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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 Dis-
persion 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; and 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) 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 pos-
sibility of running multi-site simulations, which may be especially important for spatially distributed simulations; and (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.

Keywords Physically-based dynamic agrohydrological modelling - Richards equation - Advection-dispersion equation -
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transport have a role of primary importance in many appli-
cations 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
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water stress and containing water wastage. Only by study-
ing water dynamics in soil can the contribution of ground-
water 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.

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 microbio-
logical, occurring in the soil. Within environmental protec-
tion initiatives, great weight is attributed to the continuous
contribution of solutes characterising any agricultural activ-
ity, 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 by the pres-
ence 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 encour-
aged the widespread use in the sector of soil hydrology of
increasingly sophisticated mathematical models of varying
levels of dimensionality corresponding as closely as possi-
ble to real phenomena, which can supply quantitative evalu-
ations 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 con-
firmed by experiments and are often reported also in papers
in disciplines collateral to soil hydrology [1, 2]. 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 gen-
erally made to isothermal flow processes, to a Newtonian
liquid phase and interconnected gaseous phase with a pres-
sure equal to that of the atmosphere.

Several complex, physically-based models simulating
water flow and solute transport in unsaturated—saturated
soil are now available (see, for example, LEACHM—{3];
SWAP—[4]; RZWQM—[5]; HYDRUS—[6]). These
models can simulate a broad range of flow and transport
processes and, with appropriate boundary and initial condi-
tions, may be employed to deal with many agricultural and
environmental problems.
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However, in many cases, these models require the users
to have specific and deep skills about soil and solute hydrol-
ogy, limiting in many cases their use for practical applica-
tions by agricultural and environmental managers. Actually,
nowadays models are increasingly requested to answer to
specific and practical management issues by farmers, by
providing responses in terms of the irrigation water, organic
matter, nutrients, to be supplied to a specific crop under
specific soil and environmental scenarios. In this direction,
there are many models more specifically oriented to agri-
cultural systems, such as DAISY [7], EPIC [8], APSIM [9],
DSSAT [10], which can be used as practical water and nutri-
ents management tools under different agro-environmental
scenarios.

In all the cases, these models may become much more
widespread once they have been provided with user-friendly
graphics-based interfaces allowing their use even by users
not fully involved in the modelling topic.

In this context, the model FLOWS [11] described in this
paper tries to integrate positive aspects of different models
and to make modelling as much user-friendly as possible.
It systematizes work already presented in several previous
papers [12—18] by incorporating the simulation codes into
a client—server architecture, which allows users to interact
directly with the model through a web browser.

The model simulates water flow by solving the RE and
the solute transport (tracers, adsorbed, volatile and reactive
solutes) by solving the ADE and thus allows approaching
general environmental problems related to water and con-
taminant transport by a fully physically based approach. For
agricultural management purposes, FLOWS allows the inte-
grated simulation of organic and inorganic carbon, nitrogen
and phosphorus chemical transformations and transport
contextually to the simulation of water contents and fluxes.
It also allows irrigation management, by optimizing the irri-
gation time and volumes according to a criterion based on
the average pressure head in the root zone. FLOWS also
simulates water and nutrient fluxes to artificial drainage, as
well as to runoff.

The user is driven in all these model applications by a
graphical model interface where all the input data and
parameters may be set. The interface guides the user in all
the settings by providing suggestions and warnings, making
settings faults unlikely. This way, the model allows for run-
ning 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.

For agricultural applications, the user is provided with a
flexible table allowing to input several organic and inorganic
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fertilizers and a table where to input irrigation management
settings.

All the outputs are also provided as excel files, each
including a matrix with the evolution of the output vari-
able given for all the simulation depth nodes and 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 good-
ness of the simulation run.

Additionally, the model offers the possibility of running
multi-site simulations, which may be especially important
for spatially distributed simulations, as well as for simula-
tions carried out under stochastic framework (Montecarlo,
for example). A detailed description of the model may be
found in the model handbook [11].

