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Abstract: Evapotranspiration is a key variable of the hydrological cycle but poorly studied in Alpine
ecosystems. The current study aimed to characterise the impact of topography and temporal vari-
ability on actual evapotranspiration (ETa) and its environmental drivers at an Alpine abandoned
grassland encroached by shrubs on a steep slope. Eddy covariance, meteorological, hydrological and
soil data were analysed over four growing seasons, of which two had wet and two dry conditions.
The topography caused a systematic morning inflexion of ETa in all growing seasons, reflecting
the valley wind system. Inter-annual differences of ETa exceeded 100 mm, and ETa means and
cumulative values were significantly different between wet and dry growing seasons in the four
years. Besides, ETa had a larger temporal variability in wet growing seasons. A bimodality of ETa
was found in all years, caused by the onset of plant activity in the morning hours. Energy- and
water-limited ETa periods were identified by comparing ETa to potential evapotranspiration (ETo).
Periods of fifteen days revealed the main intra- and inter-annual differences of the environmental
variables (air temperature, vapour pressure deficit—VPD, precipitation and ETa). The fixed effects
of a linear mixed model based on ETa drivers explained 56% of ETa variance. The most important
ETa drivers were net radiation and VPD, followed by wind speed. In growing seasons characterised
by dry conditions, air temperature and the ground heat flux at the surface (either both or one of
them) influenced ETa as well. The current study contributed to the understanding of topographical
and temporal effects on evapotranspiration and other micrometeorological variables in an Alpine
ecosystem still rarely studied.

Keywords: complex terrain; steep slope; abandoned grassland; shrubs encroachment; eddy covari-
ance; meteorological inter-annual variability; evapotranspiration; water cycle

1. Introduction

Studying actual evapotranspiration (ETa) from a micrometeorological point of view
is important because evapotranspiration plays an important role in the water balance.
A change in evapotranspiration also modifies the water storage in the soil. Besides, ETa is
difficult to estimate, if compared to the other water balance components [1,2]. ETa depends
on meteorological, soil and land cover conditions. From a climate change perspective, en-
hanced air temperature and drought periods may cause a higher atmospheric water vapour
demand, which will enhance the global warming even more. This could also lead to ETa en-
hancement, which would cause a water cycle alteration. However, the ETa changes depend
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also on the vegetation response [3]. Beside soil moisture and meteorological conditions
(air temperature and humidity, available radiation, wind speed), the evapotranspiration
is also regulated by plant characteristics, such as the survival strategies, the shape and
distribution of leaves and the root depth. Survival strategies include the stomata opening
and closure depending on the water availability. When plants are in severe water stress,
the stomata closure may lead to a lethal leaf temperature enhancement because of the leaf
thermoregulation failure. Stomata opening leads to the water vapour release contributing
to leaf thermoregulation. The shape and distribution of leaves affect the leaf boundary
layer conductance (e.g., a thick boundary layer implies a larger resistance to heat and
moisture transfer). The root depth affects evapotranspiration through the mentioned sur-
vival mechanisms, because a plant with a deep root system can extract more water also
in dry conditions [4]. Furthermore, anisohydric plants have a more variable leaf water
potential and maintain their stomata open also in dry conditions. These plants maintain
their photosynthetic and evaporation rates even if the soil and leaf water potential decrease.
On the opposite, isohydric plants maintain a constant leaf water potential around midday,
during both wet and dry conditions, leading to stomata closure during dry conditions
and therefore reducing the stomatal conductance and evapotranspiration [5]. Therefore,
anisohydric plants have a higher evapotranspiration rate than the isohydric plants. Iso-
hydricity or anisohydricity is an important property when analysing an area with either
changing vegetation or with a mixture of multiple plant types (i.e., grass and shrubs in the
current study).

Nowadays, several techniques can be used to estimate evapotranspiration and other
energy and mass fluxes. Options are: weighing lysimeters, scintillometers, leaf area and
leaf temperature measurements, gas exchange measurements, remote sensing and eddy
covariance [6,7]. When continuous and long-lasting micrometeorological measurements
with a high temporal resolution in complex terrain are required, the measurement setup
should take measurements representative of the area of interest, be reliable, have low
maintenance and automatic data collection, and should have a low energy demand. Among
the aforementioned techniques that satisfy these requirements we find: 1. Lysimeters, which
offer the possibility to estimate also percolation of water in the soil, but they rely on an
invasive approach and are not well suitable in complex terrain. 2. Scintillometers, are
reliable and low energy-demanding devices. However, their footprint extent often goes
beyond the area of interest. 3. Remote sensing approaches, that however are designed
for application in large regions (e.g., [7]) and often have either coarse spatial or temporal
resolutions. Moreover, they are not always applicable in complex terrains or in cloudy
conditions. 4. Eddy covariance technique (EC) fulfills all conditions and is described below.

The eddy covariance technique (EC, [8]) is among the most used techniques to con-
tinuously measure ETa and other turbulent fluxes such as sensible heat flux. Through EC,
measurements are averaged over the surrounding area around the station. Several studies
have been devoted to analyse the EC applicability and micrometeorological features in
complex terrains. Many of them were focused on an experimental point of view, including
experimental setup recommendations [9]; micrometeorological analyses, post-processing
techniques associated with EC measurements and post-processing choices [8,10–13], sur-
face energy balance and data quality control [14–16]. The listed studies concluded that with
right methodology EC is also viable in complex, non-ideal terrain. A thorough discussion
of these topics is given by [8,17–19]. When dealing with eddy covariance, the data quality
assurance is very important, and several approaches exist. Statistical tests on time series
were proposed by [20], whereas tests on turbulence development and steady state flow were
proposed by [21]. Uncertainty of fluxes related to instrumental errors and finite sampling
are also important, and several techniques exist to estimate them [12,22,23]. More recently,
further approaches integrating statistical tests and turbulence theoretical fulfilments were
proposed by [19,24]. Statistical and theoretical controls, together with other quality control
procedures have been also reported by [8,19]. A simplification of the quality assurance
scheme was implemented by the CarboEurope Project, as also illustrated by [25].
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A particularly widespread ecosystem in which ETa can be more easily estimated
using the EC technique are grasslands. Grasslands cover up to 43% of the World’s surface,
excluding Antarctica, and about 68% of the surface in Europe (7 million km2, [26]) in
Europe. Besides, grasslands are an important ecosystem in Alpine areas, where ETa
experimental studies are not common due to topography complexity, especially studies
with multiple years of data. Experimental studies are also important for eco-hydrological
models calibration and validation. In addition, the acreage of abandoned grasslands is
rapidly increasing in Alpine areas, leading to alterations of the water cycle and of grassland
ecosystem conservation [27]. Abandoned grasslands are interesting because they allow to
study an ecosystem with no direct human intervention and with fast natural land cover
changes, because of shrubs encroachment. The encroachment of shrubs in the Alps occurs
faster on steep slopes [28], hence an experimental setup in those terrains is important.
Moreover, shrubs expansion may significantly enhance evapotranspiration [29]. Land
cover changes, in combination with changing climatic or meteorological conditions, are
expected to play an important part in changing evapotranspiration rates.

Abandoned grasslands in Alpine areas in Europe are still not well explored (Figure A1,
drawn from FLUXNET and EUROFLUX sites, [30,31]). In addition, only a few hydrological
studies have been performed, and beyond 700 m a.s.l. there is a dramatic decrease in
the number of stations. There is one site on a steep abandoned slope but it has no EC
setup (AT-Stp, Stubai abandoned meadow, Austria ([32], Appendix A, Table A1). Only one
long-term EC site is located on an abandoned grassland in the Alps for eco-hydrological
purposes, the Torgnon (IT-Tor) site [33] in Valle d’Aosta Region, in the Italian Western
Alps. In that Region, grasslands cover up to 38% of the land surface area (1238 km2 over
3260 km2, with the second highest portion of grassland cover between 1700 and 2200 m
a.s.l., Figure A2 in Appendix A), and the topography can be very challenging. Besides,
the Italian Western Alps are very interesting, since they are characterised by a wide range
of altitudes within few kilometres, act as a powerful barrier against Atlantic perturbations,
and close to a warm sea (the Mediterranean). The unique location could lead to enhanced
meteorological intra- and inter-annual variability.

The Alpine environment is characterised by an enhanced topographical complexity.
First, ETa complexity relies on its spatial variability, although not explored in the current
study. One study aimed to correct ETa for elevation and slope [34], whereas [35] studied
the spatial variability of ETa (and soil water content), but from a modelling point of view.
Second, the measured fluxes (and ETa) are influenced by topography characteristics which
affect the local meteorological conditions and measurements, such as valley system shape
and orientation, analysed in the present study. These characteristics are important, as also
illustrated by [36]. In the Alps, one of the first studies involving experimental data and
numerical simulations was the RIVIERA project [37], where the turbulence structure and
exchange processes in complex terrain were explored by means of experimental campaigns
and numerical modelling. The influence of topography was made more clear, and [38],
with a work on turbulence structure, post-processing choices, advection and surface energy
balance understanding, found that the curvature of a valley alters the local wind circulation,
and it significantly affects the fluxes (among which we find the latent heat flux). Besides,
the need for exchange processes parameterisations in numerical weather prediction models
was pointed out. Hence, the need for data is a consequent requirement. Turbulence
structure and scalar-flux similarity were recently analysed, for turbulent fluxes, by [39,40].
In the Alpine Region, the only experimental setup that covers many years aiming at
studying turbulence structure in the boundary layer, and air-land interactions at highly
complex sites is the i-Box project in Austria ([12,41]). However, steep slopes with abandoned
grasslands are still poorly explored.

