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Abstract

The agricultural sector, the largest and least efficient water user, is facing important challenges in sustaining food production
and careful water use. The objective of this study is to improve farm and irrigation district water use efficiency by developing
an operational procedure for smart irrigation and optimizing the exact water use and relative water productivity. The SIM
(smart irrigation monitoring and forecasting) optimization irrigation strategy, based on soil moisture (SM) and crop stress
thresholds, was implemented in the Chiese (North Italy) and Capitanata (South Italy) Irrigation Consortia. The system is
based on the energy—water balance model FEST-EWB (Flashflood Event-based Spatially distributed rainfall runoff Trans-
formation Energy—Water Balance model), which was pixelwise calibrated with remotely sensed land surface temperature
(LST), with mean areal absolute errors of approximately 3 °C, and then validated against local measured SM and latent
heat flux (LE) with RMSE values of approximately 0.07 and 40 Wm™2, respectively. The effect of the optimization strategy
was evaluated on the reductions in irrigation volume and on the different timing, from approximately 500 mm over the crop
season in the Capitanata area to approximately 1000 mm in the Chiese district, as well as on cumulated drainage and ET
fluxes. The irrigation water use efficiency IWUE) indicator appears to be higher when applying the SIM strategy than when
applying the traditional irrigation strategy: greater than 35% for the tomato fields in southern Italy and 80% for maize fields

in northern Italy.

Introduction

Agriculture is the largest consumer of water worldwide,
accounting for 24% of total freshwater uses in Europe, with
peaks of 80% in the southern regions (Zucaro 2014; FAO
2018), while irrigation is one of the sectors where there is
one of the largest differences between modern technologies
and largely diffused ancient traditional practices (Singh and
Singh 2017). Climate change and increasing human pres-
sure (Ingram 2011) together with traditional wasteful irri-
gation practices are enhancing the conflictual problems in
water use, also in countries traditionally rich in water (Wada
et al. 2011). The improvement of irrigation efficiency is a
fundamental step for achieving sustainable food and water,
security and safety (Alexandratos et al. 2012).

Although this issue is becoming more common every
year, for a long time, several techniques have been developed
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in the research community to improve irrigation manage-
ment, mainly based on the use of agro-hydrological model-
ling coupled with ground information and always with more
satellite data (Calera Belmonte et al. 2017; Bastiaanssen
et al. 2000; Prueger et al. 2018; Knipper et al. 2019; Cor-
bari et al. 2019a) for either monitoring vegetation status or
providing the land surface temperature (LST) for controlling
evapotranspiration. Recently, these models have often been
coupled with new low-cost ground sensor networks (Nav-
arro-Hellin et al. 2015), and they have been further improved
by their combined use with meteorological forecasts to pre-
dict irrigation water needs (Cao et al. 2019; Lorite et al.
2015; Cabelguenne et al. 1997; Pelosi et al.2016; Ceppi et al.
2014).

These models are then used to drive improved irrigation
strategies, which may regulate irrigation volumes and tim-
ing by considering the potential evapotranspiration (D’ Urso
2010; Calera Belmonte et al. 2005; Toureiro et al. 2017; Xu
et al. 2019), soil moisture (SM) threshold (Allen et al. 1998;
Steduto et al. 2009) or deficit irrigation (Comas et al. 2019;
Brown et al. 2010; Geerts and Raes 2009), while also con-
sidering saline and fresh water (Acosta-Motos et al. 2017).
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Moreover, some authors, such as Farré and Faci (2009), have
also shown that no changes in crop yield may be found if less
irrigation is provided than the potential ET.

The effect of these improved irrigation strategies may
be evaluated by means of efficiency indicators, such as the
mostly diffused water use efficiency (WUE) or the irriga-
tion water use efficiency (IWUE), which consider crop pro-
duction over ET or irrigation amounts, respectively. Zwart
et al. (2010) performed a comprehensive review of WUE
and IWUE over the globe, which was then revised by Bas-
tiaanssen and Steduto (2017). Additionally, other indicators
are available based on water losses due to the percolation
flux or soil degradation (Hatfield and Dold 2019; Koech and
Langat 2018).

Hence, the main objective of this study is the optimiza-
tion of irrigation management by increasing the IWUE (e.g.,
decreasing the amount of water used while maintaining the
same crop productivity) at both the Irrigation Consortium
and field scales across Italy. Intermediate objectives can then
be defined: (1) to calibrate and validate the hydrological
model at both scales against ground and satellite informa-
tion, (2) to implement the irrigation optimization strategy
and (3) to evaluate its potential in terms of water savings.
The analyses are performed with the energy—water balance
model FEST-EWB (Flashflood Event-based Spatially dis-
tributed rainfall runoff Transformation Energy—Water Bal-
ance model), which is pixel-wise calibrated with LST remote
sensing data and validated against local measurements of
soil moisture and evapotranspiration data (Corbari et al.
2011). The FEST-EWB model has previously been demon-
strated to be able to accurately simulate ET and SM at the
local scale against eddy covariance station measurements
(Corbari et al. 2011), as well as at the irrigation consor-
tium scale in comparison to satellite land surface tempera-
ture data considering irrigation distribution (Corbari et al.
2013, 2020) and at the catchment scale against remotely
sensed LST and river discharge in the Po and Yangtze River
basins (Corbari and Mancini 2014; Corbari et al. 2019b).
The FEST-EWB model has also been used for smart irriga-
tion management combined with remote sensing data and
meteorological forecasting in an asparagus field in southern
Italy (Corbari et al. 2019a).

The optimization irrigation strategy, SIM (smart irriga-
tion monitoring and forecasting) (Mancini et al. 2021), was
developed based on soil moisture crop stress thresholds,
allowing the triggering of irrigation only when needed in
any field in the consortium area. The effects of the newly
implemented strategy are finally evaluated on the irrigation
volumes, the cuamulated drainage and the evapotranspiration
fluxes.

The methodology is applied in two case studies: the
Chiese and Capitanata Irrigation Consortia, which are
located in northern and southern Italy, respectively. These
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areas mainly differ in terms of climatic conditions, crop
types, irrigation strategies and techniques.

