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Abstract

FLOWS (FLOws of Water and Solutes in soils is a dynamic physically-based model to simulate

water flow and solute transport in the soil-plant-atmosphere system. The numerical code was
written in Matlab. One-dimensional vertical transient water flow is simulated by numerically
solving the 1D form of the Richards equation (RE) using an implicit, backward, finite differences
scheme with explicit linearization. As for the solutes, the code solves the 1D Advection
Dispersion equation (ADE) by an explicit, central difference scheme, allowing for a relatively
easy inclusion of non-linear adsorption and other non-linear processes. The model produces
information on the time evolution of (among many other outputs): Soil water contents and
pressure potentials in the soil profile; Solute (tracers, adsorbed, volatile and reactive solutes)
concentrations in the soil profile; Water and solute uptake and actual evapotranspiration for
simulated crops; Deep percolation water and solute fluxes; Root uptake of water and solutes,
also in presence of water and osmotic stresses; Water fluxes and related solute fluxes to runoff;
Drainage water fluxes and related solute fluxes; Irrigation fluxes computed by the model;
Temperature in the soil profile. Compared to other existing models, some specificities of FLOWS
model are: 1) integrated simulation of carbon, nitrogen and phosphorus transformations and
transport contextually to the simulation of water contents and fluxes; 2) hysteresis in the
macroscopic root uptake; 3) irrigation management, by allowing to optimize the time
scheduling and volumes according to some criterion based on the average pressure head in the
root zone; 4) the possibility of running multi-site simulations, which may be especially
important for spatially distributed simulations; 5) an interactive graphical user interface,
allowing the user to easily handle even large input files and seeing the simulation results by
graphical display of the main output variables..

1. Introduction
The movement of water in the soil and associated solute transport have a role of primary

importance in many applications in the field of hydrology and agriculture. In the sound
management of irrigation water, in relation to specific environmental conditions and cropping
systems, knowledge of local water flow conditions in zones explored by the root systems is
indispensable. Once the irrigation method has been established, only knowledge of the laws
governing water flow allows the necessary irrigation frequencies and rates to be established to
optimise the distribution of soil moisture, reducing within established limits the effects of water
stress and containing water wastage. Only by studying water dynamics in soil can the
contribution of groundwater to water consumption be quantitatively determined. Moreover,
the water volumes infiltrating into the soil due to rainfall are strictly linked and governed by
the laws of water flow in the soil. No evaluation of water quantities being added to groundwater
circulation can be made without first determining the water volumes moving in the zone
between the soil surface and the aquifer.
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Knowledge of water fluxes, velocities and contents is also indispensable to study the flow of
solutes and pollutants and to predict all exchanges, whether chemical or microbiological,
occurring in the soil. Within environmental protection initiatives, great weight is attributed to
the continuous contribution of solutes characterising any agricultural activity, especially if
intensive. Nor should one underestimate the hazards of non-agricultural solute fluxes, and the
need to dispose of wastewater, muds and industrial effluent.

To evaluate the nature of the risk represented the presence of these solutes it is important to
define the processes governing their movement downward from the soil surface through the
vadose zone as far as the aquifer. Only if we know such transport processes can optimal
management plans be developed for environmental control with a view to preventing
degradation phenomena.

The complexity of such flow processes has encouraged the widespread use in the sector of soil
hydrology increasingly sophisticated mathematical models corresponding as closely as
possible to real phenomena, which can supply quantitative evaluations also in the presence of
highly complex systems, such as soil-plant-atmosphere continuum (SPAC).

In general, such models are based on laws governing water flow and all the physical and
chemical processes affecting water transport. These laws have been widely confirmed by
experiments and are often reported also in papers in disciplines collateral to soil hydrology
(Bear, 1979; Jensen, 1980). Water flow is studied with reference to a porous medium which, on
a macroscopic scale, may be considered continuous and in which the various quantities and
physical properties are considered functions of position and time. Reference is generally made
to isothermal flow processes, to a Newtonian liquid phase and interconnected gaseous phase
with a pressure equal to that of the atmosphere. Moreover, due to relatively low resistance to
air flow, the movement of the gaseous phase is neglected and only water flow is referred to.
FLOWS is a Dynamic Physically-Based model, written in Matlab, just based on the governing
laws and assumptions described above. Specifically, it simulates water flow and solute
transport in the soil-plant-atmosphere system by numerically solving the 1D form of the
Richards equation (RE) for water flow and the 1D Advection Dispersion equation (ADE) for
solute transport in presence of decay and adsorption.

The model produces information on the time evolution of (see figure 1a,b):

— Soil water contents and pressure potentials in the soil profile;

— Solute (tracers, adsorbed and reactive solutes) concentrations in the soil profile. The
model also allows for: 1) Simulating Organic Matter decomposition and Carbon,
Nitrogen and Phosphorus transport. In this case, carbon, nitrogen and phosphorus
transformations are all controlled by the dynamics of the organic matter decomposition
and, thus, also by the C:N and C:P ratios; 2) Simulating only Nitrogen transport. In this
second case, nitrogen mineralization is simulated as an empirical decay reaction and
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independently on organic matter decomposition dynamics, thus without accounting for
the C:N ratio in the organic matter.

— Water and solute uptake and actual evapotranspiration for simulated crops;

— Deep percolation water and solute fluxes;

— Root uptake of water and solutes;

— Water fluxes and related solute fluxes to runoff;

— Drainage water fluxes and related solute fluxes.

- Irrigation fluxes computed by the model;

— Temperature in the soil profile

transpiration

interception

\
T imfiltration
| h
L W

Deep percolation fluxes of water |
and solutes |

(nutrients, salts, heavy metals, pesticides) |

unsaturated zone

L R [ Y O S i R ST
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Figure 1a. Schematic view of water flow and solute transport processes simulated by FLOWS
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v Solute (tracers, adsorbed, reactive and volatile solutes) concentrations over all the sites output)
in the soil profile.
v FOM and SOM evolution over time;
v' €02, N-NH4, N-NQ3, PO4 concentrations and fluxes;
v Water and solute uptake and actual ET for simulated crops;
v" Deep percolation water and solute fluxes
¥" Root uptake of water and solutes;
v Water and solute fluxes to runoff;
v Drainage water fluxes and related solute fluxes;
v’ Irrigation fluxes computed by the model;
v Temperature in the soil profile

Figure 1b. Flow chart of all the processes simulated in FLOWS, their interactions and
simulation options. The model provides all the outputs listed in the lower box. In the case of
multiple simulations (for example spatially distributed simulations or repeated simulations
in stochastic frameworks), all the outputs are provided for each of the input parameter
vectors, along with the average and variance of each output.
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The user may opt for several hydraulic property models: 1) unimodal van Genuchten-Mualem

model; 2) bimodal Durner-Mualem model; 3) bimodal Ross & Smettem-Mualem model; Russo-
Gardner model.

As for water flow, the model allows to set several top and bottom boundary conditions, both
constant or variable over time: potential and fluxes at the upper boundary, 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 either constant or variable node by node.
Dispersivity and decay may also be given for each node. As for sorption, the model allows for
both linear and Freundlich isotherms. In this case, the user has to input the parameters of the
sorption isotherm. The model also describes the solute flow in gaseous phase.

In the case of nitrogen transport, the model allows the user providing several forms (both
organic and mineral) of nitrogen fertilizers: 1) Manure; 2) Cover crops; 3) Urea; 4) N-NH4 and
N-NO3 solid and liquid fertilizers. In this case, the user has to input the fertilization depth (all
the nitrogen fertilizers are assumed to be incorporated uniformly within this depth). Organic
nitrogen forms are assumed to consist of both slow and rapid mineralization fractions, as well
as passive (inert) fractions. The model allows for nitrification, denitrification and
immobilization coefficients to be given node by node in the whole simulation domain.

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 evolution over time of the leaf area index, root depth, reference evapotranspiration,
as well as the crop coefficient as a function of development stage to convert reference
evapotranspiration to the potential evapotranspiration of the considered crop.

With this approach, the model “sees” the crop as a root system drawing water from the soil
profile according to the atmospheric water vapour demand and the soil water availability, and
as a soil cover which partitions the evapotranspiration in evaporation and transpiration
components, and that partly intercepts rainfall or irrigation water.

The model computes internally actual evaporation and transpiration. Transpiration is
distributed in a node-by-node root uptake in the root zone according to the root distribution.
Several root distributions may be adopted: 1) Uniform; 2) Triangular (Prasad); 3) Vrugt; 4)
Logistic. The actual root uptake accounts for either water stress or salinity stress or both and
is calculated by reducing the potential transpiration according to a reduction function based on
the water potential and the osmotic potential. The user may select different options for water
uptake reduction: 1) Feddes reduction function for water stress; 2) van Genuchten reduction
function for water stress; 3) Mass and Hoffman reduction function for osmotic stress; 4) van
Genuchten reduction function for osmotic stress; 5) multiplicative combinations of water and
osmotic reduction function as described above.
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The irrigation volumes may be computed by the model according to a criterion based on the

average pressure head in the root depth. The model allows the user for selecting several
irrigation periods during the crop growth season. Moreover, the user has to input the irrigation
depth and the critical pressure head to start irrigation. Irrigation volumes may also be provided
by the user. In this case, the code sums up the irrigation fluxes to the natural rain fluxes.

The drainage is included as a sink term based on the Hooghoudt theory for lateral flow and
transport to the drains.

The runoff comes from both a Dunnian and Hortonian runoff production mechanisms. The
model also calculates solute concentrations in the runoff by a physically based model for
predicting solute transfer from soil solution to runoff.

The time-scale of the model may be minutes, hours, days.

All the evaluations above can be carried out in a stochastic (Montecarlo) framework, thus
providing uncertainties bands for each of the main outputs.

An intercomparison with Hydrus 1D model provides a benchmarking of the FLOWS model.
The specificity of FLOWS is that the user is provided with a compact model interface (a
single window) where all the input data and parameters may be set. In a single window,
the user visualizes the whole simulation configuration. The interface guides the user in
all the settings by providing suggestions and warnings, making settings faults unlikely.
This way, the model allows for running simulations even users not perfectly within the
field of physically based hydrological models.

All the input (node and time conditions, profile settings, vegetation settings, solute
settings) may be provided as excel tables which have simply to be uploaded from the
main interface.

All the outputs are also provided as excel files, each including a matrix with the evolution
of the output variable given for all the depth nodes and all the time steps. Additionally,
at the end of each simulation run, the model produces plots of the water content,
pressure heads, water fluxes and solute concentrations for selected times and depths,
allowing a rapid evaluation of the results and goodness of the simulation run.

Another important feature of FLOWS concerns the nitrogen transformations and
transport, which are simulated in an integrated way, so that at each simulation time step
the water contents and fluxes calculated by solving the Richards equation are used as
input for the nitrogen equations.

2. Water flow in soil
One-dimensional vertical transient water flow in this model is simulated by numerically solving

the 1D form of the Richards equation (equation 1) using an implicit, backward, finite differences
scheme with explicit linearization similar to that adopted in the SWAP model (van Dam et al,,
1997):
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oh 0 oh
C(h>§=—< (h)a—x(h)) ~Su (1

0z
where C(h)=d6/dh [L-1] is the soil water capacity, h [L] is the soil water pressure head, t [T] is
time, z [L] is the vertical coordinate being positive upward, K(h) [L T-1] the hydraulic
conductivity and Sw [T-1] is a sink term describing water uptake by plant roots, Sr, and/or lateral
water drainage, Sdr, so that Sw=Sr+Sar.

2.1. Hydraulic properties
Richards’ equation requires the water retention function, 6(h), and the hydraulic conductivity,

K(h) or K(Se), function to be known. These functions interrelate pressure head, h, water content,
6, and hydraulic conductivity, K. Several water retention and hydraulic conductivity functions
can be selected in the model.

2.1.1. Water retention

Unimodal van Genuchten model (van Genuchten, 1980):

S, =— T =1 h|"™ h
e 95_97- [ +|aVG |] <0 (2)

0 =0, h>0

where h is the pressure head (h<0), Se is effective saturation and 6 is the water content (s and

Or are the water content at h=0 and for h—>o, respectively). ave (cm-1), n and m=1-1/n are shape
parameters. Note the effective saturation, S, is to be considered as a cumulative distribution
function of pore size with a density function f{h) which may be expressed by:

dSe

f(h) = ah (3)

In natural soils, the presence of aggregates frequently results in a retention function curve
having at least two points of inflection. To represent such behaviour, a double porosity
approach can be used which assumes that the pore space from & to 6 consists of two fi(h)

distributions obtained by equation 3, each occupying a fraction ¢ of that pore space (Durner,
1994; Coppola, 2000).

Bimodal Durner model (Durner, 1994):

1 mi

SeZZ(Pi[W 0<g@p;<land p,=1 i=12 (4)

in which ¢ is the weighting of the total pore space fraction to be attributed to the ith subcurve,

and awe,, ni and mi still represent the fitting parameters for each of the partial curves.
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Bimodal Ross & Smettem model (Ross and Smettem, 1993):

1 M2
Se = ¢1(1 + agsh) exp(—ash) + ¢, [W] -
0<@; <1 and Z(pizl i=12
where the following simple one-parameter function:
Se = (1 + agsh) exp(—agsh) (6)
describes macroporosity in aggregated soils.
Unimodal Russo (Russo, 1988):
0 — 0, (L)
S, = o = [exp (—0.5a5ph)(1 + 0.5a;5h) ]| \#r+2 (7)
s Yr

where agr is the soil parameter appearing in the Gardner’s model for hydraulic conductivity
(see next section on hydraulic conductivity models) related to the pore size distribution, while
UR is a parameter related to tortuosity. The Russo water retention model is generally coupled
to the Gardner’s model for hydraulic conductivity.

2.1.2. Hydraulic conductivity

Mualem’s model (Mualem, 1986):

The model is based on the capillary bundle theory (Mualem, 1986) and relates relative
hydraulic conductivity, K, to f(h) by the equation:

K(h)

0

n(h) = j hLf (h)dh

K (h) =

= S¢[n(h)/n(0)]?
(8)

in which Ko is the hydraulic conductivity at h=0, and t is a parameter accounting for the
dependence of the tortuosity and the correlation factors on the water content.

For the case of the van Genuchten unimodal soil water retention model and assuming m=1-1/n,
equation 8 becomes:

K (S.) = Kfée) = szt (1-s5."m)" (9)

For the bimodal case, equation 8 becomes:
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KM .
K, = Se

K (h) =

2 2 2
> ok / Yo m(O)‘ (10)
i=1 i=1

In the case of bimodal Durner water retention, the equation 10 becomes (Priesack and Durner.,
2006):

2 T (@2 1/m\ ™1 2
K(S Yi-1Pive, |1 —(1-S.;
Ky (Se) = ,((e)=<2<pise,i> ST el Gt (11)
0 i=1

2
Zizl Piyg

with parameters as defined earlier.

For the Ross & Smettem model, the n(h) functions in equation 8 are (Ross and Smettem, 1993):

n1(h) = ags exp(agsh)

n(h) = ayenB(S, ™ m+1/n,1—1/n) (12)

where B( ) is the incomplete beta function.

Equation 10 assumes that all pores in the material can interact [Ross and Smettem, 1993].

In this case, an instantaneous equilibrium (i.e. instantaneous exchange of water) between the
two pore systems is implicitly assumed. Nevertheless, for some materials part of the pore space
may bypass the rest. This is the case when for example the cutans on the walls of the aggregates
reduces the water transport between intra and inter-aggregate spaces. The conductivities of
the two porous spaces are in parallel and, for such independent distributions, the following
equations apply:

2
k() = ) kot ke ()
i=1

kyi(h) = Sz[n:(h)/n:(0)]?

(13)

Gardner’s model (Gardner, 1958):
The Russo model for water retention (equation 7) is generally combined to the Gardner’s model

for hydraulic conductivity

K(h)
K,

0

K.(h) = = exp(—agrh) (14)

The parameter acr is a sorptive number related to the pore size distribution of the medium,
with larger values associated with coarse-textured soils. It is also the reciprocal of capillary
length parameter, A, (acr= Ac1), which can be interpreted as the length of the capillary fringe
or the air-entry pressure head value.
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2.2. The Sink Term, Sw

2.2.1. Root Water Uptake Sink Term, Sr
The root water sink term, Sr, in equation 1 is calculated in FLOWS according to a so-called

macroscopic approach, frequently adopted in hydrologically oriented soil-plant-atmosphere
continuum modeling for describing plant water uptake (Feddes et al., 1978; Feddes and Raats,
2004). It is essentially an empirical approach dealing with the root system and needs to be
calibrated for different plants and climatic conditions.

The macroscopic sink term strictly depends on two aspects: i) the root density distribution and
ii) the roots activity over the root zone during the growth season of a crop. Activity is used here
in hydraulic terms, to express the physical dependence of root uptake on changes in the total
hydraulic head of soil water, which in turn affect water fluxes to the roots, thus influencing
water uptake. In the macroscopic sink term, reduced root activity is accounted for by
introducing an uptake reduction function, a(h,hos), depending on the local water, h, and osmotic,
hos, potentials experienced by roots at any depths along the root-zone. Thus, the sink term is a
function of both the soil water and osmotic potentials, Sr(h,hos).

Calculating the Root Uptake Sink Term

In the macroscopic approaches to root uptake (Feddes et al.,, 1978), the potential root water
uptake flux per unit depth at a specific depth, Srp [T-1], is simulated by distributing potential
transpiration, Tp [L T-1], over the root zone depth, Dr [L], on the basis of a normalized root
density distribution, g(z) [L-1], with depth z.

The function g(z) distributes the potential transpiration rate, Tp, through the root zone in
proportion to the root distribution (Feddes et al., 1978; Feddes and Raats, 2004):

5,(2) = 9@, (15)
with
fDrg(z) dz=1 (16)
0
and thus
(17)

Dr
T, = f Srp(z)dz
0

Root Density Distribution
In general, the normalized root density distribution, g(z), may be obtained by normalizing the
root length density distribution Ris [cm cm-3] by its integral across the rooting depth, Dr:
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Ria may be calculated as the ratio of the total length, Lr(z), of roots in a sample to the sample
volume. g(z)dz is the fraction of roots located between z and z+dz.

Several root density distributions, g(z), may be selected in the model for simulating the sink
term in equation 1, assuming root distributions to be either homogeneous (Feddes et al., 1978)
or variable with depth (Raats, 1974; Prasad, 1988; Vrugt et al,, 2001), the latter accounting for
the fact that in a moist soil the roots can mainly extract water from the upper root zone layers.
FLOWS consider several root density distribution functions.

