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Abstract: In rice areas with shallow aquifers, an evaluation of alternative irrigation strategies should
include the interactions between irrigation and groundwater recharge and reuse, which influence
the overall irrigation efficiency. A modelling system composed of three sub-models within a MAT-
LAB framework (a physically based, semi-distributed agro-hydrological model and two empirical
models, the former for the channel network percolation and the latter for the groundwater level)
was applied to a 1000 ha rice district in the Padana Plain, Italy. The calibrated framework estimates
the daily time series of the water supply needed and of the groundwater level for a given irrigation
management, based on the inputs provided (agro-meteorology, crop data, soil data, irrigation prac-
tices, groundwater table depth upstream of the study area). Five irrigation management strategies,
relevant to the area, were compared: (i) wet seeding and continuous flooding (WFL), (ii) wet seeding
and alternate wetting and drying (AWD), (iii) dry seeding and delayed flooding (DFL), (iv) dry
seeding and fixed-turn irrigation FTI), (v) early dry seeding and delayed flooding (DFLearly). Due
to economic advantages, dry-seeded techniques (DFL, FTI) are replacing the traditional WFL in
northern Italy. Simulations show that dry seeding leads to a drastic decrease of the water table in
April/May, reducing the overall irrigation efficiency of the area, and that DFL (widely adopted in
the area) also causes a spike in rice irrigation needs in June when other crops increase their water
demand, exposing the area to water scarcity. All the cited management strategies are assessed in the
paper and AWD turned out to couple smaller irrigation needs (from June onwards) compared to
continuous flooding techniques with a maintenance of the groundwater recharge, especially in the
first part of the irrigation season, thus being a recommendable rice management alternative for the
study area.

Keywords: agro-hydrological modelling; water-saving irrigation; irrigation groundwater interaction;
irrigation efficiency; irrigation management; rice

1. Introduction

With its unique environmental adaptability and socio-economic importance, rice is an
essential staple food for human nutrition and plays a crucial role in ensuring global food
security [1,2]. Since most of the world’s rice production comes from irrigated land [3,4], the
sustainability of rice systems is currently threatened by water scarcity; over-exploitation of
water resources and future decreases in water availability [5] could further challenge the
sustainability of these intensively irrigated systems. Researchers are putting a lot of effort
into identifying new irrigation strategies, alternative to the continuous flooding irrigation
management (WFL), that could on one hand optimize the irrigation water use and on
the other hand preserve traditional gravity rice irrigation systems. The introduction of
pressurised irrigation systems would reduce water use for rice cropping but would also
lead to a large change in the rice landscape all over the world, while increasing production
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costs (technology and energy costs) and environmental impacts (for energy use and, in the
case of drip irrigation, for the introduction of huge volumes of plastic materials).

In many areas of the world, especially in Eastern and South-Eastern countries, the
Alternate Wetting and Drying (AWD) rice irrigation technique has been applied since the
early 2000s [6]. When AWD is adopted, paddy fields are subjected to intermittent flooding
cycles, carried out only when the soil water status reaches a critical threshold, which can be
expressed as a certain value of the soil water potential/content in the root zone (SWP, SWC)
or as a specific water level depth (WLD) of the perched water table below the soil surface.
Two types of AWD are generally described in the literature: (i) ‘mild’ or ‘safe’, if SWP is
maintained between soil saturation and −20 kPa (WLD ≤ 15 cm), (ii) ‘severe’, if SWP falls
below −20 kPa (WLD > 15 cm) [7]. Many authors have studied, at the field level, the effects
of AWD on different environmental and agronomical aspects, also taking into account its
timing during the crop cycle and the severity of the threshold adopted; in [7] (pp. 175–176)
56 different studies were analysed, including 528 comparisons between AWD and WFL.
The results showed that, under a safe AWD, the yield did not significantly decrease and the
achieved average reduction in water use (irrigation + rainfall) is 23.4%. Another relevant
environmental benefit of AWD is the reduction of global warming potential (GWP), which
is primarily being ascribed to the reduction of CH4, as a consequence of creating an
unsuitable environment (oxidised conditions) for methanogenic soil bacteria [8,9]. Most of
the studies in the literature have been conducted in Asia and a real understanding of the
effectiveness of this technique in other contexts, different in terms of agronomic practices
and pedo-climatic characteristics, is still needed.

Water-saving irrigation strategies are usually assessed at the field level, with the objec-
tive to reduce water losses considered ‘non-beneficial’, such as evaporation, surface runoff,
seepage and deep percolation [10]. However, when considering large spatial domains, the
evaluation of the effects of a massive change in irrigation strategies should include factors
that are difficult to be quantified, such as the interaction of irrigation and the groundwa-
ter system [11–13]. The coupling of hydrological, crop and water management models
is becoming crucial in addressing the effects of new irrigation practices in agricultural
areas, as it allows the study of the different phenomena involved in such complex sys-
tems [14,15]. ‘Physically-based’ models (e.g., HYDRUS-1D and 2D/3D, SWAP) [16–19],
developed to simulate water movements in the unsaturated soil on the basis of the Richards
equation [20] are generally applied at the field level, while more ‘conceptual’ models
(e.g., APEX, SWAT/SWAT+) [4,21–23], usually based on a bucket approach, are imple-
mented to simulate irrigation planning and management over large areas in a distributed
or semi-distributed mode, as they require less data and computational effort. In tradi-
tional rice-growing areas, where there is a strong interconnection between irrigation and
groundwater dynamics, deep percolation from paddy fields and canal networks recharges
the water table, which in turn contributes to water discharges in rivers, irrigation net-
works and natural springs, thus increasing water availability for agricultural areas further
downstream and at the same time reducing irrigation water requirements in fields with
shallow groundwater conditions. Given this unique environment, the need for a rigorous
method to calculate the water fluxes within the system suggests the application of physi-
cally based models to better describe the effect of shallow groundwater conditions on the
soil water balance.