With respect to previous studies, the main innovative
aspects of this study are (1) the implementation of an opti-
mized irrigation management strategy not only at the local
scale but for any field in the irrigation consortium area; (2)
the importance of the regional study across different Ital-
ian irrigation consortia for improving the actual inefficient
irrigation practices; and (3) the extensive validation of the
FEST-EWB model at several eddy covariance stations to
prove its robustness after its pixelwise calibration against
satellite LST.

Materials and methods
Case studies

Two case studies, indicative of Italian agriculture, were
selected to demonstrate the potential for water-saving appli-
cations: the Capitanata (southern Italy) and Chiese (northern
Italy) Irrigation Consortia, which have different climates,
soil and crop types, water availability and source, irriga-
tion schemes and water distribution rules. These diversities
contributed to demonstrating the robustness of the analysis.
The two case studies are detailed in Fig. 1.

In particular, the Capitanata Irrigation Consortium (Www.
consorzio.fg.it), located in the Puglia Region in southern
Italy, has an area of 50,000 ha and is dedicated to intensive
agriculture with two main crop seasons: spring and summer
dedicated to wheat and tomatoes and autumn and winter
dedicated to fresh vegetables. The climate is characterized
by hot dry summers and warm wet winters. A pressurized
water network pumping water from two reservoirs distrib-
utes irrigation water on demand to the fields from April to
October with a mean seasonal amount of 600 mm over a pre-
cipitation average of approximately 150 mm. Daily irrigation
volumes over the whole Consortium are available from 2013
to 2018. Mean annual volumes range between 2 and 6 * 107
m?, depending on the year. The fields are mainly irrigated
with drip and micro-sprinklers techniques.

The Chiese Irrigation Consortium (20,000 ha) (www.
consorziodibonificachiese.it), located in the Lombardia
Region near Lake Idro in northern Italy, is a highly irrigated
area cultivated with summer crops, such as maize and forage
and winter wheat. The irrigation is supplied through a dense
channel network of 1400 km based on a priori fixed irriga-
tion turn every 7 Y2 to 8 Y2 days from April to September.
The surface irrigation technique is the most diffuse, with a
mean turn volume of approximately 100 mm. Over the crop
season, a mean rainfall value of 250 mm is present, while
the average irrigation is 1200 mm.


http://www.consorzio.fg.it
http://www.consorzio.fg.it
http://www.consorziodibonificachiese.it
http://www.consorziodibonificachiese.it
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Fig. 1 The Capitanata (a) and Chiese (b) Irrigation Consortia and
their position within Italy. The meteorological stations and the eddy
covariance sites are highlighted in both case studies, along with the

Meteorological data

For the Capitanata area, 21 meteorological stations managed
by the official Puglia Region ARPA network and by the pri-
vate association Meteonetwork (Fig. 1) provided measure-
ments of precipitation, air temperature and relative humidity,
incoming solar radiation and wind speed at an hourly time
stamp from 2013 to 2018. The same dataset is also avail-
able for the Chiese area, where 15 stations are managed by
the ARPA Lombardia, Regione Trentino and Meteonetwork
association. These data are available from 2005 to 2018.

Evapotranspiration and soil moisture data

Eddy covariance stations were installed in different fields
in both case studies (Fig. 1) to measure evapotranspiration,
sensible heat flux, net radiation and soil moisture. In par-
ticular, soil moisture measurements were performed with
TDR (Time Domain Reflectometer) soil moisture sensors
(CS616, Campbell Sci, UT, USA) at different soil depths,
which were representative of the maximum density of crop
roots: approximately 15 cm from fresh vegetables and at
35 cm for maize (Lundstrom and Stegman, 1988). A three-
dimensional sonic anemometer (Young 81,000 by Campbell
Scientific) and a gas analyser (LI-COR 7500) were installed
at the top of the stations (2.5 m in the fresh vegetables and
5.5 min the maize) to measure the CO, and H,O concentra-
tions in the atmosphere. A radiometer (CNR 1 by Kipp and
Zonen) was mounted on top of the stations to measure the
four components of net radiation. The soil ground heat flux
was measured with two thermocouples and a heat flux plate
(HFPO1 by Hukseflux) at a depth of 10 cm.

0 Eddy covariance
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.-
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Meteorological
stations

Main rivers and
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main irrigation aqueduct in the Capitanata area and the main irriga-
tion channels network in the Chiese area

PEC software (Polimi Eddy Covariance) (Corbari et al.
2012) was applied to correct the turbulent fluxes accord-
ing to the main instrumental and physical correction pro-
cedures (Foken 2008). Moreover, latent and sensible heat
fluxes usually underestimate the available energy, leading to
a non-closure of the energy balance (Masseroni et al. 2014).
Hence, these fluxes were modified according to the proce-
dure developed by Twine et al. 2000 based on the preserva-
tion of the Bowen ratio method to reach the energy budget
closure. Last, eddy covariance turbulent fluxes were meas-
ured over a source area, which was computed with the two-
dimensional footprint model of Detto et al. (2006). Hence,
FEST-EWB estimates of latent and sensible heat fluxes were
also integrated as a weighted sum over the footprint area to
be consistent with measured values (Detto et al. 2006):

_ zf(xi’yi’zm)F(xi’yi)
F= - (D
__Zlf(xivyi’ Zm)

where i is the position of a pixel in an image, F is the flux
value in each pixel, F is the average flux in the footprint area,
f1is the footprint dimension, x is the footprint in the upwind
direction and y in the orthogonal direction, and z,, is the
height of measurement.

