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ABSTRACT

This paper describes the application of a physically based agrohydrological model (named FLOWS), coupled with a kinematic
wave approach model (named KWV) for water and solute runoff routing, for interpreting the fate of water and nutrients coming
from cultivated fields to surface drainage network located in ‘Piana del Sassu’ in the Arborea plain, a hydraulically reclaimed
area with shallow groundwater. Modelling was supported by a large complex database on soil, groundwater and surface drain-
age water, which was used for establishing the boundary conditions for simulations, as well as for calibrating and validating the
model. The model FLOWS provided the water and nutrient fluxes to the surface water, which were passed to the KWV model
for their routing along the elementary fields in the experimental area and from these to the ditches and finally to the drainage
channel. The modelling approach effectively predicted the water and solute distribution along the soil profile, as well as the
losses of water and nutrients to the surface water. The results showed a significant amount of water and dissolved nutrients to
flow quickly from the soil uppermost layer to the surface drainage network during both the irrigation season and during rainfall
events. During irrigation applications, losses were mostly due to rainfall intensity exceeding the maximum infiltration velocity
of the shallow soil layer in the case of sprinkler irrigation and to subsurface lateral drainage in the case of exceeding irrigation
water provided by drip irrigation. This makes the Sassu plain a significant contributor of nutrients (nitrate and phosphorus) to
the surface water. Consequently, even though the agricultural activities might not be an important issue for the groundwater
vulnerability, the management of water and nutrients should be significantly improved to avoid ecohydrological threats to the
important coastal water bodies present in the area.

1 | Introduction

Chemical pollution of soils, surface water and groundwater is
frequently the consequence of human activities, among which
agriculture is undoubtedly one of the most important. The use of

fertilizers and other agrochemicals makes the agricultural sec-
tor one of the main sources of diffuse pollution for soil and water
resources. Of particular importance is the pollution of aquifers
and surface water by nutrients (mostly nitrogen and phospho-
rus). Many areas of intensive agriculture and livestock activity
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are affected by nonpoint source (NPS) pollution of aquifers and
surface waters (estuaries, lakes, wetlands, etc.). The inputs of
livestock manure, together with the inputs of synthetic fertil-
izers, can often generate surpluses of N in the soil. The nitric
fraction of this nitrogen, which is naturally formed in the more
superficial horizons of the soil in aerobic conditions, can either
percolate below the soil thickness explored by the roots or it can
reach the surface water network through artificial drainage net-
work and/or surface runoff, in the case of rainfall and/or ineffi-
cient irrigation management. The excess nitrogen that remains
in the soil profile at the end of the crop's vegetative cycle, when
the nitrification processes are still active and root uptake of ni-
trate is null, is then easily transported towards the water table or
to the surface drainage network by the precipitation.

In Europe, in the perspective of reducing pollution of water bod-
ies, a set of rules and regulatory mechanisms have been set out
in national and supranational regulations that farmers have to
comply with to preserve the environment and meet the recent
new Green Deal strategy. In 1991, the European Union adopted
the Nitrates Directive (91/676/CEE) to protect water quality
by preventing nitrate leaching from agricultural activities and
promoting the adoption of Good Agricultural Practices (GAP).
The directive imposed the identification of nitrate vulnerable
zones (NVZs), where farmers are required to comply with spe-
cific limits of inorganic fertilizers and organic slurry application
rates (not more than 170kg/ha/year of N). The regulatory and
mandatory (even through sanctions) approach has not been
fully successful. In most of the NVZs, nitrate concentration
in water bodies frequently still exceeds the limit of 50mg/L of
NO, (11.6 mg/L of N-NO,) allowed for drinking water. Likewise,
many surface water bodies still suffer from periodical algal
blooms and murky waters, which poses serious conflicts be-
tween aquatic ecosystems and agriculture. The European
Community report (European Commission 2021), describing
the progress towards the objectives set by the Nitrates Directive
for the period 2016-2019, concluded that for both groundwater
and surface waters, a considerable part of the Member States
still faces significant challenges in achieving the objectives of
the Nitrates Directive regarding nitrate in groundwater and eu-
trophication of surface waters. For example, for surface waters,
as an average in the Member States, 36% of the rivers, 32% of the
lakes, 31% of the coastal waters, 32% of the transitional waters
and 81% of marine waters were reported as eutrophic (European
Commission 2021).

This is the case of the Arborea area (Sardinia Region, Italy),
which is a hydraulic reclaimed area and also one of the main
NVZs identified by the Sardinia Region, as the application of an-
imal manure to the fields, as well as mineral nitrogen fertilizers,
generates high nutrient loads to the shallow groundwater and
the surface artificial water drainage network, draining to some
important ponds and wetlands located along the coast line. In
the area, despite some improvements after the first year of NVZ
restrictions, many wells still register values even far above the
limit of 50mg/L (Ghiglieri et al. 2016), and wetlands are period-
ically subjected to eutrophication and fishery issues (Nguyen,
Seddaiu, and Roggero 2014).

The partial failure in the regulatory approach may be ascribed,
at least partly, to technical-physical reasons. Specifically, the

problem arises from two main reasons: (1) inadequate agronomic
management of fertilizers, which leads to a low efficiency of nu-
trient use by crops, and (2) inefficient irrigation management,
inducing losses of water and dissolved nutrients as deep perco-
lation fluxes and/or runoff fluxes. This may not be necessarily
ascribed to farmers. Actually, the GAP themselves, even when
the farmer wants actually to apply them, are not site specific
and may produce very different—sometimes even worsening—
results depending on the site-specific physical conditions (soil
hydrological regime, climate, ecological conditions hindering
natural denitrification, etc.). This means that, for given environ-
mental conditions, minimizing nutrient losses to water bodies
may require more site-specific agronomic practices, in terms
of irrigation water and fertilizer management, for example.
This cannot prescind from a better understanding of the phys-
ical-hydrological behaviour of the soil-vegetation system under
management and its hydrological interactions with ground and
surface water bodies. In this direction, combining adequate
soil monitoring methodologies to numerical agrohydrological
models provides a powerful opportunity to identifying the fun-
damental interacting process mechanisms controlling water dy-
namics and nutrient transformations and transport through the
unsaturated zone and from this to the groundwater, as well as
water and solute fluxes to the surface water through runoff and
drainage, under given environmental and soil agronomic man-
agement practices.

Monitoring tools are now available for improved physical and
geochemical characterization of the vadose zone at very differ-
ent scales, including non-invasive geophysical methods (Coppola
et al. 2016). These tools may provide the information on the pre-
vailing top- and bottom-boundary conditions to be used to run
the models, as well as the data for their calibration and valida-
tion. When adequately supported by data, these models may us
allow to reliably identify the best site-specific water and nutrient
management and to prevent NPS pollution of water bodies, by
providing more informed decisions on irrigation water and nu-
trient application, better tailored to crop needs, as well as to their
ecohydrological impact (Hassan et al. 2022, 2023). Of course,
for their reliable application, these models cannot disregard the
real behaviour of the farmers in managing irrigation water and
fertilizers, the irrigations systems, the agronomic techniques
adopted, which have all to be accurately identified before any
model application.

With these premises, this paper describes the application of
a physically based agrohydrological model, coupled to a ki-
nematic wave approach for runoff routing, for interpreting
the fate of water and nutrients coming from cultivated fields
to groundwater and surface drainage network located in the
Arborea area, specifically in the so-called Piana del Sassu
area. Even if characterized by a very shallow water table, the
Piana del Sassu area is not included in the NVZ because of
the low hydraulic conductivity of the soils. And, yet, a signif-
icant amount of water and dissolved nutrients is expected to
flow quickly from the uppermost layer of the soil to the sur-
face drainage network in the case of rainfall events, as well
as during the irrigation season, when the rainfall intensity of
the sprinkler systems frequently exceeds the maximum infil-
tration velocity of the shallow soil layer. This may happen by
either direct surface runoff or subsurface drainage flow. To
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us, verifying and understanding these transport mechanisms
are crucial for the management of agricultural activities in the
Piana del Sassu soils, which in this case contribute significant
amounts of nutrients (nitrate and phosphorus) to the S'Ena
Arrubia wetland, even though the area does not formally fall
within the Arborea NVZ and thus it is not subject to the limit
of 170kg/ha of N fertilizer supplies imposed to the NVZs.
Identifying and describing these pollution mechanisms are
exactly the issue dealt within this paper.

Modelling was supported by a large database on soil, groundwa-
ter and surface drainage water, which was used for establishing
the boundary conditions for simulations, as well as for calibra-
tion and validation of the model. The final aim was understand-
ing the main physical mechanisms inducing the losses of water
and nutrients to both groundwater and surface water bodies,
with a view, on one side, of optimizing the irrigation water and
fertilizer management and, on the other side, of quantifying the
water and nutrient fluxes to be eventually treated by denitrifi-
cation technologies such as bioreactors and artificial wetlands,
which have to be developed in the area for preventing pollution
of water before it is returned to groundwater and the surface
drainage network.

2 | Materials and Methods
2.1 | Study Site

The study site is located in the so-called Piana del Sassu (UTM
coordinates: 4406931.86m N, 470343.77m E) as shown in
Figure 1. It is part of the Arborea territory (Sardinia Region,
Italy), which is a hydraulic reclamation area characterized by
intensive livestock activities. Thus, most of the land is cultivated
with corn and alfalfa crops, from which the farmers obtain part
of the feed for cattle.

The Arborea territory represents a quite complex ecohydrologi-
cal system. It is delimited by and interacts with a system of la-
goons and coastal ponds, relevant from an environmental point
of view for the richness of fauna and flora. Most of them are clas-
sified as Sites of Community Importance (SCI) under the Natura
2000 network and are specifically regulated as a Special Area of
Conservation (SAC) under the Habitats Directive.

As for groundwater, the area of Arborea falls entirely within the
Plio-Quaternary detritic alluvial aquifer of Campidano. In the
superficial sandy level, there is a phreatic aquifer with a freely
fluctuating water table used in the past for domestic use through
large-diameter wells with an average depth of 4m. These shal-
low wells have very limited flow rates and dry up if subjected
to pumping for a few hours. The depth to the water table varies
between about 1 and 5m. The trend of the piezometric surface
indicates a water flow directed mainly towards the coast and
partly towards the interior of the area to the Piana del Sassu.
Below the shallow phreatic aquifer, there are several aquifers,
mostly sandy-pebbly, separated by low-hydraulic conductivity
clay layers.

The Arborea hydraulic reclamation area includes two distinct
subareas: (1) the Piana di Arborea, made up of sandy deposits,

and (2) the Piana del Sassu, made up of silty and clayey depos-
its. The geomorphological and pedological characteristics reflect
the different origins of the two areas, which involved distinct
reclamation interventions.

The reclamation of the Piana di Arborea mainly consisted of the
flattening of the dune formations and the filling of the humid de-
pressions. Locally, in relation to the low water table depth of the
surface aquifer and humid depressions, relatively deep drain-
age channels were created to intercept the aquifer and drain
the land. The elementary agricultural unit of this part of the
Arborea reclamation area is a field of about 4ha (400m x 100 m)
often delimited by a longitudinal ditch. Due to the very high soil
infiltration capacity and the very low depth to the water table,
the NO, concentrations in many wells of the area are well above
the limit of 50mg/L. Accordingly, the area is one of the most
important NVZs identified by the Sardinia Region.

