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where 𝜙3&*' is the mean daily relative humidity. 
The Dalton-type or mass transfer method estimates the open-surface lake evaporation on the basis 
of the original formulation proposed by Dalton in 1802: 
 
𝐸𝑉!4*+ = 𝐶&35𝑓(𝑢)(𝑒) − 𝑒*), (S.6) 
  

where 𝐶&35 is an empirical constant, 𝑓(𝑢) is a wind function, 𝑒) is the saturation vapour pressure at 
the evaporating surface (ℎ𝑃𝑎) and 𝑒* the atmospheric vapour pressure (ℎ𝑃𝑎). 
In this study, we considered the formulation reported in Fink et al. (2014), eq. 11-13 calibrated for 
Lake Zürich and additionally applied to Lake Constance. Such formulation has already been used for 
producing satellite-based lake evaporation maps for Lake Garda by Matta et al. (2022). In particular, 
the formulation of Fink et al. (2014) gathers 𝐶&35 and 𝑓(𝑢) in a sole empirical function named 𝑓 
(expressed in 𝑊𝑚#,𝑚𝑏𝑎𝑟#$) that includes not only the wind velocity (𝑢$", in 𝑚𝑠#$ and evaluated 
at 10 m above the lake surface), but also air and water temperature. Such empirical function is 
estimated according to the Magnus approximation as follows: 
 
𝑓 = 4.8 + 1.98𝑢$" + 0.28(𝑇( − 𝑇*). (S.7) 
  

The saturation vapour pressure at the evaporating surface 𝑒) is defined as follows: 

 

𝑒) = 0.611𝑒𝑥𝑝 A
17.62𝑇(

𝑇( + 243.12
C. (S.8) 

  
As the Fink et al. (2014) formulation expresses 𝐸𝑉!4*+  in 𝑊𝑚#,, the coefficient of conversion 0.03523 
was applied to eventually obtain the values in 𝑚𝑚	𝑑𝑎𝑦#$A. 
 
Lake surface water temperature. 
In this application, we estimated the LSWT of Lake Garda starting from local estimates of AT by 
implementing the air2water model (Toffolon et al., 2014; Piccolroaz, 2016; Piccolroaz et al., 2018). In 
particular, we rely on the results of Piccolroaz et al. (2020), who adopted the value of air temperature 
from the global atmospheric reanalysis ERA-20C European Centre for Medium-Range Weather 
Forecasts, 2014 for Lake Garda as an input, and the data provided by the satellite-derived LSWT 
observations (ARC-Lake v3) as the target. The root mean square error was 0.79C, with a Nash-Sutcliffe 
Efficiency (NSE) of 0.98. Following the same procedure, since the reanalysis ERA-20C provides air 
temperature data up to 2010, we extended the LSWT dataset up to 2020 through the reconstruction 
of the ERA-20C data on the basis of the available AT stations near Lake Garda. 

 

Catchment reference evapotranspiration 

In this Section, we summarize the relations used for the estimation of the catchment reference 
evapotranspiration, 𝐸𝑇" (𝑚𝑚	𝑑𝑎𝑦#$), as reported in Allen et al. (1998) and McMahon et al. (2013). 
The final formulation will be expressed in accordance with the units reported in the list of symbols, 
except where otherwise specified in the method’s description. 



Hargreaves and Samani (1985) (hereafter HS) developed the following equation to estimate the 
reference crop evapotranspiration: 

 

𝐸𝑇".6 = 0.0023𝑅*Q𝑇*,3*8 − 𝑇*,39'R
".2 A

𝑇*,3*8 + 𝑇*,39'
2 + 17.8C. (S.9) 

  

Ravazzani et al. (2012) proposed a modified version of the original HS equation for the Alpine 
region that includes the effect of the altitude of the recording station: 

 

𝐸𝑇"
.6:+5 = (0.817 + 0.00022𝑧)𝐸𝑇".6, (S.10) 

  

where 𝐸𝑇".6 is the original eq. (S.9), and 𝑧 is the station elevation (m asl). 

 

Starting from the original equation of Penman-Monteith, Allen et al. (1998) introduced the 
standardized reference crop evapotranspiration FAO56 Penman-Monteith equation: 
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(S.11) 

 

where 𝑅' the net radiation at the crop surface (𝑀𝐽𝑚#,𝑑𝑎𝑦#$), 𝐺 the soil heat flux (𝑀𝐽𝑚#,𝑑𝑎𝑦#$), 
𝑇*,3&*' the mean daily AT at 2 m height (C), 𝑢, the wind speed at 2 m height (𝑚𝑠#$), 𝑒) the saturation 
vapour pressure (𝑘𝑃𝑎), 𝑒* the actual vapour pressure (𝑘𝑃𝑎), 𝑒) − 𝑒* the saturation vapour pressure 
deficit (𝑘𝑃𝑎), 𝛥 the slope of saturation vapour pressure curve (kPa °C-1), 𝛾 the psychrometric constant 
(kPa °C-1). 