In the Capitanata area, six seasons of eddy covariance
data are available between 2016 and 2018 covering differ-
ent crops and soil types (Table 1): Stations CA1 and CA2 in
two tomato fields during 2016 in a silty clay and sandy soil,
respectively; Station CA3 in a tomato field during 2017; in
a field where wheat (Station CA5) was sowed until 2018;
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Table 1 Case studies fields,

. . : . Crop type Short name Soil type Planting/sowing Harvesting

with soil type, planting/sowing

and harvesting dates, crop type Capitanata
Tomatoes CAl Silty clay 23 May 2016 8 September 2016
Tomatoes CA2 Sandy 12 May 2016 28 august 2016
Tomatoes CA3 Silty loam 20 April 2017 1 August 2017
Asparagus CA4 Silty clay loam 1 December 2013 15 September 2014*
Wheat CAS Silty loam 11 November 2017 9 June 2018
Cabbage CA6 Sandy 30 August 2016 2 February 2017

Chiese

Maize CHI1 Sandy loam 4 May 2016 7 September 2016
Maize CH2 15 April 2017 23 August 2017
Maize CH3 6 April 2018 1 September 2018

*The date does not refer to crop harvesting but to station dismounting

Station CA4 with pluri-annual crop asparagus from 2013
to 2014; and Station CA6 in a cabbage field during 2016
(Corbari et al. 2020). Instead, in the Chiese Consortium, data
from a single eddy covariance station are available between
April and September from 2016 (CH1), 2017 (CH2) and
2018 (CH3) (Table 1). For all analysed fields, the dates of
the irrigation events and water volumes are known.

Soil type and crop data

Soil characteristics are accessible from the regional datasets
of Regione Puglia (http://www.sit.puglia.it/portal/sit_portal)
for the Capitanata Consortium and of Regione Lombardia
(http://www.cartografia.regione.lombardia.it/rlregisdow
nload/) for the Chiese Consortium. Information on the dif-
ferent soil classes, according to the USDA triangle, allowed
us to define the soil hydraulic properties according to Rawls
and Brakensiek (1985), which were then used as input in
the FEST-EWB model. The active soil depth involved in the
water cycle computation, which was relevant for the evapo-
transpiration process, was initially set to be equal to 0.5 m
in the Capitanata Consortium, which is representative of the
root development zone of the most diffuse fresh vegetables
in the area, while a value of 1.2 m in the Chiese Consortium
was significant for maize roots.

Crop yield data at field stations are available from farm-
ers’ data for tomato fields in Capitanata Consoritum and for
maize fields in the Chiese area. In addition, a global dataset
is available for both areas from the ISTAT database (http://
dati.istat.it/).

Remote sensing data
Multiple satellite data (from MODIS, Landsat 7 and 8, and

Sentinel 2) were used either as input data in the hydrologi-
cal model (vegetation fraction (fv), leaf area index (LAI)
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and albedo) and for calibration and validation (land surface
temperature (LST)).

For the two Consortia areas, data at different spatial reso-
lutions were used, relying on the hypotheses that the mean
field dimensions in the Capitanata area are well reproduced
by a 30 m pixel dimension, which was further reinforced by
the presence of a large variety of crop types, while for the
Pianura Padana plain, (where the Chiese basin is located),
characterized by highly homogeneous maize cultivated
areas, lower-resolution data from MODIS at 250 m to 1 km
were able to detect this low variability among the vegetated
areas. Corbari et al. (2015) reported a mean difference of
1.2 °C among LST images at 250 m and at 1 km.

For the Capitanata Consortium, the data were processed
from 2013 to 2018 with Landsat 7 and Landsat 8 data
available every 16 days (63 and 67 images, respectively),
while Sentinel 2 data were processed every ten days (40
images), as described in Corbari et al. (2020). All images
were atmospherically corrected with 6S (Landsat-8 case) or
Sen2Corr (Sentinel-2 case) software to estimate the bottom
of atmosphere reflectance. The vegetation indices were com-
puted from Sentinel 2 and Landsat 7 and 8 satellite images
at 30 m spatial resolution following the procedure imple-
mented in Corbari et al. (2020): the vegetation fraction was
computed as in Gutman and Ignatov (1998), while LAI was
computed as a function of fv and the light extinction coef-
ficient (Choudhury 1987).

LST was computed from Landsat 7 and 8, as described
by Skokovic (2017) and Skokovic et al. (2017), using the
Single Channel and Split Window algorithms, respectively
(Jimenez-Munoz et al. 2014). Then, a sharpening process
was carried out to bring the resolution from 100 m (Landsat
8) and 60 m (Landsat 7) to 30 m using the Nearest Neighbor
Temperature Sharpening (NNTS). The method takes into
account similar pixel properties and their distance, both over
a sliding N X N window over an LST image, using relation-
ships of Normalised Difference Water Index (NDWI) and


http://www.sit.puglia.it/portal/sit_portal
http://www.cartografia.regione.lombardia.it/rlregisdownload/
http://www.cartografia.regione.lombardia.it/rlregisdownload/
http://dati.istat.it/
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Normalised Difference Vegetation Index (NDVI) indices
versus the LST. The reliability of the remotely sensed LST
was analysed in comparison with ground measurements
performed at the location of the eddy covariance stations,
providing a mean absolute error close to zero and an RMSE
of 3.0 K and R* value of 0.88 and an RMSE of 2.0 K and R?
value of 0.92 for ETM +and TIRS estimates, respectively
(Corbari et al. 2020).

For the Chiese study area, MODIS satellite data (http://
ladsweb.nascom.nasa.gov/index.html) were analysed from
2005 to 2016 for both vegetation indices and LST, retriev-
ing 3965 images. The leaf area index was retrieved from the
MOD15A2-leaf area index product generated over an 8-day
compositing period (Myneni et al. 2002), while the albedo
maps were retrieved from the MODIS white-sky product
over an 8-day compositing period at 5 km (Liang 2001). LST
products from the MODIS/Terra LST/E Daily L3 Global
1-km Grid product (MOD11A1) were downloaded with a
spatial resolution of 1 km and a daily temporal resolution.
A downscaling methodology was then adopted to improve
the spatial resolution to 500 m, following the disaggrega-
tion procedure for radiometric surface temperature (DisTrad)

based on a regression between NDVI (at high- and low-spa-
tial resolution) and LST (Kustas et al. 2003).

Methodology

The methodology (Fig. 2) that was implemented may be
divided into two main steps: (1) step 1 refers to the calibra-
tion and validation of the hydrological model, and (2) step
2 refers to the implementation of the irrigation strategy. In
particular, satellite data of LST and point-scale measure-
ments of soil moisture and evapotranspiration were used for
the calibration and validation of the FEST-EWB model. The
optimized SIM irrigation strategy was then executed based
on soil moisture thresholds, and finally, different efficiency
indicators were determined to quantify the impact of the
SIM strategy.