Considering different years, the varying meteorological and environmental conditions
(warm/cold, wet/dry) can, with an analogy, represent different climate scenarios. How-
ever, especially the so-called inter-annual variability of meteorological and environmental
variables, with a focus on ETa, is still subject to debate. Some studies did not find significant
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differences and also in limited-water years, the canopy did not experience water stress and
ETa was not strongly water-limited [42,43]. Hence, a high meteorological variability might
be required to observe differences among years and not all Alpine sites may experience
it. Ref. [44] used EC data to measure ETa (and its inter-annual variability) and they found
that ETa varies in response to precipitation. However, the study was not conducted in an
Alpine environment. Ref. [45] characterised ETa over an unmanaged grassland and found
that ETa inter-annual variation is due to annual precipitation differences. Both studies
found enhanced variability for precipitation and ETa. Ref. [46] analysed shrubs (Eleagnus
rhamnoides) and their impact on water availability due to their extended root system and
competition with grass, with mature shrubs being able to extract water from shallow soil
and also from groundwater when the water availability in shallow layers was reduced.
Juvenile shrubs instead extracted water from shallower layers only. However, these be-
haviours may change across different growing seasons. Ref. [47] observed differences in
ETa from sites having different land covers (cropland and grassland). Ref. [48] studied
the ETa and water balance of a high-elevation, usually grazed grassland, and found ETa
rates comparable with temperate Alpine areas. They also found that precipitation patterns
significantly altered the canopy response.

Studies on ETa environmental drivers highlight the possible mechanisms on which
the ETa relies. ETa depends on both environmental factors (solar radiation, air temperature,
vapour pressure deficit, soil water content) and biological processes (leaf development,
stomatal conductance, roots depth) as illustrated by [49]. Ref. [50] studied the ETa drivers
also by means of eddy covariance, finding net radiation and VPD as the most important
drivers, but they did not operate on Alpine ecosystems. According to [42], the most
important drivers of ETa at an Alpine grassland in Austria were photosynthetic active
radiation (PAR), Rn (net radiation, strongly correlated to PAR) and VPD. Data from multiple
stations in different ecosystems (but on Kilimanjaro mountain) were used by [51] to study
the variables controlling ETa. In that study, Rn, G (ground heat flux), VPD and precipitation
were considered important ETa drivers (explaining also a high fraction of variance), and that
land cover ETa dynamics and drivers might be obtained from short term measurements
using very different ecosystems. Relative humidity and sunshine duration (two variables
strongly correlated with VPD and both global and net radiation) explained most of data
variance according to [52].

There is still a lack of knowledge about micrometeorological characterisation of a steep
slope in a narrow valley with an abandoned grassland encroached by shrubs, an increas-
ingly common ecosystem in the Alps, fastly expanding on slopes. In particular, an in-depth
analysis focused on a hydrologically important variable, the actual evapotranspiration
measured by the eddy covariance technique, is missing. The objectives of this paper are:
1. to evaluate the impact of local topography on ETa and other environmental variables
in different growing seasons; 2. to quantify micrometeorological intra- and inter-annual
variability of ETa and other environmental variables; 3. to identify the environmental
drivers of ETa and how their impact changes across different growing seasons. This study
will investigate these three themes with four growing seasons at an experimental site on an
abandoned slope in the Western Italian Alps.

2. Materials and Methods
2.1. Site Description

The measurement site (Figure 1) is located in Cogne, Valle d’Aosta, Italy (45.615 N,
7.3585 E, 1730 m a.s.l.). The site is on a 200 m long slope of about 26° in a small lateral
valley with South-East aspect. The site is characterised by high incident solar radiation
due to its topographic orientation. This results in large daily air temperature variations.
The climate is continental, with cold winters and hot summers. In the period 1995–2019,
the average yearly precipitation was 672 mm, and the average temperature was 5.3 °C.
During the growing seasons (i.e., from June to September) in the same period, the mean
temperature was 12.5 °C, whereas the average precipitation was 230 mm.
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Figure 1. The Cogne experimental site with the flux footprint labelled in the second panel with a
satellite image of the site area (Google Earth, © Google 2021). The contour lines of the flux footprint
enclose the area which contributes 80% of the total flux.

The vegetation is characterised by herbaceous species (mostly Festuca, with a canopy
height of about 0.3 m maximum) and shrubs (buckthorn bushes, Lycium, Eleagnus rham-
noides, with a typical height ranging from 0.8 m to 1 m). This vegetation is typical for
abandoned grasslands, encroached by shrubs, at medium-high altitudes, making this site
representative for many areas in the Alps. The soil depth ranges from 0.4 to 1.5 m and the
soil consists of a sandy loam texture with some gravel (73% sand, 22% loam and about
5% of clay). The measured soil bulk density is 1.4 × 103 kg m−3. The experimental site is
located on an unmanaged grassland, next to a very small creek (East of the station) and no
irrigation has been done for at least forty years. The other continuously operating EC site in
Valle d’Aosta (Torgnon, IT-Tor, Fluxnet network) has different topographic characteristics,
a different vegetation and no shrubs.

At the Cogne EC site, the wind is channelled, since it is characterised by an up/downslope
regime with negligible mesoscale and cross-wind contaminations. Hence, very likely,
the measured fluxes come mainly from the surrounding areas without other significant
contributions. At the Regional Authority (ARPA-VdA) standard site, located 150 m West of
the EC station, instead, the contributions from the main valley are important. The location
choice in a complex area, hence, plays an important role for EC measures. (Figure A4 in
Appendix A). The wind rose structure at the EC site in the analysed growing seasons is
almost the same between different years.

2.2. Instrumentation

The EC station was equipped with the following instrumentation measuring at 10 Hz: a
three-dimensional sonic anemometer (CSAT3, Campbell Scientific, Logan, UT, USA), and an
open path infrared gas analyser (LI-7500A, LI-COR, Lincoln, NE, USA). The instruments
were installed at 2 m above the surface and parallel to the slope. The 10 Hz measurements
were averaged over 30 min periods. Non-eddy covariance instruments included sensors
sampling every 30 min, and sensors sampling every minute with measures averaged at
the 30-min scale. The first type of sensors included: 1. Three soil moisture probes (CS616,
Campbell Scientific, Logan, UT, USA) at 10 cm—in 2014—and at 20 and 40 cm (from 2015) of
depth. 2. Two thermocouples at 8 cm of depth (TCAV, Campbell Scientific, Logan, UT, USA).
3. One snow depth sensor (SR50AT, Campbell Scientific, Logan, UT, USA). The second
type of sensors included: 1. Two probes installed at 8 cm of depth (HFP01SC, Hukseflux
Thermal Sensors, Delft, The Netherlands) for the measurement of conductive soil heat flux
(G). 2. One infrared surface temperature sensor (IRTS-P, Apogee Instruments, Logan, UT,
USA). 3. One four-component radiometer (NR01, Hukseflux, Logan, UT, USA) to measure
incoming and outgoing solar radiation and longwave radiation. 4. One thermohygrometer
(HMP45C, Vaisala, Vantaa, Finland) replaced in January 2015 by a HMP155A (Vaisala,
Vantaa, Finland).

The hourly precipitation measurements collected by a heated rain gauge were used in
this study for the period 1 June–30 September in 2014, 2015, 2016 and 2017. The precipitation
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was collected at the Regional Authority (ARPA-VdA) station mentioned in Section 2.1. For
the analysis, the EC data of four growing seasons (1 June–30 September, also called JJAS
period, in 2014, 2015, 2016 and 2017) were used. For further meteorological and hydrological
analyses, a hourly data set of precipitation was used, starting from 1 October 2013 to
30 September 2017. An extended data set, with both air temperature and precipitation from
the ARPA-VdA station, was used for growing seasons from 1995 to 2019 to analyse possible
historical trends of the two variables.

2.3. Data Processing, Quality Control and Analysis
2.3.1. Eddy Covariance and Radiation Fluxes

The EC data were processed using EddyPro 6.2.1 software (LI-COR Biogeosciences,
Lincoln, NE, USA). The obtained EC data set contained half-hourly data. To compute
the sensible (H) and latent heat (LE) fluxes, corrections were applied: linear detrending
and double rotation [8], high and low-pass filtering corrections ([17,53]), Webb-Pearman-
Leuning (WPL) correction for air density fluctuations [54], humidity correction of sonic
temperature [55] and time lag detection and compensation by covariance maximisation [56].
Depending on the wind flow direction, the canopy height changed. When wind came from
the sectors 0–90° and 270°–360°, hcanopy = 1 m. For the other sectors, hcanopy was measured
by the snow depth sensor, which in summer measures the grass height. The roughness
length was then estimated as zr = 0.15 · hcanopy. This empirical choice, also used by EddyPro
software, gave reliable values if compared to those found in many micrometeorology books
(e.g., [8]).