The slope of saturation vapour pressure curve 𝛥 (kPa °C-1) at the air temperature 𝑇* (C) can be 
estimated according to the following formula: 

 

𝛥 =
4098 U0.618𝑒𝑥𝑝 17.27𝑇*
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V
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(S.12) 

 

The psychrometric constant 𝛾 (kPa °C-1) is as follows: 

𝛾 = 0.00163
𝑃*?3
𝜆 ; (S.13) 

 

where 𝜆 is the latent heat of vaporization, which is 2.45 𝑀𝐽𝑚#,𝑑𝑎𝑦#$ (at 20 C), and 𝑃*?3 (kPa) is 
the atmospheric pressure, which can be estimated as a function of the elevation 𝑧 (m): 



𝑃*?3 = 101.3 A
293 − 0.0065𝑧

293 C
2.,=

. 
(S.14) 

 

In case of data-missing contexts, Allen et al. (1998) proposed alternative procedures to estimate the 
net radiation, wind speed and humidity terms of eq. (S.11). In case of absence of air humidity data, 
the actual vapour pressure 𝑒* (kPa) can be estimated as: 

 

𝑒* = 0.611𝑒𝑥𝑝 A
17.27𝑇@&(
𝑇@&( + 237.3

C , 𝑇@&( ≃ 𝑇*,39', 
(S.15) 

 

which assumes that the daily minimum air temperature 𝑇*,39' (C) can approximate the dew point 
temperature 𝑇@&( (C). Such assumption, and hence eq. (S.15), is valid for well watered cover crop 
locations, and further adjustment should be applied in case of arid region, humid and sub-humid 
climates. 

In case of missing wind velocity data, Allen et al. (1998) recommend to use appropriate nearby 
weather stations or an average value of mean monthly wind speed at 2 m (𝑢,) of 2 𝑚𝑠#$, and, in any 
case, no less than 0.5 𝑚𝑠#$. 

 

Radiation data 

In case of no net radiation data recorded, appropriate estimates of solar radiation can be obtained 
as a function of latitude and the day of the year according to the work of Hamon et al. (1954). Here, 
we summarise such procedure as reported in Martin et al. (2018), to which interested readers are 
referred for further details. The extraterrestrial (solar) radiation, 𝑅* (𝑊𝑚#,), can be computed as 
follows (Martin et al., 2018, Section III, eq. 11,12,13): 

 

𝑅* =
𝐺)A
𝑟, Y𝑠𝑖𝑛 A

𝜋𝜃
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(S.16) 
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(S.17) 
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(S.18) 
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(S.21) 

 

where 𝐺)A  is the solar constant (1390 𝑊𝑚#,), 𝑟 is the relative Sun-Earth distance, 𝜃 is the latitude 
(degrees), 𝐷C is the day of the year (January 1 is 𝐷C = 1), 𝛿 is the declination of the Sun, ℎB is the 
hour angle (radians) at the beginning of the period over which the solar radiation at the edge of the 
atmosphere is being calculated, ℎB is the hour angle (radians) at the ending of the period over which 
the solar radiation at the edge of the atmosphere is being calculated, ℎD  is the hour of the day (1-24), 



𝛥𝑡) is the fraction of an hour required to cross the sky between a standard meridian (𝐿)3, degrees) 
and the local meridian (𝐿+3, degrees), 𝐸* is a coefficient related to the longitude (𝐸* = 1 for west 
longitude, 𝐸* = -1 for east longitude), 𝛤 is the correction factor for diurnal exposure to the radiation 
flux. The final values of 𝑅* (from 𝑊𝑚#, to 𝑀𝐽𝑚#,𝑑𝑎𝑦#$) was obtained applying the coefficient 
0.0864. 

The net shortwave solar radiation 𝑅') (𝑊𝑚#,) is then evaluated as follows according to Allen et al. 
(1998): 

 

𝑅') = 𝑅*(1 − 𝑅)), (S.22) 

 

When missing values of 𝑅) are not available, one can adopt the Hargeaves’ radiation formula, which 
is based on air temperature differences as follows: 

 

𝑅) = 0.16j𝑇*!"# − 𝑇*!$%𝑅* , 
(S.23) 

 

with 0.16 representing an adjustment coefficient for ’interior’ locations (against ’coastal’ locations). 
The net (longwave) radiation 𝑅'+  (𝑊𝑚#,) can be derived from the following expression: 

𝑅'+ = 𝜎 l
𝑇*,3*8,EF + 𝑇*,39',EF

2 m Q0.34 − 0.14n𝑒*R A1.35
𝑅)
𝑅)G

− 0.35C 
(S.24) 