A Uniform distribution over the whole root zone, which reduces simply to:

1
g9(z) = o (19)

where Dr [L] is the maximum root depth.
A Prasad-type triangular distribution (Prasad, 1988), with root water uptake at the bottom of

the root zone, Dr, equal to zero:

2(D, — 2)

= (20)

g9(z) =

A Vrugt-type distribution (Vrugt et al., 2001), which allows for calculating the dimensionless

spatial root distribution, §(2):

w(z) = (1 — Di) exp (g—ilz* — Z|) (21)

where p: [-] and z* [L] are empirical parameters. The model allows for nonsymmetrical root
water uptake. The non-symmetry with soil depth is determined by the ratio of the pz value for
z < z" and the pz value for z > z*. To reduce the number of parameters to be optimized, p- may be
set to unity for z > z*, whereas it is fitted for z < 7",

For the Vrugt's model the g(z) distribution is:

9(2) =5 ——— (22)
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A Logistic distribution, which gives the cumulative root density distribution:

z=Dr 1
f g(2)dz = T
° [1+aexp -5 (o) 23
so that
bexp [b (c - Di)]
g(2) = . (24)

b, {1-+aexp b (c - £)]}"

where a, b and c are the coefficients of the logistic function and z is the depth.

2.1.2.3. Water and osmotic stress functions

Low water contents and/or the presence of soluble salts in the soil lower the total hydraulic
head and may reduce the water fluxes to the roots, thus reducing root activity and water uptake.
Reduction coefficients to decrease the maximum water uptake according to the water and
osmotic stresses may be calculated independently and multiplied to calculate the actual root
uptake, T, as:

Sy = aw(h)as(hos)sp = aw(h)as(hos)g(Z)Tp (25)

with aw and as being reduction factors depending on the local (at a given z) water pressure
head, h [L] and osmotic head, hos [L], respectively.
Accordingly,

T, = JO 5.(2) dz (26)

and
Dy

Ta
== | 9@ awWas(ho)dz = Bk, hoy) (27)
1% 0

with Tq being the actual transpiration rate and 8 a dimensionless water stress index integrated
over the whole rooted profile (Jarvis, 1989; Shouse et al., 2011), providing a measure of total
plant stress. A value of 3 equal to 1 indicates that there is no stress in the soil root zone and that
the actual transpiration rate Tq is equal to the potential transpiration rate Tp.

When the soil is irrigated by keeping soil water content under optimal conditions, the eventual
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reduction in root uptake may only be induced by osmotic stress. Under only osmotic stresses,

aw=1 and root uptake parameterization is reduced to finding the factor as depending on the
osmotic potential (hos) induced by salts in the soil water.

Many of the functional forms that have been proposed for water and osmotic stress uptake
reduction comes from the often-assumed relationship (De Wit, 1958; Doorenbos and Kassam,
1979):

Ta_ Wb _Y
T_p_ﬁ( ’ os)‘?p (28)

where Y is the yield and Yj, is the potential yield (i.e., the maximum yield that would be obtained
under optimal growing conditions).

Water stress reduction factor, aw
Feddes and Raats (2004) reviewed various functional forms for aw that have been proposed
over the years. We mention here two general model types that have been used most often:

piecewise linear functions and continuous smooth functions.

Feddes approach (Feddes, 1978):
To describe water stress, Feddes et al. (1978) proposed a piecewise linear reduction function
parameterized by four critical values of the water pressure head, hs < hs < h2< hz:

(hh s
h3_h4' 3 4
1, h,>h>h
am) =17 ? 3 (29)
R h, > h > h,
\0, h<hyor h=>h,

The figure 2a shows a plot of equation 29. In this model, water uptake is reduced at high and
low water contents. Uptake is at the potential rate when the pressure head is h; < h < h,,
drops off linearly when h>h2: or h<hs, and becomes zero when h<
h, (permanent wilting pressure head range) or h > h, (anaerobiosis pressure head range).
In general, the value of hs is expected to be a function of evaporative demand, with hsiow and
hsnign in figure 1a referring to either a low or high evaporative demand.

Van Genuchten approach (van Genuchten, 1987):
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Van Genuchten (1987) proposed an alternative smooth, S-shaped reduction function to account

for water stress:

hso

where hso and p1 are adjustable parameters, the former being the water pressure head where
uptake is halved. The figure 2b shows a plot of equation 30.
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Figure 2: Plots of (a) the Feddes et al. (1978) water stress uptake reduction function
(equation 29), and (b) the S-shaped function of van Genuchten (1987) (equation 30)

Salinity stress reduction factor, as

Despite the large body of studies on the topic (see amongst others Molz and Remson, 1970; van
Genuchten and Hoffman, 1984; Feddes and Raats, 2004; Skaggs et al, 2006; Homaee et al,
2002a,b,c), proper modelling and parameterisation of root water uptake as a function of salinity
stresses remains a major challenge. The process is mainly determined by the specific soil-
water-salt conditions and distributions which become established in the root zone according
to the local soil physical-hydrological characteristics. This is why the well-known salt tolerance
database presented by the U.S. Salinity Laboratory (Maas and Hoffman, 1977) should be
handled with prudence in numerical modelling as most of those data were collected under well-
controlled experimental conditions in which uniform salt distribution over the root zone was
established. As confirmed by several researchers (Homaee et al., 2002a,b,c; Skaggs et al., 2006;
Shouse et al, 2011), the reduction function to be used in numerical modelling should be
determined by analysing the dynamics of water uptake under transient salinity conditions.
Several functional forms have been proposed for uptake reduction due to salinity (see amongst
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others Feddes and Raats, 2004; van Genuchten and Hoffman, 1984). The response function can

be written in terms of concentration, or electrical conductivity of either the soil water or the
soil saturation extract, or osmotic pressure head (Maas, 1986; Maas, 1990; Maas et al., 1999;
Maas and Hoffman 1977; van Genuchten et al., 1984).

Mass and Hoffman approach (Mass and Hoffman, 1977):

The effects of salinity stress on root water uptake can be described using the piecewise linear

(threshold-slope) function (figure 3):

L as< hys <0
1
as(hOS) = 1+ b(hOS‘a), a> hos > a_g (31)
1
0, hog < a-E

where a and b are the adjustable parameters, often referred to as the salinity threshold and
slope, respectively. The approach mirrors the Maas and Hoffman (1977) model for reduction of

yield due to salt stresses

1 EC, <A
100
=Jl_B(ECe_A)- A<EC6S7+A
100

|
O; E > —— A
k Ce 5 +

Y 32
Y, (32)

with ECe being the electrical conductivity of the soil saturation extract (dSm-1). Note, however,
that the parameter sets in equations 31 and 32 are not the same: A and B parameterize total
yield reductions as a function of average root zone salinity, whereas a and b parameterize local

reductions in the root water uptake rate as a function of osmotic head.

o

S

1.0

0.0

0.0 a= tHreshoId h
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Figure 3. Graph of the Mass and Hoffman type salinity stress uptake reduction function
(equation 31)

van Genuchten and Hoffman approach (van Genuchten and Hoffman, 1984):

van Genuchten and Hoffman (1984) proposed an S-shaped salinity-stress function in terms of
osmotic pressure heads, similar to the approach for the water stress reduction factor:

as(hos) =

1t (s ) (33)

hos,SO

where p2 and hoss0 are the adjustable parameters, the latter being the osmotic pressure head
where uptake is halved.

The osmotic potential, expressed as osmotic head hos, is assumed to be a linear function of soil
solution salinity, ow (dSm-1), according to U. S. Salinity Laboratory Staff (USSL Staff, 1954):

hos = —3600,, (34)
360 is a factor to convert the salinity-based values (dSm-1) to osmotic head (cm).

Combined water and salinity stress
A major challenge is how to combine the effects of water and salinity stress. Uptake reductions
due to a combination of water and salinity stresses could be modeled by assuming that the
stresses are somehow additive or multiplicative. A generalized model for additive stresses is
obtained by assuming that water uptake occurs in response to some weighted sum of the soil
water pressure and osmotic heads:

1
a h + ayh,g]P? (35)
hos,SO

aCh, hyg) =

1+[

with simple additivity resulting when a:=a2 =1. Although additivity has been inferred from a
number of laboratory and field experiments (e.g.,, Wadleigh, 1946; Meiri and Shalhevet, 1973;
Childs and Hanks, 1975; du Plessis, 1985; Bresler and Hoffman, 1986), its general applicability
remains uncertain (Shalhevet and Hsiao, 1986), especially for field conditions subject to
relatively wide ranges in pressure heads (wetting/ drying cycles).
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Linear or weighted additivity is only one of several possibilities for combining the effects of

=3

water and salinity stress. Another approach presumes that water and salinity effects are
multiplicative. In the general case this leads to:

a(h, hos) = a(h)a(hos) (36)

which, in the case of S-shaped curves, gives:

a(h' hos) =

1
() e () G7

hSO hos,SO

2.2.2. Drainage Sink Term, Sdr
The drainage is included in the Richards equation as a sink term based on the Hooghoudt theory

for lateral flow to the drains (see figure 4). It has been demonstrated that a 1-D solution to the
flow and transport system, combined with Hooghoudt theory, gives similar results as a 2-D
solution with explicit representation of drain tiles based on the previous studies, provided that
an appropriate implementation of the Hooghoudt theory is used. This issue has been analysed
in details by Mollerup et al (2012).

Figure 4. Schematic view of the system and parameters involved in the Hooghoudt’s equation
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Water will flow toward the drain anytime the water table is located above either a drainpipe or

a on open field drain. According to Hooghoudt (1940), the steady state drain flux per unit
surface area qq4r can be computed as:

8K}, DD, + 4K,D?
dr

Qar (38)

where Ka is the hydraulic conductivity of the saturated layer above the drain level and K5 is the
hydraulic conductivity of the layer below the drain level. Lqr is the distance between the drains.
The water table height above the drain at 0.5La4r is denoted Da (corresponding to h in the
Hooghoudt work).

Deq is the equivalent drain depth depending on the vertical distance between the drains and the
impervious layer, Dimp, as well as on the drain hydraulic radius, Rar.

Deq is introduced instead of Dimp if the drain pipe or the open drains bottom do not reach the
impervious layer. Actually, the Hooghoudt theory for lateral flow to drains assumes horizontal
flow lines (according to the Dupuit-Forchheimer theory). In the case of drains above the
impervious layer, the flow lines will converge towards the drain (radial flow lines) and will thus
no longer be horizontal.

Consequently, the flow lines are longer and extra head loss is required to have the same volume
of water flowing into the drains, which results in a higher watertable. To be able to use the
concept of horizontal flow, Hooghoudt (1940) assumed an imaginary impervious layer above
the real one, which decreases the thickness of the layer through which the water flows towards
the drains;

van der Molen and Wesseling (1991) proposed an analytical solution to calculate Deg:

D . 1 T[Ld‘l"
eq 5 Ldr
In (—anr) + F(x)
X = ZnDimp
Ldr (39)
w2 x
F(x) =E+ln(§) forx < 0.5
© 4o (—4i+2)x
F(x) = Z Ty S for x > 0.5

i=

The F(x) for x < 0.5 converges rapidly for x > 1.
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According to the solution technique proposed by Mollerup et al (2012), the FLOWS model
calculates Sar by firstly dividing qdr in the two components coming from above the drain level,
qaq, and below the drain level, g», respectively:

4K,D?
qa = 2
dr
40
8Ky Deq Dy (40)
qp = Lz
dar

Following the Daisy model approach (Hansen et al, 2012), in FLOWS K. and K» are
compartments-weighted averages calculated by considering respectively the contributions of
all the saturated nodes above and below the drain level:

K = 2i¢Az;K;

a D ) Da

a
= Z EAz; for all the nodes i above the drain level
i
(41)
_ 2i$AziKy,
K, = ———, D,
D

b

= Z ¢Az; for all the nodes i below the drain level
i

with & = 1 in the case of saturated nodes and ¢ = 0 in the case of unsaturated nodes (thus not
contributing to the flow to drains) and Az; the thickness of the simulation node compartments.
The weighted-average allows to account for possibility that the layer above the drain (and that
below the drain) may consist of nodes with different saturated hydraulic conductivities. With
Ky ; equal for all the nodes in the layer above the drain (homogeneous layer), K« would be equal
to Ko ;. The same for the layer below the drain level.

Finally, the Sarin each of the N simulation nodes is calculated by distributing the gz and g» fluxes
over the saturated nodes below and above the drain level:

K.
Sara = & q, forallthe nodesi above the drain level
" KqDq
K.
Sarp = Ii gl qp, forall the nodes i below the drain level (42)
bLp

The code requires as input for drainage fluxes calculation the distance of the drain from the soil
surface, zdr, the distance of the impermeable layer from the soil surface, zimp, the drain inter-
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axis, Ldr, the hydraulic radius of the drain, Rar. Da is calculated by the model according to the
simulations nodes actually saturated from the impermeable layer upward. g4r and thus Sar are
calculated only if Ds>0.

2.3. Numerical solution of the Richards’ equation
There exist analytical solutions to equation 1 only in particular cases and in practical problems

the Richards' equation has to be solved numerically. In the standard finite difference scheme
used by Coppola and Randazzo (2006) and Coppolaetal., (2009; 2012; 2015; 2019), the general
form of the Richards’ equation is expressed as an implicit pressure based scheme, to be solved
for each of the nz (in this code 100) discretization nodes in which the flow domain has been
divided, numbered starting from the top boundary of the simulation domain:
i+1 )
c’ +1/, h{ — Nk
f At
j+1 j+1
_ 1 { J [h{ﬂ — hi

+1

=—K;
AZi 1_1/2 AZi AZi

] hj+1 _ hj+1
] i i+1
—&ph[——————+1

}_Sj (43)

i+1/,. — N . . . : .
where Cl.j / %js the derivative approximation to the differential water capacity At is the time

andK J

step (j is the time level) of calculation, Az; is the thickness of the ith node, K J i+1/2

i—1/2 are
the internodal hydraulic conductivities, S‘,{, is the water sink rate (water uptake by plant roots,
Sr, and/or lateral water drainage, Spr, so that Sw=S-+Spr). In the case of layered soils, Aziis
calculated in each layer in a way that a node is centred at the layers interface.

K and Sw are calculated using an explicit linearization, i.e. using h-values from time level j. The
approximation with respect to spatial derivative is taken as a fully implicit one leading to a
convenient form of solution where the K(h) values need to be calculated only once during each
time step, which significantly reduces the computational burden. The same type of
approximation has been used in the SWAP model (van Dam, 1997) and by Karvoneen (1988)
and Karvoneen et al. (1999). The internodal hydraulic conductivities used in equations 43 are

calculated as the arithmetic average between the nodes (van Dam et al. 1997):

K(h!_) + K(h))
i-1/2 = >

K, + K0

(44)
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The linear system of nz equations obtained by writing equations 43 from i=2 to i=nz-1 with the
appropriate boundary conditions, produces a tridiagonal matrix with the following coefficients:

ah* Tyt =6 i=2,.,m2 -1

i+1
Athl/z
J

t AZL'Z

j+l
ni = C; /2— '—Vi

_ it j 4 Jo o)

5; _Ci 2hi ( i-1/2 ~ l+1/2) At[S +SDR]

which is solved by the Thomas’ algorithm.

Flow rates and pressure heads, whether constant or variable over time, can be assumed as the
upper boundary condition. Gradients of different value, pressure heads or flow rates, again
whether constant or variable, can be assumed at the bottom of the soil profile. For the first and
last nodes (i=1 and i=nz), respectively, the coefficients shown in equation 45 for the
intermediate nodes will change according to the boundary conditions adopted.

Flux condition (Neumann condition) at the upper boundary
]+1_h1+1

In this case, the term K _1/, [ + 1] = —(surs, With gsusbeing the upper flow rate, so that

the equation and the coefficients of the tridiagonal matrix for the top node become:

nh! 7yl =6 i=1
j
v = 2K
Y Az, Az;
j+1/op | (46)
ni = Cl- 2~y
= Az, “Gsurf — z+1/2 r T 9DR

with Az, the thickness of the top compartment (in the case of equal 4z; for all the nodes,
Az, = 0.542;)

Head condition (Dirichlet condition) at the upper boundary
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In this case, the term KJ L |PE——+1|=K,, |, ——+ 1|, with hsus being the
/2 Az; - /2 Az;

pressure head applied at the top boundary, so that the equation and the coefficients of the
tridiagonal matrix for the top node become:

nh! 4yl =6 i=1

i+1
J
Ay
Vi Az4opAz;
j
i = V. S (47)
nl i AZtopAZl YL
J
_ Y J 4+ AtK;_1/ j j
6i - Ci Zhi ( i-1/2 ~ +1/2) + Az, A hsurf At[S + SDR]
Flux condition (Neumann condition) at the bottom boundary
]+1_ j+1
In this case, the term K 1/, [# + 1] —qpot, With gror being the bottom flow rate, so that

the equation and the coefficients of the tridiagonal matrix for the bottom node become:

aihj+1 -hj+1 =6 i=nz
o (48)
ni = Ci]+ 2 _ i
8 = Cij+1/2h{ + Z‘—Zti(l(l.j_l/2 + Qoor) — At[S] + 51,
Head condition (Dirichlet condition) at the bottom boundary
In this case, the term K] 1/ [ i {:11 +1 K] 1/ [ ot | 1] with hpot being the pressure

head applied at the bottom boundary, so that the equation and the coefficients of the tridiagonal
matrix for the top node become:

(49)

SURRTD & SRR I & o ¢ °
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j
_ j+1/y a4+ Ath+1/2
i i b Az Az
AtK? S
j+ / Jj i+1/2 j j
8 = C Zh ( i-1/2 +1/2) +Az vorAZ lhbot _At[Sr +SDR]

with 4z, the thickness of the bottom compartment (in the case of equal 4z; for all the nodes,
Azpoe = 0.54z;).

Gradient condition at the bottom boundary

In the case of a fixed gradient (grad) imposed at the bottom boundary (any values may be set
for the gradient, even if the most used is grad=1 to impose a so-called free drainage). In the
general case, the value of hsot to be used as head bottom boundary condition is obtained as:

Rpor = hnz — (grad — 1) * Az, (50)

Seepage face condition at the bottom boundary

This is a hybrid condition allowing to simulate the bottom boundary condition in the case the
bottom of the simulation domain is open to the atmosphere (laboratory columns, for example).
In this case, no downward bottom flux will be observed until the bottom becomes saturated.
During the simulation run, the model verifies if the pressure head at the bottom is lower or
higher than zero. In the first case, the model sets a zero-flux boundary condition:

qpot = 0 (51)

Once the pressure head becomes zero or positive, the model switches to a zero-head boundary
condition.

hpor = 0 (52)

Iteration scheme
In solving the Richards' equation, the differential water capacity C +/2 has to be evaluated.