Spikes were removed on 10 Hz data time series using the algorithm described by [15].
Statistical tests based on [20] were firstly performed on single variables recorded by the
sonic anemometer and gas analyser: check for unphysical values (Table A2 in Appendix A);
skewness and kurtosis; drop-outs and discontinuities. For each half-hour, fluxes were
discarded if at least one of the variables used to compute fluxes was hard-flagged (i.e., it
was considered of low quality). The covariances used to compute turbulent fluxes (w′T′
and w′H2O′) need to satisfy the steady-state and integral turbulence characteristics. This
test was assessed using the 0-1-2 flagging scheme reported in the TK3 software package [25]
(0: reliable data; 1: intermediate quality data; 2: bad quality data). Furthermore, the flux
uncertainty was estimated as in [12]. Half-hour periods with an error on covariances
greater than 50% were also hard-flagged. This threshold was chosen since in complex
terrain the uncertainty is usually larger than at homogeneous sites [12]. The half-hours
with precipitation were also hard-flagged. For each half-hour period, an overall flagging
code was obtained combining all the previous controls on data, and the gas analyser gain
control in a single flag (0 = good quality; 1 = bad quality). A control on unphysical values
of net, global and shortwave radiation was also implemented. Then, the daytime data
were identified using global radiation measurements and a cross-check with local sunrise
and sunset, setting a threshold of 10 W m−2 as in [57]. EC nighttime data were discarded
because most of the evapotranspiration occurs during daytime hours.

2.3.2. Soil Variables and Surface Energy Balance

The volumetric soil water content, measured at 10, 20 and 40 cm of depth was checked
for unphysical values. At the daily scale, missing data were linearly interpolated. The shal-
low soil water content, hereafter also called shallow θ, was the soil water content between
10 and 20 cm. The volumetric soil water content measured at the three depths was also
converted into equivalent millimetres weighting it by the soil depth above the sensors.
To maintain the best coherence possible between 2014 and the following years, the 10 cm
(from 2014) and 20 cm depth (2015–2017) soil water content were mainly used for inter-
annual comparisons. The wilting point and the field capacity soil moisture values were
estimated by means of water retention van Genuchten curve [58], with parameters extracted
from [59]. The obtained values were 0.024 m3 m−3 for wilting point and 0.149 m3 m−3
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for field capacity. These values are reasonable, also according to the Cogne site properties
found by [60].

The 30-minute ground heat flux was measured, and the soil heat storage flux above
the soil heat flux sensors was estimated as in Equation (1), [61]:

Ssoil(t) =
∆Tsoil · Csoil · d

∆t
, (1)

where ∆Tsoil is the measured soil temperature variation in time at each time step, Csoil
(J kg−1 K−1) is the soil heat capacity, d (m) is the soil depth at the site and ∆t is the time
step (here 1800 s). The soil heat capacity was estimated as in [62]. The canopy heat storage
flux was also included and estimated as in [16] (Equation (2)).

Scanopy(t) =
∆Tsur f ace(Cw ·mw + Co ·mo)

∆t
, (2)

where ∆Tsur f ace/∆t is the rate of change of measured surface infrared temperature,
Cw = 4190 J kg−1 K−1 is the water heat capacity, mw = 0.38 kg m−2 is the above-ground or-
ganic water mass and mo = 0.30 kg m−2 is the above-ground dry organic mass.
Co = 1920 J kg K−1 is the dry organic heat capacity. The overall storage term was then
estimated as S = Ssoil + Scanopy. Nighttime data of soil heat fluxes were discarded (as done
for EC data). To complete the data set, the water vapour pressure (e) was computed using
the relative humidity measurements from the thermohygrometer and the saturation vapour
pressure (es) computed as suggested by [63]. The vapour pressure deficit (VPD) was also
computed as es − e.

The net energy balance (Equation (3)) was investigated through the RMA (ranged
major axis) linear regression for each growing season using the lmodel2 R package [64].

H + LE = Rn − G− S (3)

where H and LE are, respectively, the sensible and latent heat flux, Rn is the net radiation,
G is the ground heat flux (at 8 cm of depth) and S is the overall soil storage term above the
ground heat flux sensor. More than 70% of data was considered reliable during daytime
(i.e., roughly between 7:00 and 17:00) after the data quality control. The quality of turbulent
fluxes decreased around sunrise and sunset (Figure A3). These findings were in agreement
with [11,12,14]. The energy balance closure ranged between 60% and 70% (Table 1). The
energy balance closure found at the research site confirmed a still open issue about EC
measurements on complex terrains, but the closure was within the range of previous
findings. Ref. [11] described a balance closure with a slope of the regression line of around
70%; Ref. [14] found a closure of around 80% for a relatively small data set; Ref. [65] found
a range oscillating from 55 to more than 90%.

Being aware of the possible underestimation of turbulent fluxes with EC, the Bowen
ratio correction (e.g., [66,67]) was also tested. However, the resulting ETa (Section 3.2.2) was
suspected of being unrealistically high, especially if compared to the measured precipitation
between June and September, but also on the whole hydrological year. The ETa corrected
using the Bowen ratio ranged from 68 to 77% of the annual precipitation in just four months.
It was preferred to keep the purely measured eddy covariance ETa because the current study
was neither focused on surface energy balance nor on hydrological balance. Furthermore,
the Bowen ratio correction adds uncertainty related to the necessary additional hypotheses
adopted when corrected fluxes are computed (e.g., [66]). Also, the Bowen ratio correction
may affect the results of ETa drivers investigation, because the corrected LE flux is strongly
related to the terms Rn (net radiation) and G0 (ground heat flux at the surface).
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Table 1. Energy balance closure slopes after the linear regression. All regressions were significant
(p < 0.05). The intercept was not forced through zero.

Year Slope (-) R2

2014 0.70 (0.68–0.73) 0.63 (n = 1931)
2015 0.70 (0.68–0.71) 0.73 (n = 1761)
2016 0.60 (0.59–0.62) 0.82 (n = 2422)
2017 0.60 (0.59–0.61) 0.84 (n = 1804)

2.3.3. Eddy Fluxes Gapfilling and Flux Footprint Estimate

The latent and sensible heat fluxes were gap filled using the ReddyProc R package [68].
The mean diurnal sampling (MDS) algorithm was used as in [69]. The ETa was computed
dividing LE by the latent heat of vaporisation of water. The quality-controlled gap filled
data set was then aggregated at the hourly and daily scales. Gaps in other time series (solar
radiation, net radiation, and ground heat flux) were uncommon. They were not filled at
the half-hourly or hourly scales. At the daily scale, days with few or missing data were
linearly interpolated.

The flux footprint was evaluated for each growing season using the model imple-
mented and described by [70]. The boundary layer height was estimated using ERA5
reanalysis [71] hourly data on the 0.25° × 0.25° grid cell nearest to the site. Footprints
of the site in the four growing seasons are shown in Figure 1. The footprint was almost
constant throughout the years (Figure 1). This made the inter-annual comparison more
robust. Besides, the footprint was rather small and homogeneous, reaching about 40 m
from the station along the main wind direction.

2.3.4. Statistical Methods

The inter-annual differences of meteorological and soil variables were also assessed
using a two-sided t-test included in the “stats” R-package [72]. There are several ETa
drivers, on which meteorological conditions temporal variability might play a role. As a
first approximation, and to understand the contribution of each variable to ETa at the daily
scale, a linear combination of net radiation (Rn), vapour pressure deficit (VPD), ground
heat flux at the surface (G0), wind speed (U) and air temperature (Tair) was used to obtain
ETa (Equation (4)). The wind speed was included because the variable is considered in
some potential evapotranspiration formula, and because the ETa was estimated via EC
technique. In this linear model, the soil water content and the precipitation were not
included because of non-trivial relationships and time lags (more than one day) due to
soil processes dynamics and, for soil water content, because only shallow measures were
available (possible time lags). Soil water content (shallow θ at maximum 20 cm of depth,
if not otherwise specified) and precipitation (P) were analysed separately. Periods of 15, 26,
35 and 52 days were considered. Instead, the ETa drivers in the linear model were explored
at the daily scale.

ETa = a1Rn + a2VPD + a3G0 + a4U + a5Tair, (4)

where the coefficients an are the regression coefficients.
Prior to the regressions, the variance inflation factor (VIF) was computed to identify

possible collinearities among the possible drivers of ETa. Results highlighted that VIF < 6.7.
Up to 10, usually the multicollinearity can be considered low [73]. Hence, as a first
approximation, a linear model could be used. A linear mixed model was assumed to
identify the contribution of random effects (variability between different years, grouping
data according to the variable “year”) and of fixed effects (the five drivers enumerated
earlier), using “lme4” R package [74]. The R2 values of fixed effects (marginal R2) and of
the fixed and random effects (conditional R2) were computed following [75] and using the
“MuMIn” R package [76].

A multivariate analysis can help identifying the most important drivers contributing
to ETa. The multivariate analysis was performed on the four growing seasons together
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and in each growing season. To assess the importance of drivers, a stepwise multiple
linear regression can be used, as in [42,50]. The approach followed in the current paper
was based on the minimisation of Akaike information criterion (AIC) [77]. The lower
the AIC, the better the model. The stepwise regression was computed using the “MASS”
R Package using only complete cases (i.e., when all the variables were available) [78].
When the number of samples was low if compared to the number of parameters (i.e., in
single growing seasons), the AIC corrected for finite sample size (AICc, [79]) was used
for the stepwise regression. The minimisation of AIC (or of AICc) led to the identification
of the most important drivers. The fraction of variance explained by the drivers was
instead assessed using the adjusted R2 coefficient. To better understand the role of each
separate driver—namely, Rn, VPD, G0, U and Tair and to quantify the degree of variance
explained by each of the separate drivers, they were analysed separately with univariate
regressions (considering all growing seasons together and single growing seasons). In the
univariate regressions, the natural logarithm of VPD was identified as a better driver of
ETa, in agreement with [42].