FEST-EWB model
The FEST-EWB (Flashflood Event-based Spatially distrib-

uted rainfall runoff Transformation Energy—Water Balance
model) is a distributed land surface energy—water balance
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model (Corbari et al. 2011; Mancini 1990) that computes all
the main processes of the water-land surface cycle.

FEST-EWB resolves the system of the energy and water
budgets equations in each pixel of the analysed area, search-
ing for the representative equilibrium temperature (RET) as
the land surface temperature that allows the energy balance
equation to be closed. The two energy and water balances
equations are then connected by the evapotranspiration flux.
The system is calculated as:

6SMiJ_ 1
{ o —@(Pi,f_Ru_PEt,i_ETu)
Rny;—G;;— H,;— LE;; = 0

(@)

oSM,; . . . . . .
where T" is soil moisture over time (-), P; ; is the precipita-

tion rate (mm h™"), Rl-,j is the runoff flux (mm h™"), PEI-J- is
the drainage flux (mm h'), ET;; is the evapotranspiration
rate (mm h™), dz; ; is the soil depth (m), Rn; ; (Wm™?) is the
net radiation, G;; (Wm™?) is the soil heat flux, H;; (Wm™?)
is the sensible heat flux, LE; j (Wm'z) is the latent heat flux,
and i and j are the pixel coordinates. Surface and subsurface
river discharges are not computed, as the analysed case stud-
ies agricultural areas.

The main model input data are (1) meteorological vari-
ables, such as air temperature and relative humidity, solar
radiation, wind velocity and precipitation; (2) irrigation
amount; (3) soil hydraulic parameters, such as saturated
hydraulic conductivity or saturated soil moisture; (4) veg-
etation parameters, such as leaf area index (LAI), vegetation
fraction and minimum stomatal resistance (rsmin); and (5)
digital elevation model and land use map.

The application of daily irrigation volumes (m?) is per-
formed by rescaling the volumes as mm day~! of irrigation
height, accounting only for the irrigated vegetable pixels.
These occurrences are detected by merging the informa-
tion from the area land use and satellite data of vegeta-
tion fraction, where fv>0.05 allows separating vegetated
areas from bare soil. In the Capitanata Consortium, toma-
toes and plurennial asparagus, vineyard and olive trees are
irrigated as spring and summer crops, while several fresh
vegetables are irrigated during late August and autumn. In
the Chiese area, the main irrigated crop is maize during the
spring—summer period, plus some other minor crops.

Calibration and validation The FEST-EWB model was cali-
brated pixel by pixel, looking for the minimum difference
between the simulated RET and the observed LST in each
single pixel, based on the procedure developed by Corbari
and Mancini (2014), where each single pixel is tuned indepen-
dently from the others; then, it is validated at the local scale
against soil moisture and evapotranspiration measurements.
This is feasible because RET is an internal model variable
directly linked to the latent and sensible heat fluxes as well as
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the soil moisture condition. Hence, thanks to this approach,
SM and ET are improved at the pixel scale as well as globally.

The calibration process is regulated by the pixel-by-pixel
minimization of the average model error, defined as the objec-
tive function O:

n

Odef™ - Y (RET, - LST)) 3)

—n i3

where n stands for the total number of calibration dates
selected.

The most relevant parameters involved in the calibration
process are the soil hydraulic conductivity, the soil depth, the
minimum stomatal resistance, the soil evaporation resistance,
the aerodynamic resistance and the Brooks—Corey index. This
was verified by Corbari and Mancini (2014), who performed
sensitivity analyses on all the main parameters governing the
water and energy balances in the FEST-EWB model by com-
paring simulated energy fluxes and soil moisture with ground-
measured fluxes.

A “trial and error” approach was implemented to calibrate
the soil and vegetation parameters. Therefore, parameter tun-
ing was performed by testing several combinations of param-
eter values step by step in the FEST-EWB model simulations,
changing a single parameter or a combination of them, until
the difference between RET and LST was minimized. The
FEST-EWB model was initially assigned to different param-
eter literature-suggested values, which were in turn modified
in each single pixel of a percentage that allowed the objective
function to tend to zero. The parameter values were always
kept within their physical ranges for each soil class (Rawls
and Brakensiek 1985).

Applying this distributed calibration procedure, the tra-
ditional calibration methodology based on the comparison
between modelled and observed local soil moisture or dis-
charge data was improved, allowing us to overcome the global
parameter calibration, which was usually changed using a sin-
gle correction factor for the whole analysed area. Instead, the
pixel-by-pixel approach of the calibration process allowed us
to accurately refine the spatial heterogeneity of the calibration
parameters involved for the whole consortium area.

Model robustness is quantified through the absolute mean
error (MAE) and the root mean square error (RMSE), which
are computed as follows:

ot S — M|

MAE = 4

&)
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where S ; is the ith simulated variable, M, is the ith measured
variable, n is the sample size, and M is the average observed
variable. These statistical values are computed either for
LST, ET and SM knowing that the lower the RMSE is, the
lower the error (e.g., the same occurs for the MAE).

SIM irrigation strategy

The decision criteria of the SIM irrigation strategy rely on
the comparison among the modelled soil moisture value
and two crop-specific SM thresholds: the field capacity
(FC), as the surplus threshold that corresponds to the
SM value for which the drainage flux starts, and the crop
stress threshold (Bcrit), for which the crops start to suffer
from a lack of water. This method allows defining both
the correct irrigation timing (i.e., starting irrigation when
the modelled SM becomes equal to the stress threshold)
and the irrigation water amount (i.e., stopping irriga-
tion when the modeled SM reaches the FC threshold).
A scheme of this strategy is shown in Fig. 2. This SIM
strategy reduces the drainage flux and, as a consequence,
the water volume without impacting evapotranspiration
and crop yield.

Ocrit is defined as a function of the different types of
soils and crops, considering their growth stage and cli-
mate (Allen et al. 1998) as:

ecrir = Fc_pnew * (FC_ WP) (6)

where WP is the wilting point and p,,, is a corrected value
of p, which is computed as a fraction of the total availa-
ble water (TAW) that can be depleted from the root zone.
According to Allen et al. 1998, p, .., is computed as:

Puew =P+ (0.04- (5 - ET,.J.)) @)

Typical values of p range between 0.30 for crops with
superficial roots at high values of ET (>8 mm d~') and
0.70 for crops with deep roots at low ET values (<3 mm
d=1). A value of 0.50 for p is commonly used for many
crops. p is computed as:

RAW
P Taw ®

where RAW is the readily available water, computed as the
difference between FC and the stress threshold, and TAW is
computed as the difference between FC and WP.

