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ABSTRACT

Satellite remote sensing-based surface energy balance (SEB) techniques have emerged as useful tools for quan-
tifying spatialized actual evapotranspiration at various temporal and spatial scales. However, discontinuous data
acquisitions and/or gaps in image acquisition due to cloud cover can limit the applicability of satellite remote
sensing (RS) in agriculture water management where continuous time series of daily crop actual evapotranspi-
ration (ET ) are more valued. The aim of the research is to construct continuous time series of daily ET. act
starting from temporal estimates of actual evapotranspiration obtained by SEB modelling (ET, ¢p) on Landsat-TM
images. SEBAL model was integrated with the FAO 56 evaporation model, RS-retrieved vegetative biomass
dynamics (by NDVI) and on-field measurements of soil moisture and potential evapotranspiration. The procedure
was validated by an eddy covariance tower on a vineyard with partial soil coverage in the south of Sardinia
Island, Italy. The integrated modeling approach showed a good reproduction of the time series dynamics of
observed ET, 5¢¢ R? =0.71, MAE=0.54 mm d‘l, RMSE=0.73mm d}). A daily and a cumulative monthly temporal
analysis showed the importance of integrating parameters that capture changes in the soil-plant-atmosphere
(SPA) continuum between Landsat acquisitions. The comparison with daily ET. 4t obtained by the referenced
ET fraction (ET,r) method that considers only weather variability (by ET,) confirmed the lead of the proposed
procedure in the spring/early summer periods when vegetation biomass changes and soil water evaporation have
a significant weight in the ET process. The applied modelling approach was also robust in constructing the
missing ET. 5 data under scenarios of limited cloud-free Landsat acquisitions. The presented integrated
approach has a great potential for the near real time monitoring and scheduling of irrigation practices. Further
testing of this approach with diverse dataset and the integration with the soil water modeling is to be analyzed in
future work.

1. Introduction

collective irrigation schemes, and for planning an optimal allocation of
water resources. In the coming years with the reduced availability of

Evapotranspiration (ET) in arid and semi-arid environments is a
major component of the hydrological cycle and one of the most impor-
tant physical processes of the land-surface. In agriculture, quantifying
the spatial variability and the temporal dynamic of ET at the field or
larger spatial scales is of great importance for irrigation scheduling,
identifying water productivity and water use efficiency (Molden et al.,
2010; Stanhill, 1986). These activities are particularly relevant in the
modern precision agriculture applications. Over large areas, such as
irrigation districts or basins, time series of spatialized evapotranspira-
tion data serve for assessing crop water requirements for adapting
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natural water resources and increased water consumption in agriculture
(Masia et al., 2021), recursively updated ET maps will serve for
designing or validating strategies of adaptation to climatic changes.
Local measurements of evapotranspiration, such as lysimeters or
micrometeorological methods (i.e., Bowen Ratio, Eddy Covariance and
Scintillometers) have proven to be reliable to measure crop actual
evapotranspiration and can be considered as the references against
which spatialized ET. 4 estimation methods could be validated. How-
ever, local measurements are considered labor and cost-intensive
(Droogers et al., 2000; Elhaddad and Garcia, 2008) and are rarely
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available worldwide (Ochoa-Sanchez et al., 2019). The spatial extrap-
olation or interpolation of local ET, 5. measurements over larger spatial
scales is problematic; moreover, it cannot be representative of land
cover and/or management practices diverse from those of the mea-
surement site. In this context, comes the need to find reliable and
non-expensive alternative procedures capable of quantifying the spatial
variability of ET. 4, both on the field and at larger spatial scales. This
issue directed part of the scientific research towards developing and
fine-tuning of mathematical models capable of providing a detailed
description of mass and energy exchange processes in the
soil-plant-atmosphere (SPA) continuum. In parallel, a significant effort
was given to integrating modeling and observations from satellite or
aerial platforms with the scope of computing spatialized ET, 5 values.

Low-cost remote sensing techniques can be used to retrieve the
space-time variability of numerous physical variables needed in the
applications of the ET, 5t modeling (Bastiaanssen et al., 2000; D’ Urso,
2001; Kustas et al., 2003; Menenti, 2000; Morse et al., 2000). For
example, mathematical modeling based on the application of hydro-
logical balance in the SPA system can benefit from data operating in the
visible and near-infrared (VIS/NIR regions of the electromagnetic
spectrum) for the retrieval of the biophysical properties of the vegeta-
tion cover (D’Urso, 2001; Consoli and Vanella, 2014). On the other
hand, surface energy balance (SEB) based approaches can use, in addi-
tion to the data acquired in the VIS and NIR regions, those acquired in
the thermal infrared (TIR) for the estimation of ET, ¢p, as a residual of the
SEB equation, after quantifying the rest of the instantaneous fluxes
(Gowda et al., 2008; Wagle et al., 2017; Bhattarai et al., 2016; Maltese
et al., 2018; Minacapilli et al., 2016). SEB models like SEBAL (Bas-
tiaanssen et al., 1998a), SEBS (Su, 2002) and METRIC (Allen et al.,
2007) are single source SEB models that treat a pixel as a single transfer
layer (Wagle et al., 2017). Other dual source SEB based models such as
TSEB (Norman et al., 1995) and the STSEB (Hausler et al., 2018)
parametrize and differentiate between the radiative and convective
exchange processes between soil and vegetation and the atmosphere
(Timmermans et al., 2007). Satellite-based SEB models have been
applied and validated extensively in various parts of the world (Awada
et al., 2021; Allen et al., 2007; Bastiaanssen et al., 1998b; Bhattarai
et al.,, 2016; Maltese et al., 2018; Timmermans et al., 2007). Such
modelling approaches has been widely applied in irrigation manage-
ment (Allen et al., 2007; Bastiaanssen et al., 2001, 1996; Senay et al.,
2017), water accounting (Molden and Sakthivadivel, 1999), assessing
irrigation system performance (Akbari et al., 2007; Al Zayed et al., 2015;
Awada et al., 2019), agricultural water productivity (Blatchford et al.,
2018; Zwart et al., 2010), groundwater management (Ahmad et al.,
2005, 2014; Rodell et al., 2009), and hydrological modelling (Cam-
malleri et al., 2010; Droogers and Bastiaanssen, 2002; Immerzeel and
Droogers, 2008; Muthuwatta et al., 2010). Satellite-based SEB ap-
proaches can capture large geographical extents and provide ET, ¢p, es-
timations at different spatial and temporal scales; however, some
limitations to the use of the satellite images still exist due to the plat-
form’s spatial resolutions, revisit times and the cloudiness at the over-
pass times. For example, the AATSR/ENVISAT, the MODIS and the
Sentinel-3 satellites have a short revisit time (1 day) but a 1000 m
spatial resolution of the thermal infrared. The use of these data in ET, ¢,
modelling is limited to the spatial extent of the TIR data and is not
recommended in fragmented and heterogeneous agriculture, especially
when the parcels are smaller than the TIR pixel. Alternatively, relatively
high spatial resolution TIR imagery (from 60 to 120 m) can be obtained
from platforms such as Landsat and ASTER, however, images are
available every 16 days, if clear sky condition exists at the overpass time.
McCabe and Wood (2006) found a high degree of consistency of ET, p,
retrievals from Landsat and ASTER and showed that low spatial reso-
lution MODIS-based estimates were unable to discriminate the influence
of land surface heterogeneity at the field spatial scale. The Ecosystem
Spaceborne Thermal Radiometer Experiment on Space Station (ECO-
STRESS) recently launched measures TIR data along an irregular
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non-polar orbit at a ~70 m spatial resolution and an overpass time of
1-5 days. This represents a significant improvement in terms of tem-
poral sampling of land surface temperature (LST) required to derive
reliable ET, ¢, products at the field scale, however ECOSTRESS is a
thermal-only experimental sensor, it does not provide data for high
latitudes and its use in SEB modeling is dependent on VSWIR (visible to
shortwave infrared bands) data from other platforms.