By contrast, in the Piana del Sassu, where the study site is lo-
cated, soil profiles are generally characterized by the presence of
very low-hydraulic conductivity surface layers, whose thickness
may sometimes even be of 70-100cm. However, if we look at
the whole soil profile, there may be a significant variability, so
that, in some areas, soil profiles are entirely of clayey texture
whereas in other cases, the thick clay surface layer lies above
very conductive sandy layers. In the Sassu area, the reclamation
interventions simply consisted of a superficial arrangement of
soil, by inducing some surface convexity aimed at rapidly re-
moving the water runoff forming on the soil after rainfall events
and excess irrigation and conveying it towards a dense network
of drains and canals, and from these to the wetland of S'Ena
Arrubia (which is both an SCI and an SAC). The elementary
agricultural units consist of a field measuring approximately
0.5ha (200m x25m), which is drained by a longitudinal ditch
flowing to a main drainage channel. Due to the low infiltration
capacity of the shallow soil layer, the area is not included in the
Arborea NVZ, as the aquifer is considered quite protected by
vertical percolation flows. Due to the profile variability, how-
ever, this may be true for some soils but has to be verified for
soil profiles with high-conductivity sandy layers. For sure, in
the area, significant nutrient concentrations are frequently ob-
served in the surface drainage network draining the area, which
are supposed to come from the uppermost layer of the soil in the
case of rainfall events, as well as during the irrigation season, as
sprinkler systems used for irrigation provides rainfall intensity
frequently exceeding the maximum infiltration velocity of the
shallow soil layer.

2.2 | The Experimental Field
and the Monitoring System

The experimental field, of about 16 ha, was selected based on
the hydropedological characteristics of the soils found in the
area and on the physical-morphological characteristics of
the entire soil-groundwater-surface network system. As for
the latter point, the selected field represents a sort of field-
scale model for the entire Sassu area, as it is a quasiclosed
system where the field drains in a well-identified drainage
network whose fluxes can be traced back mostly to the field
itself. Figure 1 shows the location and a schematic view of
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FIGURE1 | On the top left, a map of the location of the study site in Sardinia Island; on the top right, a map showing the ‘Piana di Arborea’ in

blue border and the ‘Piana del Sassu’ in red border; and to at the bottom right, a schematic view (not to scale) of the whole experimental field and its

upstream (UsF) and downstream (DsF) subfields considered for analysing the experimental data. MS =monitoring station; ds_weir =downstream

weir; us_weir =upstream weir. The green arrows represent the direct contribution of the shallow groundwater to the water and solute fluxes in

the secondary drainage channel. The crop pattern refers to 2021. In 2022, both subfields were cultivated with corn. The physical-hydrological

characteristics of the soils in the four MSs are given later in Table 1.

the experimental field, along with the spatial pattern of soils
found within the field. Based on the soil distribution, the field
was divided in two subfields, respectively named upstream
field (UsF) and downstream field (DsF).

Being a reclamation area, the whole field is divided into smaller
strips of approximately 0.5ha in size, 25m wide and 200 m long.
The fields are drained through 200-m-long ditches, with an
approximately rectangular cross section about 60cm deep and
60cm wide, arranged along the longitudinal dimension of the
field. The drains flow into a secondary drainage channel ap-
proximately 750 m long (with a trapezoidal cross section 1.5-m
depth, top width 6m and bottom width 2m) which, in turn,
flows into a main canal called ‘Canale delle Acque Basse’, which
conveys the drainage waters of the entire area towards the final
receiving water body (S'Ena Arrubia Pond).

In 2021, the experimental field was cultivated with melon
(the DsF), irrigated by drip irrigation, and with corn
(the UsF), irrigated by sprinkler irrigation. In 2022, both the
subfields were cultivated with corn and irrigated by sprinkler
irrigation.

The drip irrigation system consisted of dripper lines, with 2-L/h
drippers at a distance of 30cm along the line and 0.8 m between
lines. Due to the low conductivity of the soil and the irrigation
volumes provided at each irrigation, the wetted area during the
irrigation almost closed the flow field, thus inducing a quasi-1D
flow immediately below the soil surface.

The sprinkler irrigation system consisted of nine sprinklers with
an irrigation range of 20m and a flow rate of 1L/s at a pressure
of 2bars.

4 nf 209
RIGHTS LI N K}

Ecohydrology, 2024

5UB0|7 SUOLUWIOD BAITER.D) 8|l |dde 8 Aq peuenob e 9ol YO 88N JO S9N 104 A%eiq1T8UIIUO A8]1M UO (SUORIPUCD-PUR-SWLBALI0D B 1M ARe1q 1 U |UO//SHIY) SUORIPUOD PUe SWB | 8U) 885 *[202/0T/82] Uo Afeiq18uliuO 48| ‘0suely 1Q winkedspisiu] 1q1g zuslod 1Q ereol|sed ASieAuN Ag £22¢2'008/200T OT/I0PL0D 8] 1M Areiq 1BuIUO//SAIY WO1} POpEOIUMOQ ‘0 ‘Z6S09E6T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Feco.2723&mode=

In each of the subfields, two automatic monitoring stations
(MSs) were installed equipped with (see Figure 1) CS655 water
content reflectometer sensors (WCRs), tensiometers, multipara-
metric probes and water-level sensors. In each site, 12-cm-long
CS655 WCR probes (Campbell Scientific, Inc.) were installed
horizontally at five different depths (z=10, 30, 50, 70, 90cm),
after digging a pit (see Figure 2).

The probes provide estimation of soil water content, 6; bulk
electrical conductivity, EC; and temperature, 7. As for the
water content, the probe, which is a reflectometer, measures
the number of reflected voltage pulses per second, fr. The
true output of the probes is a period, P, which is inversely re-
lated to fr. The period is divided by a dimensionless scaling
factor, Sc, to facilitate recording by a datalogger, giving the

propagation time, f,, for the reflectometer (Kelleners, Paige,
and Gray 2009).

EC is estimated by CS655 probes by exciting the waveguides
with a known nonpolarizing wave and measuring the signal at-
tenuation due to free ions in soil solution, providing electrical
conduction paths that result in attenuation of the signal applied
to the waveguides.

Signal attenuation is expressed as a voltage ratio, VR, which is
quadratically proportional to EC. The measured signal attenua-
tion is also used to correct for the loss effect on reflected voltage
detection and thus propagation time, Lo estimation. According
to the technical specifications provided by Campbell scien-
tific, this loss effect correction allows accurate water content

FIGURE 2 | Pictures of one of the four MSs. (a) Overview of the station. The pipe in red close to the station is a piezometer; (b) TDR probes and

tensiometers installed at different depths along the soil profile; (c) triangular weir for measuring the flow rate by measuring the head of water

upstream with a diver-type sensor. A multiparameter probe is installed near each of the two weirs.
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measurements in soils with a bulk EC of <8 dSm™! without
performing a soil-specific calibration. The same specifications
provide a range for o, from 0 to 8dSm™".

The probe firmware internally converts the P and VR values to
the apparent dielectric permittivity, ¢,, and bulk electrical con-
ductivity, EC, by empirical calibration equations built by im-
mersing sensors in solutions of varying permittivity and varying
electrical conductivity at constant temperature. The ¢, in turn,
is converted to a water content by using the universal calibration
equation provided by Topp, Davis, and Annan (1980).

Each MS was also equipped with two Jet-Fill-type tensiometers,
90 and 120cm long, providing readings of soil water pressure
head in the range between —100 and 0kPa through a resistive
bridge pressure transducer. The two tensiometers were installed
at 80 and 110cm, respectively. The tensiometers were used to
measure the hydraulic gradient and from this, knowing the hy-
draulic conductivity, the water flows in correspondence with the
control plane at 90cm. As will be clarified later in the section
on modelling, the average pressure head measured at the two
depths was used as variable pressure head bottom-boundary
conditions for the simulations.

All the four MS were also equipped with a multiparameter probe
with a diameter of 42 mm for the measurement of the following
parameters: dissolved oxygen, DO (via optical sensor); electrical
conductivity, o,; pH; redox potential, ORP; total dissolved sol-
ids, TDS; temperature; and water level. Furthermore, the probe
allows the measurement of the nitrate concentration by means
of an ion-selective electrode for nitrate ion. The multiparameter
probes were installed either in the secondary drainage channel
(at MS1 and MS3) or in the piezometers (at MS2 and MS4).

In detail, the multiparametric probes of MS1 and MS3 were im-
mersed at a known depth, through access and inspection pipes,
in the secondary drainage channel, each close to a triangular
steel weir (with an angle of 120°) specifically installed to mea-
sure water discharge coming from the experimental field. A weir
was installed in the downstream section of the canal, near the
outlet of the secondary drainage channel, and allowed to mea-
sure the total volumes drained from the entire field. The second
weir was installed further upstream, between the two subfields.
During 2021, the two weirs allowed distinguishing the volumes
returned to the surface drainage network from each of the two
crops. Flow measurement with weirs was carried out by mea-
suring the head of water immediately upstream of the weir. For
this purpose, a Baro-Diver level sensor (van Essen Instruments),
with a measurement range of 150cm, was installed through ac-
cess and inspection pipes, along with a barometric compensator.

The multiparametric probes of MS2 and MS4 were each im-
mersed in a piezometer, installed close to the MS2 and MS4. The
piezometers were installed at a depth of about 5m from the soil
surface. The piezometers consisted of a 3-in. PVC pipe with bot-
tom and surface plugs and with the filter extending from 1.5- to
5.0-m depth from the ground surface. The installation was com-
pleted by filling the interspace between the soil and piezometer
wall with calibrated gravel in the filter part and insulating the
blind part with a bentonite layer of suitable thickness. Finally,
the piezometers were purged until the water was clarified with a

low-pressure compressor and ejector. The piezometer inlet was
equipped with an inspection well sealed at the base with a ce-
ment mixture.

All the sensors were acquired by a datalogger with an SDI-12
interface (Serial Digital Interface at 1200 baud), which could be
queried via a datalogger support software and which simultane-
ously sent data to the database management platform via FTP
protocol.

Beside measuring nitrates by the ion-selective electrode for ni-
trate, periodic measurements of phosphorus were carried out in
the secondary drainage channel by collecting water samples in
correspondence to both the us_weir and ds_weir and analysing
the phosphorus concentration by a photometric method car-
ried out by a filter photometer AL450 AQUALYTIC and using
the molybdenum blue reaction using ascorbic acid. With this
method, the orthophosphate ion (PO43-) reacts with ammonium
molybdate and antimony potassium tartrate under acidic condi-
tions to form a complex. This complex is reduced with ascorbic
acid to form a blue complex that absorbs light at 880 nm. The ab-
sorbance is proportional to the concentration of orthophosphate
in the sample.

2.3 | The Models

For the purposes of this study, the modelling tools have to
enable the simulation of all the water and dissolved nutrient
balance components, including the fluxes of water and solutes
from the soil to the runoff and to the subsurface drainage in-
duced by excess water. Once these fluxes have been quantified,
they must be routed to the surface drainage network in the
case of rainfall events, as well as during the irrigation season,
when the rainfall intensity of the sprinkler systems frequently
exceeds the maximum infiltration velocity of the shallow soil
layer. As mentioned, these processes are largely expected in
the study area soils, where, due to the physical-hydrological
properties of soils, a significant amount of nutrients (nitrate
and phosphorus) are expected to reach the surface water bod-
ies by runoff and lateral flow at the interface between tilled
and untilled soil layers.

Accordingly, in this study, an agrohydrological model named
FLOWS (FLOw of Water and Solutes in agri-environmental
systems) was used to predict the water and solute fluxes to
runoff and drainage eventually resulting from a single rainfall
event and/or an irrigation application. Thus, a routing model
based on the kinematic wave theory, named KWV, allowed
routing of the water runoff water and dissolved solutes as
overland flow and thus through the ditches and from these to
secondary drainage channel and thus to the field outlet (see
Figure 1). Figure 3 provides a schematic representation of the
FLOWS-KWYV coupling.

2.3.1 | The Agrohydrological Model
FLOWS is a physically based numerical model to simulate

water flow and solute transport in agroenvironmental systems
(Coppola et al. 2019a, 2019b; Hassan et al. 2023), allowing,
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FIGURE 3 | Schematic view of the fluxes produced by FLOWS and their routing by KWV. FLOWS produces the runoff and subsurface drainage
fluxes, which are routed by KWV through a sequence of overland and channel flows.

among other things, a prediction of the deep percolation flows
(beyond the area explored by the root systems) of water and
solutes, also making it possible to estimate the recharge of the
aquifer and the transfer times of pollutants to the aquifer (e.g.,
nitrates, pesticides, and heavy metals). The numerical code is
written in MATLAB and is based on a finite-difference solu-
tion scheme of the differential equations governing the flow
of water and the transport of solutes in partially saturated po-
rous media.