The underlying hypothesis of this methodology is that
the crop yield is expected to remain constant because the
soil moisture never decreases below the stress threshold
(Allen et al. 1998), a limit below which evapotranspira-
tion is limited to less than potential values.

Water efficiency indicators

To evaluate the impact of the application of the SIM irri-
gation strategy with respect to the traditional farmers, dif-
ferent water indicators were evaluated by analysing the
differences in terms of crop yield and water use as well
as the percolation flux. The four selected indicators are
calculated as follows:

jeld
Water use efficiency (ton/m3) : WUE = % ®
jeld
Irrigation water use efficiency (ton/m3) : IWUE = }%
v
(10)
P+I)-P
Percolation deficit : P,,.D = % (11)
Irrigation efficiency : IE = PE_+TI (12)

where ETv is the evapotranspiration volume (m> ha™!), yield
is the crop yield (ton ha™'), Iv is the observed or modelled
irrigation volume (m3 ha_l), P is precipitation (mm), I is
irrigation (mm), Perc is the percolation flux (mm) and ET is
evapotranspiration (mm).

Results
Model calibration and validation
Capitanata consortium

The model was extensively calibrated by Corbari et al.
(2020), and here, a summary of the results is reported.
The model was optimized so that the RMSE among satel-
lite LST and FEST-EWB RET images was minimized in
each single pixel independently from the other, allowing
us to reach a mean value of 2.7° over the entire period
(2014-2016) and area. The remotely sensed land surface
temperature data for 2017 and 2018 were then used to vali-
date the FEST-EWB model, resulting in a pixel-by-pixel
MAE of 3.5 °C. In Fig. 3, the boxplot for each satellite
image date is shown for both Landsat 7 and 8 satellites
and FEST-EWB data, highlighting the capability of the
FEST-EWB model in reproducing the observed LST with
either the calibration or the validation datasets.

The application of the pixel-by-pixel calibration pro-
cedure led to soil and vegetation parameter changes in
either their mean values or their spatial distribution with
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a sensible increase in the standard deviation values with
respect to the values before the FEST-EWB calibration
(Table 2).

SM and LE measured at the eddy covariance stations dur-
ing the crop seasons were then used to validate the modelled
FEST-EWB fluxes locally in each field. For each hourly
time series of modelled and observed fluxes, the stand-
ard deviation ratio (6pggr.pwp/Ccddy)s the normalized Root
Mean Square Difference (RMSD/6,44y) and the correlation
coefficient (p) were computed. In Fig. 4, two Taylor plots
(Taylor 2001), one for SM and one for LE, are shown to
summarize all these statistical indices, showing the capa-
bility of the FEST-EWB model to also reproduce the local-
scale measurements of evapotranspiration and soil moisture
at each site. For the plurennial asparagus crop (CA4), the
average score was quite positive for LE, with a correlation
higher than 0.7 and RMSD/o less than 0.8, and an RMSE of
33.3 W m~2. Soil moisture had a correlation higher than 0.8
and an RMSD/o less than 0.7, with an RMSE of 0.04. The
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two tomato fields during 2006, CA1 and CA2, had compa-
rable values of normalized standard deviation (~0.90) and
correlation (~0.70) for LE, with RMSEs of 43 W m~2 and
40 W m~2, respectively. For soil moisture, starting from cor-
relation coefficients, CA1 had a very high value (0.9) and a
normalized standard deviation next to 1, while CA2 had a
lower correlation coefficient (0.8) and a higher RMSD/c of
approximately 1.2. A correlation coefficient of 0.8 and a nor-
malized standard deviation higher than 0.6 were obtained for
the modelled SM for the CA3 tomato field during the 2017
season. The agreement was confirmed for LE even though a
lower correlation was found (0.6) with a normalized stand-
ard deviation near 1. Similar results were obtained for the
wheat field (CAS) with an RMSD/c6 of 0.6 on soil moisture
and a normalized standard deviation next to 1 (e.g., 1 is for
observation), while LE had a similar behaviour to CA3 with
a normalized standard deviation and RMSD/c both near 1
and a correlation coefficient of 0.6. Finally, for the cabbage
field (CA6), high RMSE values (0.1) were obtained for soil
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Table2 Mean and standard deviation (SD) values of soil hydrau-
lic and vegetation parameters over the whole Capitanata and Chiese
Consortia before and after the FEST-EWB calibration (saturated
hydraulic conductivity (ksat), minimum stomatal resistance (rsmin),
Brooks and Corey index (BC), field capacity (FC), WP wilting point
(WP))

After calibration
Mean (SD)

Before calibration
Mean (SD)

Capitanata consortium

ksat (ms™) 2.8%1078 (4.1¥107)  4.5*107 (3.3*107%)

Soil depth (m) 0.5 (0.13) 0.78 (1.3)

rsmin (sm™2) 40.8 (19) 75 (41.8)

BC 0.215 (0.03) 0.117 (0.04)

FC 0.48 (0.04) 0.36 (0.07)

WP 0.28 (0.04) 0.16 (0.05)
Chiese consortium

ksat (ms™) 2.4%107° (2.6%¥107%)  3.5%107° (7%1075)

Soil depth (m) 0.67 (1.4) 0.78 (1.6)

rsmin (sm™2) 180 (30) 139 (62)

BC 0.54 (0.24) 0.252 (0.09)

FC 0.16 (0.05) 0.27 (0.08)

WP 0.07 (0.05) 0.117 (0.08)

moisture as well as for the latent heat flux, with an RMSE of
49 W m~? and a coefficient of determination of 0.7.