In this paper (paper 1), we will schematically summarise
the development of the various components of FLOWS.
Applications of the model with different top and bottom
boundary conditions will also be shown, along with an
intercode benchmarking with the well-known HYDRUS 1D
software. Appendix is dedicated to describing the nonlin-
ear solution procedure and time-step-control algorithm and
added an explicit description of the approach used to evalu-
ate water and solute mass conservation.

In a companion paper (paper 2—FLOWS: A model to
simulate water and solutes fluxes in agricultural and envi-
ronmental systems. 2. Modules for specific applications in
agro-hydrological modeling), more details will be given on
the specialized components related to agricultural manage-
ment, such as irrigation computed by the model, organic
matter decomposition, organic and inorganic nutrient trans-
formations and transport, fluxes of water and solutes to arti-
ficial drainage and runoff, along with selected applications
of these components related to real irrigation, nutrient and
drainage datasets.

2 General description of the model

FLOWS is a dynamic physically based model, written in
MATLAB, simulating 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 sol-
ute transport. Heat flow is also simulated in the model since
several parameters related to nutrients reactions and trans-
port and various partitioning and production coefficients are
strongly temperature dependent.

Figure 1 provides a schematic view of all the processes
involved in the current version of FLOWS. The main

processes (the red blocks in the figure) form the basis for
the description of all the other related processes in the blue
blocks.

FLOWS simulates all the processes shown in Fig. 1 in an
integrated modelling approach, so that they are simulated
together in the same simulation time step, At. The lower
part of the figure also summarises the main outputs of the
model. Obviously, the code may be easily modified to pro-
duce specific outputs, based on the above list, requested for
specific agro-environmental applications (i.e., water storage
in a given depth interval, travel time of a solute at selected
depths, etc.).

2.1 Soil water flow

FLOWS simulates 1D vertical transient water flow by
numerically solving the Richards equation (Eq. 1) using an
implicit, backward, finite differences scheme with explicit
linearization [4]:

0

oh oh
cgr = 55 (K 5h +K M) =Su M

where C(h) = d6/dh [L™!] 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 '] the
hydraulic conductivity and S, [T !]is a sink term describing
water uptake by plant roots, S,, and/or lateral water drain-
age, S, so that S, =S, + S,

1D soil column assumption is acceptable in applications
where vertical gradients are dominant, such as evapotranspi-
ration, infiltration, rootzone storage, groundwater recharge
and leaching [19, 20]. Lateral fluxes, like artificial drainage,
groundwater lateral fluxes and root uptake, can be repre-
sented by dedicated sink terms [21]. Spatial variability can
be represented by the multisite simulations (Sect. 4).

2.1.1 Hydraulic properties

Richards’ equation requires the water retention function,
0(h), and the hydraulic conductivity, K(%) or K(Se), func-
tion to be known. These functions interrelate pressure head,
h, water content, 0, and hydraulic conductivity, K. Several
water retention (WRC) and hydraulic conductivity (HCC)
functions can be selected in the model (see Table 1).

2.1.1.1 Water retention curves (WRC) All the curves are
expressed in terms of effective saturation S, = (q — q,)/
(95 — q,), where q, and q, are the saturated and residual water
contents, respectively. S, is to be considered as a cumulative
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Fig. 1 Schematic view of all the processes simulated in FLOWS, their
interactions and simulation options. The model provides all the out-
puts listed in the lower box. In the case of multiple simulations (for
example spatially distributed simulations or repeated simulations in

output

distribution function of pore size with a density function

stochastic frameworks), all the outputs are provided for each of the
input parameter vectors, along with the average and variance of each

In the case of unimodal pore size distribution, FLOWS

f(h), which may be expressed by:

dse

fin ="
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allows opting for either the WRC model proposed by van
Genuchten [22] (Eq. 5) or that proposed by Russo [23]
(Eq. 11). Both the models are reported in Table 1. In the van
Genuchten model, a,, and n are shape parameters. In the