For agricultural applications, e.g., irrigation scheduling or water
resources management, ET. ,.; values are required on a daily basis, over
extended periods (e.g. irrigation season, Allen et al., 2007) and with a
fine spatial scale (e.g. Agricultural field). Several approaches have been
proposed to produce continuous data series of daily ET. 4 at the field
scale by using remote sensing techniques. Bisquert et al. (2016) and
Kustas et al. (2003) applied disaggregation techniques to downscale the
TIR data of MODIS to the spatial resolution of VIS/NIR of SPOT 5 (10 m
spatial resolution and 5-day revisit time). Other researchers downscaled
the TIR data from low resolution sensors (MODIS, AATSR or Sentinel-3)
to the spatial scale of medium-high resolution sensors (ASTER, Landsat)
(Bindhu et al., 2013; Bisquert et al., 2016; Olivera-Guerra et al., 2017).
Besides disaggregation techniques, data fusion methods are based on the
spectral and spatial relationship between an  existing
high/low-resolution image pair (Cammalleri et al., 2013; Gao et al.,
2006; Semmens et al., 2016; Bhattarai et al., 2014; Ma et al., 2018). This
relationship is used to realize high spatial resolution data for dates when
only the low-resolution images are available (Bisquert et al., 2016).
However, methods that fuse intermediate variables directly related to
the evapotranspiration process (Vegetation Indices, VI, and LST) are
subject to several limitations. Indeed, remote sensing parameters (e.g.,
bit parameters, bandwidth, acquisition time, and spectral response
function) acquired from different satellite sensors on the same date may
not provide comparable data (Ma et al., 2018). Another limitation is that
RS platforms used in these approaches have different acquisition times
during the day. Furthermore, modeling the dynamics of these interme-
diate variables used in ET, ,¢ retrieval can add uncertainties.

Differently from the above-mentioned approaches, which integrate
data from different platforms, other authors (Awada et al., 2019; Allen
et al., 2007; Alfieri et al., 2017; Singh et al., 2012; Trezza et al., 2013)
used the daily actual crop coefficient as a reference to construct the
continuous times series of daily ET, o starting from ET, ¢, determined
by RS-SEB models in cloud-free image acquisition days. Precisely, a
so-called referenced ET fraction, ET.r (unitless), is computed as ET,
«b/ET, on the image acquisition days and used together with the daily
changes of daily reference crop evapotranspiration (ET,), continuously
monitored in a weather station, to drive the ET, 5¢; changes in the other
days. In the ET, 5t construction period between the acquisition days the
ET,r is kept constant or is changed by interpolation. Using this daily ET,
act construction approach, some authors considered that typically one or
two cloud-free Landsat images are considered enough to derive monthly
ET. act (Allen et al., 2007; Bhattarai et al., 2012). Conversely, Trezza
et al. (2018) considered that the estimation error in monthly ET, 4 is
relatively high when image availability is limited to an eight-day revisit
time satellite data and suggested a four-day revisit time to robustly
represent time-integrated ET. oc; estimates over months and growing
seasons. Alfieri et al. (2017) assessed daily ET. 5 estimations derived
using different temporal autocorrelation reference variables, including
the ET,, and interpolation methods. They found that a return interval of
earth observations of a minimum of five days is necessary to estimate
daily ET. o with relative errors smaller than 20%. Moreover, con-
structing the time series of daily ET. ot by the ET¢ approach considers
the variability of the meteorological inputs (embedded in the daily ET,).
Still, it cannot account for the effect of soil moisture dynamics (due to
precipitation, irrigation, and ET. ,.t), plant stress, and/or the vegetation
biomass changes (i.e., crop development, cuttings in case of forage
crops) that occur between images acquisitions. Besides, methods
involving the linear or cubic spline interpolation of ET s (Allen et al.,
2007; Singh et al., 2012) limit the applicability for near real-time
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modelling of daily ET. gt

This paper proposes a simple integrated model-based procedure to
construct the daily ET, 5.t data between satellite image acquisition days.
The dynamics of meteorological variables, vegetation biomass changes
and/or plant stress caused by soil water restriction drive the ET. ,¢¢
changes between different acquisitions. To estimate ET, o, on image
acquisition days we applied the Surface Energy Balance Algorithm for
Land (SEBAL) model (Bastiaanssen et al., 1998a), The model was
selected, because of its relative simplicity and low requirement for
ancillary data, moreover it was extensively applied and validated over a
range of environmental conditions and vegetation types (Awada et al.,
2021; Bastiaanssen et al., 2002, 2005, 1998b; Li and Zhao, 2010; Zwart
and Bastiaanssen, 2007). SEBAL was applied with Landsat 5 Thematic
Mapper (TM) images and limited meteorological inputs. The integrated
ET, act construction procedure was tested over a vineyard with partial
soil coverage in the south of Sardinia Island, Italy. The ET. ¢t con-
struction approach combines the daily values of ET,, remotely sensed
vegetation indices, observed soil moisture in the root zone, and a
modeling approach for the soil water evaporation.