3. Results
3.1. Topography Influence on Actual Evapotranspiration and Its Inter-Annual Variability
3.1.1. Wind Regime and Latent Heat Flux Sources

An evident difference between daytime and nighttime wind regimes was identified,
with daytime flow coming mainly from South-South East (upslope wind) and a North-
coming (downslope) wind regime during nighttime (Figure 2, left panels for each growing
season). This regime was observed in all the four growing seasons. The low-wind speed
conditions (LWS, wind speed lower than 1.5 m s−1 [80]) prevailed in all the growing seasons
(Figure 2, right panels for each growing season), and, overall, more than 80% of hours were
characterised by LWS conditions. The daytime upslope flow was on average characterised
by a higher wind speed due to thermal pumping. The colour maps allow to localise the
possible sources and sinks of water vapour.

(m s -1)(m s -1)(m s -1)

W m -2

W m -2a) b)

c) d)

LE

(a) (b)

(c) (d)

W m−2

W m−2

(m s−1) (m s−1)

Figure 2. Mean latent heat flux (LE) and wind frequency contour maps as a function of wind direction
and hours of the day (left coloured panels) and wind speed mean diurnal cycle (right white panels)
The left coloured panels show the wind direction contour lines (for both daytime and nighttime) and
the latent heat flux colour map for the four average June-to-September periods, between 6:00 and
20:00, when most of the evapotranspiration occurs. The right white panels show the mean wind
speed along the day, together with the standard deviation of values for each half-hour. Asterisks
indicate outliers (i.e. values outside 1.5 times the interquartile range or IQR, above the upper quartile
or below the lower quartile). Grey areas indicate no LE data (nighttime was excluded). Plot made
using Metvurst R package [81] . (a) 2014. (b) 2015. (c) 2016. (d) 2017.
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The main source of water vapour was located to the South-East of the station (Figure 2a,b),
where a moist area with some shrubs exists. To the South-West and West of the station
instead a drier area was found. This area has been also colonised by shrubs. Most of
potential sources of water vapour and of latent heat during wet growing seasons were less
active or non-existent in dry growing seasons (Figure 2c,d). This suggested that the small
creek within the small valley had negligible effect on fluxes because the water discharge
was constant throughout the four growing seasons.

3.1.2. Morning Latent Heat Flux Inflexion and Mean Diurnal Cycles of Fluxes

At the sunrise, LE (and H) increased greatly and rapidly. A sharp decrease occurred
at the sunset, in particular for Rn, because of mountain shadowing (Figure 3). A morning
inflexion (i.e., a change in the diurnal course slope) was visible for all the growing seasons
for air temperature, LE flux (Figure 3), H flux, RH and VPD (Figure A5, Appendix A).
The same phenomenon was also visible for a limited number of days and on single days
(Figure 4). The inflexion was instead not found for net radiation (Figure A5, Appendix A).
The inflexion was always found near the hours in which the transition from nocturnal to
diurnal wind circulation occurred (i.e., from downslope to upslope, between 7:00 and 9:00,
as shown by wind direction in Figures 3 and 4).

Figure 3. Growing season mean diurnal cycles at half hourly temporal resolution for latent heat
flux (LE), net radiation (Rn), wind direction and air temperature (Tair). (a) 2014. (b) 2015. (c) 2016.
(d) 2017. Dashed lines refer to LE ± 1σ. The morning inflexion is visible in all the growing seasons
for Tair and LE.

The LE flux mean diurnal cycle in wet growing seasons showed higher values than
in dry growing seasons (Figure 3a,b compared with Figure 3c,d), with differences up to
about 100 W m−2 in the hours between 08:00 and 15:00. The LE range between ±1σ was
always near 100 W m−2 ( 80 W m−2 in 2017 and 130 W m−2 in 2015, Figure 3a,b). The air
temperature difference between 2014 and the other growing seasons was also visible in its
mean diurnal cycle. In 2014, the mean air temperature was about 2 °C lower than in other
growing seasons around midday, and the net radiation had the second highest variability
after LE (up to around 70 W m−2, Figure 3), with 2014 being the year with lowest values
due to frequent cloudy days and precipitation events. For H (Figure A5, Appendix A),
the inter-annual differences in the hours 08:00–15:00 of the day were lower if compared to
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LE (no more than 42 W m−2), and the cycle variability (±1σ) was lower than the one found
for LE (maximum 70.7 W m−2 in 2016 growing season).

Figure 4. Diurnal cycles at half hourly temporal resolution for latent heat flux (LE), global radi-
ation (Rg), net radiation (Rn), air temperature (Tair), wind direction and relative humidity (RH).
(a) 4 July 2017. (b) Mean diurnal cycles of the same variables, for the period 4–7 July 2017. The morn-
ing inflexion is visible in all the panels.

3.2. Micrometeorological Intra- and Inter-Annual Variability
3.2.1. Meteo-Climatic Variability at the Experimental Site

Over 25 years (1995–2019), the mean air temperature of June-September period varied
between almost 11 °C (1995–1996) and 15 °C (2003). A positive trend of 0.07 °C year−1 was
found (significant, p-value < 0.05). The 2014 growing season showed one of the lowest
average temperatures of the 2009–2019 decade, whereas the other three years were closer
to the regression line (Figure 5a). The precipitation (Figure 5b) did not show any significant
trend, but the four considered growing seasons (2014–2017) showed a relatively high
precipitation variation.

1995 2005 2015

11
12

13
14

15

JJAS Temperatures

T
 (

°C
)

Warming rate = 0.07 °C yr−1)

(a)

1995 2005 2015

50
15

0
25

0
35

0

JJAS Cumulative Precipitation

P
 (

m
m

)

(b)

Figure 5. June-to-September (JJAS) period 1995–2019 (data from ARPA-VdA station). (a) Average
air temperature. (b) Cumulative precipitation. Red squares represent the 2014–2017 data mean air
temperature and precipitation. Black circles represent the same variables but in the other years.

Considering only the four selected growing seasons, the wettest growing season was
identified in 2014, as illustrated by the combination of higher RH, precipitation and its
timing, and lower average dry spell (a dry spell was defined according to [82]). Overall
wet conditions emerged also in 2015 (Table 2). The high average and maximum dry
spell found in 2015 (due to a dry period between June and July) did not cause particular
effects on the growing season because of higher precipitation and higher precipitation
frequency compared to 2016 and higher precipitation if compared to 2017. The 2017
growing season experienced frequent precipitation grouped during contiguous days, but,
if compared to 2014, less sparse events with more dry days between events and with
lower precipitation, especially in the middle growing season. The average dry spell in the
period May–June (the precipitation occurred in May has deep influence on JJAS ETa) was
comparable with that of the 25 years average (5.1 ± 4.6 days, considering May-September
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periods). Also, the maximum dry spell in 2015 (28 days between June and July) was found
earlier, between May and June 1996 (29 days). Between 2014 and 2017 growing seasons,
the precipitation difference reached up to 100 mm for both the hydrological year and the
growing season. Differences of more than 60 mm occurred in the sole month of May (2016
experienced the highest cumulative precipitation in May).

Differences of mean air temperature in the four analysed growing seasons were
always greater than 1 °C between 2014 and the other growing seasons (up to 1.4 °C between
2014 and 2016). Within the identified growing seasons different scenarios of growing
season existed. These scenarios were useful to illustrate the ecosystem behaviour with an
environment having different average temperatures. The inter-annual variability of LE
(hence, ETa) was also evident from the LE/Rn ratio. LE covered a much higher portion of
available energy (net radiation) in wet growing seasons than in dry ones (Table 3).

Summarising, an inter-annual variability of several variables (air temperature, precipi-
tation, dry spell length, relative humidity—RH, LE/Rn) was found.

Table 2. Average and maximum dry spell for May-to-September (MJJAS) periods and average relative
humidity (RH) for June-to-September (JJAS) periods. Cumulative precipitation for May, June-to-
September periods and for the hydrological years. Average air temperature (Tair) for the JJAS period.
The range reported for the average dry spell and air temperature is one standard deviation.

Year
Dry Spell (MJJAS) RH (JJAS) Precipitation (May) Precipitation (JJAS) Precipitation (Year) Tair (JJAS)

AVG MAX AVG SUM SUM SUM AVG
(days) (days) (%) (mm) (mm) (mm) (°C)

2014 4.2 ± 3.4 14 67.1 69.4 263.0 696.0 12.0 ± 4.4
2015 6.6 ± 6.7 28 64.0 66.2 317.6 757.0 13.3 ± 5.6
2016 5.5 ± 4.2 15 58.6 111.8 179.0 640.0 13.4 ± 5.2
2017 6.1 ± 5.0 20 57.4 53.8 182.6 624.0 13.2 ± 5.7

Table 3. LE/Rn ratio using cumulative values over each growing season.