41
v/ used in our numerical code is known as the Standard Chord Slope
(Rathfelder and Abriola, 1994; Huang et al., 1996a):

The approximation of Cl.

. 1 aj
j+l, 6] =6,

2=t . (51)
+1
‘ h!™" —h]
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which requires iterations. The iterative process continues until the difference of the calculated

pressure heads between two successive iteration levels in each node becomes less than a
predefined tolerance €:

|hlj+1,m _ h{+1'm_1| <e¢ (52)
with m being the iterative level; a value of €=0.001 cm is adopted by default in the code.

Thus, for a given time step, the linear system has to be solved as many times as the iterative
process requires for converging.

The iteration number required for convergence, M=mconv, is also used for setting an automatic
variable simulation time step according to the following criteria:

M<3 AtIt1 =13 At/
3 <M < Mmax At/ = At) (53)
M = Mmax At/t1 = 0.74t7

having set the maximum iteration number Mmax=10. Under the third condition in equation 53,
the time step At is adjusted and the iteration restarted again for the same time step.

2.4. Top boundary conditions for water flow
Flux top boundary conditions: In the case of simulations carried out under real atmospheric

fluxes, the upper boundary condition for vadose zone depends on climatic conditions. Either
constant (over time) or variable fluxes may be imposed at the top boundary.

Rainfall: In the code, rainfall represents negative gsurz The model allows the generation of
infiltration excess runoff either if rainfall intensity exceeds the soil surface infiltration capacity
(Hortonian mechanism of runoff) or in the case of profile complete saturation (Dunnian
mechanism of runoff). The first condition (Hortonian) is formulated using a maximum
infiltration velocity at soil surface, fSmax (fluxsurf max in the code)

hl - hsurf,max _ 1) (54)

fsmax - Km,max < AZtop
where Kmmax is the arithmetic average between the surface and top node hydraulic
conductivities, h: is the pressure head at the top node, hsurfmax is the maximum pressure head
allowed at the surface (generally hsurfmax =0).

In the case of qsurf> fSmax, the code switches the upper boundary condition to an head boundary
condition by imposing htop = hsurfmax at the top boundary. If the condition abs(qsurf) > Ko for the
first node is also verified, the difference qsurf- fsmax becomes a runoff flux.
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As for the Dunnian mechanism of runoff, at each time step At the model calculates the storage
at whole saturation and the actual storage along the whole simulation domain. If the storage
difference is lower than a predefined tolerance, Ag; — A8 < ¢, all the incoming flux, gsurf, during

the current At will become runoft.

Evapotranspiration: In the code, evapotranspiration produces positive gsuz Potential
evapotranspiration ETp is calculated using the reference evapotranspiration, ETr, method. In
this case, the ETp is calculated as ETy=kcxETr, kc being a crop factor, which depends on the crop
type, the growth stage, and the method employed to obtain ET.

In both cases, ET) is partitioned into Tp and Ejp on the basis of Beer’s law (Ritchie, 1972):

E, = ET, x e kexxL4l 55)
T, = ET, — E,

where kex is an extinction coefficient, frequently set to be 0.5, and LAI is leaf area index.

In the case of bare soil, the crop resistance equals to zero and E,=ET)y. By using the ETr method,
the variable kc is substituted by a single valued soil factor ksoii and Ep=KksoirxETr.

The code distributes potential transpiration T, over the root zone on the basis of the root
density distribution and reduces T, to actual transpiration, Ts, on the basis of soil matric
potential and electrical conductivity of the soil solution (see the section Calculating the Root
Uptake Sink Term)

The code requires ETr, LAI and kc, as well as the extinction factor, kex, as input over the
simulation period.

In the case of evapotranspiration surface boundary condition, the code calculates the maximum
evaporation, Emax, allowed given the difference of atmospheric pressure, hatm (in cm of water
column) and the pressure head in the first simulation node, hj, as:

h —h
Emax = _Km,max< atA‘rer g 1) (56)
top

where K, nqxis again the arithmetic average between the surface and top node hydraulic
conductivities

In the case of Ep < Emax, Qsurf=Ep else, qsurf= Emax.

In the case of irrigation, negative irrigation fluxes, qirr, are added to the atmospheric fluxes, gsurt.
The irrigation fluxes may come either from irrigation volumes actually supplied by a farmer or
irrigation volumes calculated by the model according to a criteria based on the average
pressure head in the root depth, Dr (see the section below on the irrigation criteria adopted by
the code).
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Pressure head top boundary conditions: In this case, either constant or variable pressure heads
may be imposed at the top boundary. It is especially important to simulate, for example, a water
ponding imposed at the soil surface or any infiltration experiment carried out under controlled
surface pressure heads. As already discussed above, such a condition also comes into play in
the case of initial flux boundary condition, when qsurf> fSmax, and the upper boundary condition
switches from a flux to a to a pressure head boundary condition, with htop = hsurfmax.

2.5. Bottom boundary conditions for water flow
Flux bottom boundary conditions: This condition (constant or variable over time) allows for

water outflow (downward, negative qnot) or inflow (upward, positive grot) through the bottom
boundary of the soil profile. A special case is when grot=0, so that the water cannot leave nor
enter the soil profile. This may happen for example because of an impeding soil layer at the
bottom of the simulation domain.

Pressure head bottom boundary conditions: Again, either constant or variable pressure heads
may be imposed at the top boundary. It is especially important to simulate, for example, any
infiltration experiment carried out under controlled bottom pressure heads. The special case
of hrer=0 may be used, for example, to simulate the presence of a constant water table at the
bottom boundary of the simulation domain. Similarly, the case of variable hyor may be used to
simulate, for example, a fluctuating free water surface at the bottom of the soil profile.
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3. Solute transport in soils

The advection-dispersion equation (ADE) is used for prediction of solute transport

(agrochemicals, salts, heavy metals, ...):

06C  9C;  96,C,  dqC D ac\ @ ac
+ 5 (00 ) * 3 (03K ;) =5

i S | —
ot TP Yo T T 5 905, ) + 5\ GaPaKn 5 (57)

including linear and non-linear adsorption, linear volatilization, linear decay and proportional
root uptake in unsaturated/saturated soil. In the equation, C [M L-3], Cs[M M-1] and Cy4 [M L-3],
are the amount of solute in the liquid, adsorbed and gaseous phases, respectively, q [L T-1] is
the darcian water flux, pp [M L-3] is the bulk density, Dn [L2 T-1] the hydrodynamic dispersion
coefficient, Dj is the dispersion coefficient in the gaseous phases [L2 T-!], & is the volumetric
air content in soil, Ss [ML-3T-1] is a source-sink term for solutes, Ky is the dimensionless Henry
constant. Hydrodynamic dispersion is related to the molecular diffusion constant of the
substance in bulk water, Do [L? T-1], and the average pore water velocity, v=q/0, as:

Dy, = v +1(8)D, (58)

where A [L] is the dispersivity and n a tortuosity coefficient. However, as discussed by several
researchers (Comegna et al., 1999; Vanderborght and Vereecken, 2007; among others) the
contribution of diffusion to the hydrodynamic dispersion is often very small.

By introducing an effective dispersion coefficient, De,

0,D; Ky

De = Dy +—— (59)
the equation 57 becomes
00C daCs 06,C, dqC 0 aC
_ _ _ )= 60
ot TP T o 77 50 g;) S (60)

3.1. Linear and Non-Linear solute sorption
The model assumes equilibrium interaction between the solution, €, and adsorbed, Cs,

concentrations of solute on soil particles. The adsorption isotherm relating Csand Cis described
in the code by either a linear or the Freundlich non-linear equation. The Freundlich isotherm is
a flexible function for many organic and inorganic solutes:
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C=KCP (61)

where p (dimensionless) is the Freundlich exponent, commonly less than unity for most
adsorbing solutes and enhanced with decreasing €, and Kr[L3M-1] is the Freundlich partitioning
coefficient (Selim and Amacher, 1997). The linear isotherm is a special case where the
Freundlich exponent is unity and Kr= Kp [L3PM | (the slope of the linear isotherm) is known
as the distribution coefficient.

3.2. Linear solute volatilization
The gaseous phase is also considered in the model to account for volatilization and gas phase

diffusion of organic contaminants. Actually, even if the latter may decay mostly because of
chemical and microbiological degradation, volatilization may be equally important for some
substances such as pesticides. A linear equilibrium volatilization is assumed, so that gaseous,
Cy, and liquid, C, concentrations are linearly related through the Henry constant, Ku:

Cy=KyC (62)

3.3. Solute source-sink term
The solute source-sink term comes from the contribution of solute decay, Ss,, solute root

uptake, Ssr and solute losses coming from drainage fluxes, Ss,r:

Ss.u = u(0C + ppC;)
Ssr = KySy,C
Ss,dr = SarC

Ss=Ssu+ Ssr + Ssar

(63)

where p is a first order decay rate coefficient of transformation (T-1), accounting for linear
decomposition, and K [-] is a factor for solute root uptake, accounting for positive or negative
selection of solute ions relative to the amount of root water uptake Sw.

3.4. Numerical solution of the Advection-Dispersion equation
The code solves the ADE equation by an explicit, central difference scheme:
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As discussed by van Dam et al. (1997), compared to an implicit iterative scheme, this explicit
scheme allows for a relatively easy inclusion of non-linear adsorption and other non-linear
processes. In the code, the following criterium:

7262

27q|

AtV < (65)

allows for the stability of this explicit solution scheme (van Genuchten and Wierenga, 1974). It
applies for tracers and is thus safe for adsorbed solutes.

3.5. Boundary conditions for solute transport
The equation 64 has to be completed with auxiliary conditions describing the boundary

conditions and the initial concentration in the soil profile.

As for the top boundary condition, by multiplying the applied Cinput (M/L3) by the top boundary
flux gsurf (and/or qirr) (L/T), one obtains the specific mass of solute, Ms, applied per unit surface
area. Accordingly, if one wants to apply a given solute mass per unit area at the surface, the
concentration to be used as input concentration, (Cinput in the code), is:

M,
(66)

e Qsur f Atapp

where Atapp is the duration of the solute application. This equation also allows for calculating
the time of application of the solute in order to apply a solute mass with a known concentration
solution and a known surface flux.

The code allows for either constant or variable concentrations at the soil surface.

In the first case, the code requires to input the starting time (tCinput) and the end time of
application (tCend), as well as the applied concentration (Cinput). Obviously, Atapp= tCend - tCinput.
For the case of variable concentrations, the code requires the Cinput time by time.
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The FLOWS code uses either a so-called concentration- type (first-type or Dirichlet-type) input
condition or a flux-type (third type or Cauchy-type) boundary condition (van Genuchten and
Parker, 1984) at z=0:

The first-type condition may be used to prescribe concentration at the top of the soil profile
(z=0), as follows:

C(0,1) =Cinput (67)

that is, the concentration is specified at the inlet boundary. The ADE solution with this inlet
boundary condition provides solute fluxes (or flux concentrations) at any nodes in the soil
profile. In other words, the C values coming from the ADE solution with the first-type inlet
condition have to be interpreted as the mass of solute per unit fluid discharge, Cs, and the mass
flux, M [ML-2T-1], that is the mass passing through a node i per unit surface and unit time, is
calculated as

My = q/C/! (68)

with g being the darcian water flux at node i and time step j. Accordingly, for mass conservation,
the integral over time of equation 68 at a node i should result in the mass applied at the soil
surface

j M dt (69)
o

which for a finite simulation time, tmax, may be approximated as

j(tmax)
> Mlad = m, (70)
j=1

with M;s the specific mass of solute, that is the mass applied per unit surface area, tmax the time
at the end of the simulation period and j the time step counter. The equation 70 is strictly
correct only at the nodes where all the solute mass applied at the soil surface is recovered
(passed through the node downward) in the time period from 0 to tmax. In all the other nodes,
the sum in the equation 70 would provide a recovered mass lower than Ms.

The third-type condition may be used to prescribe the concentration flux at the inlet boundary
(z=0) as follows:
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D oc
C.- h(Z)_

v 0z :Cinput (71)

z=0

where v=q/0 is the average pore water velocity and the subscript z=0 means that equation has
to be evaluated just inside the inlet boundary (Huang et al., 1996b).

The ADE solution with the third-type inlet boundary condition provides volume-averaged (or
resident) concentrations at any nodes in the soil profile.

In other words, the C values coming from the ADE solution with the third-type inlet condition
have to be interpreted as the mass of solute per unit water volume, Cr, and the soil volume
averaged mass, Mr [ML-3], at each node i and time step j, may be calculated as:

M. =6/c,] (72)

The applied specific mass of solute, Ms, may be obtained by calculating the integral over depth
of Mr:

M, = f M, dz (73)
]

The use of either first-type or third type boundary conditions may produce discrepancies
between flux and resident concentrations. These discrepancies may be quite insignificant in the
case of dispersivities values in the order of centimetres (Parker and van Genuchten, 1984). This
may be explained by considering the relationship between Crand Cr:

Dac,
Cf:CT_; 0z

(74)

so that mathematically Cr—Cr with D/v —0.

However, with increasing dispersive transport over convective transport, the distributions of
Crand Cr gradually diverge, especially at early times and for relatively short transport domains
(van Genuchten and Parker, 1984).

As bottom boundary conditions, in the case of downward flow, FLOWS multiplies the flux
through the bottom of the soil profile by the concentration in the last node i=nz of the transport

domain q,,,’ C,{Z to obtain the mass outflow at the bottom boundary. In the case of upward flux,
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the mass inflow at the bottom boundary is calculated as qbotng

or» With Cror being, for example,

the concentration in the groundwater.

In the case of soil drainage, the mass flux, Mar, leaving each node i at the time step j by drainage
is calculated as:

Mgr! = Sq, 1} (75)

As for the initial conditions, the user needs to specify the solute concentrations, Cin (gcm3), in
the soil water. Cin may indifferently be Cr or Cy.

The code allows for setting a different dispersivity, A, value for each of the simulation nodes.
As for the solute adsorption, the code allows for either a linear adsorption isotherm or a
Freundlich isotherm. In the first case, the code requires to input the slope (the partition
coefficient) of the isotherm. In the Freundlich option, the exponent of the non-linear isotherm
is also required.

As for the decay, a first order decay rate coefficient of transformation, y, has to be given as input.
The code allows for setting a different decay coefficient value for each of the simulation nodes.

3.6. Solute transfer from soil solution to runoff water
In FLOWS, solute flux, gs (M/L2/T), across the soil surface interface is related to the difference

in concentration between soil solution, C, and runoff water, Crun, through a mass transfer
coefficient, krun (L/T):

ac
qS(OF t) = _QDhE + v6C = (_Hkrun[c(or t) - Crun]) (76)

z=0
The equation above accounts for the convective and dispersive modes of transfer between soil
and runoff water (Wallach and van Genuchten, 1990). Convective mass transport is directed
downward, while diffusive-dispersive transport is directed upward. krun (L/T) is mainly
controlled by the diffusion coefficient but it is also influenced by flow characteristics such as
runoff water depth, rainfall intensity and duration, surface roughness.

Assuming that Crun can be neglected, the equation above becomes:

ac
~Dy o+ (0 + kpun)C = 0 (77)

applying for finite values of krun, from which the flux to runoff may be calculated.
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4. FLOWS modules for specific applications in agro-environmental hydrological
modelling

4.1. Irrigation
In the case of irrigation, irrigation fluxes, qirr, are added to the atmospheric (rainfall) fluxes, gsurf.
The irrigation fluxes may come either from irrigation volumes actually supplied by a farmer or
irrigation volumes calculated by the model according to a criterion based on the average
pressure head in the root depth, Dr (see the section below on the irrigation criterion adopted
by the code).

Irrigation options
FLOWS considers three options: 1) No irrigation; 2) Irrigation calculated by the model; 3)
Irrigation provided by the user.

Irrigation calculated by the model

The criterion used by the model to calculate the time for irrigation and the irrigation volume is
based on a comparison between a pressure head, hay, averaged over the root depth, D;, as
simulated by the model, with a critical pressure head, hcrit, inducing some stresses to the crop
(in terms of yield, product quality, ...). Schematically, the irrigation criterion is summarized in
figure 5a,b.

MODEL IRRIGATION CRITERION MODEL IRRIGATION CRITERION

hfc hav herit Pressure head (-h) hfc heri

b o e o -.. _______ --_ ........ Droot

Depth
Depth(z)

hav > herit NO IRRIGATION hav < hcrit RRIGATION o bring hiz) 1o hfc

Figure 5. Graphical view of the criterion used by the model to calculate the time for
irrigation and the irrigation volume. (a) hav higher than hcrit, no irrigation is required; (b)
hav lower than hcrie, irrigation is required to bring the pressure head at the field capacity,
hfc.
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If hav remains higher than the critical pressure head, hcrit, the average pressure head h lies above

=3

the stress condition and no irrigation is required (figure 5a). Irrigation starts any time hav
becomes lower than hcrit (figure 1b). In other words, it is assumed that stress starts when the
average pressure head in the root zone becomes lower than the threshold for water stress.
Irrigation aims to bring the actual water content at each depth to the water content at field
capacity. At the beginning of each simulation input time (., in the code), the model calculates
the gross irrigation height as the difference of water storage, Astor, between the water content
at the field capacity and the actual water content in the irrigation depth, zirr, to be supplied on
that day. The irrigation depth is the depth over which the ha, to be compared to hcri, is
computed by the model. The irrigation depth may be set at any value even if a reasonable value
should be the maximum root depth Dr;

Astor = f (ch — 6(2))dz (cm of water) (78)
0

Figure 6 provides a schematic view of this calculation.
MODEL IRRIGATION CRITERION

o(hav) 6(hcrit) o(hfc) Water content 0)
............. ,.,),
............. TR Nt J WO f [67c — 0(2)]dz
H H H 0
.......... ISR S for 8(z) < 8(hy,)

Depth (z)

hav < hcrit IRRIGATION to bring 6(z) to 8(hfc)

Figure 6. Graphical view of the irrigation volume calculation according to the criterion shown in
Figure 5.

Net irrigation, girr,net, to be supplied on day t is calculated as the difference between girr,gross and
the eventual rain falling at the time when the irrigation starts:

Qirr,net = Qirr,gross - QSurf (79)

If the rainfall exceeds girr,gross, irrigation water is not supplied.
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It is also possible to select an on-farm irrigation efficiency, IE, of the irrigation system used for
the crop considered, so that the actual irrigation amount, girr,act may be obtained as:

Qirract = Qirrmet / IE (cm of water) (80)

The code allows for selecting the periods of irrigation during the growth season, as well as the
soil depth to be irrigated and the threshold value, hcrit, for irrigation.