 

where 𝜎 is the Stefan-Boltzmann constant (4.9 ⋅ 10#H𝑀𝐽𝑚#,𝑑𝑎𝑦#$), 𝑇*,3*8,E  is the maximum 
absolute temperature during the 24-hour period (K), 𝑇*,39',E  is the minimum absolute temperature 
during the 24-hour period (K), 𝑒* is the actual vapour pressure (kPa), 𝑅) 𝑅)G⁄  is the ratio between the 
measured solar radiation (𝑊𝑚#,) and the clear-sky radiation (𝑊𝑚#,), namely the relative 
shortwave radiation. This term expresses the cloudiness of the atmosphere. 

Thus, the net radiation 𝑅' at the evaporative surface, which represents the input for the FAO-56 
PM model (eq. (S.11)) is: 

 

𝑅' = 𝑅') − 𝑅'+ . (S.25) 

 

Provincia Autonoma di Trento (2006) elaborated a coefficient of correlation between eq. (S.9) of 
Hargreaves and Samani (1985) and eq. S.11 of Allen et al. (1998) by adopting the available data of 
several meteorological stations of the Trentino Region and adopting a correction coefficient: 

 

𝐸𝑇"%IJ:% = 0.7𝐸𝑇".6, (S.26) 

where 𝐸𝑇".6 is the original Hargreaves-Samani equation, eq. (S.9). 

 



Starting from the equations presented above and the land use data, we applied the crop coefficient 
𝐾A  to obtain the potential evapotranspiration 𝐸𝑇5 within the Sarca-Garda catchment as follows: 

 

𝐸𝑇5 = 𝐸𝑇"𝐾A , (S.27) 

 

where 𝐾A  is experimentally determined for each crop and varies according to the growth stage (Allen 
et al., 1998). Since the 𝐾A  coefficient is calculated under standard crop conditions, i.e., well watered 
crop and optimal agronomic conditions, an additional factor 𝛼 is introduced to obtain the actual 
evapotranspiration 𝐸𝑇* = 𝛼𝐸𝑇5, thus considering the existence of water and environmental stresses 
(e.g., Mallucci et al., 2019). 

 

Catchment and over-lake precipitation 

The daily value of precipitation recorded from the available stations (Fig. S2) were spatialized 
according to the kriging approach (Goovaerts, 1997). The method was used to obtain spatially 
distributed maps of precipitation and air temperature (Fig. S4).  

Fig.  
Surface outflow 
The Mincio River represents the only outflow of Lake Garda, and its daily discharge is recorded since 
the XIX century near the lake headwaters. A first rating curve was constructed at the headwaters of 
Lake Garda, in the municipality of Peschiera del Garda. Since the lake impoundment in 1951, the 
outflow regime is measured some 500 m downstream the Salionze Dam, in the municipality of 
Monzambano. 
 

Land use analysis 
The role of the land use/land class within the Garda catchment was investigated by comparing the 
results obtained by the application of the HILDA+ dataset with the CLC inventory, additionally 
assessing the effects of adopting a different number of land use classes. The HILDA+ model classifies 
the land use/cover states in 7 general categories (namely "urban", "cropland", "pasture", "forest", 
"grass/shrubland", "other land" and "water"). Instead, the CLC inventory provides a 44-classes land 
cover maps with spatial resolution of 100 m × 100 m since 1990, and every 6 years starting from 
2000. Since the HILDA+ and CLC databases are updated to 2018 and 2019 respectively, we assumed 
no further variation over the remaining years to cover the entire time period of our analysis (1928-
2020). The HILDA+ categories were extended starting from the original categories of the HILDA 
project (Fuchs et al., 2013), which are designed according to the Intergovernmental Panel on Climate 
Change (IPCC) categories. The IPCC classification is consistent with the CLC inventory, thus allowing 
a proper comparison in this study. Interested readers are referred to Fuchs et al. (2013, 2015) and 
the related supplementary material for the harmonization procedure. 
The monthly 𝐾A  values (Tab. 4) were first associated to the CLC dataset as reported in Provincia 
Autonoma di Trento (2006) and then grouped in the 7 classes of the HILDA+ dataset. 

 

 



Kriging methods for spatial interpolation 
Kriging is a geostatistical technique that aims to make optimal, unbiased estimates of regionalized 
variables at unsampled locations using the structural properties of the so called semivariogram 
function and the initial set of data values. 