Chiese consortium

The differences between LST from MODIS and RET were
computed iteratively for each date during the calibration pro-
cess. A total of 3965 LST images from MODIS were con-
sidered, 2193 of which were used for the calibration period
(2005-2011). RET estimates from FEST-EWB before cali-
bration generally highly underestimated observed satellite
values, with a mean absolute difference pixel by pixel of
5.2 °C, while after the calibration procedure, it was equal to
3.4 °C. The model was then validated for the period between
2011 and 2016, and a mean absolute difference of 2.9 °C
for the irrigation district area was obtained. In Fig. 5, the
boxplot for a random selection of available dates is shown
for both MODIS satellite and FEST-EWB data over the cali-
bration and validation periods, confirming the ability of the
model to spatially represent land surface temperature.

In Table 2, the main soil hydraulic and vegetation param-
eters before and after the calibration are listed, showing an
increase in the saturated hydraulic conductivity and in the
soil depth and a decrease in the minimum stomatal resist-
ance, with a generalized increase in the spatial standard
deviation for all parameters.

The FEST-EWB model was then validated at the local
scale by comparing the observed and simulated latent heat
flux and soil moisture at the eddy covariance station during

the 2016, 2017 and 2018 maize seasons. For each hourly
time series of modelled and observed fluxes, the normalized
standard deviation ratio (Gpgst-gwp/Ceddy)> the normalized
Root Mean Square Difference (RMSD/64q,) and the cor-
relation coefficient (p) were computed. The position in the
Taylor plots of SM and LE time series confirmed the ability
of the model to produce high-spatial resolution and continu-
ous observed data over time (Fig. 4).

In particular, for soil moisture, the coefficient of corre-
lation was approximately 0.6 for all three years, correctly
being the same field (e.g., soil type) and the same irrigation
technique, even though the normalized standard deviation
was lower than 1.5 during 2017 and 2018 (CH2 and CH3,
respectively), while during 2016 (CH1), it was almost near
2. During the 2016 and 2017 seasons, soil moisture was
reproduced with an RMSE of 0.03, while an RMSE of 0.02
was found during 2018.

A high accuracy was obtained for the modelled latent
heat flux, with a S6pgsr.pwp/Ceqqy almost equal to 1 for all
years, with a small difference in RMSD/c between 0.4 and 1.
Specifically, during the 2016 season, good reproduction was
obtained for the latent heat fluxes, with an RMSE of 25.7
Wm™2, which was confirmed during 2017 and 2018 with
RMSEs of 18 Wm~2 and 20 Wm™2, respectively.

SIM irrigation strategy

The SIM irrigation strategy was finally implemented in both
case studies at the field and consortium district levels, quan-
tifying the impact on irrigation timing and amount as well
as on percolation and evapotranspiration fluxes through the
water indicators.

Capitanata consortium

The SIM irrigation applications were performed considering
at first the analysed tomato fields, being the most water-
intensive summer crop and the most diffuse in the area.
Hence, the FEST-EWB simulation runs using the observed
irrigations were compared with the FEST-EWB simulations
performed with the SIM irrigation strategy in Fig. 6. For
the CALl field, the two SM behaviours (e.g., modelled with
observed irrigations and with the SIM ones) were sensi-
bly different, confirming the contrasting irrigation strategy
principles, particularly on high peaks and irrigation timing.
Hence, a decrease in the irrigation amount of 37.5% was
obtained from the SIM strategy application, with the meas-
ured volume equal to 516 mm and the SIM one to 322 mm
(Table 3). The irrigation events were also reduced from 27
to 15. The lowering of the SM peaks allowed a percolation
flux reduction of approximately 50%, while ET remained
almost the same, as expected, and was always lower than
the potential evapotranspiration (ETO) (Allen et al. 1998).
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Fig.4 Taylor plots for FEST-EWB model validation on soil moisture (SM) and latent heat flux (LE) at the different eddy covariance stations for

the Capitanata (a) and Chiese (b) Consortia

In field CA2, the irrigation volume decreased from 646 to
590 mm, with a savings of 8.7% when the SIM strategy was
implemented. This decrease also led to a small decrease in
the drainage flux of approximately 50 mm, while the ET flux
remained almost constant (Table 3). However, an increase in
the number of irrigation events was observed when the SIM
strategy was applied, from 43 to 90.

For field CA3, the irrigation volume was reduced by
approximately 600 mm from the observed to the SIM strat-
egy with a sensible decrease in the number of irrigation
events (Table 3). As expected, the lowering of the SM peaks
(Fig. 6) allowed the percolation flux reduction with the same
quantity of irrigation volume to decrease, while evapotran-
spiration remained almost the same.

From a comparison of the overall results from the three
fields, in the CA2 field, the irrigation volume decreased less
than for the CA1 and CA3 fields when the SIM strategy
was applied. Differences may have been due to the different
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field soil types (Table 1): CA1 was characterized by silty
clay soil, which had a reduced infiltration capacity com-
pared with the CA2 sandy soil. In contrast, the decrease in
irrigation events was higher for CA2 (27) than for CA1 (15),
which was also relevant in irrigation management due to the
implications that it might have for economic savings related
to reduction in electricity or human labour costs.
Analysing each single tomato field in the whole Capi-
tanata Consortium (Fig. 7), the measured irrigation vol-
umes and the modelled FEST-EWB fluxes (run using the
observed irrigations) were compared with the results of the
modelled data from the hydrological model FEST-EWB
applying the SIM strategy. The analyses were performed
from the 2014 to 2018 seasons for each pixel of the irrigation
consortium. The irrigation volume estimates were spatially
integrated to be comparable with the observed aqueduct
data. In Fig. 7, the water balance fluxes from FEST-EWB
using either the observed irrigation or the SIM strategy are



Irrigation Science (2023) 41:121-139

131

Fig.5 Box plot for some dates
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shown: precipitation, irrigation, evapotranspiration, and
drainage. These results at the basin scale confirm those
obtained at the field scale, with substantially similar values
of evapotranspiration between the two simulation configura-
tions and a considerable decrease in the drainage flux from
the observed irrigation simulation to the SIM simulation
(approximately 300 mm). The observed and SIM water
demands also highlight a sensible difference, with the mean
daily value over the season equal to 3.5 mm day~' and to
1.4 mm day ™", respectively. Hence, the SIM irrigation strat-
egy saves approximately 500 mm of irrigation water in total
in one season.