Irrigation provided by the user
With this option, the model allows the user to introduce the girr fluxes in addition to the fluxes
coming from rainfall, gsurf

4.2. Modelling Temperature distribution in soil
Many physical, chemical, and biological processes in soils are influenced by soil temperature

and its evolution in space and time. Thus, predicting and interpreting processes involving soil,
water and vegetation interactions, also requires accurate modelling of the soil temperature
distributions, T(z, t), as a function of depth z and time ¢.

Temperature modelling along a vertical soil profile is frequently carried out by considering
the heat conduction equation (Holmes et al., 2008):

oT 0 oT
or o, of 81
ot 0z Dr 0z (81)

where Dy = )Cl—h is the soil thermal diffusivity (L2T-1), 4, is the soil thermal conductivity and Ch
h

is the soil volumetric heat capacity.

The equation above can be solved by assuming periodically variable heat fluxes at z=0 and
that at large depths, T becomes independent on the depth z.

At z=0, periodically variable heat fluxes results from both daily and annual cycles. At z=0, the
conductive heat flux, g.q, is:

qena =G = H—Rn—LE (82)

where H, Rn and LE are respectively the convective heat flux, the net radiation and the
evaporative (latent) heat flux. As for the bottom boundary condition, it is generally assumed
that for z — oo the temperature approaches the mean air temperature, Ta, so that T(z,t)=Ta.
Equation 81 assumes that the change in temperature over a given interval is governed only by
heat conduction. Actually, as discussed by Holmes et al. (2008), the convective heat flux, H is
assumed to act in a very shallow surface layer, of 0.1-0.2 cm depth. As for the heat flux
through evaporation, LE, it may extend to 5 cm below the surface for dry soils. So, to be
rigorous, the right side of the equation should include a second term describing the latent
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energy loss, at least in the shallow boundary layer where evaporation takes place. Below this

layer, the change in temperature is controlled only by heat conduction, as described by
equation 81. In many numerical approaches to model soil temperature, this approximation is
frequently extended to all depths below the soil surface and equation 81 is adopted to
describe the temperature distribution along the whole soil profile. The solution to the heat
flow equations proposed by van Wijk and De Vries (1963) represents an early example of
such an approximation. The authors described the daily and annual evolution of soil
temperature by sine waves of amplitude Ar (°C), varying around an average temperature, Tav
(°C). Tav is considered constant with depth, due to the assumption of heat conservation.
Assuming Dr to be constant with depth and time, a semi-infinite soil profile and the following
sinusoidally varying temperature at the soil surface:

T (0. t)=Ta,,+ATsin[1/2 T+0(t = trmax) | (83)

van Wijk and De Vries (1963) provided an analytical solution to equation 84 as:
z
T(z. t)=Tav+ATeZ/ZDSin [1/2 T+0(t — trmax)- zn ] (84)
D

with o=2mn/1 the angular frequency (1/d), T the period of the wave (d), t the time starting
from the January first and trmax corresponding to the time when the temperature reaches the
maximum. The damping depth, zp, is the depth at which the amplitude of surface temperature
oscillations is reduced by e-! and is described as:

2D
= | (85)

in general, the amplitude of the temperature wave is maximum at the soil surface and
decreases with depth.

The solution above may be used for either diurnal (t=1) or annual (t=365) temperature
evolution. For daily fluctuations, the maximum temperature occurs shortly after solar noon at
the surface, but lags in time with increasing depth.

FLOWS model uses a combined approach, provided by van Wijk and De Vries (1963), based
on the superposition of the annual and daily sinusoidal fluctuation around a constant value of
the soil. The approach sums two sinusoids, one for daily and the other for annual fluctuations,
each having a constant amplitude and allows describing the daily fluctuations by accounting
for the change of the daily average temperature at the surface over the year. Following this
combined approach, the top boundary condition becomes:

T (0. 1:)=Ta,,_y+AT_ysin[1/2 T[+wy(t — tTmax.y)+AT.dsin[1/2 T+wg (t — trmaxa) ] ] (86)
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with subscripts y and d used respectively for annual and daily values.

In the equation, the term Tav,y+AT‘ysin[1/ 2 1T+a)y(t — tTmax,y)] represents approximately the
average temperature for the day corresponding to the time t, whereas the diurnal variation
around this average temperature is described by the term AT‘dsin[l/2 1T+wd(t — tTmax‘d) ] .

With the combined surface boundary condition, the temperature along the soil profile over
time is obtained as:

VA
T(z.t) :Tav.y"'AT.ye_Z/zD'ySin Il/z TH(UY(t - tTmax.y)_ Z_ l
D.y

(87)
—z/z L z

+ Arge™#/"pasin | 1/ 0 (t — trmax.a)- P

D.d

The approach was also used by Elias et al. (2004).

Assuming Dt (and thus the ratio C—h) constant is an approximation of the real field soil
h

conditions. Also, the boundary condition provided by equation 9 is not always a satisfying
approximation for soil surface temperature. Finite difference numerical solutions of the
equation 81 with 4, and Ch not considered constant with depth and time provides more
flexibility because may use more realistic boundary conditions (Wierenga and de Wit, 1970;
Hanks et al.,, 1971; Milly, 1982; Horton et al., 1984).

However, when compared to experimental data, the analytical solution in equation 9 provides
acceptable results (Jury et al,, 1991). More recently, Holmes et al. (2008) evaluated the
analytical solution to model soil temperature profiles in a bare soil. They found the commonly
used solution to the heat flow equation by van Wijk and De Vries (1963) perform well when
applied at deeper soil layers. Higher errors were found when applying the model very close to
the surface. These errors were found to be related to the overlooking of latent energy loss in
the shallower soil layer below the surface, an issue which also remains for finite difference
numerical solutions of the more general heat transport equation.

The figure 7 provides an example of application of equation 87 to a soil with the following
temperature conditions and thermal diffusivity (table 1):

Table 1. Temperature conditions at the soil surface and thermal diffusivity used for the graphs
in figure 7 and figure 8

Tav Ar ® T tTmax Dr
(°C) (°C) (1/d) (d) (d) (cm?/d)
Annual 12 10 0.0172 365 200 170
values (y)
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Figure 7. Daily (blue lines) and yearly (orange lines) fluctuations of temperature at 2 cm
and 10 cm depth over three years obtained using the parameters provided in the table 1.
The orange line and the blue line respectively provide the average daily temperature and
the daily fluctuations about this average

The figure 8 provides the evolution of the average daily temperature over time at different
depths for the same conditions given in the table 1.

25

T(°C)

0 100 200 300 400 500 600 700 800 900 1000 1100
day of the year (d)

—2z=2cm z=10cm z=20cm z=30cm z=40cm z=100cm
Figure 8. Yearly fluctuations of average daily temperature at 6 depths over three years
obtained using the parameters provided in the table 1
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4.3. Nutrients transformations and transport in soil
FLOWS model handles additions of fertilizers as organic matter in the forms of manure and

crop residue, as well as mineral fertilizers. The model requires the incorporation depth (called
Zfert in the FLOWS code) as input. It is assumed that fertilizer addition is distributed uniformly
along the incorporation depth. FLOWS allows for: 1) Simulating Organic Matter decomposition
and Carbon, Nitrogen and Phosphorus transport. In this case, carbon, nitrogen and phosphorus
transformations are all controlled by the dynamics of the organic matter decomposition and,
thus, also by the C:N and C:P ratios; 2) Simulating only Nitrogen transport. In this second case,
nitrogen mineralization is simulated as an empirical decay reaction and independently on
organic matter decomposition dynamics, thus without accounting for the C:N ratio in the
organic matter (Stanford and Smith, 1972; Watts and Hanks, 1978, Kersebaum and Richter,
1991).

4.3.1. Simulating Organic Matter decomposition and Carbon, Nitrogen and
Phosphorus transport
FLOWS handles additions of nutrients in the forms of manure, crop residue, mineral fertilizers.

The model also assumes that manure applications contain 50% of urea and 50% of organic
matter (Gusman and Marino, 1999).

Production of Carbon, Nitrogen and Phosphorus from organic matter

FLOWS considers two pools of organic matter: 1) Fresh Organic Matter (FOM) and 2) Stable
Organic Matter or Humus (SOM) (Williams et al., 1983). FOM consists of organic matter in
manure and crop residue (RSD), plus microbial biomass (MCB). SOM comes from a relatively
fast microbial-induced decay of FOM. SOV, in turn, also decays due to microbial activity. The
decay of both SOM and FOM produces carbon dioxide (COz), N-NH4 and P-P0O4, which are thus
transported in soil in both gas (the COz) and liquid phases (CO2, N-NH4 and P-P04).

In the following, the fate of Carbon, Nitrogen and Phosphorus will be dealt with separately, even
if, as obvious, they are strictly interrelated.

Organic Carbon transformation processes in FLOWS
In FLOWS, the FOM decay is described as a first order decay chain according to the approach
proposed by Jones et al. (1985) (see figure 9) and used in the EPIC model (Williams et al., 1983).
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Organic Carbon transformation processes and pools in FLOWS

=3

C

transp <
Gas and liquid phase I rCroot,rsp= Crrsp,opt (DT i
Ccoz/ Ki,co2 C
CO2
Cliq rCmcb,rsp= rCm,rsp,opt (t)Hi fm,i
| rC_.,=0.8 rC.+rC
P p=Y- fd d
CRSD CFOM CMCB ) e :
rCy=Ksy™ Cromexp(-Keyt) ——— 081Gy
|
0.2 rCqy
i
CSOM rCsd = stCSOMeXp('stt)

Figure 9. Schematic view of organic carbon transformation processes and CO2 production in
FLOWS. Red blocks are pools, blue blocks are rates and the green block refers to the CO2 root
respiration rate. The prefix r is for rates. Labels meaning: fd= decay of FOM to stable and
microbes pools; sd= decay of SOM to microbes pool; mch,rsp=microbes respiration;
root,rsp=root respiration; Cmrspopt=0ptimal CO2 production by microbial respiration;
Crrspopt=0ptimal CO2 production by root respiration; Kucoz=Henry’s constant for COg;
R=universal gas constant

The rate of mineralization of FOM, rCr (g cm=2 d-1) (from now on, the prefix r is for rate):

rCrq = KrqCromexp(—Ksqt) (88)
follows an exponential decay according to a decay parameter, Kri (d-1) obtained from an optimal
decay constant for fresh organic matter, Krom, which is reduced according to four reduction
factors related to the soil temperature, Fr, water content, Fw, the carbon-nitrogen ratio and the
carbon - phosphorus ratio, Fcn and Fep, respectively:

Kra = KromFrFy min(FeyFep) (89)

The four reduction factors calculations are reported in the following table (table 2):
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Table 2. Reduction factors for the fresh organic matter decay constant, Kfpm (Jones et al., 1984)

FOM,,;m
K =0.8 —F—2>0.8
. fom FOM;,
ecay constant, _ FOMypm
Koom K¢om = 0.05 0.8 > FoMy, > 0.1 (90)
FOM,,;m
Kfom = 0.0095 TMm <0.1
Temperature
pe F, = 0.9T/[T + exp (7.63 — 0.3127T)] (91)
reduction factor
0
FW = e_fc 9 < ch
Water content
) (92)
reduction factor 0
Ry =-2* 0 >0,
C:N reduction Croum
F-y = ex [—0.693 (— - 25) 25] 93
factor N P Nroa + Nin / (93)
. _ Crom
C:P reduction factor Fep = exp [—0.693 —200) /200 (94)
PFOM + PIN

In the table 2, 6 and Orc are the actual water content and the water content at field capacity, Crom,
Nrom, Prom (g cm-2) are the carbon, nitrogen and phosphorus content of the FOM, Ninand Pin (g
cm2) are the nitrogen and the phosphorus contents form inorganic sources (mineral
fertilizers). All the organic matter transformations are assumed to involve the whole FOM in
soil. Thus, all the reduction factors in table 2 are calculated as averages in the whole
incorporation depth, Zfert.

Following the approach proposed by Jones et al. (1985), FLOWS assumes that about 20 percent
of the carbon contained in the FOM, Crom, coming from the carbon in the microbial mass, Cmcs,
and that in the residuals, Crsp, mineralizes rapidly at a rate appropriate to non-structural
carbohydrates. According to the same approach, about 70 percent of the residue mineralizes
more slowly at a rate typical of cellulose-like materials, whereas the remaining 10 percent
decomposes even more slowly at a rate appropriate to lignin. Accordingly, Kfom, assumes a
different value depending on the ratio of the FOM to be still unmineralized, FOMunm, to the initial
FOM, FOMiy, in the fertilization depth, zfr: (see equation 90 in table 2).

About 20 percent of the carbon coming from mineralization (0.2 rCs) is incorporated into the
stable organic matter (Csom) (the humus pool). The remaining (0.8 rCr) goes to the microbes’
pool and will be partly respired (see below).

The carbon in Csom, in turn, will mineralize according to a first order rate constant, Ksq:

rCsq = stCFOMexp(_stt) (95)
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The carbon mineralized from the Csom will cumulate to that coming from the FOM and will

follow the same fate. Partly, the total mineralized carbon will be used by the microbes (rCmcb)
and partly will go to COz by microbial respiration at a rate rCmcb,rsp.

Microbial and Root respiration

FLOWS calculates microbial respiration, rCmcb,rsp, and root respiration, rCrootrsp in a similar way,
by following the approach proposed by Simunek and Suarez (1993).

FLOWS considers only the production of CO2 from microbial and root respiration, whereas
neglects that coming from other chemical reactions with soil organic and mineral components,
by assuming them of relatively minor importance for COz balance in soil. According to Simtinek
and Suarez (1993), optimal CO2 production coming from microbial respiration, rCm,rsp,opt (g cm-
2d-1), and root respiration, rCrrspopt (g cm2d-1), is assumed to be a function of soil depth and is
affected by water content (or pressure head), temperature, pre-existing CO2 concentration in
soil. Both the diurnal and seasonal influences are assumed to be already accounted for by the
effect of the temperature.

Thus, the microbial and root respiration (g cm-3 d-1) are calculated by equations 96 and 97,
respectively:

"Cnebrsp = TCmyrspoptef (2)f (Wf(T)f(CO2) (96)
Crootrsp = TCrrspoptf (@) fF (W (T)f(CO,) (97)
The equations for calculating the factors in equation 96-97 are summarised in table 3.
Table 3. Equations for calculation of the factors for the dependence of microbial (equation 96)

and root (equation 97) respiration on soil depth (z), pressure head (h), temperature (T) and
COz concentration (Siminek and Suarez, 1993)

Depth dependence,

1 () ) = 9(2) (98)

_ log|h| —log|h,| h; <h<h,
loglh,| —log|h,|

f(

Water content (pressure
head) dependence, f(h)
f(h) (dimensionless)

_ log|h| —log|hs] h, < h < hyg
loglh,| —loglhs|

(99)

f(h)=0 h < hs; h>h,
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Temperature
g E(T — Tyo)
dependence, f(T) =exp TRIT. (100)
f(T) (dimensionless) 20
CO2 dependence on its
0.21C¢o2,4
own concentration, f(C02) = - (101)
_ . 0.42 — Ccoz,g — Ky
f(CO2) (dimensionless) '

with g(z) being the root distribution function dsee \[SHl]-), Ccozg the concentration of CO2
in the gas phase, Ky, = 0.21 — K);, with Ku the Michaelis-Menten constant, R the universal gas
constant (8.314 ] mol-1 K1), T the absolute temperature (°C + 273.15), T20=293.15K and E the
activation energy for the reaction. According to Suarez and Simtinek (1993), FLOWS assumes
Ky =0.19 cm3cm-3, E=5000 ] mol-1, the pressure head for optimal soil respiration, h2 =-100cm
in water column, the pressure head when respiration ceases, hs = -107cm and the pressure
head when the soil is in close-to-saturation (anaerobiosis point), h1 = air entry pressure head.
Note that T2o is the temperature when f(T)=1. For T> T2o f(T)>1 and for T< T2 f(T)<1.

FLOWS uses a default value of 0.00036 g cm2 d-1 for rCrrsp,opt, corresponding to the value of
0.002 m3 m2 d-1 suggested by Suarez and Simunek, 1993 and assuming carbon dioxide weight
0.001836 gcm-3 (atthe pressure of 1 atm = 101325 Pa and temperature of 25°C). As for optimal
microbial respiration, FLOWS assumes rCm,rsp,opt =0.4 rCfsm + 0.6 rCsm.

In fact, given an average Carbon Use Efficiency of 0.4 (Jones et al, 1983; Spohn et al,, 2016), 0.4
of rCsm and 0.32 of Csm (0.4 of 0.8 Csm) should be used to build the microbial biomass
(immobilization), while the complement to 1 of rCsm (0.6) and of rCsm (0.48) should be used for
microbial respiration. In FLOWS, the immobilized C adds to the microbial pool (Cmcg) and thus
to the fresh organic matter (Crom) pool.

The respiration from roots and microbes are assumed to be additive, so that the production
rate of CO2 coming from respiration (rCcoz) (g cm=3d-1) is:

rCcoz = rCmcb,rsp + TCroot,rsp (102)
rCcoz will partly pass to liquid phase, Ciiq, according to the following equation:

Cuiq = Izcﬂ (103)
H,C02
while the residual part, Cgas, will remain in gas phase. Both are passed to the ADE for transport
process. Both Ciiq and Cgas will be in g cm2 d-1. They are thus divided by the incorporation depth,
Zfert, to obtain the concentrations in each calculation node in g cm-3 d-! required by the ADE.
In equation 103, Ku,coz is the Henry’s constant for CO2 (dimensionless). It is obtained as (Sander,

2015).
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with Hep the Henry solubility (mol m-3 Pa1), expressed as the ratio of the concentration of a
species in the liquid (aqueous) phase and the partial pressure, p (Pa) of that species in the gas
phase under equilibrium conditions. For the CO2, Hep is 0.00034 mol m-3 Pa-1 (see table 6 in
Sander, 2015). Hcc is the dimensionless Henry solubility, R is the gas constant (8.314 ] mol! K-
1) and T the absolute temperature (°C + 273.15).