As for nutrient management, FLOWS simulates applications
of organic fertilizers such as organic matter in the form of
manure and crop residues, as well as mineral fertilizers. The
model requires the incorporation depth of the fertilizer as
input, Lfore It is assumed that the fertilizer addition is uni-
formly distributed along the depth of incorporation. FLOWS
allows us to simulate the decomposition of organic matter
and the transport of carbon, nitrogen and phosphorus. In this
case, the transformations of organic carbon, nitrogen and
phosphorus are all controlled by the dynamics of the decom-
position of the organic matter and, therefore, also by the ratios
C:N and C:P. A detailed description of the model is given in
Appendix A.

D) Dy = v +n0)Dy  AKj = Kio FrFpr,min (FeyFep)
2.3.2 | The Kinematic Wave Model Applied to
the Experimental Field

KWV (kinematic wave runoff routing), developed by the au-
thors, was used for runoff routing by accounting for the influ-
ence of the channel network on the delay and the shape of the
hydrograph. Kinematic wave theory is an approximation of the
Saint-Venant equations, which are based on the laws of conserva-
tion of mass and momentum of shallow water flowing longitudi-
nally and infiltrating vertically (Singh and Aravamuthan 1996;
Woolhiser 1975). Kinematic wave approximation for modelling
unsteady flow, gradually varied overland and channel flow
assumes the bed slope, Sb, approximately equal to the friction
slope, Sf, and relates the distributed, non-linear response to the
drainage area and flow characteristics to the shape of the chan-
nel, the boundary roughness and the slope of the channel or

overland flow surface. More details on the model are described
in Appendix B.

2.4 | The Dataset for Numerical Simulations
2.4.1 | Soil Physical-Hydraulic Characteristics

A complete hydrological characterization was carried out
on each of the sites selected for the installation of the MSs.
Pedological pits (approximately 1.5mx 1.5m X 1.5m) were ex-
cavated close to each of the MS installation sites. Site selection
was based on a pedological map already available for the Sassu
plain area. After pedological investigations, two undisturbed
soil samples were collected from each soil horizon found up to
approximately 1.5-m depth. The samples were collected using
stainless-steel cylinders (inner diameter of 7.6 cm and height
of 7cm). Each soil sample was slowly wetted from below at
different steps to obtain the saturation conditions. We then
measured water content, 6, at pressure head, h=0, by the
gravimetric method and hydraulic conductivity, K, at 6, by
the falling-head method (Klute and Dirksen 1986). The 6(h)
data points were measured using a sand-kaolin suction table.
Water retention experimental points were obtained at the fol-
lowing pressure heads: 1.0, 3.0, 7.0, 10.0, 15.0, 30.0, 70.0, 90.0,
130.0 and 180.0 cm (referring to the middle of the sample). The
soil cores were oven-dried at 105°C to determine bulk density,
oy Total porosity was calculated from the measured oven-
dried bulk density, assuming a particle density of 2.65gcm™3.
Then, soil cores were extracted from the steel cylinder and
used partly to determine the water content 6 at h values of 30,
60 and 120 m by the pressure membrane apparatus and partly
to determine the textural characteristics.

In this work, we assumed the soil hydraulic properties to be
described by the unimodal van Genuchten-Mualem model
(Mualem 1976; van Genuchten 1980). The van Genuchten 6(h)
relationship is expressed here in terms of the scaled water con-
tent, S,, as follows:

0-0,
S, = = [1+]|a,gh

nyg 1M
=50, ] M
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—1 . .
where a  (cm™), n  and m,, are curve-fitting parameters.

Mualem's (1976) model to calculate relative hydraulic conduc-
tivity, K, is based on the capillary bundle theory (Childs and
Collis-George 1997).

The model generally supplies reasonably accurate estimates of
hydraulic conductivity from the shape of the retention curve
(Luckner, Van Genuchten, and Nielsen 1989; van Genuchten
and Nielsen 1985) and also for aggregated soils (Antonio
Coppola 2000).

Using Mualem'’s model and assuming m, =1-1/n,, van
Genuchten (1980) obtained a closed form for the hydraulic
conductivity:

K (S, L \m]?
K,(S,) = 5{06) =5 [1—(1—semvc) ] )

in which K|, is the hydraulic conductivity measured at 6 and 7 is
a parameter which accounts for the dependence of the tortuosity
and the correlation factors on the water content.

The data obtained on each of the four soil profiles investigated
are summarized in Table 1. The last column in the table re-
ports the dispersivity, 4, which was estimated by applying the
method proposed by Scotter and Ross (1994), which deduces
breakthrough curves of a tracer at a given depth for a given soil
starting by the hydraulic conductivity function of that soil (see
also Coppola et al. [2014] for some more details on the applied
estimation procedure). Based on this approach, an average dis-
persivity of 2cm was obtained, which was assumed to be uni-
form along the whole soil profile.

2.4.2 | Parameters for Solute Transformation
and Transport Processes

Solute transformation process parameters were mostly deduced
from literature data. Specifically, nitrogen transformation con-
stants and parameters mostly came from Cabon, Girard, and
Ledoux (1991), Lafolie (1991), McGechan and Wu (2001) and
Shi, Zuo, and Zhang (2007). As for phosphorus, the kinetic con-
stants and other parameters are taken from Mansell, Selim, and
Fiskell (1977) and Mansell, Selim, Kanchanasut, et al. (1977).
The parameters for solute transformation and transport are re-
ported in Table 2. In the table, K (-) are factors for solute root
uptake, accounting for a positive or negative selection of solute
ions relative to the amount of root water uptake.

2.4.3 | Parameters for Kinematic Wave Simulations

Table 3 summarizes the parameters used for routing of the
excess water (drainage and direct subsurface drainage to
ditches), along with the dissolved solutes, to the surface drain-
age network. Some of them reflect the regular geometry of
the experimental field (see Figure 1), such as the width and
length of the elemental fields, length of ditches and length

of secondary drainage channel. The slope and roughness of
each of the drainage network segments was also assumed to
be uniform.

The table also reports solute dispersivity. In the case of over-
land flow, a constant and uniform dispersivity of 10cm was
assumed based on the study from Abbasi et al. (2003). As for
ditch and channel dispersivity, the Fischer equation (Fischer
et al. 1979) was considered for deducing the solute longitudi-
nal dispersion, D, from the cross-sectional mean flow veloc-

ity, u, and the shear velocity, &t = \/F‘gu, with C as Chezy's

coefficient and g as the gravitational acceleration, and from
the geometric characteristics of the flow section (width, w, and
water depth, y). By neglecting diffusion, D, is related to 4,, as
A =D, /Ju.

2.5 | Numerical Simulations

2.5.1 | Flow Field
and Top- and Bottom-Boundary Conditions

Simulations were carried out for a 2-year period, from 1
January 2021 to the end of 2022, for which a complete data-
set was available. A soil profile of 100-cm depth was consid-
ered. By looking at Table 1, it is apparent how the hydrological
characteristics of the soil profile close to the MS1 and MS2
monitoring sites are very similar, even in terms of horizon
thicknesses. The same may be observed for the soil profiles in
MS3 and MS4. This is why, in carrying out the simulations, we
averaged the MS1 and MS2 soil profile parameters to describe
the hydrological behaviour of the downstream field (DsF) and
the MS3 and MS4 profile parameters for the upstream field
(UsF). Due to the very shallow groundwater, based on the
tensiometric readings, a hydrostatic soil profile was assumed
along the whole soil profile.

As for the water top-boundary conditions, simulations ac-
counted for rainfall measured by a micrometeorological sta-
tion installed in the area, very close to the experimental field.
Registered irrigation volumes and potential evapotranspiration
fluxes, ETp, were also used as the variable top-boundary con-
dition. ET,, fluxes were calculated according to the reference
evapotranspiration, ET,, method. The Penman-Monteith equa-
tion (Allen et al. 1998) was first used to calculate the ET for the
reference crop. Thus, the ET_ for the specific crops simulated in
this study were calculated as ET = kc X ET, with kc being a crop
factor, which depends on the crop type and the growth stage.
ET, was thus partitioned into T, and E, on the basis of Beer's
law (Ritchie 1972):

— —kxLAI
Ep =E Tp Xe

©)
T,=ET,—E,

For all the simulations, the LAI measured under the differ-
ent salinity treatments, along with an extinction coefficient
of 0.45, was used to calculate the potential transpiration, T,
from E Tp.
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Parameters for solute transformation and transport processes simulated in this work by FLOWS.

TABLE 2

Kads Knitr Kimm Kdntr DO l\T_NH4 DO Kru Kru
N-NO3 N-NO3 N-NH, N-NO3
(cm?/day)

Kads
N-NH,

Nitrogen

(cm?/g) (1/day) (1/day) (1/day) (cm3/day) ) =)
0.100

(cm®/g)

1.000

1.640

1.710

0.030

0.020

0.500

0.000

0.100

ru

K,
P-PO,

Kchsl Kchs2
P-PO, P-PO, P-PO,

Kprcz

Kadsz Kprcl
P-PO, P-PO,
(1/day)

Kadsl
P-PO,

Phosphorus

(1/day) (cm?/day) -
0.001 0.300

(1/day)

(1/day)

(cm3/g)

(cm3/g)

0.530

0.005

0.010

0.050

0.010

0.100

The T, values were distributed over the root zone according to
a uniform root density distribution, even if any root density dis-
tribution may be used in the code according to a specific crop
being simulated. A maximum root depth was considered for all
the crops considered, increasing from 0 to 80 cm during the crop
growth season.

A pressure head (Dirichlet) variable bottom-boundary condi-
tion was assumed at 100 cm, based on the tensiometric read-
ings' evolution over time. The spatial flow field was discretized
in 100 nodes of constant width (Az). Time discretization starts
with a prescribed initial time increment (Atf). This time incre-
ment was automatically adjusted at each time level according
to a solution convergence criterion (Coppola et al. 2011, 2012,
2015, 2019a).

2.5.2 | Irrigation and Fertilizer Applications

Figure 4 shows the water coming to the experimental field by
both rainfall and irrigation supplies during the 2-year period of
simulations. During the first year, melon was irrigated by drip
irrigation whereas corn was irrigated by sprinkler irrigation.
In the case of drip irrigation, drippers of 2L/h were installed
at a distance of 30cm in-line and 70cm between lines. Due to
the low conductivity of the upper layer and the volume and fre-
quency of irrigations (about 5-15mm each day), the soil surface
between the dripper lines moistened almost completely, so as
to establish a quasi-1D vertical flow, justifying the use of a 1D
model for describing both water and solute transport even in
the DsF.

As for the nutrient supplies to the crops, only inorganic
fertilizers were used. Consequently, the OM decompo-
sition and mineralization were not simulated. Table 4
reports the nutrient applications in kilogrammes per hect-
are during the year 2021, when the DsF was cultivated
with melon and irrigated by drip irrigation, whereas the
UsF was cultivated with corn. As already mentioned, in
2022, both fields were cultivated only with corn, and the
fertilizers applied and the application dates were approxi-
mately as those reported in the bottom part of the table for the
year 2021.

3 | Results and Discussion

This section shows and interprets (also by modelling) the
measurements made using the monitoring system installed in
the experimental field. As mentioned, the analysis was car-
ried out considering the average of the measurements carried
out in MS1 and MS2 for the DsF and the average of the mea-
surements carried out in MS3 and MS4 for the UsF. The same
distinction in DsF and UsF was also maintained for 2022,
the year in which the two fields were both destined for corn
cultivation.

To make the time evolution of the different sensor readings
clearer, most of the figures presented below will also show the
time distribution of rainfall events and irrigation applications
during the 2years of monitoring.
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TABLE 3 | Parameters used in this work for simulation of overland and channel flows simulated by KWV. For a clear understanding of the
parameters, the table can be compared to the experimental scheme given in Figure 1.