The spatial autocorrelation structure of the scattered data is described by the semivariogram 
function 𝛾(ℎ), which according to the Matheron algorithm (Matheron, 1963) is as follows: 

 

𝛾(ℎ) =
1

2𝑁(ℎ)t
(ℎ)

K

9L$

[𝑍(𝑥9) − 𝑍(𝑥9 + ℎ)],, 
(S.28) 

where 𝑁(ℎ) is a function of the number 𝑛 of sites considered and is referred to the number of pairs 
separated by the vector ℎ; the values of the variable of interest in the positions investigated are given 
by 𝑍(𝑥9) and 𝑍(𝑥9 + ℎ). The dependency of eq. (S.28) on the lag distance ℎ reveals that the 
semivariance tends to increase as the distance between measured points increase. 

The chosen theoretical semivariogram, i.e., the best fitting model, is then adopted to estimate the 
values of the targeted variables in the unsampled locations via least-squares linear regression 
algorithms, i.e., the kriging methods. More details are available in Goovaerts (1997). 

The kriging estimator is a function of the data with weights that follow from the unbiasedness 
constraint (i.e., zero mean estimation error) and the minimum square error condition. This implies 
that the error variance 

 

𝜎M(𝑢) = 𝑉𝑎𝑟{𝑍 ∗ (𝑢) − 𝑍(𝑢)} (S.29) 

is minimized under the constraint that 

𝐸y𝑍 ∗ (𝑢) − 𝑍(𝑢)z = 0 (S.30) 

where the random function𝑍(𝑢) is described as the sum of a residual component 𝑅(𝑢)and a trend 
component 𝑚(𝑢). 

In this work, two different kriging methods were compared, the Ordinary Kriging (OK) and the Kriging 
with the External Drift (KED). The most adequate method was chosen throughout the Leave-One-Out 
Cross Validation (LOOCV) procedure. The difference between the methods described is due to the 
model considered for the trend 𝑚(𝑢) of the random function 𝑍(𝑢). 

In the Ordinary Kriging (OK), local fluctuations of the mean are considered by limiting the domain of 
stationarity of the mean to the local neighbourhood 𝑊(𝑢), centered on the location 𝑢 being 
estimated: 

𝑚(𝑢) = constant, but unknown, ∀ 𝑢′ ∈ 𝑊(𝑢) (S.31) 

 

Hence, OK is an optimal predictor if the mean is assumed constant but unknown over the entire 
region of interest. 

In some kind of processes, direct measurements of the variable of interest may be related to other 
categorical or continuous attributes and therefore can be supplemented with them. Instead of being 
modeled as a function of the spatial coordinates, in the Kriging with External Drift (KED) the trend 
𝑚(𝑢)is modeled as a linear function of a smoothly varying secondary (external) variable 𝑦(𝑢): 



𝑚(𝑢) = 𝑎"(𝑢) + 𝑎$(𝑢)𝑦(𝑢) (S.32) 
 

where 𝑎"(𝑢) and 𝑎$(𝑢) are the constant but unknown trend coefficients within the search 
neighbourhood 𝑊), implicitly estimated through the kriging system. 
The Leave-One-Out Cross Validation (LOOCV) procedure predicts the value at an observational 
location by leaving out the observed value, using the other points to make the prediction. The 
procedure is then repeated for all the measurement points. To estimate the goodness of fit for the 
LOOCVs performed, the absolute value of the residuals, the variance of the error and correlations 
between observed and residuals, observed and predicted values, residual and predicted values were 
calculated. 
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Fig. S1. a) The Mount Baldo catchment contribution evaluated as annual net precipitation. b) Residual 
term (X) obtained by including (dashed line) or excluding (solid line) the Mount Baldo catchment in 
the annual water balance of Lake Garda. The grey bars indicate the difference between the two 
estimates. 
 
 
 

 
 
Fig. S2. Power-law curves found for Lake Garda between the lake water level and the outflow for the 
periods before (a) and after lake regulation (b). The values are averaged over the hydrological year. 
 
 
 
 
 



 
 
Fig. S3. a) Hysteresis cycle (daily values) of the air temperature (AT) and lake surface water 
temperature (LSWT) estimated for Lake Garda. b) Annual climatological cycles of air and water 
temperature (solid and dashed lines, respectively) and their difference (black solid line) for the whole 
period 1928-2020. Red and blue colours indicate values for the summer (April-September) and winter 
(October-March) seasons. c) Long-term time series (filtered with a 365-days moving average) of air 
temperature (dark blue) and LSWT (orange). 
 
 



 
 
Fig. S4. a) Digital Terrain Model of the Garda catchment. b,c) Spatialized maps of the average values 
of precipitation and mean air temperature obtained from the kriging interpolation. 
 
  



 

 
 
Fig. S5. a) Annual percentage of the HILDA+ land use land cover (LULC) categories within the Lake 
Garda catchment. b) Monthly average crop coefficient (𝐾A) of the study area obtained starting from 
the HILDA+ dataset. c) Comparison between the annual average 𝐾A  obtained from the HILDA+ and 
Corine (CLC) datasets. 
 