Chiese consortium

Similar to the Capitanata area, the SIM strategy was then
applied to the maize fields in the Chiese Consortium. Fig-
ure 8 shows the impacts of the SIM irrigation strategy
on soil moisture behaviour with respect to the moisture

Satellite images dates

interval between the FC and plant stress thresholds for
the pixels of the maize control fields. In field CH1, more
than 1000 mm of irrigation water volume would have been
saved with the application of SIM, corresponding also to
a decrease of 700 mm of the percolation flux and the rela-
tive runoff flux, while ET was slightly decreased, mov-
ing further less than the ETO (Table 3). A different SM
dynamic was obtained for the SIM strategy with respect
to the observed traditional irrigation (Fig. 8), particularly
its peaks, which never surpassed the field capacity thresh-
old. The CH2 field behaved in a similar way to CH1, with
a large amount of water saved when applying the SIM
strategy with respect to the traditional one: more than
1000 mm with a decrease of 8 irrigation events. This was
also reflected in a sensible reduction of the drainage flux
by 800 mm (Table 3).

The application of the SIM strategy to the CH3 field pro-
duced similar results, with a decrease of more than 1000 mm
in the irrigation water amount and number of irrigation
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Fig.6 Soil moisture dynamic
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Table 3 Seasonal water fluxes from the application of the traditional and SIM irrigation strategies at field scale for both case studies
Station Rainfall (mm) ETO (mm) Observed I (mm) Observed Observed SIM I (mm) SIM ET (mm) SIM
ET (mm) drainage (mm) drainage
(mm)
Capitanata
CAl 228 725 516 450 180 322 441 80
CA2 228 718 646 280 590 590 280 235
CA3 28 420 950 260 720 321 265 110
Chiese
CH1 214 495 1427 490 843 264 265 135
CH2 224 730 1475 580 946 490 574 143
CH3 516 570 1749 556 1210 197 550

events (Table 3). The drainage flux also behaved in the same

way, denoting a consistent reduction.

It is worth noting that the same irrigation amount was sup-
plied to the maize field in the different seasons, even though
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sensibly different precipitation amounts were observed

(from 200 to 600 mm). Instead, the SIM strategy would have

allowed improving the irrigation volume while also consider-
ing precipitation, weighting the two in the water cycle.
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In Fig. 7, the water balance fluxes from FEST-EWB
computed either for observed and SIM irrigations
are shown for all maize fields in the Chiese Consor-
tium. The results at the basin scale confirm the results
obtained at the field scale with a small decrease in
evapotranspiration computed with SIM irrigation with
respect to the one obtained with the observed irrigation
and with a halving of irrigation volume over the ana-
lysed crop seasons, leading to a considerable decrease
in the drainage flux and runoff from the observed irri-
gation simulation to the SIM simulation (approximately
1000 mm).

Water indicators

The water efficiency indicators were finally computed at the
field and consortium levels for both case studies.

Capitanata consortium

In Fig. 9, the water efficiency indicators are shown for
the three tomato fields (CA1, CA2 and CA3), showing
higher IWUE values, percolation deficit and irrigation
efficiency when the SIM strategy was applied than when
the observed irrigation was performed. The WUE indica-
tor was instead almost constant when the two irrigation
methods were compared because crop yield and evapo-
transpiration remained almost unchanged. These results
show that an improvement in irrigation management is
still feasible in the Capitanata area, where great attention
to the smart use of water is already taking place due to
scarce water availability. It is interesting to note the differ-
ence between the two farms, with the different soil types
showing a lower efficiency for CA2 (sandy soil) than for
CAL1 (silty clay soil). This is also reflected in the difference

@ Springer



134

Irrigation Science (2023) 41:121-139

(a)

[mm]
0 500 1000 1500 2000 2500
2014
ST ) B
2015
" SIN ey =
L 2016 N NIIINIITIININNSRNNN LAALLLLLR AL R
g SIM I [
2017
SN e ————— o]
2018 AR LA ALY
SIM I |
M Rainfall M SIM irrigation SIMET M SIM drainage M irrigation ET K Drainage
(b) [mm]
0 1000 2000 3000 A000 5000 6000 7000
2005 IS LCTIITUTO NN OO Uy
. 1
2006
SIM 1
2007
SIM I 1
2008 EESSSSISSREY
SIM 1
2009
SIS |
2010 S LSS SN N SN NOR)
w
= SIN N e
a 2011 ERSSSRRESY
TSIV —— ]
2012 ST LSS LS LL UL RSN ASSSSRSRRSY
SIM ]
2013 U S LSS SRS AAAAAAALL LAY,
SIN N T— [ ]
2014 LSS LS LN UR R LTy AL LA LA LA LY
SIM N [ ]
2015
SINVI |
2016 ES
SIM |
M Rainfall M SIM irrigation SIMET M SIM drainage M irrigation ET K Drainage

Fig.8 Soil moisture dynamic and irrigation events using observed irrigations and SIM strategy for 2016, 2017 and 2018 Chiese maize fields

(CHI1, CH2, CH3). Rainfall, stress threshold and FC are also shown

between the IWUE computed with the observed irrigation
and the IWUE computed with the SIM irrigation, which
was equal to 14 kg m~> for CA1, while for the other two
fields, it was equal to 2 kg m~.

In general, the percolation deficit tended to 1 when apply-
ing the SIM strategy and was generally always higher than
when the observed irrigation was applied. This was reached
in most situations, except in CA3, which, as previously
noted, was characterized by a highly permeable soil lead-
ing to minimum water loss even when applying the SIM
strategy. This was also reflected in the irrigation efficiency
indicator, which in CA3, slightly increased when using the
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SIM irrigation strategy, while for CA1, the indicator reached
almost the value of one.

The same indicators were then computed for the
whole consortium area (Fig. 9), showing consistent val-
ues over the years as those obtained at the field scale.
Hence, the WUE indicator was almost stable due to
the almost constant evapotranspiration obtained from
the simulation with observed or SIM irrigation, while
IWUE was higher when the SIM strategy was applied,
confirming the water volume savings, and the irrigation
efficiency and the percolation deficit indices improved
from approximately 0.5 to 0.8.
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Chiese consortium

The water indicators were computed for the maize field over
the three crop seasons in 2016, 2017 and 2018. The IWUE
and percolation deficit indices were found to have higher val-
ues when the SIM strategy was applied than when traditional
management was followed, with average improvements of
3.5 kg m~ and 0.2, respectively. The irrigation index also
showed a great improvement when the SIM methodology
was implemented (approximately 0.7).