2014 2015 2016 2017

58.0% 52.1% 41.5% 43.3%

3.2.2. Average Daily and Cumulative Actual Evapotranspiration in the Growing Seasons

The daily ETa averages and cumulative ETa over the growing seasons identified
intra- and inter-annual patterns. In wet growing seasons, the intra-annual ETa standard
deviation was higher if compared to dry ones. Moreover, in wet growing seasons, ETa daily
averages showed enhancements of about 0.8 mm day−1 (Figure 6a). The cumulative ETa
also showed an enhanced inter-annual variability, especially between the driest (2016) and
the wettest (2014) growing seasons. Besides, both ETa and P showed cumulative values
differences of more than 100 mm (Figure 6b), with an evident gap between dry and wet
growing seasons. The aforementioned values considering Bowen ratio correction of LE
were 535 mm, 513.8 mm, 454.1 mm and 458.1 mm, respectively in 2014, 2015, 2016 and
2017, hence showing an enhancement if compared to the uncorrected ETa. The inter-annual
differences did not change severely. The ETa in 2014 was the highest (despite relatively low
air temperature and high RH) for several reasons: 1. frequent precipitation events (average
dry spell: 4.2 days) which compensated a lower precipitation if compared to 2015; 2. a
sufficient precipitation during the hydrological year and also during the growing season;
3. optimal timing of precipitation, mainly occurring in the middle of the growing season,
when the vegetation is fully active; 4. high water availability.

Between 2015 and the following two growing seasons in 2016 and 2017, the average air
temperature differences were very low (around 0.1 °C). However, the ETa deficit was greater
than 60 mm (60.7 mm and 75.4 mm, respectively). The low ETa in 2016 was explained by a
combination of a relatively long average dry spell (5.5 days), only 18 days with precipitation
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and low cumulative precipitation of 179 mm. The low ETa in 2017 was explained mainly by
low precipitation (also in May), low soil water content, high air temperature and an average
dry spell (6.1 days) close to the other dry growing season. Instead, the number of rainy
days (29 days) was comparable to the ones found in the 2014 wet growing season. The 2016
growing season experienced higher cumulative ETa than in 2017 because of precipitation
events in August.

Figure 6. (a) Box plots of daily actual evapotranspiration for each growing season. Whiskers indicate
the range within ±1.5 IQR (Interquartile Range), and the horizontal line is the median value. The red
dots are mean values. (b) Cumulative precipitation and actual evapotranspiration for the growing
seasons in each year.

3.2.3. Bimodality of Environmental Variables

LE (hence, ETa) and other environmental variables showed a bimodality of frequency
density distributions (Figure 7a). For LE, the bimodal distributions showed one peak
around 20 W m−2 and the other between 100 and 250 W m−2. The LE bimodality might
be related to two distinct regimes: the first occurred during daytime transition hours,
near sunrise and sunset (i.e., 5:00–8:00 and 17:00–20:00, light red histogram), when LE
release occurred, but the values were low because of low radiation forcing. The second
regime occurred when the photosynthesis of vegetation and, hence, ETa, were no more
inhibited (between 8:00 and 17:00, grey histogram, when the wind flow and LE came from
South along the slope—i.e., with upslope wind regime—and the radiation forcing was
high). Dry growing seasons showed a more evident second peak if compared to wet ones.
The bimodality explanation was confirmed by the frequency density distribution of net
radiation, which, however, did not show significant differences between mean values in
different growing seasons (Figure 7b).

In addition to LE and Rn, shallow volumetric soil water content (θ, between 10 and
20 cm of depth, Figure 7c) showed a bimodality, particularly evident only in 2015. This can
be explained by the presence of one prolonged dry period between June and July (DOY
185–223, light red histogram in Figure 7d) and two wet periods (DOY 164–184 and 224–253,
grey and green histograms, Figure 7c). A bimodality was also found for ground heat flux
at the surface (G0, Figure 7d), driven by Rn. Similarly, the bimodality of U (Figure A6a)
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was distinguishable, which can be explained by the two wind regimes, one during daytime
(upslope, with higher wind speed) and one during nighttime (downslope). VPD and Tair
distributions did not show any particular bimodality (Figure A6b,c).

Finally, a statistically significant difference (p-value < 0.05) between the mean LE and
shallow θ distributions in wet and dry growing seasons was found. In addition, significant
differences (but with higher p-value still lower than 0.05) were also found between seasons
in similar water availability conditions, with the exception of 2014 and 2015 average
shallow θ.
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Figure 7. Frequency density distributions (in every growing season, JJAS) for: (a) Latent heat flux
(LE). (b) Net radiation (Rn). (c) Shallow volumetric soil water content (θ, at 10-20 cm of soil depth).
(d) Surface ground heat flux (G0). Dashed lines represent the mean values for each variable in each
growing season. Based on 2015 data as an example, light red histograms represent the density
distribution of LE and Rn between 05:00 and 7:00 and between 17:00 and 20:00. The grey histograms
refer to the hours between 08:00 and 16:00. For soil water content, the light red histogram refers to
the dry period (DOY 185–223). The grey and green histograms are instead related to the wet periods
(DOY 164–184 and 224–253, respectively). The dotted lines represent the soil water content at wilting
point (black) and at field capacity (brown).

3.2.4. Evaporative Fraction, Soil Water Content and Evapotranspiration Regimes

Two approaches were used to assess energy-limited and water-limited conditions.
The first was the relationship between evaporative fraction (EF) and soil water content
(θ, at 10–20 cm, Figure 8). The soil water content at 40 cm of depth was also used to test
the relationship with EF (not shown). The second was the comparison between ETa and
potential evapotranspiration ETo (Figure 9).

An EF increase with increasing shallow θ below 0.07 m3 m−3 was noticed. The trend
was less clear for shallow θ values greater than 0.075 m3 m−3, with scattered data. Besides,
decreases of EF were found between 0.075 m3 m−3 and the field capacity (0.149 m3 m−3),
not reached in 2017. A possible critical shallow θ was slightly higher than 0.05 m3 m−3.
However, a dramatic decrease in EF below that point was not observed. An EF increase
with soil water content was observed only in 2014 (one of the wet growing seasons). On the
opposite, in the 2015 and 2016 growing seasons, an oscillating trend was found. In 2017,
an increase below 0.075 m3 m−3 was found, followed by a decrease for higher θ values.
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Using the 40 cm soil water content, the results did not change dramatically (not shown).
It should however be pointed out that a relatively superficial soil water content (down
to maximum 40 cm of depth) was available. The behaviour of daily average of EF (using
only the hours in the range 8:00–15:00) was similar to the EF value extracted at local solar
midday (12:00) (Figure 8a,b) in all growing seasons. Differently from theoretical behaviours,
using both EF computations, the identification of water and energy-limited regimes was
not trivial.
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Figure 8. (a) Daily averages (considering the hours 8:00–15:00) of Evaporative Fraction (EF = LE/H +

LE) versus daily shallow (10–20 cm of depth) volumetric soil water content θ. (b) EF value at local
12:00 versus daily soil water content. Continuous lines in Panels (a,b) represent the wilting point
(black) and the field capacity (brown). Regression curves of Panels (a,b) were computed to smooth
the EF using the loess filter provided in the “stats” R-package [72]. With the approach described
by [83]).

The ETa regime was better identified using the potential evapotranspiration (ETo),
estimated via Penman-Monteith equation [84]. The energy-limited conditions were more
evident in 2014, when the soil water content at 10 cm of depth was relatively high and
the ETa was closer to ETo, if compared to the remaining three growing seasons. In those
growing seasons, water-limited conditions were more frequent (Figure 9). The water
limitation was evident already in 2015, and mostly in 2016 and 2017. In 2015, the dry
period between June and July was also noticeable from the low soil water content at 20
and 40 cm of depth. That period caused a decrease in ETa (consistently lower than ETo).
Higher (up to more than 4 mm day−1) discrepancies between ETa and ETo occurred in
water-limited growing seasons (2016 and 2017), when the soil water content decreased to
less than 20 equivalent millimetres stored in the soil layers, at 20 or 40 cm of depth.

The ETa response to precipitation is shown in Figure 9. In all growing seasons, when
precipitation occurred, the ETa was reduced and then slightly increased the following days.
However, this increase was not always observed, because of lower air temperature and
VPD (as at the beginning of August 2016) and/or still lower water availability (Figure 10).
Despite these results, a significant daily correlation between ETa and both precipitation
and soil water content was not found because, as explained in Section 2.3.4, there are time
lags (greater than one day) between these two variables and ETa.
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Figure 9. Daily precipitation bars, potential and actual evapotranspiration (ETo and ETa, respectively)
and measured soil water content (θ) expressed in millimetres at 10 or 20 cm and at 40 cm of depth for
the four growing seasons for a better comparison. The daily values of the growing seasons are shown
for (a) 2014. (b) 2015. (c) 2016. (d) 2017.

3.2.5. Fifteen-Days Analysis of Micrometeorological Variables

The intra- and inter-annual variabilities of micrometeorological variables were more
deeply analysed considering periods of 15 days (Figure 10). The intra-annual variability
included a Tair, VPD, and EF decrease in late growing seasons. The precipitation largest
peaks were usually found in the middle of the growing seasons, with some exception in
2015 and 2016. The cumulative ETa showed a clear bell-shaped trend (with the peaks found
in the middle of the growing season) in 2014 and 2016, differently from the other two
growing seasons. In 2015, the different behaviour was likely due to the long dry period
between June and July, whereas in 2017 the precipitation scarcity played an important role.