The north-western part of the Padana Plain in Italy is the most important rice district
in Europe [24]. This area is located on the left bank of the Po River, between the Sesia
River and the Ticino River (Figure 1) and has been historically characterised by an abun-
dance of surface water, conveyed through an extensive network of unlined irrigation and
drainage canals, and by the presence of one of the largest aquifers in Europe. Soils are
generally characterised by a coarser texture (loam/sandy-loam) and by higher vertical
percolation rates (7.0–23.0 mm·d−1) than those found in other rice-growing areas of the
world [4]. As WFL traditionally adopted in the study area requires huge volumes of water
(16,000–43,000 m3/ha) [25], both the increased frequency of water scarcity periods and the
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competition for water use between agricultural and non-agricultural demands have pushed
the farmers in the last 15 years to the introduction of water saving techniques, in particular
the dry seeding followed by a delayed flooding at the 3–4 leaf (DFL) or by a turn-based
irrigation (FTI) in years in which water for a continuous flooding after the dry seeding is
not available. Dry seeding is adopted nowadays by more than 60% of the farmers. Despite
the fact that DFL has brought many advantages to farmers (i.e., reduced working time and
economic savings), it is widely believed that it is causing the lowering of groundwater
levels in the first months of the agricultural season (April–May), thus reducing the ground-
water contribution to water discharges in rivers and irrigation networks and limiting the
mid-season water availability for agricultural areas located downstream. Moreover, there
is a perception among farmers and irrigation managers that since the introduction of this
technique, competition for irrigation water between rice and other crops (e.g., maize) is
increasing in June and partially also in July. This could be due to the fact that with DFL
the first flooding has been shifted to the beginning of June instead of being conducted in
April–May.
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Figure 1. General overview of rice-growing areas in Italy and siting of the pilot irrigation district
(San Giorgio di Lomellina, Pavia, Italy).

The year 2022 was characterised by low rainfall and high temperatures in winter,
and in spring–summer seasons in Europe, and this highlighted once more the need to
rationalise irrigation use in rice areas of northern Italy and better use of the first aquifer. A
safe AWD applied after wet seeding could be a solution, ensuring sufficient groundwater
recharge in April–May and reducing the rice irrigation need in June–July without yield
losses. However, the effects of its introduction on the water resource system should be
evaluated in advance.

To achieve this goal, this paper proposes the use of a modelling framework consisting
of three sub-models: the first for the agricultural area, based on the well-known physically
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based SWAP model [26], the second and the third, empirical, for the groundwater level
dynamics and their interaction with the channel network percolation. The modelling
framework, calibrated in a previous study [27], was completed by a crop development
model and used to explore the effects on the water resource system of realistic scenarios
based on the adoption of specific irrigation strategies for rice. The set of the irrigation
managements to be tested was chosen in collaboration with the National Rice Authority
(Ente Nazionale Risi–ENR) [28] and discussed with the irrigation managers for the rice
basin in northern Italy. The chosen set, besides the aforementioned WFL, AWD, DFL and
FTI, also includes an early seeding DFL (beginning of April, DFLearly). The DFLearly was
conceived to balance the request of farmers that want: (i) to maintain the dry seeding due
to economic advantages, (ii) to anticipate the use of water in April–May, where it is usually
abundant and no other crops need it, (iii) to recharge the phreatic groundwater at the
beginning of the agricultural season. In this study, the modelling framework was applied
to a pilot rice district (San Giorgio di Lomellina, Pavia, Italy) for the period 2013–2020.

2. Materials and Methods
2.1. Pilot Irrigation District and Data Availability

The pilot irrigation district, located approximately 45 km south-west of Milan, is in
the western part of the municipality of San Giorgio di Lomellina (Pavia, Italy) and covers
an area of about 1000 ha (Figure 1).

Hourly time series of the needed agro-meteorological variables were obtained for the
period 2013–2020 at a station located approximately 12 km north-west of the district centre
(Castello d’Agogna, Pavia, Italy; Agenzia Regionale per la Protezione dell’Ambiente–ARPA
Lombardia, Italy) [29]. In the period April–September, the average rainfall, mean air
temperature, wind speed at 2 m and daily global radiation were found to be respectively:
326 mm, 21 ◦C, 2 m/s and 338 W/m2.