Specifically, the research was carried out with the following
objectives:

i. constructing a continuous time series of daily ET, 4 values for the
vegetation period of a vineyard starting from few ET, ., data esti-
mated by SEBAL, daily ET,, NDVI from satellite and on-field
observed soil moisture;

ii. evaluating the performance of the proposed methodology by com-
parison with in-situ Eddy-covariance (EC) flux measurements.

2. The core structure of the daily ET, ,.t construction procedure

To obtain the continuous time-series of daily ET. o, the actual
evapotranspiration obtained by a SEB model on acquisition days is in-
tegrated with an ET, . construction modelling procedure. This latter
accounts for the temporal dynamics of daily ET,, satellite-derived
vegetation indices, soil moisture data and includes a water balance
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modelling approach for the estimation of canopy water interception and
soil water evaporation. Thus, the procedure accounts for changes in
daily weather, vegetative biomass and plant water stress that occur
between the TIR satellite data acquisitions.

The proposed ET, ,.; construction approach computes separately the
daily actual values of canopy water interception, I, soil water evapo-
ration, E;, and crop actual transpiration, T. . The canopy water
interception and soil water evaporation are modeled on an hourly time
scale (see Sections 3.6 and 3.8). In images acquisition days the tran-
spiration, T act,A.D, iS Obtained by subtracting the daily values of canopy
water interception, I. o p. and soil water evaporation, Eg s p, from the
SEB retrieved actual evapotranspiration value, ET, o, (Eq. 1). In the
other days (indicated by j subscript in equations below) the actual crop
transpiration values are computed by Eq. (2), assuming proportionality
among T act,ap and the changes of ET,, NDVI and crop water stress
coefficients (K;) between the acquisition day and the other days j. K; is
obtained based on soil moisture in the plant root zone (Section 3.7). Eq.
(2) is applied forwardly starting from each one of the acquisition days.
The daily actual evapotranspiration in non-acquisition days, ET¢ ,c,j is
the sum of the modeled daily crop actual transpiration (Tc act;j),the
canopy water interception (I;) and the soil water evaporation (Es ;).

Tc act,A.D. — ETa eb — Es‘A.D. - Ic,A.D, (1)
ET,; NDVL K
Te actj = Te actAD. . ! ! (2)
EToap. NDVIAsp. Kiap.
ETc oty = Egj +Lej + Te actj 3

The daily ET. 5 construction procedure integrated with the SEBAL
model is outlined in the flowchart of Fig. 1.

3. Materials and methods
3.1. Case study

The experimental site is located within the Argiolas company
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Fig. 1. Flowchart of integrated SEBAL-daily ET. ,.¢ construction procedure (*SEBAL outputs are highlighted as dashed polygons).
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vineyards near Serdiana municipality in Sardinia Island, Italy
(39°21°43’ N, 9°07°26”’ E, 112 m a.s.l,, Fig. 2). The area is character-
ized by the semi-arid Mediterranean climate, with a warm summer, mild
winter, and a high-water deficit from May through September. The mean
precipitation is 484 mm yr!, mainly concentrated from autumn to
spring. The mean annual temperature is 16.9 °C. The studied field is an
11-hectares Vermentino variety vineyard, trained in a Guyot system and
oriented in east-west rows with 0.8 m between plants and 2.0 m be-
tween rows. The vegetation is about 2.0 m tall with about 50% ground
shading at the maximum of the plant development at the end of July. In
the inter-row spacing a minimal tillage is applied in order to prevent
competitive vegetation growth. Vine roots were mostly concentrated in
the first soil layers (0-0.6 m) of the row spacing, and some roots were
found at more than 1 m of depth. Soil texture is a silty clay loam with
46% sand, 27% silt, 27% clay, soil field capacity (0gc) of 27.4% vol vol'l,
and a wilting point of 13.8% vol vol! and a basic pH (Mameli et al.,
2012). The precipitation volume during the study period (form 21st
April to the 6th of November) was 219 mm. Drip irrigation is performed
during the dry summer seasons. Dripper lines were located in the vine
rows, and drippers were placed close to the plants, one for plant,
determining a partial overlapping of the wet bulbs along the vine rows.
According to local production practices, the water is applied with the
application of 14 mm of water every 5-7 days during the no-rainfall
periods (Marras et al., 2016).

3.2. Micrometeorological measurements and data processing

An Eddy Covariance (EC) station (Fig. 1) was set up in 2009 to
continuously monitor energy and mass fluxes (Marras et al., 2016). The
EC system consisted of an IRGA Li-7500 open-path gas infrared analyzer
(Li-Cor Biosciences, Lincoln, NE, USA), a CSAT3 three-dimensional sonic
anemometer and a CR5000 datalogger (Campbell Scientific, Logan, UT,
USA). Instruments were set up at 2.8 m above the ground, and the
studied vineyard is located on a flat surface surrounded by other vine-
yards. The instrumentation height was decided after preliminary foot-
print analysis. The minimum distance from the end of the canopy is
150 m, and the footprint analysis carried out during all the measure-
ments period confirmed that we were sampling the vineyard canopy.
The fetch was estimated at about 500 m in all directions as reported in
Marras et al. (2016). Instrument positioning was also the result of
several years of experience measuring Eddy fluxes over vineyards,
indicating that fluxes are not affected by the surface roughness. Data
were acquired at 10 Hz, and covariances were calculated every 30 min.
The station also measured the soil heat flux (G) by 4 heat flux plates
(HFP01SC, Hukseflux, Delft, NL), installed in a transect between rows at
0.07 m of soil depth. Soil temperature changes in the soil above —0.07 m
were measured by temperature probes placed above the soil heat flux
plates close the top of the soil, to correct for heat storage and estimate G

510,500

511,000

4,357,000

4,356,500

Fig. 2. Geographic location of the vineyard and the Eddy Covariance (EC)
station. Coordinates EPSG:32632 (WGS 84 / UTM zone 32 N).
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at the surface following the procedure in De Vries (1963). Terrestrial
radiation (W m~2) was also measured to determine net radiation (Rp)
through a REBS Net Radiometer (Campbell Scientific Inc. (CSI), Logan,
UT, USA). The software EddyPro v. 4.2.1 (Li-Cor Biosciences) was used
to process raw data and perform the data quality check required by the
international measurement protocol (Fluxnet network). In addition, a
meteorological station was established near the vineyard to acquire
every 30 min downward and upward short and long wave radiations, air
temperature (T), relative air humidity (RH), precipitation (P), wind
speed (up) and atmospheric pressure at 2 m above the ground. These
data were used to run the SEBAL model and to compute the hourly and
daily reference evapotranspiration (ET,) by the Penman-Monteith
method.