Organic Nitrogen and Phosphorus transformation processes in FLOWS

Organic Nitrogen and Phosphorus are introduced in FLOWS by a fertilizers table. The organic
nitrogen and phosphorus transformations considered in FLOWS are summarised
schematically in figure 10 and figurel1.
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Liquid Phase Nitrogen transformation process constants and pools in FLOWS

NH3
KvoI
UREApr N-NH4,, N2
Khyd Kads Kden
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Figure 10. Schematic view of organic and mineral nitrogen transformation processes in
FLOWS. The mineralization follows exactly the same paths already seen for organic carbon,
with nitrogen mineralization proportional to that of the carbon. Constants Kf¢ and Ksd are the
same as for carbon. The prefix ris for rates. The nitrogen immobilization in the microbial pool
is regulated by the C:N ratio in the microbes (CNratiomcb), which, according to Cleveland and
Liptzin (2007), is assumed to be 8.5. The meaning of pools and constants is given in the text
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Figure 11. Schematic view of organic and mineral phosphorus transformation processes in
FLOWS. The mineralization follows the same paths already seen for organic carbon, with
phosphorus mineralization proportional to that of the carbon. Constants Kt and Ksqa are the
same as for carbon. The prefix r is for rates. The phosphorus immobilization in the microbial
pool is regulated by the C:P ratio in the microbes (CPratiomeb), which, according to Cleveland
and Liptzin (2007), is assumed to be 60. The meaning of pools and constants is given in the
text

In FLOWS, organic nitrogen and phosphorus mineralization follows the same path of the
carbon and the immobilization rates (rNmc» and rPmcb) are proportional to that of the carbon
according to C:N and the C:P ratios of the microbial mass in soil, which are assumed to be
about 8.5 and 60, respectively (see Cleveland and Liptzin, 2007):
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Nitrogen immobilization
X rCmcb
(compare figures 7 and 8) TNpep = (105)
CNratio,mcb
Phosphorus immobilization
. rCmcb
(compare figures 7 and 9) TPmcp = (106)
Cpratio,mcb

In other words, N and P mineralize according to equation 88, with Crom replaced by Nrom and
Prowm, respectively. Likewise, Nsom and Psom decay according to equation 95.

The nitrogen (N-NH4 and N-NO3) and phosphorus (P-PO4) coming from organic mineralization
enter into the mineral N-NH4 and N-NO3 and P-PO4 pools and add to that eventually coming
from mineral fertilizers, which for nitrogen can be urea (UREArrr), as well as solid and liquid
NH4 and NO3 fertilizers (S&L_NH4rert, S&L_NO3 rerT) sources; for phosphorus, solid and liquid
PO4 fertilizers (S&L_PO4 rerr).

The subsequent fate of these different pools of mineral N-NH4 and N-NO3 and P-P04 is
determined by different transformation reactions, frequently described as first-order decay,
each with a specific constant, as well as by transport.

As for nitrogen, urea is hydrolysed according to a first-order decay with a constant knya,
producing NH4. Part of this volatilizes according to a decay constant kvor:

Urea hydrolysis and rNH4pyr = URgKpyq exp(—khydt)

ammonium volatilization rNH3, g = NH4nypKpo; €0 (—kport) (107)
(Liang et al., 2007)

Beside immobilization, N-NH4 and N-NO3 in the soil solution (N-NH4iiq and N-NO3iiq) phase
may undergo nitrification (knitr) and denitrification (kden), respectively. N-NH4 may also be
adsorbed to the solid fraction of the soil according to a linear isotherm with coefficient of
distribution kads. Finally, soil N-NH4 and N-NO3 may be drawn by root uptake and/or artificial
drainage (both unified under a sink term, labelled by subscript UD).

The remaining N-NH4 and N-NO3 concentrations are thus transported through soil by
advection-dispersion (subscript transp in figures 10). Accordingly, for nitrogen transport, the
advection-dispersion equation (ADE) is used twice:

(96 25

0z (108)

06Cyy 0CqNH _ 09Cyy n

ot TP T oz 9, SSwm
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(109)
ot Pr o 0z oz

— SSno

The subscripts NH and NO are for ammonium, N-NH4, and nitrates, N-NO3, forms of nitrogen,
respectively. We assume here that both N-NH4 and N-NO3 may be adsorbed to the solid phase
(the N-NO3 on a positively charged surface). Note that the two equations are linked through
the nitrification process which transforms part of the N-NH4 (a sink for equation 108) to N-
NO3 (a source for the equation 109).

Specifically, Ssnvy and Ssno in the equations 108 and 109 are the source-sink terms of solute, all
function of depth z and time ¢, and can be written respectively as:

SSNH = _SsminNH - Ssurea - SSfrtNH + Ssnit + Ssvol'l' SSupNH"' SSdrNH
(110)
SSno = —SSnir — SSfrtNO + SSgen + SSupN0+ SSarno

where Ssminni and Ssurea are the N-NH4 coming from mineralization (see equation 88) and urea
hydrolysis (see equation 107), respectively, Ssnit is the N-NH4 transformed by nitrification, Ssimm
is the immobilized N-NO3. Ss¢en and Ssvor are the N-NO3 and the N-NH4 lost by denitrification
and volatilization, respectively. Ssupvu and Ssuypno are the N-NH4 and N-NO3 root uptake,
respectively. Likewise, Ssarnw and Ssarno refer to the N-NH4 and N-NO3 losses through the
artificial drainage.

Finally, Ssfwn and Ssqwvo are the N-NH4 and N-NO3 source terms coming from mineral
fertilizers additions (other than urea).

The source terms SsminnH, SSurea SSfrens, and Sspenvo, are obtained by dividing the mineralization,
urea hydrolysis and mineral fertilizer addition rates (all in g/cm? of soil per day) by the
incorporation depth, zfert (cm), to obtain the corresponding Ss terms (in g/cm? of soil per day)
to be added to each of the calculation nodes within zfert.

The table 4 summarises the equations controlling the liquid phase nitrogen transformation
processes considered in FLOWS and also schematically illustrated in the figure 10 in the block
about Liquid phase nitrogen transformation process constants and pools in FLOWS.
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Table 4. The nitrogen transformation processes implemented in FLOWS. In the table, the Ss rates are in g/cm3 of soil per day

=3

o (r=Tope) 2
Nitrification SSnit = kpip X 1.07V " opt Q—CNH 0 < 0.
(Cabon et al., 1991) fe (111)

0
SSnit = Knig X 1-07(T_T0pt) %CNH 0> ch

SSden =0 0 < Hd

Denitrification
: _ 0—26
(Lafolie, 1991; McGechan SSuen = Kgen X 1.07(T=Topt) ZCNO 9,<6<6, (112)
and Wu, 2001) fc
0, — 0
04 = 0.6276¢. — 0.0267 7 Orc
S
Root uptake of Nitrogen Supnu = KrnuSrCnu (113)
SupNO = Kr,NOSrCNO
Nitrogen losses to artificial Sarna = SarCnu (114)

drainage Sarnvo = SarCno




This project is part of the PRIMA
programme supported by the
European Union

NPP-SOL

In the table 4, URo and UR_NH4 are the initial urea concentration and the N-NH4 produced by
the urea hydrolysis, respectively; knur and kvur are the first-order rate coefficients for the two
decay reactions (hydrolysis and volatilization, respectively).

knit, and kden, are respectively the optimal first-order rate coefficients for nitrification of N-NH4,
and denitrification of N-NO3; T is the actual soil temperature (°C); Tope is the optimum
temperature for the process (°C) (Cabon et al., 1991); 6q is the threshold water content for
denitrification.

K, ny and K, o are the root uptake preference factors (dimensionless) for either the N-NH4 or
the N-NO3, accounting for positive or negative selection of solute ions relative to the amount of
soil water that is extracted (van Dam et al., 1997). For passive uptake, K-=1.

Srand Sar are the source-sink terms related respectively to root uptake and artificial drainage
respectively, and B¢ is the water content at field capacity (assumed as the water content at
pressure head h=-330 cm in water column).

As for phosphorus, FLOWS describes the fate of liquid phase phosphorus (Piiq) according to
the decay reaction chains proposed by Mansell et al. (1977a). In general, inorganic P is rapidly
converted from orthophosphate to less soluble forms. Phosphorus soil solution
concentrations generally observed after inorganic P supply to the soil are of the order of
1pg/cm or less (Mansell et al,, 1977b). The initial rapid removal of phosphorus from the soil
solution may be attributed to relatively fast reactions, such as physical adsorption to soil
colloidal material. The adsorption of P is usually considered to be reversible (Van der Zee and
Van Riemsdijk, 1986; Barrow et al., 1981). Other additional much slower reactions involve
precipitation of phosphorus as Al, Fe, and Ca phosphates. Also, a portion of the physically
adsorbed phosphorus may slowly become surrounded by matrices of Fe and Al components
and become occluded (chemisorption). Mechanisms of adsorption, precipitation, and chemical
immobilization operate simultaneously and continuously with time to remove phosphorus
from the soil solution.

The Mansell et al. (1977a) approach, also adopted in FLOWS, assumes the transfer of
phosphorus between solution, adsorbed, chemisorbed and precipitated to be controlled by six
reversible reactions (see the block in the figure 11 about Liquid phase phosphorus
transformation process constants and pools in FLOWS). While adsorption occurs on pore walls
and colloids, chemisorption (also defined occlusion by the Mansell et al., 1977) refers to
(slow) transformation of weaker physical bonds of the adsorbed phosphorus to stronger
chemical bonds. FLOWS assumes adsorption to follow a Nth order kinetic (with an average N
of 0.35, as suggested by Mansell et al., 1977a) and a constant Kads;, whereas all the other
reactions (desorption, chemisorption and mobilization, precipitation and dissolution) follow a
first order Kkinetic, respectively with constants Kadsz, Kchs1, Kchsi, Kpre1, Kprez, even if higher order
may easily be developed in the code. Reactions rates depend on pH, nature and content of clay
minerals, organic matter, carbonates, cation saturation and amount of phosphate applied. The
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table 5 summarises the equations controlling the liquid phase phosphorus transformation
processes considered in FLOWS.

The remaining P-PO4 concentrations are thus transported through soil by advection-
dispersion (subscript transp in figure 11):

90c, _aqcy (990 G7)

ot 0z 0z

with Ssp being the sum of adsorption, desorption, precipitation, dissolution, root uptake,

(115)

- SSP

drainage losses and fertilizer (organic/inorganic) components:

SSP = _SsminP - SSfrtP - B(Kadslclli'v + KprclcP) + pb (Kadszca.P + KpcmCp.P)
+ SSupp + SSarp
In the equations 116, as well as in the equations in the table 5, subscript P is for P-P04,

(116)

whereas subscripts a, p and c are respectively for adsorbed, precipitated and chemisorbed
phosphorus concentrations.

As for nitrogen, the source terms Ssminp and Ssgp, are obtained by dividing the mineralization
rate and mineral phosphorus fertilizer addition rates (all in g/cm? of soil per day) by the
incorporation depth, zfert (cm), to obtain the corresponding Ss terms (in g/cm? of soil per day)
to be added to each of the calculation nodes within zfert.
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Table 5. The phosphorus transformation processes implemented in FLOWS (Mansell et al., 1977a). In the table, the Ss reaction rates are in

g/cm3 of soil per day
Phosphorus adsorption SSaas = ot = Kaas19Cp — (Kgasz + Kchsl)pb Cap + Kens2Cp (117)
a(pb Cc,P)
Phosphorus chemisorption SScns = at Kens1PpCap = Kenszop Cep (118)
e alp. C

Phosphorus precipitation SSyre = (Pg tp,P) = Kpre10Cp = Kpreapy Cop (119)

Root uptake of Phosphorus
P P Supp = Ky pSyCp (120)

Phosph 1
OSpOTLS osees 10 Ssarp = SarCp (121)
artificial drainage
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4.3.2. Simulating only Nitrogen transport

FLOWS allows to simulate only nitrogen transport by partly following the empirical approach
adopted in the RISK-N model (Gusman and Marino, 1999) for the mineralization of organic
nitrogen. In this case, soil organic N is conceptually divided into active and passive fractions
(Gusman and Marino, 1999). The active fraction includes organic N involved in the process of
mineralization and is divided into rapid and slow mineralization fractions. The rapidly
mineralizing N consists of recent additions of manure and crop residue. The slow fraction consists
of resident soil N still mineralizing, as well as the remaining organic N from past manure and crop
residue applications.

As for the previous case, the model handles additions of nitrogen in the forms of manure, crop
residue, mineral fertilizers. The model requires the incorporation depth (called zfert in the FLOWS
code) as input. It is assumed that nitrogen addition is distributed uniformly along the
incorporation depth. The model assume that manure applications contain 50% of urea and 50%
of organic N. As for crop residues incorporation, it is assumed that 50% consists of rapidly
mineralizing fraction, 45% of slowly mineralizing organic N and 5% is considered as passive
fraction (Gusman and Marino, 1999).

Again, the mineralization process is assumed to be described by a first-order decay equation
(Stanford and Smith, 1972; Watts and Hanks, 1978):

NH4min = kinouNOM, exp(—Kkmont) (122)

with rNH4min the rate of N-NH4 production from mineralization (g/cm? of soil per day), NOMo the
initial pool of nitrogen in organic matter and kmom is a first order rate constant for the
mineralization process. Now, the latter does not depend on the C/N ratio but still depends on soil
temperature and water content, being a function of microbial processes. Also, as the
mineralization rates change according to the type of organic N pools to be mineralized (rapid or
slow), two different equations can be used to determine kmom in equation 122 (Kersebaum and
Richter, 1991):

—9800
kmOM(T) = krp(T) = 5.6 x 1012 exp (m) E,
(123)
—8400
kmOM(T) = ksw(T) =4.0x 10° exp (m) ‘W

where T is the actual soil temperature (°C) and the water content factor for mineralization, Fuw, is
calculated as in equation 92. For the calculation of k,.,(T) and ks, (T), FLOWS uses the averages
of both Fwand T within the incorporation depth, zfert.
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Again, rNH4min is divided by zfert to obtain the Ssfwm.

As for immobilization, in this case FLOWS does not consider the C/N ratio but follows an empirical
equation decay (Cabon et al., 1991):

SSimm = Kim % 1.05TTop)E, Cyo 6 < 6y,

(124)
(r=Tope) 1
SSl'mm = kim X 105 opt F CNO 6 > ch

w

with a decay constant kim and where Topt is the optimal temperature for the process. All the other
processes (Urea hydrolysis; Ammonia volatilization (N-NH4 to N-NH3), Nitrification (N-NH4 to N-
NO3); Denitrification (N-NO3 to -N-N2); Plant uptake; Drainage losses, are all described by using
the equations already seen for the previous case.

Again, the transport of N-NH4 and N-NO3 is described by solving simultaneously the equations
108-109, with Ssno term in equation 110 now including also the Ssimm losses.

As mentioned, FLOWS deals with water and nitrogen transformations and transport in an
integrated way, so that at each simulation time step the water contents and fluxes calculated by
solving the Richards equation are used as input for the nitrogen equations, as illustrated in the
figure 13

4.4. Calculation of the Osmotic Potential for salinity stress
For the calculation of the salinity stress reduction factor, as, the model requires the osmotic

potential, hos, to be used in the Mass and Hoffman approach (Mass and Hoffman, 1977) and in the
van Genuchten and Hoffman approach (van Genuchten and Hoffman, 1984), as well as in the
combined approach.

The code uses the concentration coming from the ADE solution for the calculation of the hos values
in all the nodes.

Firstly, the code calculates the soil solution electrical conductivity, EC as

(125)

with EC in dSm-1 and C in gcm-3.
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Thus, the osmotic potential, hos, is obtained as:

h,s = 360EC (126)

5. Benchmarking (intercode comparison)

The reliability of FLOWS in numerical simulations has been evaluated by comparing the model
results to those coming from HYDRUS 1D simulation for a set of water flow and solute transport
processes involving different top and bottom boundary conditions.

This intercode comparison is especially effective as both the models are based on the same
fundamental equations to describe water flow (Richards equation) and solute transport
(Advection-Dispersion equation). Both the codes use similar strategies to adapt time stepping to
a convergence criterium, allowing the time step size to increase when the code converges rapidly
and decrease when there are convergence problems. Both the codes allow to set the several top
and bottom boundary conditions, both constant or variable over time: potential and fluxes at the
upper boundary, 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. They also allow to use both unimodal and bimodal hydraulic properties as
input for different soil layers.

An important difference lies in how the models deals with precipitation and evaporation when
they occur simultaneously. HYDRUS 1D subtracts evaporation from precipitation and applies net
precipitation to the soil. FLOWS applies precipitation as it is and sets evaporation to zero on rain
input times, while still allowing transpiration. This approach is the same adopted in the VS2DTI
(Healy, 1990). Of course, these different approaches may have different impacts depending on the
time resolution of simulations, having for example less effects in the case of hourly or shorter
precipitation inputs than of daily input data.

The following figures provide a comparison between FLOWS and HYDRUS 1D results for different
top and bottom boundary conditions. In all the graphs, the following labels have been used:

— TB = Top Boundary; BB = Bottom Boundary; IC = Initial Condition
— = flux (positive upward); hin = initial pressure head;

— Cin = initial concentration

— HP = Hydraulic Properties;

— tmax = maximum simulation time

— A=dispersivity

In all cases, subscript w is for water, subscript s is for solutes.
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TBw gin== 0.1 cm/h; BBw = free drainage; ICw hin = -100 cm
Two layers (0 - 30; 30-100 cm)

HP van Genuchten - Mualem

tmax = 30 days
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Figure 12 Pressure head and water flux profiles at t = 1 day. Blu solid line = FLOWS simulations;
Red dashed line = HYDRUS simulations

TBw Qin==-1.0 cm/h; BBw = free drainage; ICw hin =-100 cm

TBs gs = 0.04 g/cm3; Pulse duration 1 h; BBs = AC/Az = 0; ICs Cin = 0 g/cm3
Two layers (0 - 30; 30-100 cm)

HP van Genuchten - Mualem

A=1cm

tmax = 30 days

pressure head 10 days concentrations 12 cm
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Figure 13 Pressure head profile at t = 10 days and concentrations over time at depth z = 12. Blu
solid line = FLOWS simulations; Red dashed line = HYDRUS simulations
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TBw qin== variable; BBw = free drainage; ICw hin =-100 cm
Two layers (0 - 30; 30-100 cm)

HP van Genuchten - Mualem

A=1cm

tmax = 30 days

fluxes at surface
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Figure 14 Pressure head and concentrations over time at depth z = 6 cm. Blu solid line = FLOWS
simulations; Red dashed line = HYDRUS simulations. The graph on the top shows the fluxes at
the TB (negative downward)
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TBw qin== variable; BBw = free drainage; ICw hin =-100 cm
Two layers (0 - 30; 30-100 cm)

HP van Genuchten - Mualem

A=1cm

tmax = 30 days

fluxes at surface
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Figure 15 Water fluxes over time at depth z = 40 cm and concentrations profile at t = 30 days.
Blu solid line = FLOWS simulations; Red dashed line = HYDRUS simulations. The graph on the
top shows the fluxes at the TB (negative downward)
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TBw qin== variable; BBw = free drainage; ICw hin =-100 cm
Two layers (0 - 30; 30-100 cm)

HP van Genuchten - Mualem

tmax = 214 days

A=1cm

Fertilizers:

Manure 40000 kg; t = 10d
Urea 200 kg; t =50d

NO3 100 kg; t=90d

1.00 fluxes at surface
0.50

0.00
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Figure 16 Concentrations of NH; and NO3 over time at depths z=5 cm and z = 30 cm. The graph
on the top shows the fluxes at the TB (negative downward)
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6. Multisite and Montecarlo simulations

FLOWS allows for simulations in multiple profiles (multi-site simulations). For each simulation
profile, the model produces a set of outputs and store them in a specific folder. At the end of the
multiple simulations, the model calculates two additional folders, respectively with the average
and with the variance of the values of each output variable. The model also produces an output
with a list of the failed simulations (with the corresponding failure flag related to convergence
problems). The multi-site configuration may be especially useful in the following cases:

1. Simulations to be carried out on several soil profiles in a large area characterized by a
spatial variability of the soil hydraulic properties. This may be required, for example, to
calculate distributed outputs, such as (among many others): i. irrigation needs at district
scale; ii. deep percolation fluxes of water and solutes to analyse groundwater recharge
and/or groundwater vulnerability; iii....