The irrigation water diverted in the district comes from three canals (Roggia Comu-
nale di San Giorgio–RCSG, Cavo Isimbardi–CiSi and Cavo Canalino–CCan) managed by
Associazione Irrigazione Est Sesia–AIES (Figures 1 and 2) [30]. Channel network losses
are not quantified; however, they have been estimated to be on average one third of the
water discharges during the central part of the agricultural season by AIES. The water
table strongly influences percolation losses, which are characterised by higher rates at the
beginning of the season (when the water table is deeper) and lower rates at the end of
the season.
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Figure 2. Monthly discharges delivered by AIES in the period 2013–2020. QTot represents the sum of
the discharges conveyed by three main channels of the district: ‘Roggia Comunale di San Giorgio’
(RCSG), ‘Cavo Isimbardi’ (CiSi) and ‘Canalino’ (CCan).
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As the district is bordered by two rivers (Agogna and Arbogna; Figure 1), the phreatic
aquifer is sufficiently hydrogeologically delimited on the east and west sides of the study
area, but not in the north and south directions. Groundwater level (GWL) data series
representative for the regional aquifer north of the district were obtained from a piezometer
located at Cascina Stella (‘AIES’, Figure 1). Inside the district, GWL has, since 2015,
been measured twice a week in four piezometers (‘UNIMI’, Figure 1) and in another
nearby districts (Ottobiano–‘AIES’, Figure 1). This data (the four piezometers installed
by UNIMI and the two from AIES), together with water levels measured in the deep
drainage channel Bortana (Figure 1), added as a constant value, were used to interpolate
phreatic GWL of the district on July 15th each year during the studied period (2013–2020),
as described in [27] (pp. 1838–1839). This date was chosen because the GWL is assumed to
be maximum in the district and the obtained map is used by the modelling framework to
split the district into two groundwater depth (GWD) sub-areas. For each sub-area, daily
spatial interpolations are used to compute two daily GWD series (shallow and deep; see
Section 2.2). Figure 3 displays an example of a GWL map built for the day 15 July 2020,
together with a comparison of the measured GWL in Cascina Stella (upstream of the pilot
district) and in the district (average value) for the period 2013–2020 on a monthly basis.
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Figure 3. (a) Interpolated reference groundwater level (GWL) of 15 July map (2020); (b) Average
monthly groundwater level in San Giorgio and Cascina Stella for the period 2013–2020. Since data for
the district were not available for years 13–14, the simulated values obtained from the PGL model
(see Section 2.2) for the wet seeding and continuous flooding scenario are shown in green.
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To describe the soils of the district area (Table 1), five units were defined starting from
the Soil map of Lombardy (1:50,000; Geoportale Lombardia, Milan, Italy) [31]. Subsequently,
the hydraulic properties of each horizon were estimated through PedoTransfer Functions
(PTFs). The Bulk Density (BD) was estimated using the PTFs presented in [32], while the
parameters of the soil water retention curve (θ(h)) and the saturated hydraulic conductivity
(Ks) were estimated using the PTFs presented in [33]. In order to take into account the
compaction that characterises paddy field soils, the BD for each soil horizon and the Ks for
the less conductive soil layer in the profile were corrected by means of empirical coefficients
retrieved by experimental data [27] (pp. 1839–1841).

Table 1. Parameters of the Mualem-Van Genuchten functions [26]. Data are retrieved from [27]
(p. 1841). In the last column, values in parentheses indicate saturated hydraulic conductivity (Ks)
values modified to account for the compaction of the less conductive soil layer in the profile of paddy
field soils.

Unit Depth BD θr θs α n λ Ks

cm g cm−3 cm3 cm−3 cm3 cm−3 cm−1 - - cm day−1

407

0–25 1.74 0.0000 0.3348 0.0169 1.2859 0.2859 13.86
25–50 1.77 0.0000 0.3226 0.0111 1.1940 0.1940 89.20
50–75 1.77 0.0000 0.3220 0.0154 1.1610 0.1610 88.82(0.97)

75–105 1.55 0.0000 0.4034 0.0244 1.8436 0.8436 109.61
105–120 1.58 0.0052 0.3926 0.0688 1.1940 0.1940 114.48

409

0–40 1.65 0.0000 0.3686 0.0467 1.1451 0.1451 56.78
40–67 1.54 0.0008 0.4071 0.0467 1.3479 0.3479 365.84

114–150 1.65 0.0496 0.3675 0.0347 1.1352 0.1352 16.33(0.18)
192–228 1.49 0.0537 0.4263 0.0470 1.6820 0.6820 283.34

410

0–25 1.72 0.0000 0.3400 0.0295 1.1053 0.1053 1.31
25–40 1.69 0.0043 0.3537 0.0186 1.2098 0.2098 22.52
40–70 1.63 0.0447 0.3761 0.0261 1.1365 0.1365 14.15(0.15)

70–100 1.68 0.0584 0.3562 0.0318 1.1319 0.1319 27.01
100–160 1.62 0.0401 0.3769 0.0877 1.1940 0.1940 225.56

413

0–22 1.65 0.0453 0.3660 0.0697 1.1073 0.1073 2.71
22–29 1.78 0.0000 0.3194 0.0295 1.1940 0.1940 28.86(0.32)
29–60 1.68 0.0541 0.3558 0.0336 1.0772 0.0772 132.60

60–104 1.46 0.0252 0.4397 0.0634 1.6115 0.6115 214.05
104–117 1.57 0.0000 0.3961 0.0571 1.9240 0.9240 263.97
117–157 1.43 0.2235 0.4510 0.1660 1.1940 0.1940 28.78

417

0–35 1.72 0.0000 0.3420 0.0301 1.0922 0.0922 1.03
35–40 1.74 0.0000 0.3346 0.0091 1.2955 0.2955 37.58(0.41)
40–85 1.77 0.0000 0.3239 0.0162 1.0704 0.0704 136.27

85–140 1.73 0.0000 0.3389 0.0122 1.2200 0.2200 47.83

The land use map of the area is available on a yearly basis (20 m × 20 m raster maps;
Geoportale Lombardia) [31]. The rice-growing area of the district covers approximately
90% of the agricultural surface, while the remaining 10% is cultivated mainly with maize
and poplar (Figure 4). The Modified Normalized Difference Water Index (MNDWI) [34],
calculated starting from Landsat 7/8 and after 2016 from Sentinel-2 images for the period
April–May, when flooding starts in wet-seeded paddies, was calculated every year to
identify wet seeded and dry seeded rice areas [27] (pp. 1841–1842). Regarding crops, as
poplar is only irrigated in the first four years out of ten (poplar cycle) and covers a very
limited area in the district, the poplar area was randomly divided into young (irrigated)
and mature (rainfed), following a 40–60% ratio. Maize, also covering a limited area, was
considered to follow a fixed development cycle, with emergence on 20th April and harvest
on 3rd September. As regards rice, development stages were computed through a crop
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module described in Section 2.3. Crop parameters (crop coefficients, rooting depths, Leaf
Area Index) for rice, maize and poplar are the same as in [27] (p. 1844).
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2.2. Modelling Framework