Marras et al. (2016) evaluated the energy balance closure during the
years 2009 and 2010 by comparing the available energy (Ry-G) to the
turbulent fluxes, that is the sum of latent (AET) and sensible (H) heat
fluxes. The average observed energy balance closure was 87% and the
coefficient of determination RZ was 0.9. A discrepancy between 20% and
30% from the ideal 100% closure is commonly observed in surface en-
ergy budget measurements (Wilson et al., 2002). Allen et al. (2011)
considered that measurements with + 15% energy budget closure error
are reliable.

In this paper, the studied period was restricted from April to
November 2010, which was the period from the bud break to the har-
vesting of the vineyard. The measured fluxes were corrected by forcing
the energy closure using the Bowen ratio. Half-hour data quality was
evaluated by the energy balance closure (Cg) by rationing available
energy to the turbulent flux components (Wilson et al., 2002). Prueger
et al. (2005) suggested that Cr was assessed for R, greater than
100 W m™2. The half-hour energy budget closure was considered satis-
factory when Cg > 0.85 (Prueger et al., 2005; Wilson et al., 2002). For
lesser Cg the energy budget closure was forced by attributing R,-G to H
and AET with the preservation of the Bowen ratio (p), defined as H/AET
(Prueger et al., 2005) as follows:

~ R, -0)
AET, = N(ETOR @
_(Ri—G)
H. = ) (5)

where AET, and H, are the corrected values of the latent and sensible
heat fluxes, respectively.

Half-hourly AET. were summed to obtain daily latent heat flux
densities (MJ m2 d'!), and converted to daily actual evapotranspiration
values (ET¢ ¢t g, MM dh.

The ET. 5t gc values were used as a reference for evaluating the
performance of the integrated ET. . construction model. The model
results were considered acceptable if the differences between simulated
and observed actual crop evapotranspiration values were in range of
commonly observed eddy covariance SEB closure errors, & 20 as re-
ported by Wilson et al. (2002). Model results with errors less than + 15%
were considered good estimations in reference to reliable eddy covari-
ance SEB measurements (Allen et al., 2011).

3.3. Soil moisture monitoring

Marras et al. (2016) reported soil volumetric water content (6)
measured by TDR (Campbell Scientific Inc. CS615 Water Content
Reflectometer) probes at 0.20, 0.40 and 0.60 m of soil depth, placed at
three locations within the vineyard both in the vine root zone, between
two drippers, and in the middle of the inter-row. In this study we
considered only the probes on the vine’s rows as representative of the
soil moisture in the root zone. Fig. 2 shows averaged soil moisture
contents monitored at the three soil depths in the root zone during the
year 2010. Based on soil field capacity (FC) and wilting point values, leaf
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gas exchanges and stem water potential collected in the same vineyard
during 2009 and 2010 (Fernandes De Oliveira et al., 2013; Mameli et al.,
2012), Marras et al. (2016) selected a 0 value of 0.22 as a threshold to
indicate well-watered conditions for plants (80% of FC). Data when
0 < 0.22 only occurred starting from late August (Fig. 3).

3.4. Landsat satellite datasets and processing

Twelve Landsat 5 Thematic Mapper (TM) images, cloud-free on the
area of interest, were selected to cover the period from April to
November 2010 (Table 1). Images and metadata were downloaded from
the https://earthexplorer.usgs.gov/ web site, last accessed on the 25th
of February 2021. The visible, near-infrared, mid-infrared, and short-
wave-infrared (TM bands 1-5 and 7) are obtained at 30 m spatial res-
olution. The thermal infrared (TM 6th band) is acquired at 120 m spatial
resolution and resampled by the data providers using the cubic convo-
lution method to a 30 m pixel size. Landsat image subsets were created
and processed to obtain surface reflectance and surface radiometric
temperature for the area of interest.

The NDVI is obtained from the Landsat near-infrared (pyir) and the
red (pred) spectral reflectance data (TM bands 4 and 3) as pNir- PRed /
PNIR+ Pred (ROuse et al., 1974). NDVI at the selected acquisition days
were obtained as mean values over the studied field. For the j days the
NDVI values were estimated by linear interpolation between the Landsat
acquisition days.

3.5. The surface energy balance algorithm for land (SEBAL) model

The single source SEBAL model simulates the radiative and turbulent
fluxes within an image pixel without differentiating between the
different pixel components, that is the model schematizes
soil-vegetation as a sole resistance layer (Bastiaanssen, 2000; Bas-
tiaanssen et al., 2005, 1998a; Minacapilli et al., 2009). SEBAL is a model
with a strong physical basis and low requirement of ground-based
ancillary data (Allen et al., 2011; Bastiaanssen et al., 2008). In addi-
tion to VIS and NIR data, SEBAL model requires surface radiometric
temperature derived from thermal infrared radiation on a cloud-free
image scene. The Landsat images, accompanied by a 10 m digital
elevation model (DEM) (http://www.sardegnageoportale.it/, last
accessed on the 21st of January 2021) and half-hourly meteorological
inputs obtained from the meteorological station, were used to produce
the SEBAL data layers (i.e., land surface temperature, surface albedo,
NDVI, and surface emissivity). The SEBAL model first retrieves the
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Table 1
Selected Landsat 5 TM images.

Image  Acquisition Day of Acquisition Pass Row  Cloud
day (mm/dd/ year time (Scene Cover
yyyy) (DOY) center) (hh:mm (%)

UTC)

01 04/21/2010 111 9:51 192 33 1

02 06/08/2010 159 9:50 192 33 0

03 06/24/2010 175 9:50 192 33 6

04 07/10/2010 191 9:50 192 33 0

05 07/17/2010 198 9:56 193 33 0

06 07/26/2010 207 9:50 192 33 28

07 08/11/2010 223 9:50 192 33 0

08 09/19/2010 262 9:56 193 33 17

09 09/28/2010 271 9:50 192 33 15

10 10/14/2010 287 9:50 192 33 38

11 10/21/2010 294 9:56 193 33 0

12 11/06/2010 310 9:56 193 33 2

instantaneous net surface radiation flux R, (W m~2) from Landsat and
meteorological data as a balance of incoming and outgoing radiation
fluxes (Bastiaanssen et al., 2005, 1998a). The instantaneous value of soil
heat flux, G (W m’z), is estimated from NDVI, surface radiometric
temperature, surface albedo and, and R,,, as Bastiaanssen et al. (1998a)
proposed. SEBAL estimates the sensible heat flux H (W m’2) as function
of the temperature gradient between two reference heights, near-surface
and air that governs the transfer of heat (AT) and the aerodynamic
resistance to heat transport (Bastiaanssen et al., 2005, 1998a). SEBAL
then obtains the instantaneous latent heat flux AET (W m~2) as aresidual
of the surface energy balance:

AMET=R,—G—-H (6)

The instantaneous AET at the satellite overpass time is upscaled to
the daily actual evapotranspiration value using the evaporative fraction
(A) as an integration parameter under the so-called self-preservation
hypothesis (Shuttleworth et al., 1989; Brutsaert and Sugita, 1992;
Cammalleri et al., 2012; Chavez et al., 2008; Crago, 1996; Maltese et al.,
2013). The evaporative fraction is the ratio of AET to the available en-
ergy (Ry-G). The daily actual evapotranspiration on the image acquisi-
tion day, ET, ¢p (mm d™), is obtained as follows:

R|124

ET,e. = A
b »

)

w

where R4 (MJ m~2 d™Y) is the net daily radiation estimated by the
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Fig. 3. Daily observed soil moisture (0) at 0.2, 0.4 and 0.6 m of soil depth and precipitation (P). The dashed red line indicates the soil moisture threshold for plant

stress. The dashed arrows indicate the drip irrigation applications.
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procedure outlined in Allen et al. (1998).

The turbulent fluxes measured by the EC station change with the
wind speed and direction. ET, ., was extracted by elliptical polygons
(GIS shapefiles) that extend 100 m from the eddy covariance station and
fall into line with the measured footprint orientation (upwind direction).

3.6. Canopy water interception

The actual canopy water interception (I.) is modeled by an hourly
water balance. The canopy water interception storage is filled by pre-
cipitation and is depleted by ET. When the I. storage capacity (C) is
reached, excess precipitation is generated and provides an input for the
FAO-56 soil water evaporation model. C (mm) was determined from the
Leaf Area Index (LAI) (Dickinson et al., 1991):

C =0.2LAI ®

On the image acquisition days LAI was estimated by the Choudhury
(1987) approach:
In(1 — fc)

0.5

LAl = — 9

where f; is the fraction cover estimated on the image acquisition days
from NDVI as proposed by Gutman and Ignatov (1998).

NDVI — NDVlin

f=— T omin
NDVI,;x — NDVIi,

(10)
For the j days the f. values were estimated by linear interpolation
between each two Landsat acquisitions.

3.7. The stress index K;

The crop water stress was simulated considering the observed soil
moisture changes. The dimensionless weighed stress index (Ks) was
derived from the relative water deficit in the different soil layers of the
root zone (Jarvis, 1989). Ks was computed considering an effective root
depth of 0.6 m. The soil moisture at each centimeter of the root zone
(i = 0.01 m) was obtained by linear interpolation or extrapolation of the
measured moisture data. The change of root water uptake as a function
of the soil moisture was computed using a dimensionless plant water
stress term

1, 6; > 64
0, — 0
RO = g 7”9“;}) . 0 <0y < Owp an
0, 6; <Owp

where 64 is a moisture stress threshold, 80% of field capacity (about 60%
of available water, Marras et al., 2016, Mameli et al., 2012) and Oyp is
the soil moisture at wilting point. In agreement with on field observa-
tions, it was assumed that plant roots are exponentially distributed with
depth, such that:

rai(z) = Azoexp( - Lz—‘d)

er

(12)

where rq; is the root mass fraction at the mid-point depth the soil layers i
of thickness Az= 0.01 m, L4 is the depth above which 63% of plant root
density is located, and is taken to be 0.3 m in line with field observation.
Finally, the dimensionless weighed stress index K is calculated as:

i=k
K = er.ird.i (13)
i1

where k is the total soil layer number (k = 60).
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3.8. FAO-56 soil water evaporation model

The evaporation E for each day of the studied period, including the
acquisition days, is obtained as:

E, =K. -ET, (15)

where K. is the daily soil evaporation coefficient, which is maximum
when the topsoil is wet following a rain or irrigation and is zero when
the topsoil is dry, and no water is available for evaporation. K, is ob-
tained following the FAO-56 dual crop coefficient approach (Allen et al.,
1998):

K. =K; (Kc max ch) < few'Kc, max (16)

where K; is a dimensionless evaporation reduction coefficient, K¢ max is
the maximum value of K, following a wetting event, K, is the basal crop
coefficient, and fey is the fraction of the soil that is both exposed and
wetted. The fewKcmax term restricts the evaporation by the energy
available at the exposed soil fraction (Allen et al., 1998). The evapora-
tion reduction coefficient K; depends on the water depletion from the
topsoil and is obtained on a daily basis:

TEW - D, .
K =— "2 _ifp. > REW 1
TEW — REW = ¢~ (7a)
K, = 1if D, < REW (17b)

where D, represents the actual cumulative depth of depletion from the
soil surface layer and is computed by a soil water balance, TEW is the
total evaporable water that represents the maximum cumulative depth
of evaporation (depletion) from the soil surface layer, REW is the readily
evaporable water, which represents the maximum depth of water that
can evaporate from the topsoil layer without restriction. REW values
were reported for the soil type in the FAO-56 paper, Table 19.

The total evaporable water is estimated from soil water content at
field capacity, 6gc, and at wilting point, Oyp, for a depth Z, (m) of the
topsoil that is subject to drying by evaporation. Z, was imposed equal to
0.1 m, accordingly with the values reported in the FAO-56 guidelines. It
is assumed that the soil can dry to a water content level that is halfway
between oven dry and wilting point (Allen et al., 1998).

TEW = 1000(8c — 0.50wp)Ze (18)

The exposed and wetted soil fraction (fey) is obtained from the
fractional vegetation cover (f.) and the average fraction of soil surface
wetted by irrigation or precipitation (f,,) as proposed in the FAO-56
approach (Allen et al., 1998).

o = minfil(1 — fo,  [(1—2/3)Jf ) 19)
4. Results and discussion
4.1. Performance of the SEBAL model

The SEBAL model performance was evaluated at the image acquisi-
tion days in comparison with the on-field EC observations. This type of
analysis is significant as the SEBAL performance influences the whole
ETc actj construction process. There was a good agreement between
modeled ET, ¢, and observed ET¢ st ¢ (Fig. 4). The comparison yielded
a coefficient of determination (R?) of 0.96, and a mean absolute error
(MAE) and root mean square error (RMSE) of 0.39 mm d?! and 0.48 mm
d!, respectively. Furthermore, a non-parametric Mann-Whitney test
suggested no significant difference between the observed EC data and
SEBAL estimations and that the null hypothesis can be accepted at sig-
nificance level (a) of 0.05. Galleguillos et al. (2011) found a RMSE of
0.48 mm d! comparing the performance of the S-SEBI model estimates
of daily evapotranspiration to EC observations over a Mediterranean
vineyard and applied on 11 ASTER images. In another drip-irrigated
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Fig. 4. Comparison of daily observed (ET. act rc) and SEBAL modeled actual
evapotranspiration (ET, e»,) on the Landsat image acquisition days (Table 1).