Parameter Abbreviation (units) Value
Field plain width WF (m) 200
Field plain length LF (m) 25
Ditch length LD (m) 200
Partial channel length LCp (m) 25
Field plain slope SLP_F 0.010
Ditch slope SLP_D 0.005
Channel Slope SLP_C 0.001
Manning roughness coefficient in the n,_F (d m~173) 0.03
field
Manning roughness coefficient in the n,_D (d m™/3) 0.025
ditch
Manning roughness coefficient in the n,_ Cdm™3) 0.020
channel
Overland dispersivity Ay F (cm) 10
Ditch dispersivity AnD (cm) From Fischer et al. (1979)
Secondary channel dispersivity A,,—C (cm)
t (days from 1 January 2021)
o 100 200 300 400 500 600 700 800 900

E 0

5

3 s

E 4 N

c irrigation melon

“ 5 ——irrigation corn

6 —rainfall

FIGURE 4 | Rainfall and irrigation supplies during the 2-year period of simulations. Note that the first-year irrigation involved both melon into

the DsF and corn into the UsF.

3.1 | Pressure Head Measurements

As mentioned, each of the four MS was equipped with two ten-
siometers, installed approximately at depths of 80 and 110cm.
The graph in Figure 5 shows the trend of the pressure heads
observed respectively in the UsF and DsF. In both cases, the
pressure head shown refers to the average of the two potentials
observed at the two installation depths of the tensiometers and
of the two MSs in each field.

First of all, during the first year of monitoring, the pressure
head value at a depth of about 90 cm was always either larger
than or close to 0 during most of the irrigation season, indicat-
ing saturated conditions well above the tensiometer readings.
This was especially verified in the case of melon cultivation

in the DsF, where, even if the crop was irrigated with a drip-
per irrigation system, the irrigation volumes were evidently
enough to induce saturation conditions up to the ditches bot-
tom (about 60-cm depth), so as to activate them and keep the
pressure head at a maximum positive value of about 30-35 cm.
In any case, at the end of the irrigation season, when irrigation
contributions stopped, the pressure heads decreased progres-
sively down to negative values, even if still close to saturation.

In the case of corn, irrigated by a sprinkler system, the pressure
head observed in the first monitoring year in the UsF assumed
positive values only during the first year of monitoring, some-
times at 15-20cm, indicating a regular presence of conditions
of saturation or close to saturation starting at about 60-70cm
from the soil surface. Compared to the drip irrigation, after the
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irrigation season, the pressure head in the sprinkler-irrigated
fields was more dynamic, and the pressure head values de-
creased up to about —50cm.

TABLE 4 | Nutrient applications during the year 2021. For 2022,
the dates and the nutrient amounts are approximately the same as for
corn in 2021 for the whole field, with an additional background nitrogen
fertilization at 400 days from 1 January 2021. The values in the table are
in kilogrammes per hectare.

As will be shown later (see Section 3.4), the different behaviours
between melon and corn fields can be mostly ascribed to the dif-
ferent irrigation systems in the DsF and UsF and only partly to
some differences in the soil profile and the corresponding hy-
draulic properties. In the case of melon, the drippers’ flow rate
was such that it allowed all the irrigation water to infiltrate into
the soil profile, which induced a water table rising up to the
ditches.

Differently, in the case of corn, the sprinkler flow rate induced
some direct runoff at the soil surface, which limited the surface

Days from Melon Corn
1January water infiltration and allowed a lower deep infiltration of water.
2021 kgN/ha kgP/ha kgN/ha kgP/ha This will be also evident later by looking at the water content
evolution measured by the CS655 probes.
929 13.33 40.00
122 1.04 3.20 21.60 54.00 In general, by comparing the pressure head evolution in the
two fields, a different dynamic can be observed in the two
130 2.08 6.40 110.40 fields during the autumn-winter of both the monitoring years,
140 3.31 when the fields received only rainfall water. Specifically, the
pressure head in the UsF decreases more than that observed
148 2.40 12.20 in the DsF, where the pressure head remains quite close to
158 4.00 4.00 saturation, with values not lower than —15cm. This may be
1 4.00 4.00 partly ascribed to the different hydrological behaviours of
68 ’ : the whole soil profile. However, this also shows that the quite
173 1.73 high pressure head values reached with the drip irrigation in
178 173 the DsF cultivated with melon (the period between 170 and
’ 220days) may likely be ascribed to the fact that, in the DsF
199 4.00 4.00 soils, the irrigation already starts with positive pressure heads
210 .60 2.60 at 90-cm depth.
Corn Corn From the perspective of runoff generation and kinematic wave
400 90.00 90.00 simulation for runoff routing, during the first year, the two
i i fields produced excess water, to be drained by the irrigation
t (days from 1 January 2021)
0 100 200 300 400 500 600 700 800 900
£ o
T 3
?E -4 irrigation melon
= 5 ——irrigation corn
6 —rainfall
40 X
1,
20 ",4"\"“:"‘\1
’é‘ [}
— 1/“"‘\'1‘.
T - » A - fe > r
T 0 AN e s A e Yonor
ﬁ 0 100 b 400 V50 ' V800 900
5 -20
wv
g
& -40 - - -pressure head DsF ——pressure head UsF
-60

FIGURE 5 | (Bottom) Average pressure heads (at z=90cm) calculated from the four tensiometer readings observed in the two MSs for both the

UsF and DsF. (Top) Rainfall and irrigation supplies in 2021 and 2022. During 2021, the irrigation concerned both the melon, irrigated with a dripper

irrigation system (data in light blue in the graph), grown in the DsF, and the corn crop, irrigated with sprinklers (data in blue in the graph) and grown

in the UsF. Precipitation is shown in dark blue. In 2022, the irrigations concerned only the corn which occupied both fields.
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network, with two different mechanisms: (1) the UsF gener-
ated surface runoff by a Hortonian mechanism, so that the
sprinkler flow rate overcame the soil infiltration capacity. In
this case, the runoff reached the ditches after flowing over
the field. The runoff to the ditches was simulated as overland
flow in the KWV model; (2) the DsF produced supplied excess
water directly to the ditches by subsurface lateral drainage.
In the KWV, this excess water was added as distributed input
directly to the ditches’ flow.

The fact that the relatively high positive pressure head values
in the DsF during the first year were mostly attributable to the
irrigation system is confirmed by looking at the second year of
monitoring, when both the fields were irrigated by sprinkler ir-
rigation. In this case, the pressure head at z=90cm in the DsF
was limited to 10-15cm. In any case, the dynamics of the pres-
sure head in the two fields was quite different, and this is to be
ascribed rather to the different layering of the soil profile and
their corresponding hydrological behaviour.

The pressure head evolution shown in the figure served to estab-
lish the variable head condition at the bottom-boundary of the
flow domain simulated by FLOWS.

3.2 | Measured and Simulated Water Contents

Figure 6 shows the water contents at the five measurement
depths in the DsF and UsF. Measurements started from Day
172. For greater clarity, the evolution over time of the water con-
tent at depths of 10 and 30cm has been represented in separate
graphs against the water contents at greater depths. Again, the
irrigation applied in 2021 and 2022, as well as the rainfall, is also
shown at the top of the graph.

From the comparison between the graph of the inputs (irri-
gations or rainfall) and the dynamics of the water contents, it
can be observed how the readings made with the CS655 sen-
sors (dashed lines in the graphs) are extremely sensitive to any
input on the surface. This was particularly evident at the first
two depths (10 and 30 cm), whereas the measurements at greater
depths showed a much more attenuated dynamic and always
around the water content at saturation, as was to be expected
by observing the water potential measurements at 90 cm, which,
as mentioned, indicate a condition of a porous medium close to
the saturation.

As for simulations by FLOWS, in general, they reproduced the
dynamics observed at the first two depths with good accuracy.
At greater depths, the model predicts fairly stable values of
water content, sometimes failing to follow the dynamics, how-
ever limited to 0.02-0.03 cm3/cm?, recorded in certain peri-
ods (e.g., in the UsF in the period between 300 and 500 days)
by the water content sensors. However, these dynamics are
not relevant for the purposes of the overall water balance in
the soil profile. However, it should be considered that, in all
the simulations, FLOWS was used in a forward configura-
tion, using the measured hydraulic properties of the soil (see
Table 1), with the top-boundary conditions being measured
in terms of rainfall and irrigation volumes and those at the

bottom boundary being measured with tensiometers (see
Figure 5) without calibration.

3.3 | Measured and Simulated Soil Electrical
Conductivity

The graphs in Figure 7 show the time evolution of bulk elec-
trical conductivity, EC, measured by the CS655 sensors at five
different depths (the same as the water contents) in the two
fields.

It is worth to note how the EC behaviour closely reflects that
observed in the water content (see Figure 8). It is especially im-
portant to understand the extent to which the nitrate eventually
transported by the water transport is responsible for changes
in the EC at higher depths. In this sense, Figure 8 reports the
EC curve measured at 90cm for both the DsF and UsF, along
with the water content observed by the same sensors at the
same depth.

For a better interpretation of the CS655 probe readings, the fig-
ure also shows the EC measured by the multiparametric probe
in the piezometer installed at the MS4 (and thus in the UsF)
at a depth from the soil surface of 150 cm. Unfortunately, the
data coming from the EC sensor in the piezometer installed in
the DsF did not work, and thus, data are not shown here. From
the curves, it is apparent how most of the EC dynamics may
be ascribed to the changes in the water content, whereas the
EC in the piezometer showed low fluctuations around 3 dS/m.
Later, we will show that these fluctuations correspond to low
nitrate fluctuations around 15mg/L, which will be assumed
as a background concentration in the groundwater and, as
such, used in the KWV solute transport simulations. In any
case, these fluctuations indicate a quite insignificant arrival
of nutrients to the water table. Again, this may be explained by
the two different excess water production mechanisms acting
in the DsF and UsF.

In DsF, during the first year of monitoring, the activation of
the ditches is likely to be responsible for the displacement of
water (and dissolved solutes) as soon as it reaches the very shal-
low water table. In this sense, it is well known how artificial
drainage is commonly (and rightly) considered to produce and
enhance pollution of surface water by nutrients and other ag-
ricultural diffuse-source contaminants (see, e.g., Jaynes and
Isenhart 2014).

In the USsF, nutrients (including nitrogen, in the forms of both
N-NH, and N-NO,) are lost mainly through runoff production.
Actually, the sprinkler irrigation rate overcomes the soil infil-
tration capacity, producing significant water fluxes to the run-
off. Nutrients (both nitrogen and phosphorus) in the upper soil
layer diffuses to the runoff water and are transported by over-
land flow.

In summary, these are the two main mechanisms of pollution
transport to surface waters identified in the experimental field
(and likely to operate in the whole Sassu plain agricultural
area). By contrast, the area would be characterized by reduced
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FIGURE 6 | Water contents at five different depths in the DsF and UsF. The time evolution of the water content at depths of 10 and 30cm was
represented in separate graphs against the water contents at the greatest depths. The irrigation in 2021 and 2022 is also shown at the top of the graph,
along with the rainfall events.
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FIGURE 7 | Time evolution of bulk electrical conductivity measured by the CS655 sensors at five different depths in both the DsF and UsF.

nutrient losses to groundwater, despite the very low depth to the
water table characterizing the area.

3.4 | Nitrogen and Phosphorus Runoff
and Concentrations in the Secondary Drainage
Channel: Measurements and Simulations

FLOWS simulations produced the fluxes of water (in centi-
metres per day) and of solutes (in grammes per square cen-
timetre) towards the surface runoff (runoff), as well as to the
lateral drainage. As an example, the graphs in Figure 9 report
water and solute fluxes generated by FLOWS for one of the
elementary fields in both the UsF and DsF for the year 2021.
Specifically, Figure 9a-c shows the water, the N-NO, and the
P-PO,, respectively, to (1) runoff in the UsF which was culti-
vated with corn and irrigated by a sprinkler irrigation system
in 2021 (left Y-axis) and (2) the subsurface lateral flow in the

DsF which was cultivated by melons and irrigated by a drip ir-
rigation system during the same year (right Y-axis). Figure 9d
shows the P-PO, to the subsurface fluxes at the DsF. Note the
relatively high N-NO, and P-PO,, peaks for the field in the DsF.
As the high peak in the phosphorus graph hid the dynamics
of P-PO, in the runoff during both the summer and winter pe-
riods, Figure 9d reports again the same graph as in Figure 9c
with a vertical axis scale changed to see those dynamics.