The modelling framework consists of three sub-models: (i) one for the agricultural
area (SDMAA), based on the well-known SWAP model, (ii) one for the channel network
percolation (CP), (iii) one for the GWL dynamics (PGL). The MATLAB code described
in [27] (pp. 1844–1849) to integrate the three sub-models and to process the results was
further developed in this study. Figure 5 illustrates the flowchart of the model framework
showing the interconnections among the three sub-models.
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Figure 5. Flowchart of the model framework showing the interconnections among the three sub-
models (SDMAA, CP and PGL; see Section 2.2) and the input data required (groundwater level–GWL
map of 15 July, Digital Terrain Model–DTM, average daily groundwater level–GWL, weather station,
soils map, land-use map and upstream groundwater level–GWL). In the present study only the
scenario (S) path was used, since it was not possible to rely on historical (H) measurements of the
monthly measured discharges entering the district (Qd) for the simulated irrigation management
alternative. The entire modelling framework, with the exception of the SDMAA core model (SWAP),
was developed in MATLAB.

For each year and iteration step, the interpolated GWL map of 15 July, along with the
Digital Terrain Model–DTM (20 m × 20 m raster map; Geoportale Lombardia, Italy) [31], is
used to create a reference GWD map to split the district into two GWD sub-areas: shallow
if greater than −1 m and deep if lesser than −1 m (Figure 6). Then, an interpolation of
the GWD for the district is performed for each day of the simulated year and the required
series for the SWAP simulations (GWD shallow and deep) are created by averaging the
daily values of the GWD maps over the two reference GWD sub-areas. In this step, the
actual simulation domain is also defined by overlaying each matrix (20 m × 20 m), showing
the spatial distribution of the different information taken into account. SDMAA subdivides
the agricultural area of the district into homogeneous simulation units, each one described
by a specific set of parameters (SWAP inputs text file), considering crop type and irrigation
management, soil type and GWD conditions. The water discharges provided by the
three channels (RCSG, CiSi and Can) of the district are distributed homogenously over the
entire agricultural area; due to the limited extension of the district, the same is done for
the agro-meteorological data measured in the Castello D’Agogna meteorological station.
Once the simulations for each simulation unit are completed, the water fluxes obtained
by SWAP are aggregated over a specific time step (e.g., month) to get the monthly net
irrigation (If, mm) and the monthly percolation (Pf, mm) coming from the agricultural
area. Therefore, in order to obtain the district fluxes (m3), the aggregated results for each
unit (mm) are: (i) assigned to the simulation domain based on their position in the district,
(ii) weighted (i.e., averaged) over the total cell numbers evaluated in the assigning process,
(iii) multiplied by the total surface (total cell numbers evaluated multiplied by the cell
size–400 m2) covered by all the simulated cells within the district domain.
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Figure 6. Reference groundwater depth (GWD) map of July 15 used by the framework to subdivide
the district into two groundwater depth sub-areas: shallow if greater than −1 m and deep if lesser
than −1 m.

Two empirical models complete the modelling framework—the former (PC) is used to
estimate the monthly percolation from the channel network (Pc, mm) and the latter (PGL)
to simulate the average monthly GWL over the district (yd, m). In a scenario analysis, in
which the monthly measured discharges entering the district (Qd, mm) cannot be measured,
Pc, which is usually highest in the early months of the irrigation season, is estimated as:

Pc(t) =
α(t)× I f (t)

1 − α(t)
(1)

where α (−) is a loss factor, calculated as follows:

α(t) =

 0.2, t < 4 or t > 9

min
(

0.4, max
(

0, yd
i − 1.6

))
, 4 ≥ t ≤ 9 (t = month, i = iteration index)

(2)

To reproduce the behavior that links the monthly total percolation coming from the
district (Pd, mm; Pf + Pc) and yd, in a context in which the district phreatic aquifer is not
completely hydrologically isolated, the following theoretical model was chosen:

yd(t)
i = f

(
Pd(t)

i; yup(t); yd(t − 1)i
)

; t = month, i = iteration index (3)

where yd is the estimated average monthly GWL over the district and yup (m) is the average
monthly GWL measured in a piezometer located upstream along the main groundwater
flow direction with respect to the study area (C.na Stella). In this way, by following a
recursive computation scheme, in which at each iteration step the new GWL (yd

i+1) is
averaged with the GWL of the previous iteration step (yd

i), the modelling system can
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simulate scenarios and/or past years for which GWL data are not available. Since the PGL
works at a monthly time step, whereas the time step of the GWD series required for the
SWAP is daily, the framework also downscales the monthly estimated values to a daily
time resolution using an ad-hoc set of fourth-order polynomial curves (SP4) suited for
producing daily data series having a monthly average equal to the value of the parent
monthly series.

2.3. Model Calibration

The modelling framework was calibrated using historical data for the period 2015–2016 [27]
(pp. 1849–1850). For that period, five soil agricultural uses (wet and dry seeded rice, maize,
mature and young poplar) were considered; two concerned the rice crop, since the wet
seeding and continuous flooding (WFL) and dry seeding and fixed-turn irrigation (FTI)
strategies were both used for rice irrigation in the district (WFL with decreasing importance
from 2013 onwards).