vineyard the METRIC model applied on 13 Landsat images over-
estimated the EC observed data with an average error of 9%, an RMSE of
0.62mm dland a MAE of 0.50 mm d! (Carrasco-Benavides et al.,
2012). Knipper et al. (2019) applied the ALEXI/DisALEXI surface energy
balance model with a large dataset of Landsat images over a vineyard
and obtained an average estimation error of 15%, and a MAE and RMSE
of 0.58 mm d! and 0.76 mm d, respectively. The overall average
SEBAL estimation error was 11.8%, the performance of the model on
single days was within the error bounds of the state-of-the-art ET in-
struments ( + 20%) except for ET, ¢, estimates on the 21st of April and
10th of July that overestimated the observed ET¢ act gc by 29% and 21%.
These two acquisitions days fall in a period where the measured data
SEB closure errors were exacerbated as observed by Marras et al. (2016),
and therefore, the tendency to misestimate ET. 5 gc can be partly
attributed to issues with the flux measurements closure and not the
SEBAL model alone.

4.2. Performance of the integrated daily ET, o construction procedure

Fig. 5 compares the daily ET. 5 derived from the integrated con-
struction procedure to the measured daily actual evapotranspiration
(ET¢ act gc) from the 21st of April (DOY 111) to the 6th of November
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Fig. 5. Comparison of daily observed (ET. 5 rc) and daily constructed crop

actual evapotranspiration (ET. ;) on the studied period (21st of April to 6th of
November 2010).
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2010 (DOY 310). On average the modeled ET. ot slightly under-
estimated the observed data. A non-parametric Mann-Whitney test
suggested no significant difference between ET. oc¢ and ET. 5 gc at
significance level (a) of 0.05. The average error of the ET, 5t estimations
for the whole studied period was 18%. The comparison statistics (R
=0.71, MAE=0.54 mm d~!, RMSE=0.73 mm d~!) could be judged
satisfactory considering that, in addition to SEBAL estimation errors and
systematic eddy covariance energy balance closure uncertainties, the
ET act,j construction approach superimposes different kinds of simpli-
fications. An example is the assumption of linearity between the crop
water uptake, vegetation indices and crop water stress coefficients (Eq.
2). Such assumptions become less important as the time between
acquisition days reduces, as for short time intervals also non-linear
processes could be linearized with a sufficient degree of precision.
Hence, the application of Eq. (2) potentially benefits from the relatively
high availability of clear-sky image acquisitions, which could be pro-
vided by the upcoming capability of RS systems in capturing rapid
changes even in the TIR domain (see Section 4.3 for further discussion).
Moreover, several studies carried out in different areas supported a
linear crop coefficient-VI relationships, (Beeri et al., 2019; Campos et al.,
2010; Consoli and Vanella, 2014; Consoli and Barbagallo, 2012;
O’Connell et al., 2011). In opposition, Er-Raki et al. (2013) used for a
vineyard an exponential equation for fitting the experimental crop
coefficient-VI relationship. However, also their relationship can be
approximated by a linear regression without losing the goodness of fit.
Furthermore, the direct proportionality of crop water uptake and water
stress coefficients is at the basis of the Kg stress coefficient estimation in
the FAO 56 approach for modelling actual crop evapotranspiration
(Allen et al., 1998). The linearity between the crop water uptake, VIs
and crop water stress coefficients was embedded in several modelling
approaches and was sufficient for assessing actual ET, for irrigation
requirements in several crops, including vineyards and orchards (Cam-
pos et al., 2010; Consoli and Vanella, 2014; Consoli and Barbagallo,
2012; Pocas et al., 2015; Rallo and Provenzano, 2013). In this applica-
tion due to data limitation the daily vegetation indices time series was
obtained by linear interpolation between two Landsat acquisitions. This
could misrepresent the real vegetative biomass dynamic, thus the tem-
poral change of the transpiration mass and the fractional cover, mainly
when the time gap between two cloud-free acquisitions is long. How-
ever, the good performance of the ET. ; construction approach
particularly in the period of low vegetation cover after the bud break
where the evaporative component prevailed suggests that the Landsat
derived and interpolated vegetation indices were able to simulate the
transpiration mass, canopy water interception and evaporative surface.
Furthermore, the current presence of diverse spaceborne systems with a
higher spatial resolution and lower revisit time can better represent the
vegetation dynamics even if the vegetation dynamics between two ac-
quisitions is still retrieved by linear interpolation. Platforms such as the
Sentinels 2 can capture the 5 days vegetation changes in cloud free
conditions at a relatively high spatial resolution (10 m).

An additional analysis was performed to separate the effect of SEBAL
ET, ¢p estimation errors on the performance of the ET. ,j construction
procedure. The model was executed by substituting the ET, ¢, by the
observed ET, 4t gc data in the selected Landsat acquisition days. In this
way, errors in the constructed ET. 4j can be attributed to the model
structure, keeping in mind observed SEB closure uncertainties. Using the
observed EC data instead of ET, ¢p, yielded a performance (R? =0.72,
MAE=0.56 mm d~!, RMSE=0.78 mm d~') in average comparable to
that reported in Fig. 5. This analysis may indicate that both SEBAL
model estimation errors and SEB closure errors in the considered
acquisition days had a similar weight on the performance of the inte-
grated construction procedure.