Once the fluxes of water and solutes to runoff and lateral drain-
age were generated with the FLOWS model, these fluxes were
passed as input to the KWV model for their routing. The KWV
model produced the simulated water and solute hydrographs
to be compared to those measured along the secondary drain-
age channel, precisely at the control sections corresponding re-
spectively to the us_weir installed in correspondence with MS3
(see Figure 1), which only intercepts the flows of water and sol-
utes from the UsF, and to the ds_weir installed at MS1, which
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intercepts the flows from the entire experimental field (UsF
plus DsF).

Figure 10 shows the simulated water and solute runoff and
subsurface lateral flow in the different compartments of the
drainage network for both the UsF and DsF and for the whole
simulation period including the years 2021-2022. Specifically,
Figure 10al reports the water runoff generated by FLOWS in
the UsF. Figure 10a2 reports the water subsurface lateral flow in
the DsF for the first year, when DsF was cultivated with melon
and irrigated by a drip irrigation system, and then the water run-
off in the DsF in the second year, when it was cultivated with
corn and irrigated with a sprinkler irrigation system. Therefore,
Figure 10b1,b2 shows the water and nitrate overland flow (and
subsurface lateral flow for the first year in the DsF) over the sin-
gle elementary field, Figure 10c1,c2 shows the water and nitrate
runoff (and subsurface lateral flow for the first year in the DsF)
along the single ditch, and the graphs Figure 10d1,d2 shows
the water fluxes and nitrate concentrations along the channel,
respectively, at the us_weir and ds_weir monitoring sections.
Finally, Figure 10el,e2 provides the cumulative water volumes
and nitrate mass passing thorough the two weirs. In these last
graphs, the cumulative measured water volumes and solute
mass are also shown, for the sake of comparison with the simu-
lations. Note that although the concentrations in the DsF is very
high in the first year, its contribution to the total solute mass in
the secondary channel is quite low because of the low water dis-
charges, which came from subsurface fluxes when the field was
irrigated by a drip irrigation system.

Note in Figure 10bl,b2 the very high concentrations coming
from the melon field (DsF) during the first year of simulation
(2021), which are related to the relatively low water fluxes com-
ing from the same field compared to the UsF. We recall that in
2021, the DsF was irrigated by drip irrigation, whereas in the
second year (2022), the DsF was irrigated by sprinkler irriga-
tion. As already discussed in Section 3.1, the lower fluxes in
2021 from the DsF have to be attributed mostly to the irriga-
tion system rather than the soil profile characteristics. This is
demonstrated by observing that, once the DsF was irrigated by
sprinkler irrigation and cultivated by corn, it produced water

runoff and solute concentrations similar to the UsF (see the sec-
ond year of simulations in the graphs in Figure 10b1,b2).

In general, if we look at Figure 10el,e2, the model was able to
mostly predict the overall observed water volumes and nitrate
mass passing along the secondary channel. Note that this result
was obtained mainly by manually changing the resistance coef-
ficient, n;, in the KWV model.

For further details, Figure 11a shows the evolution over
time of the electrical conductivity measured by the multi-
parameter probes installed at the us_weir and ds_weir. The
graph also reports the N-NO, concentration as measured in
the UsF by the multiparametric probe installed in the MS4.
Figure 11b shows the concentration of nitrate measured
(symbols) using the ion-specific electrode supplied with the
two multiparametric probes. Finally, Figure 11c shows the
phosphorus concentrations measured by periodically sam-
pling the channel water in correspondence to the weirs and
analysed by the photometric method. In both the nitrogen and
phosphorus graphs, the solid lines represent the simulations
obtained using the FLOWS outputs in a model based on the
kinematic wave model for the simulation of surface transport
(‘routing’) of surface outflows and dissolved solutes and al-
ready shown in Figure 10d1,d2. Note that, for phosphorus,
no background concentration was assumed in the baseflow
contribution.

The nitrate measurements are limited to a period of about
400days (for the us_weir) and 350days (for the ds_weir), as there
were later problems in the functioning of the ion-specific elec-
trodes, likely because of some sludge incrusting the sensors,
though they were regularly cleaned and recalibrated using ref-
erence solutions of known concentration. Missing nitrate mea-
surements may also be observed in the period of 330-400days.
In this period, due to relatively intense rainfall, some water
back-flows were observed from the main drainage canal to the
secondary drainage channel (see Figure 1), thus temporarily al-
tering the concentrations in the channel. To avoid confusion in
data interpretation, the measurements in that period were thus
excluded from the graph.
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FIGURE9 | Water and solute fluxes generated by FLOWS for one of the elementary fields in both the UsF and DsF for the year 2021. Specifically,
Graphs (a), (b) and (c) show the water, the N-NO, and the P-PO,, respectively, to (1) runoff in the UsF, which was cultivated with corn and irrigated

by a sprinkler irrigation system in 2021 (left Y-axis), and (2) the subsurface lateral flow in the DsF, which was cultivated by melon and irrigated

by a dripper irrigation system during the same year (right Y-axis). Graph (d) simply reproduces Graph (c) but with a rescaled Y-axis to show up the

dynamics of phosphorus fluxes to the lateral subsurface flow in the DsF in both the summer and winter periods, hidden by the high peak in Graph (c).

In any case, the available period of observations covered with good
detail the evolution of nitrate in the secondary drainage channel,
coming from the fertilizations supplied during both the 2021 and
2022 irrigation seasons. In general, the concentration observations

at the weir's sections in the channel reveal that the solute entering
the runoff reaches the end section of the secondary channel very
late. As discussed in Section 2.3.2, this behaviour is reasonably
the result of intermittent and nonuniform flow, which in principle
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Simulated water runoff and subsurface lateral flow (blue lines) and solute runoff (red lines) in the different compartments of the

drainage network for both the UsF and DsF and for the whole simulation period including the years 2021-2022. Specifically, Graph (al) reports
the water runoff generated by FLOWS in the UsF. Graph (a2) reports the water subsurface lateral flow in the DsF for the first year, when DsF was
cultivated with melon and irrigated by a drip irrigation system, and then the water runoff in the DsF in the second year when it was cultivated with
corn and irrigated with a sprinkler irrigation system. Graphs (bl) and (b2) are for the water and nitrate overland flows (and subsurface lateral flow

for the first year in the DsF) over the single elementary field, Graphs (c1) and (c2) are for the water and nitrate runoff (and subsurface lateral flow

for the first year in the DsF) along the single ditch and Graphs (d1) and (d2) are for the water fluxes and nitrate concentrations along the channel,

respectively, at the us_weir and ds_weir monitoring sections. Finally, Graphs (el) and (e2) provide the cumulative water volumes and nitrate mass

passing thorough the two weirs.

cannot be reproduced by the kinematic wave approach. Moreover,
the KWV model does not consider the possible nitrate transfor-
mations during the routing time. And yet, pragmatically coupling
FLOWS with KWV still allows a quite faithful reproduction of
the evolution of the observed nitrate concentration, albeit with a
much smoother trend given the difficulty of being able to model
all the variability of the paths actually followed from the runoff.
In this sense, as the matching of the KWV curves with measure-
ments was obtained by only tuning the resistance parameter (n;in
Equation B2 in Appendix B), the latter should not be interpreted
anymore as a uniform flow resistance parameter, as it also ac-
counts for all the possible changes in nitrate mass not explicitly
considered in the KWV model and for the very delayed flow indi-
cated by the observations.

Overall, the nitrate concentrations reach peaks of the order
of 30-40mg/L (30-40g/m3), corresponding to a total nitrate
mass coming from the field of the order of 10-15kg and given
the water discharges ranging between 10 and 87m3/day simu-
lated by KWV in the same period. The early rising before the
second nitrate peak is due to the nitrogen fertilization at about
400days (see Table 4). It should be noted that the curves in the

graph show a background concentration (both measured and
simulated) of about 15mg/L, which is the average concentration
measured in the UsF piezometer (see Figure 10a, top graph) and
which was used in the KWV as the background concentration
for the baseflow, that is, the water draining steadily to the sec-
ondary drainage channel directly from the shallow groundwa-
ter. Note that the baseflow was not simulated directly in KWV
but was assumed as a steady flow at a constant concentration to
the secondary channel.

The bottom graph in Figure 10 reports the P-PO, evolution mea-
sured by the photometric method (symbols) and simulated by
the KWV model. Measurements were taken periodically in the
period of 200-600days. The same parameters used for the ni-
trogen routing were also able to reproduce the phosphorus mea-
surements quite adequately.

4 | Discussion and Conclusions

Agriculture activities are known to be the main diffuse source
of pollutants (nutrients, pesticides, ...) to groundwater and
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FIGURE 11 | (a) Electrical conductivity, EC, measured by the multiparametric probes installed close to the us_weir and ds_weir and N-NO,
measured in the piezometer installed in the MS4 (UsF); (b) nitrogen concentration as measured (symbols) by ion-selective electrode; (c) phosphorus
concentration as measured (symbols) by photometry. Solid lines refer to the simulations carried out by combining FLOWS (for water and solute fluxes

to runoff and lateral drainage) and KWV (for water and solute routing).

surface waters, and their ecohydrological impact is widely
documented. Many European directives (Water Directive,
Nitrates Directive, Pesticides Directive, ...) were just originated
from the need to improve the qualitative status of polluted
water bodies and introduce increasing constraints in the man-
agement of fertilizers and irrigation water at different levels
(from farm to whole irrigation district scales). However, based
on decades of experience, it is now evident that a unique strat-
egy for solving the issue of water and nutrient losses from ag-
ricultural areas cannot be effective. The same work presented
in this paper itself demonstrates the complexity of the issue
and how nutrient losses may change depending on several fac-
tors, such as soil variability, soil and crop management, nu-
trient management, farm irrigation system, irrigation water
management, presence and depth of groundwater, presence of

a drainage network and their interactions. In a given physical
system, management has a crucial role; the results of this work
showed that, under bad irrigation management, some soils
may generate surface water pollution and groundwater even in
the case of drip irrigation.

Unfortunately, understanding the role of each of these variables
and their interactions, in view of a better management, requires
complex and expensive monitoring networks, which is obviously
unfeasible at the large scale. However, there are now available
modelling tools enabling us to quantitatively predict the effects
of different management (of soil, water, nutrients, crop and irri-
gation systems) under different physical contexts (in terms of cli-
mate, soils, depth to water table and water table time evolution).
And yet, these models should be handled carefully, as they may

RIGHTSE LI MN iy

19 of 29

85U8017 SUOWILLOD dAIERID) Bqedt|dde au Aq pausecd a/e eI YO 38N JO S3IN1 404 ARIQIT BUIIUO AB]IM UO (SUOHIPUOD-PUR-SWLISIL0Y 4B | 1M ARe.q)1 U UO//SANY) SUORIPUOD PUB SWB L 3U) 885 *[120¢/0T/82] U0 AriqITauiiuo AB|1M ‘0auely | winkedepaeiu| [q1g ezuelod I eleol|seg AisieAun Aq £2.2°099/200T OT/I0p/wod A3 AReiq1ieul|uo//sdy Wwoiy pepeoiumoq ‘0 ‘Z6509€6T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Feco.2723&mode=

produce completely different predictions depending on the phys-
ical system assumed in the simulations. This is why monitoring
and modelling should never be seen as alternatives. Actually,
models may be of real help in interpreting agricultural pollutant
and water fluxes to groundwater and surface drainage network
only with a preliminary knowledge of the physical system to
be simulated. This is especially true for the bottom-boundary
condition. In the case of a shallow groundwater, as in the case
considered in this paper, the bottom-boundary may condition
significantly the fluxes predicted by the models. That's why, in
this paper, knowing the evolution of the depth to water table by
using piezometers and tensiometers (see Figure 5) was essential
to correctly model the water and solute balance in the soil profile
and thus the water and solute fluxes to the runoff and then to the
surface drainage network.