Similar results were obtained for the whole consortium
area (Fig. 10). The WUE indicator was slightly greater when
applying SIM irrigation, with evapotranspiration being
slightly higher, while IWUE was higher, from approxi-
mately 0.5 kg m™ to 1.5 kg m™>, when the SIM strategy was
applied, confirming the water volume savings. The irrigation
efficiency and the percolation deficit indices also improved
with respect to the observed irrigation strategy from approx-
imately 0.3 to 0.57 and from 0.6 to 1, respectively.

When comparing the two case study results, similar gains
in terms of IWUE were found at approximately 60%, while
higher improvements in irrigation efficiency and percolation
deficit were obtained for the Chiese Consortium than for the

Capitanata Consortium due to the higher amounts of water,
which are traditionally used in excess in northern Italy, inde-
pendent of the precipitation amount. This is mainly due to
the water concessions rates, which allow paying the water
at a fixed rate per year and not for the consumed water. The
IE index tended to 1 if applying the SIM strategy, showing
a consistent increase, especially in the Chiese Consortium,
as well as the PerD index (e.g., an almost null drainage flux).

Discussion

The implemented SIM strategy may improve current irriga-
tion practices in the operative water management of the two
analysed Italian irrigation consortia, suggesting a possible
review of the water distribution rules among the associates.
This is due to the decrease in the irrigation volumes and
number of irrigations that the farmers may implement if
adopting the SIM strategy. The SIM methodology may then
be used in operative water management at multiple stake-
holder levels, providing an advancement with respect to sev-
eral irrigation advisory services that are based on remotely
sensed multispectral images for crop status classification and
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Fig. 10 Water indicators (WUE, IWUE, Percolation deficit, Irrigation efficiency) considering the observed irrigations and the SIM strategy for

the analysed maize fields (a) and for the whole Chiese Consortium (b)

their influence on evapotranspiration computation and which
are mainly provided to field scale only or aggregated areal
values (Vuolo et al. 2015; Calera Belmonte et al. 2017).
Moreover, these methods are usually based on the retrieval
of crop parameters (e.g., the crop coefficient) from remote
sensing data (D’Urso 2010), while the implemented meth-
odology uses the energy—water balance scheme based on
LST. Moreover, the SIM strategy, based on the control of
soil moisture, has a higher potential than the strategy based
on potential evapotranspiration (D’Urso 2010; Calera Bel-
monte et al. 2005) due to the possibility of guaranteeing the
correct amount of irrigation by also considering acceptable
stress conditions for some types of crops in specific growth
periods (Zhang et al. 2017). However, a point worth dis-
cussing may be represented by the uncertainty embedded in
the definition of this soil moisture stress threshold, which is
linked to the definition of the p value (Allen et al. 1998). A
less precise definition of the triggering threshold could lead
to the definition of different irrigation triggering timings and
therefore water volumes.

The results found in this study are consistent with previ-
ous studies that demonstrated the need for a multi-objective
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calibration based not only on local ground measurements
but also on distributed information. In particular, Corbari
and Mancini (2014), Corbari et al. (2015) and Corbari et al.
(2019b) used remotely sensed LST for calibrating the param-
eters of the FEST-EWB energy—water balance model, show-
ing its potential with respect to the traditional calibration with
ground river discharge data. Even though little effort has been
made in this direction, some examples are available. Among
them, Crow et al. (2003) showed that a calibration based on
discharge and land surface temperature improves the estimates
of monthly evapotranspiration with respect to a calibration
based only on discharge. Instead, Immerzeel and Droogers
(2008) demonstrated that good results can be obtained if the
calibration of a hydrological model is performed against evap-
otranspiration maps from a simplified energy balance model.

Conclusion

A methodology for optimizing irrigation volumes at the
field and irrigation consortium scales was developed, dem-
onstrating the potential for the combined use of satellite
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data and a distributed energy water balance model to esti-
mate soil moisture as a direct regulator of irrigation trig-
gering with respect to crop stress thresholds. The imple-
mented SIM strategy may allow irrigation water volume
and the number of irrigations to be conserved with respect
to traditional irrigation practices, where farmers tend to
over-irrigate, mainly due to the lack of available informa-
tion on soil moisture dynamics and climate as well as the
low water price, which does not motivate farmers to adopt
water-saving strategies.

Considerable differences were found in terms of irriga-
tion volume decreases between the northern and southern
consortia due to the differences in climate and agricul-
tural practices. An average savings of 500 mm of irrigation
water in one season might be obtained when adopting the
SIM strategy in the Capitanata Consortium, while an aver-
age savings up to 1200 mm could be obtained if the strat-
egy were applied. These results are reflected in an increase
of 35% in the IWUE for the tomato fields in the Capitanata
Consortium if the SIM strategy had been applied and an
increase of approximately 80% for the maize fields in the
Chiese Consortium. Instead, the WUE indicator remains
almost constant, not changing the evapotranspiration.
Instead, higher improvements in irrigation efficiency and
percolation deficit are obtained for the Chiese Consor-
tium than for the Capitanata Consortium due to the higher
amounts of water, which are traditionally used in excess
in northern Italy, independent of the precipitation amount.

The performed analysis relies on a calibrated FEST-
EWB model through a pixel-by-pixel procedure based on
satellite LST, with absolute errors of 2.5 and 3.4 °C for the
Capitanata and Chiese Irrigation Consortia, respectively.
The FEST-EWB model was validated locally against soil
moisture and evapotranspiration data, reporting RMSE
values of approximately 0.07 and 43 Wm™2, respectively.

These results would be helpful to farmers and Water
Authorities to comply with European regulations, such as
the EU Water Framework Directive 2000/60 and Common
Agricultural policy (CAP), which have as objectives the
increase of irrigation water use efficiency.

A further improvement of the FEST-EWB model for its
use in irrigation management might be the direct account-
ing of crop growth dynamics to evaluate the effect of water
savings on crop yield.
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