2. Uncertainty Analyses and/or Sensitivity Analysis requiring simulation to be carried several
times with different soil hydraulic parameters coming from probability density functions
for each of them;

The last issue may be dealt with in a stochastic framework by Montecarlo techniques, and the
average and variance of specified outputs may be used to analyse the relative importance of each
input parameters on the model output. In this specific case (Montecarlo configuration), the user is
allowed to select, for each soil layer in the profile, the soil hydraulic and dispersive parameters to
be considered as stochastic and provide the mean for each of them, as well as their covariance
matrix, allowing to generate random vectors of correlated parameters (see, for example, Carsel
and Parrish, 1988; Coppola et al.,, 2009).

6.1. Montecarlo simulations and Model Predictions Uncertainty
A model, even very sophisticated, may only provide a simplified representation of the actual

processes involved in the water flow and solute transport being studied. A strictly deterministic
model output is generally limited because of several, interacting factors: 1. Parametric uncertainty
is unavoidable, as the characterisation of soil hydraulic and transport properties is not a simple
task; 2. Even when accurate soil hydrological characterizations have been carried out, the natural
heterogeneity of the soil properties represents a source of uncertainty; 3. The model dependence
itself on events that are somehow stochastic, such as rainfall and radiation (evapotranspiration)
makes a deterministic response impossible. The most correct way to use a model is at least to
provide model predictions with an uncertainty band of the output.
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To be of real utility in processes interpretation and decision making, thus, a model requires the
generation of quantitative measures of confidence in the model predictions.

Accordingly, FLOWS includes a tool based on the Montecarlo method, allowing for the propagation
of inherent uncertainty in model parameters into uncertainty in the model predictions of selected
model outputs (Coppola et al., 2009).

Montecarlo methods are those in which properties of the distributions of random variables are
investigated by the use of simulated random numbers. Montecarlo simulations are especially
important for evaluating the prediction uncertainties of the models and represent a valuable tool
in identifying the overall model sensitivity to selected model input parameters. This widely used
approach is conceptually simple and is based on the idea of approximating stochastic processes
by a large number of equally probable realizations. N successive sets of realizations are created by
randomly drawing one value from the assumed distribution of each of the M input parameters
(M=pi for i=1,2,..., M) or from a joint multivariate density function for correlated parameters. A
deterministic response vector Y (Y=f(M)) is calculated by running the deterministic model N times
such that the statistical moments of the desired output dependent variables can be estimated. As
an example, by solving N times the Richards equation with proper boundary and initial conditions,
one can obtain the mean and variance of the water content due to the fluctuations of the pth
random parameter according to its distribution:

1 N
(6,(z, 1)) = Nz 6,(z,t)
=1 (127)

1 N
o2 = mZ[ep (2,6) = (,(z,1))]
j=1

where () denotes ensemble averaging.

FLOWS provides mean and variance for all of the model outputs.

To do that, Montecarlo numerical simulation methods require probability density functions of
model input parameters. For correlated parameters the parameter covariance matrix is also
necessary in order to develop a joint probability distribution (JPD) forming the basis for building
the N random vectors of correlated parameters. As pointed out by Smith and Diekkruger (1996),
using the statistical moments of the parameters of the hydraulic functions for generating the
random field to be used in Montecarlo simulations implies the assumption that soil hydraulic
variability can be described by the statistical distribution of such parameters.
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APPENDIX A

USER INSTRUCTION

A.1. FLOWS installation
FLOWS works under Matlab environment.

These are the steps the user has to follow for setting up a simulation project:
1) Firstly, the user has to upload the folder FLOWS USER on the PC.
The main folder contains two other folders: 1) codes; 2)demo.

The codes folder contains the main code (compute) and several other codes mostly devoted to the
calculation of the function called by the compute code. The codes are only accessible to the
administrator.

The demo folder contains a file called FLOWS.fig (which settings are included in the file FLOWS.m)
allowing the user for opening the user interface, where the user may set the different simulation
options, parameters and data.

The demo folder also includes a file called startup.m, containing the path for the input and output
files and a folder called.

Finally, the demo folder contains two folders:

— the output folder, which, in turn, includes .txt and .mat files (see the section 6.4. Model
output. The .txt files allows the user drawing graphs and doing calculations. The .mat files
are used internally by the code to build the graphs of selected variables (namely, pressure
heads, water contents, concentrations and water fluxes) for selected depths and times;

— theinitialise_tables folder, including .xls files called by the interface to build the input tables
for the time and node conditions, for the profile settings and the nitrates settings. The
folder includes the following files:

— time; nodes.xls: They are files used by the model to initialise the time settings and node
settings tables (see the section below, 6.3. Model input);

— profile.xls: This file is used by the model to initialise the profile settings table;

— profile_multisites.xls: This file is used by the model to initialise the profile settings table in
the case of multisite configuration (see 6.3. Model input);

— nitrates.xls: This file is used by the model to initialise the inputs of nitrate and phosphorus
fertilizers table.

2) Then, the user copies the folder demo and rename the new folder, for example, to
PROJECT_TEST (or any other name given by the user). Then, the user opens the startup file in the
PROJECT_TEST and changes the path line according to the path reported in the Matlab (that in the
red rectangle in the figure [ below);
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4\ MATLAB R2022b - academic use

A EDITOR PUBLISH ald o e el
- P I — |=] Section Break
7 O @l Elcompae v A ) S8 % g %1 & Profiler = p b s
New Open Save (& print w GoTo “find ¥ Refactor [=] Li |- & Anal Run L3 Runand Advance Run  Step Stop
& |2 ®ff [ier Ls? Analyze !
- v - + [ Bookmark * - Section P2} Run to End -
FILE NAVIGATE CODE ANALYZE SECTION RUN
<SP Hald C: » DATI ¥ dati_backup_frequente » MATLAB » FLOWS_multisites
Current Folder IGOM B F it - CADATNAat_backun fre quente\MATLAB\FLOWS multisites\c
Name startup.m * +

il initialise_tables 1 addpath C:\DATI\dati_backup_frequente\MATLAB\FLOWS multisites\codes_mfiles
+ out 2

*) FLows fig

7 = |

] FLOWS.m

‘_]shmp.m

Figure i. The user must change the path line in the startup file with that indicated in the red
rectangle

3) After changing the startup file in the new folder PROJECT_TEST, the user may open the FLOWS

interface by writing down FLOWS in the Matlab command window, just as in the figure ii. This
way, the user enters the FLOWS user interface (see the figure iii).

4\ MATLAB R2022b - academic use

[:}4 lm o7 3 [dl Find Files ¢

(=]
New New

f\| H& Variable ¥ i

B4 s ek
E (&) Preferences Léé w %5 Community

L& Analyze Code
J‘J Run and Time

New Open [zl Compare Import Clean IﬂEé]SaveWorkspace

: =
Favorites Layout [;Set fatl Add-Ons  Help — gz Stz
Script  Live Script =~ ¥ hd ata Data ’E} Clear Workspace ¥ Ad |## Clear Commands ¥ Ad “" Parallel ¥ hd v  [E Learn MATLAB
FILE VARIABLE CODE ENVIRONMENT RESQURCES
(L gt~ Fal » C » DATI » dati_backup_frequente » MATLAB » FLOWS multisites » demo »
Current Folder [GM Command Window
Name Jx >> FLOWS
initialise_tables
output
) rLows fig
) FLOWS.m
ﬂ startup.m

Figure ii. Opening the FLOWS user interface
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4 FLOWS
Help
Simulation settings
Simulation(s) single site v
Imigation no (only rainfall) ~
Vegetation yes v

Temperature no -
Solute transport no -

decay no adsorption no

node settings

Number of nodes 100 inhin  constant

Number of layers 1 hin 100
Model Unimodal van Genuchten ~
Profile settings Node settings

top & bottom boundary conditions

itopvar variable -~ itbe  flux =
hsurf gsurf hsurfmax
9999 0.1 0.0

ibotvar constant ibbc  gradient ~
hbot gbot grad
0 -0.01 1

iCtopvar constant

FLOWS: FLOw of Water&Solute transport in soil
A. Coppola, L. Randazzo, A. Basile, C. Fenu, A. Concas

time settings
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dimin  0.000010 tmax 30
Time settings
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Figure iii. Overall view of the FLOWS interface
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- g
Vegetation settings
extinction factor for LAI
0.45
water and osmotic stress reduction functions for root uptake
Feddes water reduction function v
Feddes water stress potentials
hi hil hilIH AL hIv
-1 -10 -400 -600 -8000
van Genuchten water stress parameters
hw50 pwi
-1000 3
van Genuchten salinity reduction factor Maas&Hoffman salinity reduction factor
hs50 ps1 aMH bMH
-1500 3 760 0.000794
root distribution function uniform root distribution
logistic root distribution Vrugt distribution
rda rdb rdc pz zstar
1.027 15.016 0.074 10 5
Units Drain
length L cm drain no
g -
mess Ldr zimp zdr Rdr
time T seconds v 200 200 80 10

A.2. Instructions for FLOWS graphical interface users
The interface contains seven blocks (plus a small block to set the Units):

Node settings;

Time settings;

N o s W e

Drainage settings.

Simulation settings;

Top and bottom boundary conditions;

Solute settings (including a sub-block for Nitrogen Transport);
Vegetation settings;

A detailed description and explanation of the settings of each of the six blocks is given below.

1. Simulation settings block

12
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4 FLOWS
Help
Simulation settings

Simulation(s) single site v
Irrigation no (only rainfall) >
Vegetation yes v
Temperature no ~
Solute transport no >
decay no adsorption no

Figure iv. Simulation settings block
This block contains four different menus:

Simulation(s) menu

The simulation menu allows to opt for single or multiple simulations:

Single site = allows for a single simulation and the parameters are read from the profile settings;
Multisites = allows for multiple simulations for multiple sites and the parameters are read from a
profile settings excel table reporting the parameters for all sites;

Montecarlo = allows for multiple simulations, with multiple parameter vectors randomly
generated starting from the statistical distribution of the parameters. In this case, the user must
input the mean and variance of each of the parameters considered to be stochastic, along with
their covariance matrix in the case of correlated parameters. This module will be released soon in

a new version of the code.

Irrigation menu

This menu contains three options:

no (only rainfall) = no irrigation. Rainfall is the only inflow allowed;

yes (computed by the model) = Irrigation fluxes are calculated by the model according to the
criterium described in the section 2.6 Irrigation;

yes (given by the user) = Irrigation fluxes are calculated by the irrigation volumes actually supplied
by the farmer. With this option, a specific column, labelled as TBirr (top boundary irrigation), will
automatically show up in the time conditions file (see the Time settings block).

In the case the yes (computed by the model) option has been selected, the following window will
show up:

13
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4 Irrigation interface [} X

Average treshold pressure head allowed in the root zone -500

Irrigation depth 80

Number of irrigation intervals ' ' 1
Starting and ending day for each irrigation interval
Starting day Ending day

First interval 1809 217

Second interval
Third interval
Fourth interval

Fifth interval

0K Cancel

Figure v. Window for irrigation settings

This window allows the user to set:

— the threshold pressure (the critical pressure hcrit) below which the “model irrigates”;

— theirrigation depth, that is the depth over which the hav, to be compared to hcrir, is computed
by the model. The irrigation depth may be set at any value even if a reasonable value should
be the maximum root depth Dr;

— the irrigation intervals. Up to five periods may be selected, by shifting the Number of
irrigation intervals bar and entering the initial and final time for each interval. This is to
allow the user to account for specific irrigation habits of farmers, who, for example, are
used to stress the crop in some of the growth stages to improve organoleptic properties of
the crop. By leaving the model “to irrigate” anytime hav < hcrir, would not allow for

considering the specific farmer behaviour.

Vegetation menu

This menu considers two options to account or not for the presence of vegetation:

no = the evapotranspiration is not simulated. The upper boundary condition has to be imposed by
the user either in terms of flux or pressure head. This is the case for example of simulations of
laboratory experiments carried out under controlled top boundary conditions;

yes = the presence of vegetation is simulated according to the Vegetation settings (see later). The
case of the bare soil is a special case of this option. In this case, the LAl and Dr columns in the time
conditions have to be set to zero and the K. has to be set at the bare soil value to convert the ET
(the reference evapotranspiration) to the potential evaporation, Ep, from a bare soil.
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Temperature menu

This menu considers two options to simulate or not the temperature:

no = the temperature is not simulated;

yes = the temperature is simulated according to the combined approach provided by van Wijk
and De Vries (1963), based on the superposition of the annual and daily sinusoidal fluctuation
around a constant value of the soil. In this case a Temperature settings window will show up and
the user will be asked to set the following temperature simulation parameters:

4 Temperature interface — O X
Annual values Daily values
T_Av 12
AT 10 7
t_Tmax 200 0.5
tau 365 1
D_T 170 170
td0 1
OK Cancel

Figure vi. The Temperature settings block

where the user is required to set the parameters:

— the average annual temperature, Tavy (°C);

— the daily and annual amplitudes, Az and Ary (°C) of the sine wave oscillating around the
average daily, Tavy, and annual temperature;

— the daily, trmaxd, and annual trmaxy, time (days) when the temperature reaches the
maximum.

- The diurnal, t=1, and annual, =365, wave period;

— The soil thermal diffusivity, Dr, (cm2day-1), that is, the ratio of the soil thermal conductivity to
the soil volumetric heat capacity for the day (Dr4) or the year (Dr,);

— The day of the year, tdo, corresponding to the time t = 0 of the simulation.

15
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In the case of either nitrogen transformation and transport simulation (solute transport = yes, ADE
- nitrogen) or carbon, nitrogen and phosphorus transformation and transport simulation (solute
transport = yes ADE C-N-P) the temperature is set to yes and the temperature setting window
automatically appears. Also, the time units are automatically set to days.

Solute transport menu

This menu considers two options to account or not for the solute transport:

no = solute transport is not simulated;

yes - ADE = solute transport is simulated by the Advection-Dispersion equation, according to the
Solute Transport settings (see below);

yes - ADE nitrogen = this option allows for only nitrogen transformation and transport simulations
by solving the Advection-Dispersion equation twice, once for N-NH4 and once for N-NO3, with
appropriate exchange and source-sink terms, according to the procedure described in the section
4.3.2. Simulating only nitrogen transport;

Yes — ADE C-N-P = this option allows for carbon, nitrogen and phosphorus transformation and
transport, according to the transformation-transport chain described in the section 4.3.1.
Simulating Organic Matter decomposition and Carbon, Nitrogen and Phosphorus transport

In the case the yes - ADE is selected, the two menu frames named decay and adsorption show up

and further options become available:

Decay:
- no = solute decay is not simulated;
- yes = in the case of single site simulation, a specific column will be added to the node
conditions input (see the section on the node settings below) allowing the user to input a
decay coefficient (one for each of the 100 nodes). In the case of multiple sites simulations,
the user will be asked to input a decay value for each of the soil layers in each of the sites
to be simulated. In this case, a columns for decay will be added to the profile settings table
reporting the parameters for all sites.

Adsorption:
- no = adsorption is not simulated;
- yes - linear = adsorption is simulated by assuming a linear adsorption isotherm;
- yes - Freundlich = adsorption is simulated by assuming a Freundlich adsorption
isotherm.

The menu on the adsorption is related to the two frames in the Solute settings block (slope and
exponent in the Solute settings block). They refer to the slope and the exponent of the equation
61, C,4=KrCP. In the yes - linear case, the code requires to input the slope (the distribution
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coefficient) of the isotherm. The frame named exponent remains overshadowed. In the yes -
Freundlich option, the exponent of the non-linear isotherm is also required, and the frame will
show up.

In the case either the yes - ADE nitrogen or the yes — ADE C-N-P option is selected, the sub-block
Nitrogen, Phosphorus and Carbon Transport in the Solute settings menu will show up while all the
other solute parameters will remain overshadowed.

2. Node settings block

This block contains information about the flow field discretization and the initial conditions for
simulation.

The block allows to define the soil profile in terms of number of layers and their corresponding
hydraulic properties, as well as the initial conditions for water flow simulations.

node settings

Number of nodes 100 inhin  constant v
Number of layers 1 hin -100
Model Unimodal van Genuchten ~
Profile settings Node settings

Figure vii. The node settings block

The block includes constant option frames and two windows: Profile settings and Node settings.

The options to be set are:

number of nodes (nz) = it is set at 100 by default;

number of layers (nlay) = number of horizontal layers in the soil profile. The number of layers may
only be changed from the Profile settings table in the same block;

inhin menu

It allows to set the index for the initial pressure head condition:

constant = pressure head set at the value hin in all the profile nodes;

variable = pressure heads read from the node settings table in the same block);
If inhin = constant, the hin frame is will show up

hin = pressure head value for the inhin = constant.
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Model menu
This menu allows for selecting one of the following models for hydraulic properties:
— Unimodal van Genuchten = van Genuchten model for water retention and Mualem model
for hydraulic conductivity;
— Bimodal Durner = Durner model for water retention and Mualem model for hydraulic
conductivity;
— Bimodal Ross & Smettem = Ross and Smettem model for water retention and Mualem model
for hydraulic conductivity
— Unimodal Gardner & Russo = Russo model for water retention and Gardner model for

hydraulic conductivity

Profile settings: The table in the window allows for setting the number of layers and the
parameters of the hydraulic properties model selected for each layer.