The calibration of the SDMAA model consisted in a manual tuning of the parameters
related to the irrigation management, in particular irrigation amount and application
turns, and was conducted together with the calibration of the parameters involved in
the PC model. In the calibration process, the objective was to minimise the differences
between Qd and the simulated monthly district total requirements (Qs, mm; If + Pc), paying
particular attention to the central months of the irrigation season (June, July and August).
Specifically, the difference between the measured Qd and the simulated Qs in 2015 was
used to calibrate the groundwater depth at which channel percolation reaches its maximum
(Equation (2)). The Nash-Sutcliff Model Efficiency (NSME) [35] computed over the whole
2015–2016 period was 0.67, reaching 0.80 when considering just the months characterised
by the major channel water losses (April–July).

The calibration of the parameters included in the PGL model was performed automat-
ically, through the MATLAB ‘lsqnonlin.m’ function, by comparing the available measured
GWD and the estimated GWD for the period 2015–2016. The NSME index, averaged over
the two GWD (shallow and deep), was 0.89 for the whole two-years period, while it was
0.98 when considering only the irrigation season (15 April–15 September) of the same
two years.

2.4. Simulated Scenarios

The simulation scenarios are defined by the irrigation management practice adopted
for the rice crops in a whole district. As described in the introduction, the irrigation practices
selected for the assessment are: (i) wet seeding and continuous flooding (WFL), (ii) wet
seeding and Alternated Wetting and Drying (AWD), (iii) dry seeding and delayed flooding
(DFL), (iv) dry seeding and fixed turn irrigation (FTI), (v) early seeding DFL (DFLearly).

Given the nature of the scenario analysis implemented, maize and poplar crop de-
velopment stages, crop parameters and irrigation management remained the same as
described in [27] (pp. 1849–1850) in all of the simulations performed. Maize is border
irrigated when a critical threshold of depletion of the Readily Available Water in the root
zone (RAW) is reached: (i) in the case of shallow groundwater, irrigation starts when 60%
of RAW is consumed and an irrigation depth of 110 mm is applied, (ii) in the case of deep
groundwater, irrigation starts when 70% of the RAW is consumed and an irrigation depth
of 180 mm is applied. For young poplar (irrigated), two flooding irrigations with a fixed
irrigation depth of 150 mm are prescribed, the first at the end of June and the second
towards the end of July. For mature poplar (rainfed), no irrigation is simulated, as indicated
by AIES.

For the two main types of rice (wet and dry seeded) a crop development model was
implemented using a degree days approach analogous to the one used in SWAP from
seeding to harvest; moreover, a simple algorithm to determine a likely seeding date for
the crop was also implemented. The model allows us to adapt the simulated irrigation
management to the differences in crop development occurring each year, associating



Water 2023, 15, 2150 11 of 21

eventual changes in the irrigation strategy (e.g., from flooding to turned irrigation) to
specific values of the crop Development Stage (DVS). For each year, the seeding date was
identified verifying the achievement of a minimum temperature threshold (Tseeding, ◦C) in
a forward five-days moving window built from a minimum seeding date (Dmin) up to a
maximum seeding date (Dmax). When Dmax is reached, even if the air temperature criterion
is not satisfied, seeding is forced to occur. The minimum air temperature condition is
verified as follows:

∑Dmin+4
i=Dmin

Tmean

5
g

≥ Tseeding (4)

where Tmean (◦C) is the daily mean air temperature. Three different growing stages were
used to describe the development of rice: (i) from seeding to emergence, (ii) from emergence
to flowering (DVS from 0 to 1), (iii) from flowering to complete ripening/harvest (DVS
from 1 to 2). The thermal contribution of the day (Teff, ◦C) was computed using the
following procedure:

Te f f =


0, Tmean < Tbase

Tmean − Tbase, Tbase ≤ Tmean ≤ Tcuto f f
Tcuto f f − Tbase, Tmean > Tcuto f f

(5)

where Tbase and Tcutoff (◦C) are the minimum and the maximum temperatures for crop
development in a specific growing stage range. Finally, to estimate the DVS value of the
crop in a specific day, an integration is performed using the equation:

DVSi+1 = DVSi +
Te f f

Tsum
g

(6)

where i (−) is the day index, while Tsum (◦C) is the thermal amount defined to satisfy
the achievement of a growing stage. The model was calibrated with the support of the
National Rice Authority (Ente Nazionale Risi–ENR) using the year 2020 as the reference
and with the aim of obtaining an average crop cycle of around 140 days, with seeding
in late April and harvesting around mid-September (Tseeding, Tbase = 10 ◦C, Tcutoff = 40 ◦C,
Tsum–DVS: 0–1 = 1051 ◦C, Tsum–DVS: 1–2 = 752 ◦C). Dmax was set to be Dmin plus 30 days
for each seeding type. Each scenario inherits its crop development based on the seeding
type: (i) wet seeding for WFL and AWD, (ii) dry seeding for DFL, FTI and DFLearly. Dmin
for wet seeding was set to 30th April and for dry seeding to 23rd April. Lastly, in DFLearly,
Dmin was anticipated to 5th April.

With respect to the implementation of the irrigation strategies explored in the scenarios,
data were taken from the actual practices adopted by the farmers in northern Italy and,
in the case of AWD, from two recent experimentations carried out at CRR-ENR (Centro
Ricerche sul Riso; Castello D’Agogna, Pavia, Italy).

In WFL, as an average over the territory, 12 cm of ponded water is maintained on the
fields from about five days before seeding until ripening, apart from a few dry periods
necessary for plant emergence and other agronomic practices (typically two before and one
after the tillering stage, as suggested by ENR).