This paper also suggests the importance of monitoring and mod-
elling discharges and concentrations along the drainage channels,
as these provide an integrated response of relatively large areas
and smoothens the effects of soil variability and soil, water and
crop management, which is really impossible to monitor at large
scale. In this sense, we believe the coupling of a routing model to
the agrohydrological model can be an additional strength of the
modelling approach we used to analyse the composite dataset
observed in this work. In this sense, a routing model calibration
based on channel measurements, possibly carried out in different
sites along the drainage network, may provide a tool to indirectly
validate the goodness of the agrohydrological model simulations.
It is worth to recall here that, in this work, the hydraulic param-
eters used in FLOWS for the different layers in the soil profiles
considered were those coming from the initial hydraulic charac-
terization, without any additional calibration. The only calibration
concerned the Manning resistance parameter for the elementary
fields (n,=0.030), the ditches (n,=0.025) and the secondary drain-
age channel (1;,=0.020) (see Table 3).

When appropriately calibrated, the agrohydrological model may
then be used for analysing different alternative management sce-
narios. Using FLOWS with the appropriate parameterization and
top- and bottom-boundary conditions, to optimize irrigation vol-
umes and time of interventions, drastically reduced the water and
nutrient losses to the surface drainage network (data not shown
here for the sake of brevity). Similarly, in a recent paper, Hassan
et al. (2023) demonstrated that optimizing the irrigation volumes
and scheduling by using the FLOWS model at irrigation district
scale would drastically reduce the losses of water and nutrients to
the groundwater compared to the irrigation actually provided by
the farmers in an irrigation district of the Apulia Region (Italy).

When adequately calibrated, these models are also the basis for
designing technologies for nutrient removals form both ground-
water and surface water bodies. Technological tools are available,
which have already demonstrated their practical effectiveness
(Christianson et al. 2021) and that can be used to prevent nutrient
release to water bodies. They may be technologies such as biore-
actors and artificial/constructed wetlands, which are simple, rela-
tively low cost and passive treatment systems for removing nitrate
and phosphorus (and even pesticides) from both surface water
runoff and shallow groundwater systems. However, their effective
application requires a prediction of nutrient fluxes to be treated,

which can only come from reliable agrohydrological simulations
of the system under study.

Improved soil, water and crop management on one side and
technologies to remove nutrients from surface and deep perco-
lation fluxes on the other should work in a virtuous sequence
where they first look for minimizing the pollutant loads to be
treated by pollutant-prevention technologies. To do that, model-
ling approaches like that used in this paper are essential, as they
may help to identify the best management options of water and
agrochemicals (timing, quantities and application splitting), as
well as agronomic practices (tillage, crop rotations and organic
matter content) to minimize the pollutant mass in water leaving
agricultural fields and flowing to the surface and groundwater
bodies, while still maintaining profitable farmer activities.
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Appendix A
FLOWS Agrohydrological Model

FLOWS (FLOws of Water and Solutes in soils) is a dynamic physi-
cally based model to simulate water flow and solute transport in the
soil-plant-atmosphere system. The numerical code, written in Matlab,
solves the 1D form of the Richards equation (RE) for water flow and the
1D advection-dispersion equation (ADE) for solute transport. Heat flow
is also simulated in the model since several parameters related to nu-
trient reactions and transport and various partitioning and production
coefficients are strongly temperature dependent.

As for water flow, the model allows us to set several top- and bottom-
boundary conditions, both constant and variable over time: potential
and fluxes at the top boundary and potential, fluxes and hydraulic
gradient at the bottom boundary. Initial conditions may be given as
pressure heads, which can be either constant along the soil profile or
variable node by node.

As for solute transport, the model allows for either constant or variable
solute application at the soil surface. Also, initial conditions may be ei-
ther constant or variable node by node. Dispersivity and decay may also
be given for each node.

Figure Al summarizes the processes that can be simulated by
FLOWS. For agricultural-environmental management purposes,
FLOWS enables the integrated simulation of chemical transforma-
tions and transport of organic and inorganic carbon, nitrogen and
phosphorus simultaneously (in the same discretization time step)
with the simulation of water contents and related flows. It also allows
irrigation management, optimizing irrigation times and volumes ac-
cording to a criterion based on the average water potential in the root
zone. FLOWS also simulates the flows of water and nutrients towards
artificial drainage and surface runoff. Furthermore, the model offers
the possibility to carry out multisite simulations, which can be par-
ticularly important for spatially distributed simulations, as well as
for simulations performed in a stochastic environment (e.g., Monte
Carlo). In the following, we provide a more detailed description of the
main code modules used in this paper.

A.1 | Water Flow

FLOWS simulates water flow by solving the RE using an implicit
pressure-based, finite-difference scheme with explicit linearization
(Van Dam et al. 1997):

oh d oh
ChZ == <K(h)£ +K(h)> - S, (AD

where C(h)=d6/dh (L) is the soil water capacity, h (L) is the soil water
pressure head, ¢ (T) is time, z (L) is the vertical coordinate being positive
upward, K(h) (LT™) is the hydraulic conductivity and S, (T™) is a sink
term describing water uptake by plant roots, S,, and/or lateral water
drainage, S, so that S, =S +S,..
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Multi-site simulations
(multiple RE and ADE parameter vectors)
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N Single Solute
H Nutrients | 8
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Nitrogen transformations Carbon, Nitrogen, Phosphorus
and transport transformations and transport

____________ i

1
H Organic and Inorganic Fertilizers |

I Water and Solute to Runoff I‘

A 4

Single-site outputs

ANERN

in the soil profile.
FOM and SOM evolution over time;
CO2, N-NH4, N-NO3, PO4 concentrations and fluxes;

Deep percolation water and solute fluxes

Root uptake of water and solutes;

Water and solute fluxes to runoff;

Drainage water fluxes and related solute fluxes;

Irrigation fluxes computed by the model;

AN N N N U N N NN

Temperature in the soil profile

Soil water contents and pressure potentials in the soil profile;

Solute (tracers, adsorbed, reactive and volatile solutes) concentrations

Water and solute uptake and actual ET for simulated crops;

Multi-site outputs
(for each site, same outputs as for
Single-site, plus Mean and Variance
over all the sites output)

FIGURE A1 | Schematic representation of all processes simulated in FLOWS, their interactions and simulation options. The model provides all

outputs listed in the box at the bottom. In the box, FOM and SOM stand for fresh organic matter and stable organic matter (humus), respectively. In

the case of multiple simulations (e.g., spatially distributed simulations or iterated simulations in stochastic frameworks), all outputs are provided for

each of the input parameter vectors, together with the mean and variance of each output.

To be solved, Equation (A1) requires the water retention, 6(h), and
the hydraulic conductivity, K(h), functions to be known. FLOWS al-
lows opting for several hydraulic property models: (1) unimodal van
Genuchten-Mualem model (Mualem 1976; van Genuchten 1980); (2)
bimodal Durner-Mualem model (Durner 1994); (3) bimodal Ross and
Smettem-Mualem model (Ross and Smettem 1993); and (4) unimodal
Russo-Gardner model (Gardner 1958; Russo 1988).

A.2 | Root Water Sink Term, S,, and Actual Transpiration, T,

In FLOWS, the crop is simulated in a so-called static way, so that the
crop growth is not simulated dynamically by the model, but the user
has to specify the crop development stage by giving as input the evo-
lution over time of the leaf area index, LAT; root depth, D ; reference
evapotranspiration, ET ; as well as the crop coefficient, Kc, as a function
of the development stage to convert reference evapotranspiration to the
potential evapotranspiration, ET,, of the considered crop.

The root water uptake term, S, is computed in FLOWS using a macro-
scopic approach commonly employed in hydrological soil-plant-atmo-
sphere continuum models for describing plant water uptake (Feddes,

Kowalik, and Zaradny 1978; Feddes and Raats 2004). First, the potential
transpiration, T, is distributed over the root depth according to a root
density distribution function, g(z), selected by the user, thus giving the
potential root sink term, Sr’p, at any simulation depth node. FLOWS al-
lows selecting different alternative root distributions: (1) uniform (Feddes,
Kowalik, and Zaradny 1978); (2) triangular (Prasad) (Prasad 1988); (3)
Vrugt (Vrugt, Hopmans, and Simunek 2001); or (4) logistic.

Within the macroscopic approach, the potential sink term is converted
to the actual sink term, S,, through the introduction of an uptake re-
duction function, a(h,h ), accounting for the possible water stress (re-
lated to soil water potential, 1) and osmotic stress (related to the osmotic
potential, h ) experienced by roots at different depths within the root
zone. FLOWS allows selecting different alternative reduction function
accounting for water uptake reduction: (1) Feddes reduction function
for water stress (Feddes and Raats 2004); (2) van Genuchten reduction
function for water stress (van Genuchten 1987); (3) Maas and Hoffman
reduction function for osmotic stress (Maas and Hoffman 1977); (4) van
Genuchten reduction function for osmotic stress (van Genuchten and
Hoffman 1984); (5) multiplicative combinations of water and osmotic
reduction function as described above.
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soil surface

FIGURE A2 | Schematic view of the artificial drains as well as the parameters and system involved in Hooghoudt's equation.

Thus, the actual root uptake sink term is obtained as a(h,h ) S, »

A3 | Artificial Drainage Sink Term, S,

The other component of S, the fluxes to artificial drainage, S, is
modelled based on the Hooghoudt theory (Hooghoudt 1940) for lateral
flow towards drains (Figure A2). Previous studies have shown that em-
ploying a 1D solution to the flow system, coupled with the Hooghoudt
theory, yields comparable outcomes to a 2D solution that explicitly rep-
resents drain tiles, provided that an appropriate implementation of the
Hooghoudt theory is used. This matter has been thoroughly investi-
gated by Mollerup et al. (2014).

Whenever the water table is positioned above either a drainpipe or an open-
field drain, water will naturally flow towards the drain. Hooghoudt (1940)
provides a method to calculate the steady-state drain flux per unit surface
area, denoted as g, which is expressed as follows:

_ 8KyD,D, +4K,D?

(A2)
2
Ldr

Qar

In this equation, K, represents the hydraulic conductivity of the satu-
rated layer located above the drain level, while K, represents the hy-
draulic conductivity of the layer positioned below the drain level. The
parameter L, is the distance between the drains. Additionally, the
water table height above the drain at 0.5L  is denoted as D,, which cor-
responds to the variable ‘h’ in Hooghoudt's work.