The inter-annual variability emerged in the following findings. The lowest Tair values
were found in 2014 in most of the 15-days periods. Variations of more than 5 °C were
identified in 15-days periods in different years (Figure 10a). The VPD (Figure 10b) was lower
in 2014 by more than 1000 Pa in the period 1–15 July, if compared to 2015. Year 2015 showed
enhanced VPD due to the wide period with high air temperature and without precipitation,
as also illustrated in Figure 10c,d, where the average precipitation per day and number of
dry days are shown, respectively. An important decrease in average EF (Figure 10e) and
cumulative ETa (Figure 10f) was noticed in the same—but drier—periods of years 2016 and
2017 if compared to wetter years 2014 and 2015, because of lower water availability and
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despite a high VPD. During the long dry spell of 2015 (June–July), and especially in the first
decade of July, Tair and VPD were sufficiently high to cause a peak of EF (and ETa), despite
relatively low water availability. In addition, periods with wet conditions (e.g., 30 June–15
July 2014) could experience high EF and ETa, even with relatively low Tair and VPD. The
major EF difference (0.2) was found in the two 15-days periods of September 2016 and 2017
if compared to the other two growing seasons. This finding was coherent with ETa, which
showed reductions of about 10 mm in the same aforementioned periods. ETa inter-annual
differences could be greater than 15 mm, and the highest EF and cumulative ETa were
found in 2014 in 4 out of 8 periods.

In summary, inter-annual differences existed in most of 15-days periods for all the
variables. The 15-days analysis better identified the causes of 2014 being the year with the
wettest growing season. Despite an overall higher precipitation in 2015 if compared to
2014, in 2014 a high precipitation occurred earlier. Besides, a higher precipitation frequency
occurred in the growing season with two important peaks in early July. Years 2014 and 2015
experienced the highest precipitation in the early-to-middle growing season, providing
water when the vegetation was more active. The EF and ETa showed similar intra- and
inter-annual trends, and showed higher values during days with high VPD and Tair.
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Figure 10. Micrometeorological variables on periods of 15 days. (a) Average air temperature (Tair).
(b) Average vapour pressure deficit (VPD). (c) Average precipitation (rain) per day (considering all
days for each period). (d) Number of dry days. (e) Average evaporative fraction (EF). (f) Cumulative
actual evapotranspiration (ETa).

3.3. Evapotranspiration Environmental Drivers

ETa is governed by vegetation strategies, but also by several environmental drivers.
The most important drivers include variables previously analysed such as Rn, VPD, U, G0
and Tair. Precipitation and soil water content are also important drivers, but, as described
in Section 2.3.4, their relationship with ETa is not trivial and it was analysed separately in
Section 3.3.3. The highest correlations existed between Rn and G0 (R = 0.88, both hourly and
daily values) and between VPD and Tair (R = 0.89 for hourly values and R = 0.74 for daily
values). The mean diurnal cycles of VPD and Tair highlighted also inter-annual differences,
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with Tair in 2014 growing season being lower than in other growing seasons. Consequently,
sensibly lower VPD was also found (Figure 11).
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Figure 11. VPD (circles) and air temperature (triangles) during the daytime hours between 7:00 and
19:00 from 2014 to 2017 growing seasons.

3.3.1. Actual Evapotranspiration Linear Mixed Effects Model and Multivariate Regressions
with Environmental Drivers

Results from the linear mixed model highlighted a contribution of both random
and fixed effects, since the marginal R2 (related to fixed effects) was 0.56, whereas the
conditional R2 (related to the fraction of variance explained by both the fixed and random
effects) was 0.83. The inter-annual variability itself played a key role in changing ETa
from one growing season to another, because the role of random effects was not negligible.
Among the five drivers, the most important were Rn, U and VPD, as indicated by AIC
and p-values in Table 4 and by the stepwise minimisation of AIC. The removal of G0 and
Tair did not imply a high loss of information, since they were eliminated by the stepwise
process. This result was confirmed also looking at the adjusted R2 which did not change
appreciably if G0 and Tair were removed from the model.

Table 4. Results of the multivariate regression of actual evapotranspiration against the linear combi-
nation of the considered drivers. p-values for Student t (threshold set to 0.05) and Akaike information
criterion (AIC) values. Illustrated AIC values are prior to AIC stepwise minimisation. All the growing
seasons are considered without inter-annual distinctions. R2 = 0.56 (adjusted value, considering
all drivers).

Driver p-Value AIC

Rn ~0 −144.3
U ~0 −190.2

VPD 0.02 −203.5
G0 0.45 −209.1
Tair 0.15 −209.2

The importance of the drivers changed inter-annually (Table A3, daily set of data for
each growing season). The stepwise multivariate regressions showed, in agreement with
the p-values shown in Table A3, that Rn, VPD and U could be included in every simplified
linear model of ETa, as indicated by AICc minimisation algorithm and by AICc and p-
values of Table A3. Hence, they could be considered the most important drivers except in
2017, when VPD was replaced by G0. In 2014, the stepwise AICc minimisation suggested
to remove G0 and Tair. In 2015, Tair could be included, while G0 was not significant.
In 2016 Tair was replaced by G0, whereas in 2017 no variable was excluded. The complete
model included all the analysed drivers and was used, for coherence, in every year subset.
The model showed a relatively large variability of the explained variance, between 0.67
and 0.87 (Table 5).
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Table 5. R2 of the multivariate regression of actual evapotranspiration against the linear combination
of the considered drivers using all growing seasons without inter-annual distinctions. (All regressions
are significant at 95% confidence level).

2014 2015 2016 2017

R2 0.67 0.87 0.86 0.83

3.3.2. Actual Evapotranspiration Univariate Regressions with Environmental Drivers

The highest fraction of explained ETa variance was given, for the entire data set of four
growing seasons, by Rn, G0 and VPD (Table 6). Considering each one of the four growing
seasons separately, univariate regressions results are shown in Table 7. The most important
ETa driver was VPD, followed by Rn. Rn, VPD and G0 accounted for a reduced explained
variance in the wettest and coldest growing season (2014). Moister air and less frequent
sunny conditions may explain the lower fraction of variance explained. U explained always
the lowest variance, likely because the wind speed did not experience high values. Tair
explained a higher fraction of variance in the dry growing seasons.

Table 6. R2 of the univariate regressions of actual evapotranspiration against each considered driver
using all the growing seasons without inter-annual distinctions. (All regressions are significant at
95% confidence level).

Driver p-Value R2

Rn ~0 0.52
VPD ~0 0.43

U ~0 0.13
G0 ~0 0.44
Tair ~0 0.30

Table 7. R2 of the univariate regressions of actual evapotranspiration against each considered driver
in each growing season. (All regressions are significant at 95% confidence level).

Year Rn VPD U G0 Tair

2014 0.54 0.58 0.12 0.51 0.38
2015 0.70 0.71 0.22 0.59 0.39
2016 0.59 0.64 0.08 0.42 0.49
2017 0.53 0.65 0.05 0.36 0.57

3.3.3. Actual Evapotranspiration Relationship with Precipitation and Soil Water Content

The effect of precipitation and soil water content on ETa were analysed, and these
showed not to be trivial. The two dry growing seasons showed clearly a different behaviour
than the wet ones, since ETa data laid on different regions if plotted against cumulative
P and average θ (Figures 12 and A7, in Appendix A, for 15 and 52-days periods). ETa
versus P showed very weak trends with R2 values up to 0.15 considering 52-days periods
(Figure A8a, all regressions are not significant). Considering the ETa versus θ relationship
(Figure A8b, all regressions are not significant), the fitted data from 15, 26 and 35 days
showed again trends close to zero, indicating no or little direct dependence on soil water
content. Only the 52-days period ETa versus θ showed a clearly positive slope and a
relatively higher R2 of 0.45 (not significant, given the low number of data). Summarising,
the results indicated no or little direct dependence on precipitation and soil water content
(Figure A8 in Appendix A).
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Figure 12. (a) Actual evapotranspiration (ETa) versus cumulative precipitation (cumulative P) consid-
ering 15-days periods for each growing season. (b) Actual evapotranspiration (ETa) versus cumulative
precipitation (cumulative P) considering 52-days periods for each growing season. Ellipses highlight
the different regions of the plane in which the data lay in different years. The cumulative actual
evapotranspiration was normalised by the number of days of each considered time period.

4. Discussion
4.1. Topography Influence on Actual Evapotranspiration and Its Inter-Annual Variability

The strongly bimodal wind flow regime, and in particular the wind direction shift
in the morning from downslope to upslope (Figures 3 and 4), played a key role in the
measured fluxes and other micrometeorological variables. The wind flow was thermally
driven as described by [85], and changed from downslope to upslope in the morning
(between 7:00 and 9:00). Aloft with respect to the experimental site, visual observations
and local shading allowed to suppose that solar radiation and Rn, increased earlier than the
wind shift occurrence. Hence, the wind speed carried heat from an area already illuminated.
When wind, influenced by local topography, shifted from downslope to upslope, a colder
air flow coming from the bottom of the valley carried latent (and sensible) heat from an
area still cold. Moreover, this colder air caused a temporary inflexion of RH and, hence,
of VPD. These wind circulation-induced effects affected LE (ETa) through air temperature
and VPD, and might explain its inflexion. A similar inflexion was found by [38], where
turbulence exchange mechanisms and boundary layer properties were explored in highly
complex terrain.