In addition to the statistical performance metrics documented in
Fig. 5, and in aims to further analyze the performance of the integrated
ET_ ac; construction model, the temporal dynamics of ET¢ act,j and ET¢ act
gc are plotted in Fig. 6a. The proposed procedure reproduced efficiently
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Fig. 6. (a) Daily time series of observed (ET. 4t ec) and constructed actual evapotranspiration (ET. acj), with the indication of the SEBAL estimated ETj, ¢ (b) daily
dynamics of modeled soil evaporation (Es;), canopy water Interception (I ;) and plant transpiration (T ), and observed precipitation (P).

the general ET. 4 gc trend. The modeled and observed actual ET show
similar patterns of monthly and daily variability. The integrated
approach allowed adequately simulating actual ET under contrasting
dry and wet conditions. Once again, the best performance was obtained
from late July to November, where Marras et al. (2016) observed the
better energy balance closure for the EC data. The worst performance
was noticed in the early summer (from DOY 175-198) due to the SEBAL
underestimation of the observed ET. ,¢t gc on DOY 191. However, the
average error (less than 20%) was still in the range of accuracy of typical
eddy covariance installations (15-30%) (Allen et al., 2011). The per-
formance was also satisfactory from April to June (from DOY 111-175,
Fig. 6a). As expected in the early spring period due to the low crop cover,
the model demonstrated the significant weight of soil water evaporation
in the evapotranspiration process. Still, successively the transpiration
component prevailed due to the crop cover establishment (Fig. 6b). In
addition to the increase of the atmospheric water demand in the period
April-July, from about 3-6 mm d!, the main driver of the increased
transpiration fluxes was the vineyard biomass accumulation. In this
period Landsat-derived NDVI augmented from 0.18 to 0.51 and the f.
from 0.09 to 0.5 in agreement with the trend of on-field observed LAI
that increased from 0.3 to 2.5 (Marras et al., 2016). This highlighted the
importance of considering vegetation changes in modelling ET. act,
especially in crops like vines subjected to major changes during the
growth cycle. In the irrigation period the model simulated significant
transpiration values supported by adequate soil water availability and
small evaporation peaks resulting from local irrigation interventions.
The low soil water evaporation was a result of the small wetted soil
surface in drip irrigation and the lower energy available at the soil
surface due to the higher fractional cover. Successively the transpiration
component declined, due to the decrease of atmospheric demand and a
slight soil water deficit (0 < 0.22, Fig. 2) which was simulated as a
moderate plant stress in the ET, ,¢¢ construction approach. As seen in
Fig. 6b, the evaporation model showed notable sensitivity to superficial
soil moisture changes due to precipitation and irrigation. The distin-
guished performance of the integrated ET. 5. construction approach
during the rainy spring period, when evaporative fluxes are significant
and vegetation coverage is low, supported the importance of integrating
a soil water evaporation model in the construction procedure.

In construction approaches, ET. e is usually estimated as the
product of a scaling factor that must be easy to measure or to estimate
every day and to which ET. , is largely proportional or positively
correlated. To show the added value of the proposed integrated ET, 4t
construction approach to the forward construction using the referenced
ET fraction (ET,r) method that considers only meteorological variations,
we compare in Fig. 7 and Table 2 the observed monthly cumulated ET.
act Ec values with the simulated ET. .¢j and those obtained by the
referenced ET fraction (ET. st rr). The proposed method yielded good
monthly cumulated ET ot estimations with errors less than + 15% in all
considered months. It over-performed the referenced ET fraction (ET,f)
method, particularly in May and June where biomass changes and soil
water evaporation have a significant weight in governing the ET process,
knowing that no soil moisture deficit occurred in this period. Instead,
from July to October the monthly performance of the simulated ET¢
and ET. 4 ¢ Were similar since the crop actual evapotranspiration
changes were more governed by the variations of the atmospheric ET
demand. This factor is accounted for in the ET;z method, knowing that
the vines were not subjected to substantial water stress in this period.
Overall, the model showed a better performance in simulating daily ET,
act values as indicated by the lower MAE and RMSE (Table 2).
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Fig. 7. Monthly cumulated values observed actual evapotraspiration (ET. ac¢
Ec) compared to crop actual evapotranspiration constructed by the integrated
procedure (ET, ,¢,) and the referenced ET fraction method (ET act rr)-
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Table 2
Monthly and all studied period performance of the proposed integrated ET. ,¢; construction approach and the referenced ET fraction method (ET. act rr)-
MAY JUNE JULY AUGUST SEPTEMBER OCTOBER All period

MAE ET, a¢¢ (mm d!) 0.71 0.67 0.66 0.54 0.29 0.26 0.54
RMSE ET, o (mm d) 0.97 0.89 0.76 0.67 0.37 0.38 0.73
% Difference 8.44 4.27 -11.59 -8.7 6.17 10.81 1.1
MAE ET, ae¢ ¢ (mm d1) 1.45 1.19 0.62 0.81 0.34 0.23 0.78
RMSE ET, ac ¢ (mm d™) 1.67 1.53 0.76 0.97 0.43 0.31 1.08
% Difference -50.21 -24.05 -5.47 -11.3 -9.24 -0.04 -18

4.3. The sensitivity of the integrated daily ET. 4 construction procedure
to TIR image availability

The proposed ET act,j construction approach benefits from the rela-
tively high availability of clear-sky image acquisitions. Nevertheless,
frequent cloudy sky conditions may hinder an adequate satellite image
collection. As an example, in our application the ET, ¢}, estimated by
SEBAL on the 21 April 2010 was propagated forwardly for a month and a
half due to the absence of clear-sky Landsat images till the date of 8 June
2010. In this section we evaluate how the ET¢ ,j construction model
performs to the temporal availability of SEBAL-retrieved ET, cp. To do
this, we hypothesized the worst case, that only one clear-sky image is
available to be processed by SEBAL for the entire study period. The real
limitation to be assessed is the presence of cloud-free TIR data required
by the SEB models, although the upcoming capability of RS systems to
capture rapid changes in the TIR domain is promising. An example is the
already operating ECOSTRESS sensor that will provide a foundation for
the proposed Hyperspectral Infrared Imager (HyspIRI) mission, with a
five-day revisit (Lee et al., 2015; Guillevic et al., 2019), the Copernicus
Land Surface Temperature Monitoring (LSTM) that will have a spatial
resolution of 30-50 m and a temporal resolution lower than three days
(Koetz et al., 2018), and the French Space Agency (CNES) and the Indian
Space Research Organization (ISRO) TRISHNA satellite mission that will
combine high TIR spatial resolution (50 m) and high revisit capacities of
two to three days (Lagouarde et al., 2018). Moreover, in addition to
Landsat 8, the recent launch (September 2021) of Landsat 9 with the
TIRS-2 and OLI-2 instruments aboard will increase the temporal
coverage of both VSWIR and TIR data.

In this sensitivity analysis the NDVI dynamics is still represented by
the values interpolated between Landsat image acquisitions. The ET, ¢p
obtained by SEBAL in the acquisition days reported in Table 1 are used
within the proposed ET_ 4, construction model one at a time to obtain
the complete time series of daily ETk actj. The ET, ep acquired on 21 April
was used to forward construct ET, ,c;j till the 6th of November. The ET,
b values in other dates were used for both the forward and backward
construction of ET¢ j between the 21st of April and the 6th of

Table 3

Cumulated actual evapotranspiration values and performance obtained by using
one at a time the ET, ¢, value for the construction of ET, ,.¢ from 21-April to 6
November 2010. *With respect to the observed cumulated ET. o gc (667 mm) of
the studied period.