The profile setting table contains a number of lines equal to the number of layers and a number of
columns variable according to the selected model. For each layer a line shows the following
variables:

layer = the layer in the soil profile;

depth = depth of the layer (the value for the last layer corresponds to the maximum depth of the
simulated flow field);

rho = bulk density;

tetas = saturated water content;

tetar = residual water content;

The other parameters may change according to water retention and hydraulic conductivity
models

Unimodal van Genuchten water retention:
alfvg = avc of the unimodal water retention function;

en = n of the unimodal water retention function;

Bimodal Durner water retention:

fi = weight for macroporosity;
alfvg = avci for macroporosity;
en = n1for macroporosity;
alfvg2 = ave2 for matrix;

enZ = nz for matrix;
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Ross and Smettem water retention

fi = weight for macroporosity;
alfrs = ars for macroporosity;
enZ = nfor the matrix;

alfvg2 =ave for the matrix;

Unimodal Russo water retention:

alfgr = acr of the unimodal water retention function;

mu = p of the unimodal water retention function;

Hydraulic conductivity models

KO = saturated hydraulic conductivity for the unimodal van Genuchten, bimodal Durner, bimodal
Ross and Smettem and unimodal Russo
bita = exponent in the Mualem hydraulic conductivity model;

The change values button allows for changing the water retention and hydraulic conductivity
parameter values.

It is possible to save a given parameter configuration by clicking OK and saving the file as
profile_settings (or any other name decided by the user). The file will be saved in both .xls and .m
format file.

It is also possible to load a previously saved parameter configuration by clicking the load from file
button. If in the Simulations settings the option multisites has been selected, along with the solute
option yes - ADE, two columns will be added to the table, reporting the dispersivity A and the decay
u values (only if the option decay - yes has been chosen) for each of the layers in each simulation
site.

4 Profile settings — O K

layer depth rho tetas tetar alfvg en ko bita
1 1 30 1.2310 0.4040 0.1000 0.0300 1.3000 25.5490 0.5000
2 2 80 1.4110 0.4100 0.1000 0.0100 1.2300 18.9000 0.5000
3 3 120 1.4310 0.3840 0.1000 0.0100 1.2100 13.0900 0.5000
load from file change values
OK Cancel

Figure viii. The profile settings window
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In the case of multi-sites simulations, when opening the profile settings window, the user will be
asked for selecting the number of sites to be simulated. Thus, the model will query the file
profile_multisite.xls in the folder initialise_tables. This file includes several sheets (currently 150
by default), which may be increased by the user), each referring to a different site, with three
layers with default values of all the possible parameters involved in the different water retention-
hydraulic conductivity models considered by the model (see the following figure).

Salvataggio automatico (@ ) e v profile_multisites_Complete = Salvataggio completato v gel antonio.coppola A &
File Home Inserisci Disegno Layout di pagina Formule Dati Revisione Visualizza Guida {1 Commenti 12 Condividi ~
I':—‘I'T:l 2@ Calibri N PP A A == E %,/ . ?E’ Generale . ﬁ Formattazione condizionale v @ Inserisci ¥ ~ 5 ? p
I o~ @ Formatta come tabella v B Elimina v v Sl -
ncolla === - 0 00 . rdinae Trova e
S G C S~ S === v BB % % G630 [Fstiicellav fElFormato ¥ | €% fijra~v seleziona v
Appunti ] Carattere ] Allineamento ] Numeri ] Stili Celle Modifica ~
Al - S layer ~
A B C D E F G H I J K L M N o] P Q [+]
1 |layer depth rho tetas tetar fi alfrs alfvg alfvg2 alfgr mu en en2 ko bita lambda decay
2 30 1.431 0.404 0.1 0.1 0.01 0.01 0.02 0.5 0.5 1.3 1.4 25.549 7.5 1 0.01||—
B 2 50 12 0.47 0 0.2 0.02 0.02 0.03 0.4 0.5 -7 13 20 5 il 0.02
4 3 150 1.431 0.404 0.1 0.1 0.03 0.01 0.04 0.3 0.5 1B} 1.2 25.549 s il 0.03
5
0 []
» | Foglio1 | Foglio2 | Foglio3 | Foglio4 | Foglio5 | Feglio6 | Foglio7 | Foglio8 | Foglio ... () i [4] I D]

Figure ix. The profile multisite .xIs file
Thus, the model builds a table (see an example in the next figure) like that already shown for the

single-site profile settings, but now with an additional column (the first column in the table)

indicating the sequence of sites considered in the multi-site configuration.

20



This project is part of the PRIMA
programme supported by the
5 : European Union

4\ Profile settings - O
site layer depth rho tetas tetar alfvg en ko bita lambda

L1 1 1 30 1.4310 0.4040 0.1000 0.0100 1.3000 25.5490 7.5000 1A
L2 1 2 50 1.2000 0.4700 0 0.0200 1.2000 20 5 1
L3 1 3 100 1.4310 0.3636 0.0900 0.0090 1.1700 22.9941 6.7500 0.9000
L4 2 1 30 1.4310 0.4040 0.1000 0.0100 1.3000 25.5480 7.5000 1
L5 | 2 2 50 1.2000 0.4700 0 0.0200 1.2000 20 5 1
L 6 | 2 3 150 1.2000 0.4000 0.1000 0.0100 1.4000 15 7.5000 1
I 3 1 30 1.4310 0.4040 0.1000 0.0100 1.3000 25.5490 7.5000 1
- 3 2 50 1.2000 0.4700 0 0.0200 1.2000 20 5 1
L9 3 3 150 1.2879 0.3636 0.0900 0.0090 1.1700 22.9941 6.7500 0.9000

10 4 1 30 1.4310 0.3636 0.0900 0.0090 1.1700 22.9941 6.7500 0.9000

11 4 2 50 1.2000 0.4700 0 0.0200 1.2000 20 5 1
|12 | 4 2 150 1.4310 0.4040 0.1000 0.0100 1.3000 25.5490 7.5000 1
| 13 | 5 1 30 1.4310 0.4040 0.1000 0.0100 1.3000 25.5490 7.5000 1
| 14 | 5 2 50 1.2000 0.4700 0 0.0200 1.2000 20 5 1

15 5 3 150 1.4310 0.4040 0.1000 0.0100 1.3000 25.5490 7.5000 1

1A (5} 1 30 14310 04040 01000 00100 1 3000 25 5490 7 5000 i1l

load from file
OK Cancel

Figure x. The profile multi-site settings table

As in the single-site configuration, the model will upload in this table only the columns with the
parameters actually involved in the water retention-hydraulic conductivity model selected by the
user.

As already mentioned, in the case of solute transport, one or two additional columns are added,
reporting respectively the value of the dispersivity, A, and of the decay coefficient, n (in the case of
decay = yes), for each layer of each site.

Once clicking on the OK button, the user is asked to save the profile_settings file, and the model
will save a profile_??.xls file (?? are for the name given by the user) in the demo folder. This .xls file
contains the same table shown in the figure x.

From this step on, the user may modify this .xls file by changing the parameter values, as well as
the number of sites and the number of layers for each site. Then, by using the load from file button
in the profile settings table, the user may upload this new xls table and save it again by clicking the
button OK.

In the case of Montecarlo configuration, the table profile settings is the same as the previous one,
but is directly produced starting from the statistical distribution of the soil hydrological

parameters.

Node settings: The table in the window allows the user to upload the initial profile conditions. The
Node settings table only appears when inhin = variable and/or the solute transport has to be
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simulated. The window contains a number of lines equal to the number of simulation nodes (100
by default) and up to five columns: 1) Node; and for each node 2) initial pressure head, hin; 3)
initial concentration, Cin; 4) dispersivity, lambda; 5) decay coefficient, decay. Column only shows
up when inhin = variable. Columns 3 to 5 only show up in the case of solute transport simulations
and for the single site configuration. In the case of multisite configuration, the dispersivity and the
decay coefficient are given in the last two columns of the profile settings, a value for each layer of
each soil profile to be simulated.

4 Node settings - O X
Node hin Cin | lambda decay
1 1 -210 0 10 0 A
2 2 -210 0 10 0
3 3 -210 0 10 0
4 4 -210 0 10 0
5 5 -210 0 10 0
6 6 -210 0 10 0
7 7 =210 0 10 0
8 8 -210 0 10 0
9 9 -210 0 10 0
10 10 -210 0 10 0
11 11 -210 0 10 0
12 12 -210 0 10 0
13 13 -210 0 10 0
14 14 -210 0 10 0
15 15 -210 0 10 0
16 16 -1000 0 10 0
17 17 -1000 0 10 0
18 18 -1000 0 10 0
19 19 -1000 0 10 0 .
load from file change values
OK Cancel

Figure xi. The node settings window

In the case of Nitrogen transport (solute transport = yes — ADE nitrogen) or Nitrogen, Phosphorus
and Carbon transport (solute transport = yes - ADE C-N-P) the node settings will include two
columns for the initial concentrations of NH4 and NO3 and three more columns with the constants,
changing node by node, of immobilization (Kimm), of nitrification (Knitr) and of denitrification
(Kdntr) (see next figure).
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Node hin |Cin_NH4|Cin_NO3| lambda | Kimm Knitr Kdntr
1 1 -200 0 0 1 0.1000 0.1000 0.0100 A
2 2 -200 0 0 1 0.1000 0.1000 0.0100
3 3 -200 0 0 1 0.1000 0.1000 0.0100
4 4 -200 0 0 1 0.1000 0.1000 0.0100
5 5 -200 0 0 1 0.1000 0.1000 0.0100
6 6 -200 0 0 1 0.1000 0.1000 0.0100
7 7 -200 0 0 1 0.1000 0.1000 0.0100
8 8 -200 0 0 1 0.1000 0.1000 0.0100
9 9 -200 0 0 1 0.1000 0.1000 0.0100
10 10  -200 0 0 1 0.1000 0.1000 0.0100
11 11 -200 0 0 1 0.1000 0.1000 0.0100
12 12 -200 0 0 1 0.1000 0.1000 0.0100
13 13 -200 0 0 1 0.1000 0.1000 0.0100
14 14 -200 0 0 1 0.1000 0.1000 0.0100
15 15 -200 0 0 1 0.1000 0.1000 0.0100
16 16 -200 0 0 1 0.1000 0.1000 0.0100
17 17 -200 0 0 1 0.1000 0.1000 0.0100
18 18  -200 0 0 1 0.1000 0.1000 0.0100
19 19  -200 0 0 1 0.1000 0.1000 0.0100 v
load from file change values
OK Cancel

Figure xii. The node settings window in the case of nitrogen transport

3. Top and Bottom boundary conditions

This block includes five different menu. They allows for setting if the water and solute boundary

(top, bottom) conditions are constant or variable, if the water boundary condition refesr to either

a head (Dirichlet) or flux (Newman) condition. In the case of constant water boundary conditions,

there are frames to set the corresponding value for the pressure head or flux.

top & bottom boundary conditions

itopvar  variable vl itbc flux v

hsurf qsurf hsurfmax
I 9ggg | 0.1 I 0.0

ibotvar  constant ibbc gradient w

hbot gbot grad
| -0.01 | 1

iCtopvar constant v

Figure xiii. The top and bottom boundary conditions block
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itopvar menu

It refers to the top boundary conditions for water flow simulation:

constant = the top boundary condition is constant over the whole simulation time;
variable = the top boundary condition is variable over the simulation time;

itbc menu

[t refers to the top boundary conditions for water flow simulation:

flux = the top boundary condition (constant or variable) is a flux (Newman) condition. Positive and
negative values are respectively for upward and downward fluxes;

potential = the top boundary condition (constant or variable) is a pressure head (Dirichlet)
condition;

In the case of constant top boundary condition, the user has to set one of the following values,
depending on the selected itbc option, in the corresponding box:

hsurf = the pressure head value imposed at the soil surface (top boundary);

qsurf = the flux value imposed at the soil surface (top boundary).

The frames with variables not involved in the simulation will be automatically overshadowed.

In the case of itbc = flux, the user has also to set the value in the following frame:

hsurfmax = maximum value of the pressure head at the soil surface in the case of ponding
formation during the simulation. This value is used in the code for calculating the maximum flux
(fluxsurfmax) at the soil surface. If gsurf exceeds the fluxsurfmax, the difference gsurf - fluxsurfmax
will be considered runoff. When this condition occurs, the code switches the itbc condition from
flux to pressure head at the hsurfmax value. In the case of itopvar=constant, this condition will be
kept for the remaining simulation time; in the case of itopvar=variable this condition will be kept
until the new gsurfcondition becomes lower than the previous gsurfwhich has induced the runoff.

ibotvar menu

It refers to the bottom boundary conditions for water flow simulation:

constant = the bottom boundary condition is constant over the whole simulation time;
variable = the bottom boundary condition is variable over the simulation time;

ibbc menu

It refers to the bottom boundary conditions for water flow simulation:

flux = the bottom boundary condition (constant or variable) is a flux (Newman) condition. Positive
and negative values are respectively for upward and downward fluxes;

potential = the bottom boundary condition (constant or variable) is a pressure head (Dirichlet)
condition;
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gradient = the bottom boundary condition is set at a constant hydraulic head gradient,
dH/dz=const.;

seepage = the bottom boundary condition is set a zero flux until the bottom boundary will saturate.
During the simulation run, the model verifies if the pressure head at the bottom becomes zero or
higher than zero. In that case, the model switches to a zero-head boundary condition.

In the case of constant bottom boundary condition, the user has to set one of the following values,
depending on the selected ibbc option, in the corresponding box:

hbot = the pressure head value imposed at the simulated profile bottom (bottom boundary);
gbot = the flux value imposed at the simulated profile bottom (bottom boundary).

When the gradient option has been selected, the following frame will automatically show up:
grad = the gradient value (generally 1, even if any gradient value may be set).

The frames with variables not involved in the simulation will be automatically overshadowed.

iCtopvar menu

It refers to the top boundary concentration for solute transport simulation:

constant = the top boundary concentration is constant over the whole simulation time. In this
case, the user will have to input the solute pulse parameters in the Solute settings block (see
below);

variable = the top boundary concentration is variable over the simulation time. With this option,
the user has to input the time variable concentrations in the table include in the time settings
block (see below).

In the case of solute transport = no, the iCtopvar menu is overshadowed

4. Time settings
This block allows to set the following time parameters for simulations:

time settings

dtin 0.000010 dtmax 1
dtmin 0.000010 tmax 30

Time settings |

Figure xiv. The time settings block

dtin = initial simulation At ;
dtmax = maximum At allowed for simulation;
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dtmin = minimum At allowed for simulation;

tmax = total simulation time;

The block also includes a window named Time settings.

The table in the window allows for setting the time variable conditions in terms of water and
solute top and bottom boundary conditions, as well as for vegetation.

The Time conditions window may contain up to twelve columns:

4 Time conditions - [l X
Time TBwat | TBsol TBirr BBwat ETr Ke LAI Droot
115 114 0 0 -0.0200 0.2000 0.4700 1 0 0 ~
116 115 0 0 -0.0400 0.4000 0.5000 1 0 20
117 116 0 0 -0.0400 0.4000 0.5700 1 0 20
118 117 0 0-0.0400 0.4000 0.5400 1 0.0100 20
119 118 0 0-0.0400 0.4000 0.5400 1 0.0100 21
120 119 0 0-0.0400 0.4000 0.4200 1 0.0100 21
121 120 0 0-0.0400 0.4000 0.5200 1 0.0100 22
122 121 0 0 -0.0400 0.4000 0.5600 1 0.0100 22
123 122 0 0 -0.0400 0.4000 0.3700 1 0.0200 22
124 123 -1.2000 0 -0.0400 0.4000 0.3100 1 0.0200 23
125 124 -0.1200 0 -0.0400 0.4000 0.3900 1 0.0200 23
126 125 0 0 -0.0400 0.4000 0.3800 1 0.0300 24
127 126 0 0-0.0400 0.4000 0.3700 1 0.0500 24
128 127 -0.4000 0-0.0400 0.4000 0.2900 1 0.0700 25
129 128 -0.8000 0-0.0400 0.4000 0.3500 1 0.0900 25
130 129 -0.2000 0-0.0400 0.4000 0.3800 1 0.1100 26
131 130 -0.0200 0 -0.0400 0.4000 0.4400 1 0.1400 26
132 131 0 0 -0.0400 0.4000 0.4600 1 0.1600 26
133 132 0 0 -0.0400 0.4000 0.4800 1 0.1900 27 o
@1036’??0m"ﬁ'i’§ O maodify the table
OK Cancel

Figure xv. The time settings window

1. Time (the tstar(kk) in the text);

and for each Time

2. Top boundary water (TBwat) (the gsurf or hsurf in the text)= variable top boundary
condition for water (flux, pressure head). TBwat will set the gsurf if itbc=flux and hsurf if
itbc = potential;

3. Top boundary solute (TBsol) (Cinput in the text)= variable concentrations at the soil surface;
Top boundary irrigation (TBirr) (the girr in the text)= variable irrigation fluxes at the soil
surface;

5. Bot boundary water (BBwat) (the gbot or hbot in the text)= variable bottom boundary
condition (flux, pressure head); BBwat will set the gbot if ibbc=flux and hsurf if ibbc =
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potential. The column will disappear if ibbc = grad, in which case the hbot is calculated
internally in the model according to the value set for grad,;

6. ETr=Reference Evapotranspiration

7. Kc = Crop coefficient;

8. LAI = Leaf area index.

9. Droot (Drin the text)= Maximum depth of roots over time;

10. Top boundary NH4 (TBNH4) = variable NH4 concentrations at the soil surface;

11. Top boundary NO3 (TBNO3) = variable NH4 concentrations at the soil surface;

12. Top boundary P (TBP0O4) = variable PO4 concentrations at the soil surface;

Column 2 only shows up in the case of itopvar = variable;

Column 3 only shows up in the case of solute transport = yes — ADE and iCtopvar = variable
Column 4 only shows up in the case of irrigation = yes (given by the user);

Column 5 only shows up in the case of ibotvar = variable and/or ibbc = flux or potential;

Columns 6 to 9 only show up in the case of vegetation = yes;

Columns 10 to 12 only show up in the case of solute transport = yes — ADE nitrogen or solute
transport = yes - ADE C-N-P

In the case of no rainfall, the user has to set TBwat=0 (The ET: has to be added in a separate
column)

The Time conditions window may be changed value by value by opening the window directly from
the graphic box. In an easier way, all the values in the window may be changed by opening the
excel file time_conditions.xls. In this case, the user has to be aware that the .xls file always includes
all the nine columns and that, depending on the water flow, solute transport and vegetation
settings, only some of them will be actually involved in the simulation

5. Solute settings block
This block includes different settings for solute transport simulations.
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Solute settings

Solute pulse parameters
tCinput tCinput_end Cinput

0.000 0.500 0.040

Isotherm parameters

slope exponent uptake factor
1.000 1 0.000
k_run kH Dzero Dgs
20 0.1 0.816 01

Nitrogen, Phosphorus and Carbon transport

zfert 30 | Topt 35 Khu | 0.1 KvUR 0.1

Nitrogen and Phosphorus supply settings

Isotherm
slope NH4 exponent NH4  uptake factor NH4
1.000 1.000 1.000
slope NO3 exponent NO3 uptake factor NO3
0.000 1.000 1.000
slope P exponent P uptake factor P
1.000 1.000 1.000
K2 K3 K4 K5 K6
0.01 0.005 0.001 0.01 0.01

Figure xvi. The Solute settings block

Solute pulse parameters: this part refers to the case of iCtopvar = constant (if iCtopvar = variable,
the frames will be overshadowed):

tCinput = initial time of application of the solute pulse;

tCinput_end = end time of application of the solute pulse;

Cinput = concentration of the solute pulse. The specific mass of solute, Ms [M/L?], applied during
the time tCinput_end - tCinput, may be calculated as (see equation 68):

Mg = (qsurf + qirr) - Cinput - (tCinput,,q — tCinput)

where gsurfand qirr are the fluxes at the top boundary coming from water rainfall (gsurf) and/or
irrigation (qirr).