2
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Table 1 The WRC and HCC models included in FLOWS
- 6-6, -m
van Genucthen—Mualem WRC S, = = [1 + |OCVGh|n] %)
HCC 2 6
Ky (8= 522 = sgf1-(1 Se”’")m] ©
m=1-1/n
Durner—Mualem WRC 1 @)
Se = @1 (1 +agsh)exp (—a1h) + (PZ[W]
HCC T i\ 2 (®)
K(S, S Pictve|1 1 Sei |
K, (Se)—L (Z@l el) { - 2 [¢ayc ) ]}
i=1 ¥l i
Ross & Smettem WRC 1 mz ©)
Se =1 (1 +arsh)exp (—aih) + %[W
HCC " 2 (10)
K|
Ky () = 52 = s Z P/ 3 m(O)]
m (h) = agsexp(agsh)
1, (h) = aygn,B (S 1m; ,my +1/ny,1— 1/n2)
Russo—Gardner WRC -6, ( ) (1D
Se ey [exp( —0. SOCGRh) (1 +0. SO{GRh)] HR+2
Hee Ky () = 52 = exp (~agrh) (12)
ino i > K(h 2
Russo model, oy the parameter appearing in the Gardner’s K, (h) = () _ ST[n(h)/1(0)]

model for hydraulic conductivity (see next section on HCC
models) and is related to the pore size distribution, while py
is a parameter related to tortuosity.

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 6, to 6, consists of two f;(/) distributions obtained by
Eq. 2, each occupying a fraction ¢; of that pore space [24].
FLOWS allows using two different double porosity mod-
els, respectively proposed by Durner [25] (Eq. 7) and Ross
and Smettem [26] (Eq. 9) (see again the Table 1). Both the
models describe the WRC of the whole porous medium by
linearly combining two sub-curves, one for structural pores
and the other for textural pores. The Durner model uses a
van Genuchten type curve for each pore domain, where
Qyg,i» 7; and m; still represent the shape parameters for each
of the partial curves, whereas the Ross and Smettem model
assumes a single parameter curve for the structural domain,
described by the shape parameter oyg, The parameter ¢; is
used as a weighting factor of the total pore space fraction to
be attributed to each of the two subcurves.

2.1.1.2 Hydraulicconductivity curves (HCC) FLOWS allows
opting for two different HCC approaches.

The first is the approach proposed by Mualem [27],
which is based on the capillary bundle theory and relates
relative hydraulic conductivity, K., to f{/) by the equation:

e 3)
n(h)=/ h='f (h)dh

in which K, is the hydraulic conductivity at 4 = 0, and 7t is
a parameter accounting for the dependence of the tortuosity
and the correlation factors on the water content.

For the bimodal case, Eq. 8 becomes:

2

Ko () = S0 = ¢ Z o )'S gini©)

i=1

4)

with parameters as defined earlier.

In FLOWS, the WRC models proposed by van Genu-
chten [22], Durner [25] and Ross and Smettem [26], all are
coupled to the Mualem model for deriving analytical equa-
tions for the HCC based on the f{%) functions (see Table 1).

The van Genuchten HCC analytical equation (Eq. 6) has
been obtained by imposing m = 1 — 1/n. The Durner—Prie-
sack HCC (Eq. 8) comes from an analytical solution of the
Eq. 4, with n; (h) = aygn;B (Sel/mi, m; +1/n;,1 — l/ni).
Similarly, the Ross and Smettem HCC (Eq. 10) comes from
the solution of Eq. 4 with 5, (h) = agsexp(agsh).