D, represents the equivalent drain depth, influenced by both the vertical
separation between the drains and the impermeable layer (Dimp) as well
as the hydraulic radius of the drain (R;,). When the drain pipe or open
drains do not extend to the impermeable layer, Deq is substituted for Dimp‘
The Hooghoudt theory, which governs lateral flow to drains, operates
on the premise of horizontal flow lines, in alignment with the Dupuit-
Forchheimer theory. However, if drains are situated above the imperme-
able layer, the flow lines will converge towards the drain (radial flow lines),
deviating from horizontal orientation. Consequently, these elongated flow
lines necessitate additional head loss to maintain consistent water volume
flow into the drains, resulting in a raised water table. In order to preserve
the notion of horizontal flow, Hooghoudt (1940) posited an imaginary
impermeable layer above the actual one, thereby reducing the thickness
of the layer through which water travels towards the drains. To compute
Dimp, van der Molen and Wesseling (1991) presented an analytical solution:

_1 Ly,
“aT g Ly
In ( Lo ) +F(x)
e 27 Dimp
Ly (A3)
2 x
F(x)=—+ln<—) forx<0.5
4x 2w
ke (—4i+2)x
de forx>0.5

i=1

Fx)= Z (2i— 1)(1 _ e(—4i+2)x)

For x values less than 0.5, the function F(x) converges quickly, while for
x values greater than 1, it exhibits rapid convergence. As outlined in the
methodology introduced by Mollerup et al. (2014), the FLOWS model
determines S, by initially segmenting q,, into two constituents: q,, orig-
inating from above the drain level, and q,, originating from below the
drain level:

4K, D?
q.= Iz
8KyDeyD, (A4)
B=—7% —
Ldr

In FLOWS, K, and K, are comparted-weighted averages representing
the saturated nodes above and below the drain level, respectively, fol-
lowing the approach adopted in the Daisy model (Hansen et al. 2012):

Z‘f AZKy,;
K=t
a Da
D,= ZfAzi for all the nodes i above the drain level
i
Heacks .
Ky=——,
Dy

Dy = ZgAzi for all the nodes i below the drain level

L

When £=1, it indicates saturated nodes, while £=0 corresponds to un-
saturated nodes, which do not contribute to the flow to drains. Here,
Az, represents the thickness of each simulation node compartment. The
weighted average is essential as it accommodates the likelihood that the
layer above (and below) the drain may encompass nodes with various
saturated hydraulic conductivities. If K, ; remains consistent across all
nodes in the layer above the drain (forming a homogeneous layer), then
K, would equate to K . The same principle applies to the layer situated
below the drain level.

Ultimately, the S, for each of the N simulation nodes is determined by
distributing the fluxes g, and g, across the saturated nodes positioned
both above and below the drain level:

Ko,
Sgra= é—o’qa for all the nodes i above the drain level
’ KaDa
Sarp= ﬁqb for all the nodes i below the drain level (A6)
T KDy

Sdr = Sdr,a + Sdr,b

A.4 | Water to Runoff

FLOWS simulate the occurrence of runoff under two conditions: first,
when the intensity of rainfall overcomes the soil surface’s infiltration ca-
pacity (referred to as the Hortonian mechanism of runoff) and, second,
when the soil profile becomes completely saturated (referred to as the
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Dunnian mechanism of runoff). The first condition (Hortonian) is defined

by a calculating the maximum infiltration velocity at the soil surface, fs,.:

h

hl — Psurf,max
.ﬁgmax = Km,max (Tmp - 1) (A7)

where K is the arithmetic average between the surface and top
node hydraulic conductivities, h, is the pressure head at the top node,
Pt max 1S the maximum pressure head allowed at the surface (gener-

ally, h =0) and Aztop is the depth of the top node.

surf,max

If the incoming fluxes (e.g., precipitation and/or irrigation), qg,.. ex-
ceeds fs_ .., the model changes the top-boundary condition to a pres-
sure head boundary condition by imposing the top-boundary pressure
head htop =Rgyp max- 11 CASE abs(qg,,;) > K|, for the first node, the value of
(Ggurs =SS may) DECOmMES runoff.

Regarding the Dunnian runoff mechanism, during each time step (Af),
the model computes the total saturation storage and the current stor-
age across the entire simulation domain. If the difference in storage
(A6, — AD) s less than or equal to a predefined tolerance (¢), all incoming
flux (qq,,¢) during that time step (Af) will be calculated as runoff.

A.5 | Solute Transport

As for solute transport, FLOWS solves the ADE by an explicit, central
difference scheme, which, compared to an implicit iterative scheme, al-
lows for a relatively easy inclusion of non-linear adsorption and other
non-linear processes simulated in the code:

oCc. 09,C,
%W‘H’b s e

= + = —
ot ot oz oz\ "oz

p) . oC
*% (GngKH6—Z> -5,

__99C 9 (GD ac>
(A8)

Equation (A8) includes linear and non-linear adsorption, linear volatil-
ization, linear decay and proportional root uptake in unsaturated/satu-
rated soil. In the equation, C (ML), C,(MM™) and C, (ML), are the
amount of solute in the liquid, adsorbed and gaseous phases, respec-
tively; q (LT™) is the Darcian water flux; p, (ML) is the bulk density;
D, (L>*T™) is the hydrodynamic dispersion coefficient; DZis the disper-

sion coefficient in the gaseous phases (L2T); 0 is the volumetric air
content in soil; S (ML73T™) is a source-sink term for solutes, K, is the
dimensionless Henry constant. Hydrodynamic dispersion is related to
the molecular diffusion constant of the solute in bulk water, D (12T,
and the average pore water velocity, v=gq/6, as follows:

D, = Av+n(0)D, (A9)

where A (L) is the dispersivity and 7 is a tortuosity coefficient.

As for sorption, the model allows for both linear and Freundlich
isotherms.

A.6 | Solute Transfer to Artificial Drainage and Runoff

The solute flux to drainage is calculated in FLOWS by simply multi-
plying the drainage sink term, S by the solute concentration, C, at the
same simulation node.

As for the solute transfer from the soil solution to runoff, FLOWS calcu-
lates the solute flux, g, (g/cm?/day), across the soil surface interface as a
function of the difference in concentration between the soil solution at the
top boundary, C(0,) and runoff water (C,,, ), multiplied by a mass transfer
coefficient, denoted as k. (cm/day) (Wallach and van Genuchten 1990):

run

aC
60,0 = —0D, 5= +v0C| = (= Ok [CO.0 = Crn])  (A10)

z=0

Equation (A10) incorporates both convective and dispersive trans-
fers between the soil and runoff water. Convective mass transport is
oriented downward, while diffusive-dispersive transport is oriented
upward. The value of k is primarily determined by the diffusion co-
efficient, but it can also be affected by various flow characteristics such
as runoff water depth, rainfall intensity and duration, as well as sur-
face roughness. By assuming that the value of C,  can be neglected,
Equation (A10) becomes

aC
_Dha_z+(v+k“‘“)c =0 (A11)

z=0

applying for finite values of k
calculated.

rune irom which the flux to runoff may be

A.7 | Transformations and Transport of Nutrients in FLOWS

The FLOWS model manages the addition of fertilizers in various
forms such as manure, crop residue and mineral fertilizers. It re-
quires information on the application time and the incorporation
depth (referred to as z;,,, in the FLOWS code) as inputs. The model
assumes that fertilizer is uniformly distributed across the incorpo-
ration depth. In addition, it also allows for adding solutes (including
nutrients) as a time-variable top-boundary condition. In FLOWS, the
transformations of carbon, nitrogen and phosphorus are governed by
the dynamics of organic matter decomposition and, thus, influenced
by the carbon-to-nitrogen (C:N) and carbon-to-phosphorus (C:P) ra-
tios (Cleveland and Liptzin 2007).

Nitrogen in the form of N-NH, and N-NO,, as well as phosphorus in
the form of P-PO,, originating from organic mineralization, joins the
mineral pools of N-NH, and N-NO, and P-PO,. This is supplemented
by inputs from mineral fertilizers, such as urea (UREA,) for nitro-
gen, and solid and liquid NH, and NO, fertilizers (S&L_NH4 .. and
S&L_NO3. respectively), along with solid and liquid PO, fertilizers
(S&L_PO4yp ) for phosphorus.

The subsequent transformations of these mineral pools of N-NH,, N-
NO, and P-PO, are governed by various reaction processes, often char-
acterized as first-order decay, each associated with specific constants.

A.8 | Nitrogen

As for nitrogen, urea undergoes hydrolysis following a first-order decay
with a constant k., resulting in the production of NH,, and a por-
tion of this NH, volatilizes, governed by a decay constant k, (Liang
et al. 2007):

INH4,, g = URKyyq€Xp( — kiyqt)

(A12)
I‘NH3VUR = NH4hURKvoleXp ( - kvolt )

where rNH4, is the rate of urea hydrolysis. Hereafter, the prefix r re-
fers to rates. UR is the initial urea concentration and rNH3_;;; is the
rate of urea volatilization and NH4,  is the ammonium concentration
coming from urea hydrolysis.

Nitrification and denitrification can occur to N-NH, and N-NO, in the
soil solution phase. Additionally, N-NH, can be adsorbed to the solid
soil fraction through a linear isotherm with a distribution coefficient
k, 4 Furthermore, soil N-NH, and N-NO, can be taken up by roots or
drawn by artificial drains.

Therefore, the concentrations of remaining N-NH, and N-NO, are
transported through the soil via advection-dispersion. Consequently,
for nitrogen transport, the ADE is applied twice:

9Cxn
90Cyy 9C, N _ 99Cy\y + <00D 0z ) —Ss
= NH

(A13)
ot P o oz 0z
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9Cno
90Cno 9C,no _ 99Cxo + <09D3_Z>

= -S
o Po ot 0z 9z SNxo - (Al4)

The subscripts NH and NO represent the N-NH, and N-NO, forms of
nitrogen, respectively. It is assumed that both N-NH, and N-NO, can
be adsorbed onto the solid phase, with N-NO, being adsorbed on a pos-
itively charged surface. It is important to note that these two equations
are interconnected through the nitrification process, which converts a
portion of N-NH, (acting as a sink term in Equation A13) into N-NO,
(acting as a source in Equation A14).

In Equations (A13) and (A14), Ssy;; and Ssy, represent the source-sink
terms of solute, which vary with depth (z) and time (t). They can be ex-
pressed as follows:

SSNH =- SsminNH - Ssurea - szrtNH + Ssnit + Ssvol + SSupNH + SSdrNH
S5N0 = = SSnit — SSirino T SSden T SSupno T SSarno
(A15)

Ss g and Ss, .. represent the N-NH, derived from mineralization
(which is not included in this study) and urea hydrolysis (as described in
Equation A12), respectively. Ss,, denotes the N-NH, altered through ni-
trification. Ss, and Ss,, represent the N-NO, and N-NH, lost due to de-
nitrification and volatilization, respectively. SsupNH and SSupNO indicate
the N-NH, and N-NO, absorbed by roots, respectively. Similarly, Ss;
and Ss; represent the loss of N-NH, and N-NO, through artificial
drainage, respectively. Finally, Ss; y and Ss; o are the N-NH, and
N-NO, source terms coming from mineral fertilizers additions (other
than urea).

The source terms Ss; \ 115 S8 eas SSpny aNd SSp o are derived by di-
viding the rates of mineralization, urea hydrolysis and mineral fertil-
izer addition (all expressed in grammes per square centimetre of soil
per day) by the incorporation depth, - (in centimetres). This yields
the corresponding Ss terms (expressed in grammes per cubic centimetre
of soil per day), which are then added to each of the calculation nodes
within the Lot depth. Table A1 summarizes the equations describing

the liquid-phase nitrogen transformations in FLOWS.

In Table A1, UR, and UR,, represent the initial urea concentration
and the N-NH, produced as a result of urea hydrolysis, respectively.
Furthermore, k_, and k,,  represent the optimal first-order rate coeffi-
cients for the processes of nitrification of N-NH, and denitrification of
N-NO,, respectively. T stands for the actual soil temperature in degree
Celsius, while T, indicates the optimum temperature for the process
in degrees Celsius (Cabon, Girard, and Ledoux 1991). 6, represents the
threshold water content for denitrification.

Additionally, K|\ and K, denote the root uptake preference factors
(dimensionless) for N-NH, and N-NO,, respectively, reflecting posi-
tive or negative selection of solute ions relative to the extracted soil
water amount (Van Dam et al. 1997). For passive uptake, K, is set to 1.

S.and S, represent the source-sink terms associated with root uptake
and artificial drainage, respectively. 0, denotes the water content at
field capacity, assumed to be the water content corresponding to a pres-
sure head of —330cm in a water column.