Isotherm parameters: This part allows to set the slope and the exponent of the solute adsorption
isotherm (see equation 61 C,;=KzCP)

These two frames named slope and exponent are related to the option selected in the solute
transport menu described in a previous section. If the selected option is yes = ADE and adsorption

28



This project is part of the PRIMA
programme supported by the
5 : European Union

= yes - linear, only the frame slope will show up, while the frame exponent will remain
overshadowed. In the case of adsorption = yes — Freundlich, the frame exponent will also show up
to set the corresponding value.

Kr = Uptake factor. This frame refers to the solute uptake by roots. It sets the solute root uptake
preference factor, in the equation 64. It accounts for positive or negative selection of ions relative
to the amount of soil water extracted by roots.

krun = Mass transfer coefficient, controlling the solute fluxes from the surface soil layer to runoff.
Do = Diffusion coefficient in the liquid phase. It sets the molecular diffusion constant of the solute
in bulk water. In the case of nitrogen transport simulation (solute transport = yes - ADE nitrogen),
Donna, Donos and Dop are set internally at the value of 1.61, 1.47 and 0.533 cm?/d, respectively.
Docoz is also calculated inside the code for each node as as Docoz = 0.8369*exp(0.0269*T)
(Engineering ToolBox, 2008. Gases Solved in Water - Diffusion Coefficients. (Available at:
https://www.engineeringtoolbox.com/diffusion-coefficients-d_1404.html).

Dg= Dispersion coefficient in the gaseous phase.

Ku =Henry constant: It is the slope of the linear equilibrium relationship between gaseous, Cg, and
liquid, C, concentrations.

5.1. Nitrogen, Phosphorus and Nitrogen transport sub-block

This sub-block includes the settings for either the Nitrogen transport (in the case of solute
transport = yes ADE option) or of Nitrogen, Phosphorus and Carbon transport (in the case of solute
transport = yes ADE C-N-P option).

Nitrogen, Phosphorus and Carbon transport

zfert 30 Topt| 35 Khu | 0.1 | KvUR 0.1

Nitrogen and Phosphorus supply settings

Isotherm
slope NH4 exponent NH4  uptake factor NH4
1.000 1.000 1.000
slope NO3 exponent NO3 uptake factor NO3
0.000 1.000 1.000
slope P exponent P uptake factor P
1.000 1.000 1.000
K2 K3 K4 K5 K6
0.01 0.005 0.001 0.01 0.01

Figure xvii. The Nitrogen, Phosphorus and Carbon transport settings sub-block

Under both the options, the user will be asked for setting the following parameters:
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zfert = the incorporation depth of fertilizers. It is assumed that nitrogen addition is distributed
uniformly along the incorporation depth;

Topt = the optimum temperature for the immobilization, nitrification and denitrification
processes and set by default at 35°C in the model;

KhUR = the first-order rate coefficients for the urea hydrolysis decay reaction;

KvUR = the first-order rate coefficients for the urea volatilization decay reaction;

Isotherm parameters for both the NH4 and the NO3 nitrogen forms and for PO4 (in the case of ADE
C-N-P): under both the cases, the option adsorption = yes - linear, is automatically set and only the
frame slope will show up, while the frame exponent will remain overshadowed and fixed to 1. Note
that the slope for phosphorus corresponds to the parameter Kads1 in figure 11.

Kr = Uptake factor for NH4, NO3 and PO4: These frames refer to the N-NH4, N-NO3 and PO4 uptake
by roots.

K2, K3, K4, K5 and K6 correspond respectively to Kadsz, Kchs1, Kehs2, Kpre1 and Kprez in figure 11. They
represent the first order Kkinetic constant related to phosphorus reactions of desorption,
chemisorption and mobilization, precipitation and dissolution, respectively.

The sub-block also includes a window named Nitrogen and Phosphorus applications. By clicking
the Nitrogen and Phosphorus supply settings button, the user will firstly be asked for the number
of fertilizer applications during the simulation (three in the window shown below). Thus, the
following window will show up:

4 Nitrogen and Phosphorus applications (m]

tgstar_nit MAN N_MAN P_MAN COV_CR N_COV.CR P.COV.CR UREA N_UREA NH4.SD N_NH4 SD NO3.SD NNO3SD PSD P_PSD NH4Fl NNH4F NO3Fl NNO3FI PFl PPFI
ka/ha ka/kg  ko/kg | ka/ha  ka/kg | ka/kg | kg/ha  kg/ka  ka/ha | ka/kg | kaha | ka/kg | kg/ha | ka/kg | ka/ha | ka/kg  ka/ha | kg/kg | katha | ka/kg

240 0.4600 0 0 0 0 0 0 0
0 0 120  0.1800 0 0 120 0.4600 0
240 0.4600 0 0 0 0 0 0 0
0 0 120  0.1800 0 0 120 0.4600 0

1 126
2 171
3 491
4 536

cooo
cooo
cooo
cocoo
cooo
cooco
cocoo
ococoo
cooo
cooco
cococo

foad from file change values

0K Cancel

Figure xviii. The Nitrogen applications settings window

The window allows setting additions of nitrogen in the forms of manure, crop residue, mineral
fertilizers. All the applications are in kg/ha and are internally converted to g/cm?2.

The model requires the following inputs:

tgstar_nit = times of fertilizer applications;

MAN and N-MAN = manure amount in kg/ha and the nitrogen content in the fertilizer (kg/kg);
COV-CR and N-COV-CR = cover crop amount in kg/ha and the nitrogen content in the fertilizer
(kg/kg);

UREA and N-UREA = urea amount in kg/ha and the nitrogen content in the fertilizer (kg/kg);
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NH4-SD, and N-NH4-SD = solid mineral ammonium fertilizer amount in kg/ha and the nitrogen
content in the fertilizer (kg/kg);

NO3-SD and N-NO3-5D = solid mineral nitrate fertilizer amount in kg/ha and the nitrogen content
in the fertilizer (kg/kg);

P0O4-SD, and P-P04-SD = solid mineral phosphorus fertilizer amount in kg/ha and the phosphorus
content in the fertilizer (kg/kg);

NH4-FI and N-NH4-FI = liquid (supplied by injection or fertigation, for example) mineral
ammonium fertilizer amount in kg/ha and the nitrogen content in the fertilizer (kg/kg);

NO3-FI and N-NO3-FI = liquid (supplied by injection or fertigation, for example) mineral nitrate
fertilizer amount in kg/ha and the nitrogen content in the fertilizer (kg/kg);

PO4-FI, and P-PO4-FI = liquid mineral phosphorus fertilizer amount in kg/ha and the phosphorus
content in the fertilizer (kg/kg);

Once set all the fertilizer applications, by clicking the button OK the user will be asked to save the
table as a .mat file and .xls file named nitrogen_settings_?? (the double question points are for the
name the user wants to give to the file).

6. Vegetation settings block

This block contains the settings related to the vegetation (evapotranspiration, water and osmotic
stresses, root distribution).
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Vegetation parameters
extinction factor for LAl

0.45

water and osmotic stress reduction functions for root uptake

Feddes water reduction function -

Feddes water stress potentials
hi hi hiliH hiliL hiv

21 -10 -400 -600 -8000

van Genuchten water stress parameters

hwso pwl

-1000
van Genuchten salinity reduction factor Maas&Hoffman salinity reduction factor

hs50 psl aMH bMH

-1500 3 -760 0.000794
root distribution function uniform root distribution -l
logistic root distribution Vrugt distribution

rda rdb rde pz zstar

Figure xix. The vegetation parameters block

Extinction factor for LAI= exponent of the Beer’s law for separating potential evaporation and
transpiration from total potential evapotranspiration

Water and Osmotic stress reduction functions for root uptake menu

This menu allows for selecting the type of reduction function for root water uptake related too
either water stress, osmotic stress or both. In the latter case, the code assumes a multiplicative
combination of water and salinity stresses.

— Feddes water reduction function

— van Genuchten water reduction function

— Mass & Hoffman salinity reduction function

— van Genuchten salinity reduction function

— Multiplicative van Genuchten water and salinity reduction function

— Multiplicative Feddes (water) and Mass & Hoffman (salinity) reduction function

The value in the following frames has to be set depending on the option selected for the stress
reduction function:
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Feddes water stress potentials
hl, hil, hl1lIH, hIIIL, h1V = critical pressure heads for the Feddes water reduction function;
van Genuchten water stress parameters

hw50 = the soil water pressure head at which root water uptake is reduced by 50%

pwl = a fitting parameter frequently assumed to be 3

van Genuchten salinity stress parameters

hs50 =

the soil water osmotic potential at which root water uptake is reduced by 50%

ps1 = a fitting parameter frequently assumed to be 3

Mass & Hoffman salinity stress parameters

aMH =

threshold osmotic potential value for the Mass and Hoffman salinity reduction function

bMH = slope of the Mass and Hoffman salinity reduction function

[t should be noted that aMH and bMH parameterize local reductions in the root water uptake rate

as a function of osmotic head. In this sense, they should not be confused with the parameters A

and B frequently found in the literature and that parameterize total yield reductions as a function

of average root zone salinity.

Depending on the water and salinity reduction functions selected, only the frames with the

parameters actually involved in the simulation will show up. The other will be automatically

overshadowed

Root Distribution function menu

Uniform root distribution (the distribution is just 1/Droot and does not need parameters to
be input in this window);

Logistic root distribution;

Prasad root distribution (it is a triangular distribution and does not need parameters to be
input in this window);

Vrugt distribution

rda, rdb rdc = Logistic root distribution parameters

pz, zstar = Vrugt root distribution parameters

Depending on the root distribution function selected, only the frames with the parameters actually

involved in the simulation will show up. The other will be automatically overshadowed.

7. Drainage settings block

This block allows setting the parameters used by the model for calculating the fluxes to artificial

drains (both drainpipes and open field drains).
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Drain
drain no v
Ldr zimp zdr Rdr
200 200 80 10

Figure xx. The drainage settings block

[t considers two options to account or not for the solute transport:

no = artificial drainage is not simulated (all the frames will be overshadowed);

yes = artificial drainage is simulated according to the Hooghoudt’s approach. In this case, the
following frames will show up to set the required input parameters:

Ldr = drain distance;

zimp = the depth of the impermeable layer (from the soil surface);

zdr = depth of drainpipes installation or of the base of open drains;

Rdr = the hydraulic radius of the drain

8. Units

This block allows to set up the units for data and parameters used in the text. The code uses cm
for length and g for mass. The time units have to be selected by the user as seconds, minutes, hours
or days. These units will be used by the code to set the titles in the graphs generated by the code
at the end of a simulation run (see the section below Model outputs)

A.3. Model output
The output files include both text (.dat) and matlab (.mat) format data.

The first type may be open as .xls files and used for new numerical and graphical elaborations, for
example using excel.
The table i provides a list of the output files, with a description of the variables recorded in the

output files:

Table i. Output of FLOWS

Pressure heads (L) as a function of depth and time for all
1 | pote_tot . . .
the simulation times

: Pressure heads (L) as a function of depth and time for
2 | pote_print L
print times
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Water contents (L3L-3) as a function of depth and time for

3 | teta_print o
print times
Water capacity (the derivative of the water retention
4 | cap_print curve) (L3L-3L-1) as a function of depth and time for print
times
i Water fluxes (LT-1) as a function of depth and time for
5 | flux_print o
print times
. . Sink (water uptake) (T-1) as a function of depth and time
6 | sink _print e
for print times
. . Artificial Drainage losses (T-1) as a function of depth and
7 | sink_drain ) e
time for print times
_ Solute concentrations (ML) as a function of depth and
8 | conc_print ) o
time for print times
Solute mass (ML-2T-1) leaving the soil profile by drainage
9 | conc_ DR ) : e
as a function of depth and time for print times
_ Ammonium nitrogen (N-NH4) solute concentrations (ML-
10 | conc_NH4_print _ . s
3) as a function of depth and time for print times
. Nitrate nitrogen (N-NH4) solute concentrations (ML-3) as
11 | conc_NO3_print ) ] o
a function of depth and time for print times
. Phosphorus (P-PO4) solute concentrations (ML) as a
12 | conc_PO4_print ) _ o
function of depth and time for print times
CO2 mass (ML-2T-1) produced in the soil profile by root
13 | conc_CO2_print | and microbial respiration as a function of depth and time
for print times
Ammonium nitrogen (N-NH4) mass (ML-2T-1) leaving the
14 | conc_ NH4 DR soil profile by drainage as a function of depth and time for
print times
Nitrate nitrogen (N-NO3) mass (ML-2T-1) leaving the soil
15 | conc_ NO3 DR profile by drainage as a function of depth and time for
print times
Phosphorus (P-PO4) mass (ML-T-1) leaving the soil
16 | conc_PO4_DR profile by drainage as a function of depth and time for
print times
Water fluxes (LT-1) at top and bottom boundary as a
17 | flux_surf bot

function of time for print times

This project is part of the PRIMA
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NPP-SOL

Water and solute fluxes to runoff (LT-1) as a function of
18 | runoff ) o
time for print times
19 . Irrigation fluxes (LT-1) (gross and net irrigation) for print
irr
e times in the case of irrigation computed by the model

All the .dat files from 1 to 13 in the table i include a matrix of data with 102 lines (number of nodes
+2) and a number of columns = number of print times +2 (see the figure xv). Only in the case of

pote_tot, the file contains as many columns as the actual number of At used during the simulation

+2.
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Figure xxi. An example of an output file (for all files from 1 to 13 in the table i)

In the matrix, the first four cells (those into the red rectangle) are dummy numbers.

The first two lines report the simulation time in terms, respectively, of number time steps (j in the
time discretization used in the code) and corresponding print time.

Similarly, the first two columns report the simulation node (i in the depth discretization used in
the code) and the corresponding actual depth along the soil profile.

All the other numbers refer to the specific variable recorded in the file (potentials, sink, fluxes,....)

The figure xxii reports an example of the output file 14 in the table i (named flux_surf_bot). In the
file, the first column reports the line number. The first two lines reports the simulation time in
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terms, respectively, of number time steps (j in the time discretization used in the code) and
corresponding print time. The other numbers represent:

— the fluxes passing through the soil surface (line 3);
— the fluxes passing through the bottom of the simulated domain (line 4).

(Note that positive values are for upward fluxes and negative values are for downward fluxes).
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Figure xxii. An example of output file named flux_surf bot

The figure xxiii reports an example of the output file 15 in the table i (named runoff). The first
column and the first two lines are as in the previous table. The other numbers represent
respectively:

— the water fluxes applied at the TB (rainfall, irrigation, ...)(line 3);

— the water fluxes passing through the soil surface (line 4);

— the water fluxes to runoff (line 5);

— the solute fluxes to runoff (line 6).

In the case of nitrogen and phosphorus transport:
— the N-NH4 solute fluxes to runoff (line 6);
— the N-NO3 solute fluxes to runoff (line 7).
— the P-PO4 solute fluxes to runoff (line 8)
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Figure xxiii. An example of output file named runoff
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The figure xxivi shows an example of the output file 16 in the table i (named gqirr) and reports:

the gross irrigation fluxes (line 3);

the netirrigation fluxes (line 4).

FLOWS produces the qgirr output file only in the case of the option irrigation = yes (computed by
the model)
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Figure xxiv. An example of output file named girr

SR UVI Ny

The matlab data are used for graphical output, showing selected output variables at the end of
each model run for selected times and depths (namely, water contents, pressure heads,
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concentrations, fluxes and eventual runoff). At the end of a simulation run, the model produces

the following graphs for water potentials, water contents, concentrations and fluxes:
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Figure xxv. Graphs of water potentials, water contents, concentrations and fluxes built by the

model

An additional graph is provided for the eventual runoff fluxes:
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Figure xxvi. Graph for runoff built by the model

In the case of nitrogen transport the following additional graphs will appear, replacing the

concentrations graphs saw in the case of a single solute transport:
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Figure xxvii. Graphs for N-NH4 and N-NO3 concentrations over time built by the model

The user may decide the print times and the depths to be used in the plots (up to four times and
depths). Once closed, it is still possible to ask the code for new graphs (for different times and
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depths) by remaining in the current folder project (for example, PROJECT_TEST) and typing
read_data in the Matlab command window. A window will show up asking the user to input times
and depths for drawing the graphs

4
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Figure xxviii. Using the read_data command to plot new graphs

Multiple sites configuration outputs

In the case the multi-sites configuration has been selected, the model will produce an output folder
including a folder for each simulated site, containing the same outputs produced for the single-site
configuration. Additionally, the model also produces two additional output folders, reporting
respectively the mean and variance of the output variables calculated for each site (see the
following figure, providing an example of multi-sites simulation with 5 sites). The mean and the
variance may be useful in the case of simulations carried out in a stochastic framework, where the
different sites do not really correspond to spatially distributed points but may represent different
hydraulic parameter vectors for a single simulation point.
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The graphs built by FLOWS at the end of the multi-site simulations will be the same as those for

single-site simulations and will show the average of the simulation outputs.
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