4.2. Micrometeorological Intra-and Inter-Annual Variability
4.2.1. Meteo-Climatic Variability at the Experimental Site

In addition to the results described in Section 3.2.1, the meteo-climatic variability was
also assessed using the LE/Rn ratio. This ratio, at Cogne, varied between 41% (2016) and
58% (2014). The maximum value and also the variability range are comparable with the
findings of [86] (62% and 42.2%, respectively the maximum and range variability values).
An important reduction was found in dry growing seasons as also documented by [87].
The ETa reduction was also confirmed, at Cogne, by the inhibited sources in dry growing
seasons (Figure 2).

4.2.2. Average Daily and Cumulative Actual Evapotranspiration in the Growing Seasons

The average ETa for the whole growing season was 3.3 and 3.2 mm day−1 in 2014 and 2015,
whereas it was 2.5 mm day−1 in 2016 and 2017. Maximum values reached up to 6.6 mm day−1

in wet growing seasons (2014) and up to 4.5 mm day−1 in dry growing seasons (2016) as
shown in Figure 6. The daily ETa range is comparable with the findings of [88] (Subalpine
grassland) and [89] (Alpine grassland), which reached around 5.3 mm day−1, and of [86] (up to
6.8 mm day−1 on an Alpine grassland during the growing season).

The cumulative precipitation inter-annual variability was also higher than 100 mm in
contiguous years (Figure 6). This high variability of precipitation is much higher compared
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to around 40 mm of difference found in other studies ([42,86]). The cumulative actual
evapotranspiration in the four growing seasons at the Cogne site (300 to 401 mm) is
comparable with literature findings: Ref. [42] found values ranging from 250 to 450 mm
but on an annual basis in the Austrian Alps; Ref. [88] found 350 mm in the JJAS period in a
Subalpine grassland. In addition, the inter-annual ETa differences were within the range
of variability of climate change-induced variations (up to around 100 mm) as simulated
by [90] for the Alps with a +3 °C temperature increase scenario. However, in the current
study lower inter-annual average Tair differences were found (around maximum 1.5 °C).

4.2.3. Inter-Annual Variability of Actual Evapotranspiration and Precipitation: A Focus

A high inter-annual variability was also quantified with the coefficient of variation
of ETa and precipitation P. The ETa coefficient of variation (CV) in the current study
was 15.3%, compared to 7.1% found by [42], and the CV for P was 8.8%, compared to
18.6% found by [42]. In that study, the ecosystems were Alpine grasslands not encroached
by shrubs. The growing season ETa ranged from 48.1% to 57.7% of hydrological year
cumulative precipitation, respectively in 2017 and 2014. These findings suggested an
enhanced inter-annual variability at the Cogne site compared to the Austrian one.

In warm growing seasons, the ETa was not automatically enhanced likely because of
soil water limitation-related mechanisms occurring during dry periods and dry growing
seasons. These mechanisms include stomata closure that reduce the water exchange and,
hence, ETa [91]. This phenomenon partially compensates the enhanced evaporative demand
which, in theory, causes an enhanced ETa [42]. However, as noted by [46], Hippophae
rhamnoides, which is similar to Eleagnus rhamnoides, might cause a soil water depletion
and compete with grass. This behaviour might mitigate the ETa reduction, or increase
ETa in dry periods. This consideration is interesting from the climate change perspective,
if frequent dry and warm growing seasons are expected in the future.

4.2.4. Bimodality of Latent Heat Flux

The bimodality (considering hourly data, Figure 7), was caused by the low values in
the early morning and at sunset (when a low radiation forcing occurred) and by higher
values when the photosynthesis was no more inhibited because of higher radiation in-
put. The statistically significant inter-annual difference of LE confirmed, with another
approach, the strong inter-annual differences found by [44,87,92]. The site LE bimodality
differs from other studies, where it was interpreted as either a consequence of agricultural
management [93] or changing soil water content conditions [94].

4.2.5. Evaporative Fraction, Soil Water Content and Actual Evapotranspiration Regimes

The relationship between evaporative fraction (EF) and shallow soil water content (θ,
Figure 8) differs from the idealised relationship of EF with θ as usually represented by [4].
This might be due to two causes. First, the EC ETa was influenced by the area upwind
of the station (i.e., the flux footprint). Second, Figures 8 and 9 may indicate that the root
system of shrubs, deeper if compared to grass, was extracting water from well below the
measurement point, thus enhancing ETa. Therefore, ETa remained relatively high also in
long dry periods. The EC system measured the two contributions (from grass and shrubs),
and because of shrubs, relatively high LE, ETa and EF values (usually beyond 0.3) were
found, even if the grass was close to water stress. The EF at midday could also be used
instead of considering the EF over other daytime hours—here averaged day by day without
losing important information (Figure 8a,b), as already noticed by [95]. The approach
followed if satellite data were used (i.e., considering ETa or EF at midday, when satellite
images are more likely available) was a reliable approximation, as also illustrated by the
study at Cogne. As shown in Section 3.2.4, multi-annual studies of sites where deep soil
data are not easily available may identify water- and energy-limited ETa regimes using the
potential evapotranspiration (ETo) compared with ETa instead of using the evaporative
fraction (EF) versus soil water content.
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4.2.6. Fifteen-Days Micrometeorological Analysis

The precipitation quantity, timing and frequency, together with air temperature and
VPD, were important for ETa increases, as shown by the intra-annual variation of environ-
mental variables on periods of 15 days (Figure 10).

A difference of EF and ETa across the years was not always observed. For instance,
in the period 16–30 June, year 2015 showed a high enhancement of Tair up to more than
5 °C (reaching 20 °C), if compared to 2014. Moreover, between 2014 and 2015 growing
seasons, the VPD increased of about 1000 Pa. However, the EF did not change consistently.
This weak EF change might be explained by the low precipitation, which prevented also
an ETa enhancement. The EF decrease (hence, a relative H increase) across different years
occurred despite a VPD increase. This phenomenon can be explained considering the
plant strategies to retain water when they are near water stress conditions, as described
in Section 4.2.3. This behaviour was particularly observed when a strong reduction of
precipitation occurred. The growing season average EF values decreased from 2014 (0.84)
to 2017 (0.59), and they are higher than other studies (e.g., 0.41 from annual data in [96],
where EF was computed as LE/Rn), but comparable with [97], where the EF oscillated
between 0.5 and 0.8 for a prealpine area.

4.3. Actual Evapotranspiration Environmental Drivers

The inter-annual variability, as well as the main identified drivers are comparable with
literature findings. The inter-annual variability (random) effect on ETa is explainable with
the meteorological variability found at the site. As noted by [98], the existence of favourable
intervals of days seem to determine a strong impact on the inter-annual variability of ETa.
The multivariate regression of ETa drivers showed an overall R2 value of 0.80. This value
is comparable with the findings of [42] (R2 = 0.77) and of [51] (R2 > 0.8) at their grassland
and shrubland sites at an Alpine/Subalpine altitude on the Kilimanjaro southern slope.
The last comparison is, however, only indicative, since the compared ecosystems (Alpine
grassland at Cogne and Subtropical—although Alpine grasslands or shrublands in Africa)
are different. In addition, at the Cogne site the random effects among different years
played a key role and the ETa drivers at Cogne were evaluated at the daily scale. The most
important drivers found in the current study were Rn, U and VPD, and the fraction of
explained variance by the linear model varied among different growing seasons (range:
0.53–0.87, in agreement with [42]). However, VPD was not always the first or second driver,
considering the single growing seasons.

The ETa fraction of variance explained by each driver (using the univariate regressions)
showed several differences. Considering the complete data set of four growing seasons,
the most important driver was Rn followed by VPD. The VPD explained the highest fraction
of variance considering the single growing seasons, differently from [42]. This result can
be explained considering the land cover of the site: it is characterised by a mixture of
shrubs (despite being water-stress resistant they can be classified as anisohydric according
to [99]) and grass (tall fescue). Grass can also be considered anisohydric according to [100].
Therefore, the vegetation at the site is mostly anisohydric, so it maintains the leaves stomata
open also in dry conditions, as illustrated in the Introduction. Ref. [101] showed that
anisohydric grasslands are at least three times more sensitive to VPD than isohydric ones.
This might be one of the possible explanations to why VPD was very important at the
Cogne site. The R2 values found in the present study for ETa versus Rn (inter-annual
range: 0.41–0.70) and versus VPD (inter-annual range: 0.42–0.71) were within the range of
previous studies, with highest values in the wet, warm growing season having a long dry
and sunny period. Ref. [50] found, at their two wetland sites, R2 ranging from 0.34 to 0.89
for ETa versus Rn and from 0.65 to 0.87 for ETa versus VPD. At one site, they reported VPD
as the most important driver. Ref. [51] reported, for grassland sites, very high R2 for ETa
versus Rn (R2 > 0.9), while the regression with VPD was characterised by R2 in the range
0.27–0.46. It should be pointed out that the cited study referred to hourly values, and in
that study ETa was not estimated via eddy covariance.