The second approach is that proposed by Gardner [28].
The Gardner HCC (Eq. 12) is generally coupled to the Russo
model for WRC (Eq. 11), with the parameter a; being a
sorptive number related to the pore size distribution of the
medium, with larger values associated with coarse-textured

@ Springer
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soils. It is also the reciprocal of capillary length parameter,
A (agg =X, "), which can be interpreted as the length of the
capillary fringe or the air-entry pressure head value.

2.1.2 Thesink term, S,

FLOWS calculates a sink term, S, by summing up water
uptake by plant roots, S,, and lateral water drainage, S,,, so
that S, =S, + S,

2.1.2.1 Root water uptake sink term, S, FLOWS calculates
the root water sink term, S,, in Eq. 1 according to a mac-
roscopic approach, frequently adopted in hydrologically
oriented soil-plant-atmosphere continuum modelling for
describing plant water uptake [29, 30].

Specifically, the potential root water uptake flux per unit
depth at a specific depth, S, [T '], is simulated by distrib-
uting potential transpiration, 7, [L T '], over the root zone
depth, D, [L], on the basis of a normalized root density dis-
tribution, g(z) [L'], with depth z.

The function g(z) distributes the potential transpiration
rate, 7, through the root zone in proportion to the root dis-
tribution [29, 30]:

Sr.p (2) =g(Z)Tp (13)
with

Dr
/ gz)dz=1 (14)
0
and thus

Dr
T, = / Sy p(2)dz (15)
0

Several root density distributions, g(z), may be selected in
the model for simulating the sink term in Eq. 1, assuming
root distributions to be either homogeneous [30] or variable

Table 2 The four normalized root-density distributions implemented
in FLOWS

Uniform [30] g(z) = DL (16)
Triangular [32] ¢(2) = %;Z) (17)
Vrugt et al. [33] g(z) = _/'f)"a:(zz))dz (18)
w(z) = <1 - ]%) exp (g—i |z* — z|)
Logistic (@)= bexp|b(c-Z )] (19)

D, {vraexpfp(e- 2 )1+
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with depth [31-33], the latter accounting for the fact thatin a
moist soil the roots can mainly extract water from the upper
root zone layers. Table 2 summarises the four schemes of
root density distribution implemented in FLOWS.

The Uniform distribution over the whole root zone only
requires the maximum root depth, D, [L]. The Prasad-type
triangular distribution [32], assumes the root water uptake
at the bottom of the root zone, D,, equal to zero. The Vrugt
distribution is based on the following dimensionless spatial
root distribution, w (z):

w(z) = <1 - &)exp <% |z* —z|> (20)

where p, [-] and z" [L] are empirical parameters. The model
allows for non-symmetrical root water uptake. The non-
symmetry with soil depth is determined by the ratio of the
p. value for z < z* and the p, 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 < z".

The Logistic distribution is based on shape coefficients a,
b and ¢ and the maximum depth D, of the roots.

2.1.2.2 Water and osmotic stress functions Low water con-
tents 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. Reduc-
tion coefficients to decrease the maximum water uptake
according to the water and osmotic stresses may be calcu-
lated independently and multiplied to calculate the actual
root uptake, 7, as:

S, = o, (h) g () Sp = ay, (h) ag (hos) g (2) Tp 21)

with a,, and o, being reduction factors depending on the
local (at a given z) water pressure head, / [L] and osmotic

head, A, [L], respectively.
Accordingly,
Dr
T, = / S, (z)dz (22)
0
and
T, Pr
T_a = / g (@) ay (h) ag (hy) dz = B (h, hys) (23)
p D

with T, being the actual transpiration rate and S a dimen-
sionless water stress index integrated over the whole rooted
profile [34, 35], providing a measure of total plant stress.
A value of B equal to 1 indicates that there is no stress in
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the soil root zone and that the actual transpiration rate T, is
equal to the potential transpiration rate 7,.

FLOWS allows calculating water, e, and solute stress,
ay, either independently or combined, according to the
approaches summarized in Table 3.