DFL and FTI are designed based on the currently implemented on-farm practices
adopted in northern Italy. In DFL, rice is dry seeded and fields are flooded from the tillering
phase up to the ripening phase maintaining about 12 cm of ponding water in the fields.
The FTI is managed at the same way as the DFL in the first part of the season (dry seeding),
but from the tillering phase onwards, apart from an initial flooding period of about 10 days,
rice is irrigated with an eight-day rotation and 120 mm per irrigation event. According to
the information provided by AIES, an eight-day rotation is still representative of a good
surface water availability for the district.
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Concerning AWD, an experimental platform was set up in the agricultural season
2021–2022 at the CRR-ENR to test wet seeding and two different AWD strategies, one safer
and one stronger in terms of soil water status critical thresholds of intervention, compared
to the traditional WFL. Irrigation water use was monitored by the installation of flow
meters and all the other soil water balance components were quantified. In the safe
implementation of AWD, the water level depth (WLD) below the field surface, measured in
a perforated water tube, could not fall below −10/15 cm (corresponding to a SWP at −5 cm
of approximately −5 kPa), while in the stronger implementation, the WLD could fall as low
as −20/25 cm (SWP at −5 cm of approximately −20 kPa). In the field trials, the safe AWD
and the strong AWD resulted in saving 25% and 31% of water, respectively, over two years,
without showing any drop in production despite a period with scarce water availability
for irrigation in 2022, which forced a longer AWD cycle than planned. Moreover, during
the agricultural season 2019–2020, the safer AWD was compared with WFL and DFL in
a previous experiment carried out at CRR-ENR. At the field scale, water savings of AWD
and DFL were found to about 20% and 14% compared to WFL, without penalising rice
production [36,37]. Regarding the implementation in the model, AWD is managed as WFL
in the early part of the season (wet seeding) and intermittent flooding only starts from the
tillering stage, when irrigation is performed to reach 12 mm of standing water only if the
soil reaches a critical moisture level of −10 kPa at 5 cm below the soil surface.

No experimental data are available for DFLearly, which is designed in this study to find
a compromise between the request of farmers who would like to keep dry seeding due to
economic advantages and the need to anticipate the use of water in April–May, recharging
the phreatic groundwater at the beginning of the agricultural season. DFLearly maintains
the same irrigation scheduling of DFL (dry seeding and flooding from the tillering phase
up to the ripening) but implements an earlier seeding date (5th April) than the original
DFL (23rd April). Anticipating seeding could lead to an earlier rise in the water table in the
first part of the irrigation season, limiting the negative effects of dry seeding.

Hence, in the final configuration used in this study, the model considers 40 simulation
units: four crop types cultivated in the area (rice, maize, young and mature poplar),
five soil units and two GWD. Each specific rice irrigation alternative (WFL, AWD, DFL,
FTI and DFLearly) is applied to all the rice area cropped within the district, while surfaces
devoted to maize and poplar remain unchanged. To correct the estimated mean monthly
groundwater level over the district (recursive averaging of yd

i+1 and yd
i) based on the

simulated monthly total percolation coming from the district (Pd), five iterations for each
year are performed (i = 5). PC and PGL models use a 30-day time-step, thus the same
period is used to aggregate the water fluxes obtained by SWAP in the SDMAA model.

2.5. Performance Indicators

Three indicators (–) were used to support the analysis of results (Water Application
Efficiency–WAE, Distribution Efficiency of the irrigation network–DE and Relative Water
Supply–RWS) [38,39] calculated both for the whole irrigation season (April–September)
and for the most critical month of the irrigation season (June). The equations used to
calculate the indicators are:

WAE =
ETp f(
I f + R

) (7)

DE =
I f

Qs
g

(8)

RWS =
(Qs + R)

ETp f
(9)
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where ETpf (mm) is the potential evapotranspiration from the agricultural area, If (mm)
is the net irrigation supplied to the agricultural area, R (mm) is the rainfall, and Qs (mm;
If + Pc) is the simulated monthly district total requirement.

3. Results and Discussion
3.1. Rice Development Stages

Rice development stages obtained for the period 2013–2020 are shown in Figure 7.
Apart from early dry seeding and delayed flooding (DFLearly) in 2013, the minimum
seeding date (Dmin) imposed for each rice seeding type/scenario (dry, wet and DFLearly)
and year combination was satisfied; the temperature threshold (Tseeding) of 10 ◦C was
generally met in Dmin.
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Figure 7. Development stages (DVS) of rice for the years 2013–2020. Lines in black show the develop-
ment calculated for the early dry seeding and delayed flooding. For each year, the line above the black
one reports the development of the scenarios with wet seeding (continuous flooding and alternate
wetting and drying, in red), while the line below the black one illustrates the development of the
scenarios with dry seeding (delayed flooding and fixed-turn irrigation, in green). The labels indicate
(from left to right): (i) seeding, (ii) emergence (DVS = 0), (iii) beginning of tillering (DVS = 0.20),
(iv) flowering (DVS = 1), (v), ripening (DVS = 1.65) and (vi) complete ripening/harvesting (DVS = 2).
For early seeding, dry seeding and delayed flooding, just the DVS = 0 and DVS = 2 labels are shown.