Acquisition day (A. Cumulated ET, ¢ % R? MAE RMSE
D.) difference* (mm) (mm)
All data 1.1% 0.71  0.54 0.73
21-Apr 17% 0.78 0.73 0.90
8-June 1.8% 0.73 0.51 0.70
24-June -11% 0.66  0.69 0.86
10-July -8.7% 0.68 0.63 0.81
17-July -1,8% 0.71  0.53 0.72
26-July 4.4% 0.74 0.51 0.71
11-Aug 2.2% 0.73  0.51 0.70
19-Sept -15% 0.63 0.78 0.96
28-Sept -2.4% 0.73 0.51 0.70
14-Oct -2.7% 0.71  0.54 0.73
21-Oct -3.6% 0.70  0.55 0.74

6-Nov -25% 0.55 1.04 1.23

November. These applications allowed to obtain modeled ET. acj time
series homogeneous in length. Table 3 and Fig. 8 reports the results of
the applied sensitivity analysis. The predicted pattern of the daily and
cumulated ET, ,¢,j values were evaluated compared to the observed ET,
act Ec data. On average, the construction procedure reproduced effi-
ciently the observed daily and cumulated ET. 4 gc data. The absolute
error in the modeled cumulated ET. ,¢t did not exceed the 17% of final
observed value, except for the backward ET. 4t construction using the
ET, b of 6-Nov. The best performance was obtained when the summer
values of ET; ¢, were used for ET. actj construction. The worst perfor-
mance was obtained for 21-Apr and 6-Nov where there was a low
evapotranspiration. This suggested that low values of ET, ¢, such as
those obtained in wet spring and autumn should be used with caution for
the ET. 5 series construction over long period (months). Overall, the
sensitivity analysis results suggest that the integrated proposed
approach could simulate ET. 5. even in scarce data conditions. This
integrated modelling approach can sustain and/or reduce the need for
low revisit intervals of high spatial resolution satellite based TIR,
knowing that an adequate VSWIR and TIR satellite image collections for
ET. act estimation can still be hindered by frequent cloudy sky condi-
tions. Although, low revisit time systems may provide a significant
improvement in temporal sampling to monitor ET. ,¢, an integrated
modelling approach is still required to properly simulate the rapid dy-
namics of soil-plant-atmosphere continuum that can be missed even
with revisit time of few days in cloud free conditions particularly in
intensive irrigated agriculture. Indeed, Delogu et al. (2021) considered
that the future tendency to produce robust ET, 4. estimates at plot scale
will probably rely not only on remote sensing data acquired at different
wavelengths and/or resolutions, but also on their combination with
local water balance models constrained at regular intervals by ET, ep
estimates from the TIR domain.

5. Conclusions

The paper presented a simple but effective procedure to construct
continuous time series of actual evapotranspiration starting from
infrequent estimations of ET, ., obtained by a SEB model applied on
Landsat satellite data. The proposed approach integrated two widely
used models, the SEBAL for the retrieval of ET, o, on image acquisition
days and the FAO-56 model to estimate daily soil water evaporation. The
daily ET, oc¢ construction approach propagates over time the actual crop
transpiration obtained on the satellite image acquisition days by using
remotely sensed NDVI and on-field measurements of potential evapo-
transpiration and soil moisture. The integrated daily ET. .t construction
procedure reproduced efficiently the observed daily values of ET¢ a¢t Ec
during the complete vegetative annual cycle of a vineyard with partial
soil coverage. The temporal analysis of the modeled daily ET data-
stream emphasized the importance of integrating the vegetative
biomass dynamics and a soil water evaporation model in the daily ET. 5¢t
construction approach. Considering the vegetation dynamics through
NDVI increase in late spring allowed to account for the rise in the
grapevine’s transpiration due to the development of the plant green
biomass. Furthermore, the evaporation model was fundamental for
reproducing the evaporation peaks after significant rain events, partic-
ularly in the early spring period with low soil coverage. Nevertheless,
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Fig. 8. Cumulated values of observed actual evapotraspiration (ET, act rc, red line), of ET. o simulated using the complete ET, ,, dataset (green line), and the ones

simulated using a single acquisition day ET, ¢, (grey lines).

further testing of the evaporation model should be performed. A cu-
mulative monthly comparison with the referenced ET fraction (ETg)
method showed the lead of the proposed approach particularly when
biomass changes and soil water evaporation have a significant weight in
governing the ET process. The inclusion of a stress coefficient is required
for considering the variation of plant transpiration due to soil moisture
changes between acquisition days. Soil moisture data indicated that the
studied vineyard suffered of mild water limitation for a short period in
late summer, which didn’t permit a profound analysis of the effect of
plant water stress on transpiration. More investigation with diverse
dataset is needed to evaluate the effectiveness of the plant stress
correction term in constructing of the transpiration time series.

The proposed construction approach is well suited for the near real-
time modelling of daily ET. 5, which is of great importance in water
management and irrigation scheduling. Although in this application the
used Landsat NDVI data permits only a historical analysis, nowadays
several available free or low-cost satellite platforms can provide NDVI
scenes with a range of few days (e.g., Sentinels 2) supporting the near
real-time monitoring of vegetation dynamics. Moreover, this approach
can benefit from low revisit time and high spatial resolution systems (e.
g., ECOSTRESS) that may provide a significant improvement in tem-
poral sampling to monitor ET, 5t on plot scale. Nevertheless, results also
shown that integrating a local water balance modelling approach that
accounts to soil properties and simulate the dynamics in the soil-
vegetation-atmosphere transfer system can significantly reduce the
need of temporal TIR data.

Here, soil moisture was directly observed in the field. For applica-
tions over a larger scale, this approach can be supported by the current
availability of low-cost soil probes. Differently, spatialized pixel surface
soil moisture dynamics over large areas can be derived by physically-
based models using optical, microwave, synthetic aperture radar, or
TIR remote sensing data, even though the application of these methods
both on field scale and on daily bases is still a matter of research.
Alternatively, soil moisture dynamics in the root zone can be estimated
by hydrological modeling approaches, for example by using the tran-
sient flow Richards equation. The current and future development of
diverse spaceborne remote sensing platforms able of acquiring data at
different wavelengths and/or resolutions will definitely improve ET, a¢t
estimates at plot scale. However, a robust ET, 5. estimation will also rely
on their combination with local water balance models. The application
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of data assimilation, fusion techniques and integrating the proposed ET.
act construction procedure with the soil water balance modeling is an
objective we intend to realize in the near future.
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