A.9 | Phosphorus

Regarding phosphorus, FLOWS simulates the behaviour of liquid-phase
phosphorus (Pliq) based on decay reaction chains proposed by Mansell,
Selim, and Fiskell (1977). Typically, inorganic phosphorus undergoes
rapid conversion from orthophosphate to less soluble forms. Post appli-
cation of inorganic P to soil, observed phosphorus soil solution concen-
trations are generally around 1pg/cm? or lower (Mansell, Selim, and
Fiskell 1977). The swift removal of phosphorus from the soil solution
initially is often attributed to relatively fast reactions, such as physical
adsorption to soil colloidal material. Phosphorus adsorption is com-
monly considered reversible (Van Der Zee and Van Riemsdijk 1986;
Barrow, Madrid, and Posner 1981). Slower reactions involve the pre-
cipitation of phosphorus as AI, Fe and Ca phosphates. Additionally,
a portion of the physically adsorbed phosphorus may gradually be-
come occluded by matrices of Fe and AI components (chemisorption).
Adsorption, precipitation and chemical immobilization mechanisms
work concurrently and persistently over time to eliminate phosphorus
from the soil solution.

The Mansell, Selim, and Fiskell (1977) approach, also implemented
in FLOWS, assumes the transfer of phosphorus between solution,
adsorbed, chemisorbed and precipitated phases to be governed by
six reversible reactions. While adsorption occurs on pore walls and
colloids, chemisorption (termed occlusion by Mansell, Selim, and
Fiskell 1977) refers to the slow transformation of weaker physical
bonds of adsorbed phosphorus into stronger chemical bonds. FLOWS
assumes that adsorption follows an Nth-order kinetics (with an aver-
age N of 0.35, as suggested by Mansell, Selim, and Fiskell 1977) with
a constant K, ,;, while all other reactions (desorption, chemisorption
and mobilization, precipitation and dissolution) follow first-order
kinetics with respective constants K, ., Ky 5 Kipyo0 Ko and K,
although higher orders can be accommodated in the code. Reaction
rates are contingent on pH, the nature and content of clay minerals,
organic matter, carbonates, cation saturation, and the amount of
phosphate applied. Table A2 provides an overview of the equations
governing the liquid-phase phosphorus transformation processes
considered in FLOWS.

The remaining concentrations of P-PO, are transported through the soil
by advection-dispersion:

TABLE Al | The nitrogen transformation processes implemented in FLOWS. In the table, the Ss rates are in grammes per cubic centimetre of

soil per day.
Process (reference) Equation Equation number
Nitrificati _ T-T,,) 0 Al4
itrification S8, = ke X 1.07(7Tont) aCNH 0<0; (A14)

(Cabon, Girard, and
Ledoux 1991)

Ssyi = kg x LO7TT T e 9> 0,

Denitrification SSqen =0 06, (Al5)

(Lafolie 1991; McGechan SSgen = kgen X LOTTTo) 22280y 03 <0 < 0,04 = 0.6270;, — 0.0267%="0;,

and Wu 2001) fe s

Root uptake of nitrogen SupNH =K, ngS:Cnu (Al6)
SupNO = Kr,NOSrCNO

Nitrogen losses to artificial Saena = Sa:Cnn (A17)

drainage

SdrNO = SdrCNO

2A nf 2Q
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TABLE A2 |
rates are in grammes per cubic centimetre of soil per day.

The phosphorus transformation processes implemented in FLOWS (Mansell, Selim, and Fiskell 1977). In the table, the Ss reaction

Process Equation Equation number
Phosphorus adsorption 9(PyCap) (A18)
P P S ads = % = adslecg - (KadSZ + Kchsl)pbca,P + KcthCP
Phosphorus chemisorption 9(pCep) (A19)
P P SSchs = % = Bchs1 pbca,P - KchszprC,P
Phosphorus precipitation 9(py,Cpp) (A20)
Ssprc = % = KprclacP - Kprcz prp,P
Root uptake of phosphorus Supp =K pS5:Cp (A21)
Phosphorus losses to artificial drainage SSarp = Sa:Cp (A22)
90D wave provides a distributed uniform water hydrograph, q,(t) (L*/LT), per
00Cy,  9qCp < E) (A25) unit length of the downstream draining ditch. Thus, these fluxes were
ot oz + 9z = Ssp considered as a distributed input to the kinematic wave equation to be ap-

where S, represents the integrated contributions of adsorption, desorp-
tion, precipitation, dissolution, root uptake, drainage losses and fertil-
izer (both organic and inorganic) components:

SSP == SsminP - szrtP -0 (Kadsl Cﬁ’ +Kprc1 CP)

(A26)
+ pb (KadSZ Ca,P +Kprc2 Cp,P) + SSupP + SSdrP

In Equation (A26), as well as in the equations listed in Table A2, the
subscript P denotes P-PO,, while the subscripts a, p, and c represent
the concentrations of adsorbed, precipitated, and chemisorbed phos-
phorus, respectively. Again, the source terms Ss_, . and Ss, are de-
rived by dividing the rates of mineralization and mineral phosphorus
fertilizer addition (both measured in grammes per square centimetre
of soil per day) by the incorporation depth, z,,,, to yield the corre-
sponding Ss terms (expressed in grammes per cubic centimetre of soil
per day), which are then added to each of the calculation nodes within

Zfert'

Figure A3 summarizes the liquid-phase nitrogen and phosphorus trans-
formations and transport simulation in FLOWS.

Appendix B

Detailed Description of the KWV Model

In KWV, the mean velocity, v (m/s), is calculated by Manning's equation:

(B1)

where n (m!'/3s7!) is Manning's roughness coefficient and R is the
hydraulic radius (area of flow divided by the wetted perimeter).
Multiplying v by the flow cross-sectional area, A (m?), provides the dis-
charge Q (m?/s).

As for solute transport, KWV integrates a 1D ADE to solve both the
overland and channel mass transport. To be solved, the ADE requires
the flow cross-sectional area, A, as well as the average velocity v for
each calculation node, which may be obtained by firstly solving the ki-
nematic wave equations for each simulation time step.

In this paper, for the application of the KWV model, the water coming
to the runoff from the FLOWS simulations was routed according to the
scheme given in Figure 1. Each of the different 0.5-ha field (200m x25m)
was considered as a planar overland flow element with water flowing to
the downstream 200-m-long longitudinal ditch. A kinematic wave equa-
tion was applied to a unit-width strip of the field. Assuming the planar field
with uniform soil profile and surface flow characteristics, the kinematic

plied for simulating routing along the ditch. Each ditch, in turn, provides
a discharge Q,(t) (L*/T), which was considered as input for the kinematic
wave applied to simulate the routing within the secondary drainage chan-
nel. The (previous) secondary channel also receives water fluxes directly
from the shallow groundwater (the baseflow in Figure 1).

In any case, one should be aware that, even if this routing scheme is
apparently simple from a macroscopic point of view, it represents in
reality a quite complex system where the velocity may change dras-
tically with respect to time and distance. Actually, crops in the field
and spontaneous vegetation in ditches and channel, small-scale local
changes in the topography and slope of the ditches and channels, con-
tinuously change direction and magnitudes of water fluxes. These
local-scale heterogeneities frequently induce intermittent flow con-
ditions, with water temporarily remaining at rest in the ditches and
in the secondary channel, even for some days, and then mobilized
again by a new runoff event. This induces travel times for the water
(and solute) coming from runoff varying on a weekly (even monthly)
time scale, as will be clearly demonstrated by looking at measure-
ments in Section 3. In order to deal with such a complex (intermittent
and nonuniform) and delayed runoff routing, by still assuming kine-
matic wave approximations, in this paper, we opted for a pragmatic
adaption of Equation (B1) by using a very large Manning resistance
parameter (much larger than those coming from the Manning coeffi-
cient tables) so as to catch the very delayed water and mass transport
observed at the weir control sections.

Accordingly, Equation (B1) (in metres per day) becomes

L2
_ Sf2R:
ny

v (B2)

In this sense, the fictitious resistance parameter, ny (m'3day™) in
Equation (B2) should no longer be seen merely as a uniform flow re-
sistance parameter, but rather as a fitting parameter accounting for the
very delayed flow indicated by the observations, as well as for all the
possible changes in nitrate mass not explicitly considered in the KWV
model.

B.1 | Overland Flow

For overland flow, the following equation is used to calculate or specify
(unit-length strip) discharge as a function of the mean depth of overland
flow, y (m):

RIGHTSE LI MN iy

g =ay™ 3
a= %va
m=5/3
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Liquid Phase Phosphorus transformation and transport processes in FLOWS
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Liquid Phase Nitrogen transformation and transport processes in FLOWS
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FIGURE A3 | Schematic view of the liquid nitrogen and phosphorus transformation processes.

where o and m are the routing parameters related to the overland sur-
face and flow characteristics, n is Manning's resistance coefficient and
Sb is the average slope of the overland flow element, having assumed
that Sb=Sf.

Coupling Equation (B3) to the continuity equation gives

W,
ot ox &

(B4)

and using Equation (B3) for g, provides the kinematic wave equation
describing overland flow.

dy 10y
E + amym la = Fex (BS)

which can be solved to obtain y as a function of time, ¢, and horizontal
distance from the inlet, x, as well as of the runoff water (L/T) calcu-
lated by FLOWS, that is, the excess water coming from rainfall and/
orirrigation, r,, and induced by either Horton or Dunne mechanisms,
as well as by lateral flow (artificial drainage). Thus, y can be used in
Equation (B1) to obtain q,. As mentioned, q, will then be used as a
distributed input for the channel flow in the ditches (input per metre
of ditch).

B.2 | Channel Flow (for Ditches and Secondary Drainage
Channel)

In this study, the cross section of ditches is assumed to be of semicircu-
lar shape whereas the secondary drainage channel cross section is trap-
ezoidal. The equations for routing runoff by kinematic wave through
ditches and secondary drainage channel are similar to those developed
for shallow overland flow. Specifically, for ditches, Equation (B4) as-
sumes the following shape:

0A L 9Q _
or " ox Jdu (B6)
Q=aA™

where Q(x, £) (L3/T) is the ditch discharge and A(x, f) (L?) is the cross-
sectional area of flow in the channel. The same equation applies for the
secondary drainage channel, with g, replaced by the discharge com-
ing from a ditch. « and m have the same meaning as for the overland
flow and must be defined for a particular channel cross-sectional shape,
slope and roughness; thus, in general, they will differ among ditches,
secondary drainage channel and overland flow.

KHW allows the user to change these parameters for each elemental
field and ditch, as well as for each segment of the secondary drainage
channel. The KWV code solves Equation (B5) for overland flow and

2R nf 72Q
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Equation (B6) for channel flow by using an explicit finite-difference
numerical scheme.

B.3 | Solute Transport

KWYV integrates a 1D ADE to solve the overland solute transport. The
1D for surface solute transport is as follows (Abbasi et al. 2003):

dAC)  oAVC) 9 aC
Yot T e TaPmla e B

where v (L/T) is the average flow velocity, C (M/L3) is the solute con-
centration in the runoff and D, (L?/T) is the dispersion coefficient in a
given runoff flow cross section. The subscript rn means that the variable
refers to the runoff water and may change with location x and with the
section of the drainage network (elementary field, ditch or secondary
drainage channel). The solute source-sink term, q,, (ML™'T™), rep-
resents the solute fluxes coming from the field. It is obtained by mul-
tiplying g (0,£) (ML~2T™"), which can be obtained from Equation (A10),
by the area of the single field and then dividing it by the single field's
width (WF in Table 3). Therefore, g, can be calculated as follows:

Qus = 45(0,8) X LF (B8)

where LF is the single field's length (Table 3).

In Equation (B7), D,, atlocation x is obtained as follows:
Drn = j'mv + DO,m (B9)

where 4, (L) and D, (L*/T) are respectively the dispersivity and the
molecular diffusion in free water.

As for Equations (B5) and (B6), Equation (B7) is also solved by an ex-
plicit finite-difference numerical scheme. Solving Equation (B7) re-
quires the flow cross-sectional area A, as well as the average velocity V,,
for each calculation node i, which may be obtained by firstly solving the
kinematic wave equations. Thus, V,, may be calculated as Vm’l: Q/A,;.
This is why in KWV the kinematic wave equations (Equations B5 and
B6) and Equation (B7) are solved sequentially at each time step.

RIGHTSE LI MN iy
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