2.1.2.3 Water stress reduction factor, a,, Feddes and Raats
[29] reviewed various functional forms for «,, that have
been proposed over the years. Two models are implemented
in FLOWS for water stress:

e A piecewise linear reduction function proposed by Fed-
des [30] (Eq. 24 in Table 3), parameterized by four criti-
cal values of the water pressure head, , < hy < h, <
h,. In this model, water uptake is reduced at high- and
low-pressure heads. Uptake is at the potential rate when
hs < h < h,, drops off linearly when 4 > A, or h < hj,
and becomes zero when h<h, (permanent wilting pres-
sure head range) or 4 > h; (anaerobiosis pressure head
range). As the value of £, is expected to be a function of
evaporative demand, either a low or high evaporative
demand /5 value may be set, identified respectively as
310 and a i3

e A smooth, S-shaped reduction function proposed by van
Genuchten [36] (Eq. 25) with adjustable parameters p,;
and hs, the latter being the water pressure head where
uptake is halved.

2.1.2.4 Salinity stress reduction factor,a, FLOWS includes
several functional forms, which are frequently adopted to
describe uptake reduction due to salinity (see amongst oth-

ers [29, 38]). The salinity uptake reduction function can be
written in terms of concentration, electrical conductivity of
either the soil water or the soil saturation extract, or osmotic
pressure head [37, 40—42]. FLOWS uses the osmotic pres-
sure head, &, form. Two models are implemented in
FLOWS:

0s?

e A piecewise linear (threshold—slope) function proposed
by Mass and Hoffman [37] (Eq. 26), with adjustable pa-
rameters a and b, often referred to as the salinity thresh-
old and slope, respectively;

e a S-shaped salinity-stress function proposed by van Ge-
nuchten and Hoffman [38], in terms of pressure head,
similar to that for the water stress reduction factor, where
p, and h, 5, are the adjustable parameters, the latter be-
ing the osmotic pressure head where uptake is halved.

The osmotic potential, expressed as osmotic head A, is
assumed to be a linear function of soil solution salinity, o,
(dSm™), according to U. S. Salinity Laboratory Staff [43]:

hos = —3600,, (30)

where 360 is a factor to convert the salinity-based values
(dSm ™) to osmotic head (cm).

2.1.2.5 Combined water and salinity stress FLOWS
includes additive and/or multiplicative combined stresses
[44]. A generalized model for additive stresses (Eq. 28 in
Table 3) is obtained by assuming that water uptake occurs
in response to some weighted sum of the soil water pres-

Table 3 Models for water and osmotic stress reduction factors implemented in FLOWS

Feddes water stress [30] :—PZ. ’ hy>h>hy (24)
3Ny
1 hy>h>h
a (h) - 7_ 2 = = 3
v h=h, hy>h>h,
hy—hy
0, h<hgorh>h
van Genuchten water stress [36] ay(h) = 1 . (25)
h 1
(i)
Mass and Hoffman osmotic stress [37] 1, a<hy<0 (26)
o (hos) — 1+ b(l’los —a), a> hos >a— %
0, hos < a— %
van Genuchten and Hoffmann osmotic stress [38] (M) = 1 27)
hos
1+( hos,50
Combined water and osmotic stress by Skaggs et al. [39] (28)
a(h, hos) = 77
1+[ a1:+azhos ]
05,50
Additive
29
Of(h’hos) = ﬁ hlos P2 ( )
1+<E) 1+( hos,50 )
Multiplicative

@ Springer
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sure and osmotic heads. A simple additivity results when
a; = a, = 1. Although additivity has been inferred from a
number of laboratory and field experiments, e.g., [45-49],
its general applicability remains uncertain [50], especially
for field conditions subject to relatively wide ranges in pres-
sure heads (wetting/ drying cycles).

Linear or weighted additivity is only one of several pos-
sibilities for combining the effects of 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)alhys) (€1))

which, in the case of S-shaped curves, gives the Eq. 29.