Atmosphere 2022, 13, 977 23 of 33

The precipitation pattern and soil water availability could also be important, as noted
by [92]. At Cogne, however, this importance was not found. The weak relationship with P
was likely due to the time lag between precipitation occurrence and ETa release. The weakly
positive and non-significant trends (at 95% of confidence) found for the relationship be-
tween ETa and shallow θ may suggest the importance of deep root system of shrubs
extracting water. The weak relationships were also documented by [50,51].

5. Conclusions

The current study deepened the knowledge of an Alpine ecosystem still poorly studied
by using eddy covariance. A micrometeorological and hydrological analysis of a steep
abandoned Alpine grassland colonised by shrubs and located in a narrow lateral valley was
performed. The analysis involved three topics that can be important when field campaigns
are performed at complex sites. 1. Influence of topography (i.e., valley orography) on
actual evapotranspiration (ETa) and other environmental variables (wind speed, wind
direction, air temperature and radiation forcing). 2. The intra- and inter-annual variability
of ETa and other environmental variables (net radiation, air temperature, vapour pressure
deficit—VPD, precipitation, wind speed, ground heat flux, soil water content). 3. The ETa
drivers and their temporal variability.

The topography of the valley produced a rarely studied inflexion visible in the mean
diurnal cycle of the turbulent fluxes and ETa. Other sites with similar topographical
conditions may experience the same feature, which would affect the measurements leading
to a reduction of turbulent fluxes (and ETa) in the morning.

Temporal differences of ETa and the other environmental variables were found. In par-
ticular, a significant difference in ETa was detected between wet and dry growing seasons.
Besides, the ETa data in wet growing seasons showed a larger variability. Considering the
daytime hours, a bimodality of ETa was found in every growing season, caused by the
transition from low to high radiation forcing in the morning. Energy- and water-limited
regimes changed within and between growing seasons. Moreover, conditions closer to
water-limited ETa were identified not only in dry growing seasons but also in an overall
wet growing season characterised by a very long dry period. The distinction between the
two regimes by comparing ETa with the potential evapotranspiration proved to be reliable
and it could be more useful than ETa relationship with soil water content, especially if water
content is measured at shallow depths. Also, the differences between wet and dry growing
seasons were identified using periods of fifteen days. The analysis showed that ETa can be
high in dry conditions, with high air temperature and VPD provided that vegetation with
sufficient root depth exists. Enhanced ETa could also be found in wet conditions with low
air temperature and VPD if a high water availability occurs.

The ETa inter-annual variability, likely also due to the existence of shrubs, emerged also
from the non-negligible impact of random effects in an assumed linear mixed model of the
main ETa drivers. Other studies in Alpine regions may use this methodological approach
to test if their ETa data have an inter-annual variability. The most important ETa drivers
for the abandoned grassland were net radiation (Rn) and VPD, but also the wind speed
(U) had to be considered. In dry and warm growing seasons, also air temperature (Tair)
and ground heat flux at the surface (G0) were important drivers. The weak relationship
between ETa and precipitation suggested that soil water availability measurements would
be a better driver than precipitation. However, the present study also highlighted that for a
mixture of grassland and shrubland, deep soil water content measurements below 40 cm
are necessary when the soil water content is investigated as an ETa driver.

The current study highlighted that the abandoned grasslands encroached by shrubs
can have a similar behaviour compared to managed grasslands such as pastures and mead-
ows. However, during dry and warm conditions, the presence of shrubs may significantly
enhance evapotranspiration. Finally, the present study can be useful for eco-hydrological
models simulations and validation as done at other sites in [102], and for further hydrologi-
cal modelling analyses at the Cogne site currently in development.
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Symbols and Abbreviations

Symbol Variable Unit

LE Latent heat flux W m−2

H Sensible heat flux W m−2

Rn Net radiation W m−2

Rg Global radiation W m−2

G Ground heat flux W m−2

G0 Ground heat flux at the land surface W m−2

Ssoil Heat storage flux above the soil heat flux plates W m−2

Scanopy Heat storage flux within the canopy W m−2

S Overall (soil + canopy heat storage flux) W m−2

Tair Air temperature °C
U Wind speed m s−1

RH Relative humidity (-)
VPD Vapour pressure deficit Pa

θ
Soil water content (at 10–20 cm depth if not specified, or at 40 cm if
specified)

m3 m−3

ETa Actual evapotranspiration mm
ETo Potential evapotranspiration mm
EF Evaporative fraction (-)
P Precipitation mm

Abbreviation Meaning
EC Eddy covariance
AIC Akaike Information Criterion
AICc Corrected Akaike Information Criterion
MJJAS May-September period
JJAS June-September period (growing season)
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Figure A1. Number of grassland stations in Europe. The blue bar indicates the altitude range in
which the Cogne site is located.

Table A1. Main experimental mountain sites on Alpine grasslands (Alps) and their characteristics.

Site Altitude Terrain Land Use EC Reference

AT-Sta 1970 strong slope abandoned grassland no [32]
AT-Stm 1770 strong slope managed meadow yes [11]
AT-Stp 1850 strong slope managed meadow no [32]

CH-Aws 1978 flat grassland yes [103]
CH-Dsc 1590 flat grassland yes [104]
CH-Frk 2100 strong slope grassland yes [105]
ES-Cst 1900 gentle slope grassland yes [106]

ES-VdA 1770 gentle slope managed meadow yes [107]
FR-Clt 2000 signif. slope grassland no [108]
IT-Mal 2000 gentle slope grassland yes [109]
IT-Mbo 1550 almost flat grassland yes [110]
IT-Mtm 1500 strong slope managed meadow yes [111]
IT-Mtp 1500 strong slope grassland yes [111]
IT-Tor 2150 gentle slope abandoned grassland yes [33]
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Figure A2. Distribution of grassland areas in Aosta Valley for different altitude classes.
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Table A2. Extremes of physical plausible data for the Cogne site for wind speed anemometric
components (u, v, w), sonic temperature (Ts), CO2 and H2O concentration values.

u v w Ts [CO2] [H2O]
(m s−1) (m s−1) (m s−1) (°C) (µmol m−3) (mmol m−3)

MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX
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Figure A3. Mean diurnal cycles for quality control on the data set. Green: good quality data. Red:
bad quality data. (a) Sensible heat flux. (b) Latent heat flux.

U (m s-1)

EC site ARPA site

Frequency of counts by wind direction (%) Frequency of counts by wind direction (%)

U (m s−1)

Figure A4. Daytime wind roses at the eddy covariance site (left) and at the Regional Authority
(ARPA-VdA) site (right). Figure done with Openair R package [112].
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Figure A5. Mean diurnal cycles of daytime sensible heat flux (H), vapour pressure deficit (VPD),
relative humidity (RH) and wind direction for the four growing seasons. Half-hourly data. (a) 2014.
(b) 2015. (c) 2016. (d) 2017.

Table A3. Results of the multivariate regression of actual evapotranspiration against the considered
drivers. p-Values for Student t (threshold set to 0.05) and Akaike information criterion corrected for
small sample sizes (AICc) values for each growing season. Illustrated AICc values are prior to AICc
stepwise minimisation.

Year Driver p-Value AICc

2014 Rn ~0 306.9
VPD 0.007 295.1

U ~0 305.2
G0 0.16 289.5
Tair 0.13 289.8

2015 Rn ~0 164.9
VPD ~0 185.1

U ~0 153.4
G0 0.16 135.0
Tair 0.003 142.6

2016 Rn ~0 202.3
VPD ~0 134.8

U ~0 175.0
G0 ~0 124.1
Tair 0.26 108.9

2017 Rn ~0 126.5
VPD 0.03 66.2

U ~0 86.1
G0 ~0 85.3
Tair 0.001 72.9



Atmosphere 2022, 13, 977 28 of 33

0.0 × 10+0

5.0 × 10−1

1.0 × 10+0

1.5 × 10+0

0 1 2 3
U (m s−1)

de
ns

ity

Year
2014
2015
2016
2017

(a)

0 × 10+0

0 1000 2000 3000
VPD (Pa)

de
ns

ity

Year
2014
2015
2016
2017

(b)

0.0 × 10+0

2.5 × 10−2

5.0 × 10−2

7.5 × 10−2

1.0 × 10−1

0 10 20 30
Tair (°C)

de
ns

ity

Year
2014
2015
2016
2017

(c)

Figure A6. Frequency density distributions (in every growing season) of three micrometeorological
variables. (a) Wind speed (U). (b) Vapour pressure deficit. (c) Air temperature. Dashed lines represent
the mean values for each variable in each growing season. Based on 2015 data as an example, light
red histograms represent the density distribution between 05:00 and 7:00 and between 17:00 and
20:00. The grey histograms refer to the hours between 08:00 and 16:00.
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Figure A7. (a) Actual evapotranspiration versus average shallow soil water content (10–20 cm of
depth) considering 15-days periods for each growing season. (b) Actual evapotranspiration versus
average shallow soil water content (10–20 cm of depth) considering 52-days periods for each growing
season. Ellipses highlight the different regions of the plane in which the data lay in different years.
The cumulative actual evapotranspiration was normalised by the number of days of each considered
time period.
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Figure A8. (a) Actual evapotranspiration (ETa) versus cumulative precipitation (cumulative P)
considering 15, 36, 35 and 53 days periods. (b) Actual evapotranspiration (ETa) versus average
shallow soil water content (θ, 10–20 cm of depth) considering 15, 36, 35 and 52 days periods. None of
the regressions is significant.
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