3.2. Groundwater Depths

The daily simulated groundwater depths (GWD) for all the scenarios are shown
in Figure 8. Dry seeding and delayed flooding (DFL) and dry seeding and fixed-turn
irrigation (FTI) leads to a drastic decrease in water table levels in the first months of
the season, slowing its rise towards its peak (late July–August). In contrast, water table
depths in wet seeding and Alternate Wetting and Drying (AWD) overlap with those in wet
seeding and continuous flooding (WFL) in the early part of the season and only begin to
diverge from the tillering phase (late May–early June). However, from this point onwards,
the depths in AWD will never reach the values of WFL, DFL and DFLearly, showing a
deeper condition in the middle months of the irrigation season. This is also the case in
FTI, which shows similar groundwater dynamics to AWD in the middle months of the
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season, although in this scenario the groundwater levels seem to be more influenced by the
presence/absence of rain. As expected, early seeding in DFLearly contributes to a rise in
groundwater levels at the beginning of the irrigation season to an extent that it is closely
linked to rainfall events in the early months of the season compared to the wet seeding
scenarios (WFL and AWD). In WFL, the groundwater depths are clearly less influenced by
the amount and seasonal patterns of rainfall but depend mainly on the high percolation
coming from the agricultural area imposed by the continuous flooding condition. Under
good conditions of water availability in rivers and canals, wet seeding is the best option to
store water resources in the phreatic aquifer at the beginning of the irrigation season and it
is best to make them available for the agricultural area in the following months.
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Figure 8. Daily groundwater depths (GWD, shallow and deep) simulated for the years 2013–2020.

3.3. Water Requirements

The average (2013–2020) seasonal (April–September) and critical (June) district total
requirements (Qs: sum of net irrigation from the agricultural area–If and the percolation
from the channel network–Pc) are reported in Figure 9. The highest seasonal district water
use is observed in WFL (19.7 Mm3), followed by AWD and DFLearly (about −16%), DFL
(−19%) and FTI (−32%). The lower DFL and FTI requirements are clearly related to the
adoption of dry seeding, which limits water applications to the field in the early months
of the irrigation season. When looking at June, however, the water consumption in DFL
(+25%) exceeds that required by FTI and DFLearly (about +5%), WFL (4.9 Mm3) and AWD
(−28%). This happens because with dry seeding, paddy fields are flooded later in the
season, and their filling, occurring when the groundwater level is low and the soil is dry,
requires a huge volume of water. Among the dry seeded scenarios, FTI and DFLearly limit
this occurrence: the first strategy because of the turned application of irrigation water,
which lowers the volumes applied, and the second due to an earlier flooding of the paddies
(about 10 days earlier). The AWD lower irrigation demand is linked to the adoption of wet
seeding (shallower groundwater depth) but also to the start of the Alternate Wetting and
Drying scheduling at the rice tillering phase (around the end of May).

The monthly Qs are reported in Figure 10. DFL peak demand always surpasses the
other simulated scenarios, overtaking them when the critical month of June or the late
spring-early summer months are particularly dry. This is the case of the 2019 data, which
is characterised by an extremely dry June, while in 2020 the presence of higher rainfall
narrows the differences in total demand of the district between DFL and the other scenarios.
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Figure 9. (a) Average seasonal (April–September) district total requirements (Qs) simulated for the
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Figure 10. Monthly district total requirements (Qs) simulated for the years 2013–2020.

3.4. Water Application Efficiency

The seasonal average and critical Water Application Efficiency (WAE) are shown in
Figure 11. During the season, FTI obtains the best WAE (0.43), followed by AWD (0.37),
DFL and DFLearly (about 0.33) and WFL (0.29), which remains rather distant. On the other
hand, when looking at the average WAE values for June, AWD (0.41) far exceeds FTI (0.32),
DFLearly (0.28), WFL (0.26) and DFL (0.25). The AWD is the only scenario in which WAE



Water 2023, 15, 2150 16 of 21

values remain relatively stable in both periods, showing a more efficient use of irrigation
water at field level. FTI also shows good WAE values, but the fixed irrigation rotation
scheme adopted in this technique seems to perform less well in the critical months of the
irrigation season than the scheduling adopted in AWD, which is more linked to the actual
rice water requirements. The good seasonal performance of the other dry seeding scenarios
(DFL and DFLearly) seems to be more related to the adoption of dry seeding, which limits
water consumption than to a real efficient use of water, given the very low WAE value in
June. However, DFLearly seems to benefit from early seeding, showing slightly higher
efficiency than DFL in June. As far as the efficiency of water use at field level is concerned,
from the results presented, WFL is the least reliable scenario among those simulated.
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Figure 11. (a) Average seasonal (April–September) Water Application Efficiency (WAE) calculated for
the years 2013–2020; (b) Critical (June) Water Application Efficiency (WAE) calculated for the years
2013–2020.

3.5. Distribution Efficiency

Figure 12 displays the seasonal average and the critical Distribution Efficiency of
the irrigation network (DE). DFL, WFL and DFLearly show a rather high seasonal DE
(around 0.80), while AWD and FTI remain lower (around 0.70). During the whole season,
continuous flooding techniques are clearly advantaged, as the shallower groundwater
table limits the percolation from the channel network. In June, the flooding technique
performs better, especially WFL (0.78) and DFLearly (0.72), but the dry seeding adopted in
DFL (0.68) penalises this scenario in the most critical month. On the contrary, DFLearly
continues to benefit from the early rise of the groundwater table due to early seeding. Deep
groundwater depth conditions strongly influenced FTI (0.68) and AWD (0.66) efficiencies
in June. In terms of channel efficiency, these latter two scenarios are the least performing of
those simulated in both the aggregation periods.
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Figure 12. (a) Average seasonal (April–September) Distribution Efficiency (DE) calculated for the
years 2013–2020; (b) Critical (June) Distribution Efficiency (DE) calculated for the years 2013–2020.