2.1.2.6 Drainage sink term, S, FLOWS includes the artifi-
cial drainage in the Richards equation as a sink term based
on the Hooghoudt’s theory for lateral flow to the drains
(Fig. 2). 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 Hoog-
houdt theory is used. This issue has been analysed in details
by Mollerup et al. [S1].

Water flows toward the drain anytime the water table is
located above either a drainpipe or a on open field drain.
According to Hooghoudt [52], the steady state drain flux per
unit surface area g, can be computed as:

8KpDeqD, + 4K, Dg
qdr = L2
dr

(32)

where K, is the hydraulic conductivity of the saturated layer
above the drain level and X, is the hydraulic conductivity of
the layer below the drain level. L, is the distance between
the drains. The water table height above the drain at 0.5L,
is denoted as D, (corresponding to /4 in the Hooghoudt’s

soil surface

1
1
I
|
b Imaginary: impervious fayer. . - Y

Impervious:fayer

Fig. 2 Schematic view of the system and parameters involved in the
Hooghoudt’s equation

@ Springer

work). D,, is the equivalent drain depth depending on the
vertical distance between the drains and the impervious
layer, D,,,,, as well as on the drain hydraulic radius, R ..

Details on the solution of Eq. 32 used in FLOWS will be
given in the paper 2 devoted to FLOWS modules for spe-
cific applications in agro-hydrological modelling.

2.1.3 Runoff calculation

The model calculates the runoff water fluxes if the top-
boundary fluxes, g, exceed the soil surface infiltration
capacity (Hortonian mechanism) or when the profile is
completely saturated (Dunnain mechanism). The former is
calculated using the maximum infiltration velocity at soil
surface, fSyqx:

hl - hsurf,max _ 1)

SSmax = Km,max ( Aztop (33)

where K, mqx 18 the average between the soil surface and
the first node’s soil hydraulic conductivities, 4, is the soil
water pressure head in the top node and Agyy s mqx 18 the
maximum pressure head allowed at the soil surface, which
is set by the user.

When gyt > fSmax, the code switches the upper bound-
ary from a flux to a head condition, setting the top boundary
pressure head equal to Ay max- If the additional condition
|9suril > Ko 18 satisfied at the top node, the excess water flux
(9eurr — fSmax) becomes runoff.

Regarding the Dunnian runoff mechanism, at each time
step At, the model calculates the water storage at full satura-
tion and the actual water storage over the entire simulation
domain. When the difference between these two quantities
falls below a predefined tolerance, the entire incoming sur-
face flux, g, during the current time step is converted to
runoff.

3 Solute transport in soils
FLOWS solves the advection—dispersion equation (ADE)

for prediction of solute transport (agrochemicals, salts,
heavy metals, ...):

Bsgc 9
==+ 5 (o0 + 3 (eepmmn ) -
= eD"az +8z S

PeC | dC
s = 0:D3Kn 5

o TPt 9z T 0z (34)

including linear and non-linear adsorption, linear volatiliza-
tion, linear decay and proportional root uptake in unsatu-
rated/saturated soil. In the equation, C [M L7, C, M M1
and C, [M L3, are the solute concentrations in the liquid,
adsorbed and gaseous phases, respectively, ¢ [L T '] is the
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darcian water flux, p, [M L73] is the bulk density, D, [L?
T '] the hydrodynamic dispersion coefficient, Dy is the dis-
persion coefficient in the gaseous phases [L* T '], 6, is the
volumetric air content in soil, S, [ML 3 T!] is a source-sink
term for solutes, Kj; is the dimensionless Henry constant.
Hydrodynamic dispersion is related to the molecular diffu-
sion constant of the substance in bulk water, D, [L> T'],
and the average pore water velocity, v = ¢/, as:

Dp, = v +7(0)D, (35)

where A [L] is the dispersivity and 1 a tortuosity coefficient.
By introducing an effective dispersion coefficient, D,,