3.6. Relative Water Supply

Relative Water Supply (RWS) values are more connected to the overall efficiency of the
irrigation strategies applied in the territory, since they consider both the irrigation efficiency
of the agricultural land and the irrigation water losses in the channel system (Equation (9)).
The seasonal and critical average RWS values are shown in Figure 13. In the simulated
period, FTI (3.13) achieves the best seasonal RWS, closely followed by DFL (3.64) and AWD
and DFLearly (about 3.70), showing a more efficient irrigation water use at the district
level compared to WFL (4.33). However, in June, DFL (6.02) and FTI (5.13) show the worst
RWS, while AWD (3.57) performs the best, followed by DFLearly (4.85) and WFL (4.89).
Despite good seasonal values, the scenarios adopting dry seeding (DFL and FTI) are again
adversely affected by the deeper groundwater depth conditions they experience in the
early part of the season and close to the critical month of June, and thus by greater channel
percolation that causes higher irrigation requirements, with a small exception for DFLearly
due to the early seeding adopted. On the contrary, shallower groundwater levels in the
case of WFL decrease channel percolation and raise the overall district water use efficiency.
AWD seems to be the most robust scenario, with good performance both seasonally and in
the critical month.Water 2023, 15, x FOR PEER REVIEW 19 of 23 
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Figure 13. (a) Average seasonal (April–September) Relative Water Supply (RWS) calculated for the
years 2013–2020; (b) Critical (June) Relative Water Supply (RWS) calculated for the years 2013–2020.
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4. Conclusions

The modeling work conducted in this study once again highlighted the strong con-
nection between irrigation management and groundwater table in rice-growing areas
characterised by shallow aquifers, which makes it complex to estimate the actual efficiency
of irrigation management alternatives over vast agricultural areas without the implementa-
tion of articulated agro-hydrological tools such as the one proposed in the paper.

Recently, many portions of the rice-growing area in the Padana Plain are facing a
lowering of the groundwater table at the beginning of the agricultural season due to a
massive conversion to dry-seeded irrigation techniques. However, even if this strategy is
able to reduce the total irrigation volume used during the irrigation season (April–Sep-
tember), as demonstrated for the dry seeding and delayed flooding (DFL) scenario in this
study, it does not allow to decrease the irrigation demand in the most critical month of the
season (June/July), leading to an even higher irrigation demand when compared with the
wet seeding and continuous flooding (WFL), and the wet seeding and Alternate Wetting
and Drying (AWD). The calculated Relative Water Supply (RWS) values for the DFL clearly
show a less efficient district water use compared to the other scenarios simulated.

Early seeding DFL (DFLearly) can benefit from an anticipated seeding date than its
original formulation, showing a better RWS than DFL in the critical month of the season,
which is comparable to that of WFL but still far from the one achieved with AWD. However,
rice varieties different from those used at the present time should be identified to meet
appropriate thermal conditions for germination and/or to avoid yield and product quality
losses if the grain-filling period falls during high temperature periods.

Although dry seeding and fixed-turn irrigation (FTI) performs better than DFL and
DFLearly throughout the irrigation season, mainly due to a reduction of irrigation volumes
applied at the field level, in June/July the dry seeding technique adopted and the rigid
irrigation scheme employed severely penalise its performance in terms of water use and,
consequently, in the calculated RWS index.

A safe AWD, applied after a wet seeding, seems to be a suitable solution to reduce
irrigation demand for rice after the tillering phase (late May–early June) while maintaining
good groundwater recharge, especially in the early part of the season (until the end of May).
AWD achieves good performances on a seasonal basis—in particular in June/July—when
it records by far the highest RWS value. AWD simulated water savings compared to WFL
(16%) are less than those found at the field level at CRR-ENR (25% in 2021–2022 and 20%
in 2019–2020; see Section 2.4 Simulated scenarios) and reported in the meta-analysis [7]
(23.4%), which are indeed in a good agreement with each other. The coarser texture and the
overall deeper water table condition (see Figures 6 and 8) in the San Giorgio di Lomellina
pilot district are likely responsible for the lower water savings compared to those measured
at CRR-ENR. In addition, it is important to highlight that the considered studies refer to
results obtained in field trials, which do not consider water distribution network losses.
In any case, based on the results obtained, we can state that, if implemented over large
agricultural areas, AWD could be a good option to cope with low groundwater levels at
the beginning of the season and to appease the exasperated competition for water among
crops that the rice-growing area of northern Italy has been experiencing in recent years.

A massive change in irrigation management introduced by decision makers to target
one or more environmental benefits may be considered if it is also economically beneficial
to farmers. In a further work, data collected in [36] and the results presented here will be
used to broaden the assessment of the AWD sustainability in rice-systems of northern Italy
using appropriate economic, environmental and social acceptability indicators [37]. From
the hydrological point of view, in order to better support decision making, the modelling
framework presented in this study will be applied to reproduce the effect of rice irrigation
management strategies on the water balance in rice areas on a regional basis. However,
changes to some of the implemented approaches as a consequence of the simulation scale
enlargement and of the actual data availability need to be discussed.
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Nomenclature

AIES Associazione Irrigazione Est Sesia (Irrigation Consortia)
AWD Alternate Wetting and Drying after a wet seeding

CP
Model used to estimate the monthly Percolation from the Channel network (one of the
three sub-models of the modelling framework).

DE Distribution Efficiency of the irrigation network (-).
DFL Dry seeding and delayed FLooding.
DFLearly Early Dry seeding and delayed FLooding.
DVS Crop Development Stage (-).
ENR Ente Nazionale Risi (the National Rice Authority in Italy).
FTI Dry seeding and Fixed-Turn Irrigation.
GWD GroundWater Depth below the soil surface (m).
GWL GroundWater Level (m a.s.l.)

PGL
Model used to estimate the average monthly Groundwater Level from the Percolation
(one of the three sub-models of the modelling framework).

RWS Relative Water Supply (-).

SDMAA
Semi-Distributed Model for the Agricultural Area (one of the three sub-models of the
modelling framework).

SWAP Soil Water Atmosphere Plant model, core model for the SDMAA
WAE Water Application Efficiency (-).
WFL Wet seeding and continuous Flooding.
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