6,D3Kp

5 (36)

D, =Dy +

the Eq. 34 becomes

20,C
06C | 5,0 | e __09C i( 8_C>_ 37
5 P T T = oz Tz \0Pegz) S GD

3.1 Linear and non-linear solute sorption

FLOWS assumes equilibrium interaction between the solu-
tion, C, and adsorbed, C,, concentrations of solute on soil
particles. The adsorption isotherm relating C; and C is
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:

Cy = KpCP (38)

where p (dimensionless) is the Freundlich exponent, com-
monly less than unity for most adsorbing solutes and
enhanced with decreasing C, and K, [L*M ] is the Freun-
dlich partitioning coefficient [53]. The linear isotherm is
a special case where the Freundlich exponent is unity and
Ky = K, (the slope of the linear isotherm) is known as the
distribution coefficient.

3.2 Linear solute volatilization

The gaseous phase is also considered in FLOWS to account
for volatilization and gas phase diffusion of organic contam-
inants. Actually, even if the latter may decay mostly because
of chemical and microbiological degradation, volatilization
may be equally important for some substances such as pes-
ticides. A linear equilibrium volatilization is assumed, so
that gaseous, G, and liquid, C, concentrations are linearly
related through the dimensionless Henry constant, K,;:

Cy =KgC. (39)

3.3 Solute source-sink term

The solute source-sink term in Eqgs. 34 and 37 comes from
the contribution of solute decay, S ,, solute root uptake, S .
and solute losses coming from drainage fluxes, S 4:

Ssu =M ©C + ppCs)
Ssr =K,S5,C
Ssdr = SarC
Ss = Ssu + Ssr + Ss.ar

(40)

where  is a first order decay rate coefficient of transforma-
tion (T™"), 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 S,,.

3.4 Solute transfer from soil solution to runoff
water

In FLOWS, solute flux, ¢,, across the soil surface interface
is related to the difference in concentration between soil
solution, C, and runoff water, C,, through a mass transfer

coefficient, k,,,:

run’®

acC
0,t) = —6Dj;, — + v6C
QS( ) h oz 20

= (=Okyun [C(0,1) = Crin])  (41)

The equation above accounts for the convective and disper-
sive modes of transfer between soil and runoff water [54].
Convective mass transport is directed downward, while dif-
fusive-dispersive transport is directed upward. £,,,, is mainly
controlled by the diffusion coefficient but it is also influ-
enced by flow characteristics such as runoff water depth,
rainfall intensity and duration, surface roughness.

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

—Dy, < + W+ kpyn)C =0 42)

ac
82 z=0

applying for finite values of k., from which the flux to run-

run®
off may be calculated.

3.5 Calculation of the Osmotic Potential for salinity
stress

For the calculation of the salinity stress reduction factor, o,

FLOWS requires the osmotic potential, 4, to be used in the
Mass and Hoffman approach [37] and in the van Genuchten

@ Springer
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and Hoffman approach [38], as well as in the combined
approach. The code uses the concentration coming from the
ADE solution for the calculation of the /,; values in all the
nodes.

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

6

10
—C % — 43
EC=Cx 5 (43)

with EC in dSm ™! and C in gem .

Thus, the osmotic potential, %, is obtained as:

0s?

hys = 3.6EC. (44)

4 Multisite 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 calcu-
lates 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): irrigation needs at district scale; deep percola-
tion fluxes of water and solutes to analyse groundwater
recharge and/or groundwater vulnerability; etc.

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

3. Simulations to be carried out with spatially variable veg-
etation properties, e.g., K., LAl and D,.

5 The FLOWS graphical interface for direct
inputs

FLOWS operates within a MATLAB environment and is
accessible through a dedicated web interface: https://flows.u
nica.it/. For user accessibility, a client-server architecture
has been implemented. This allows users to interact with
the model directly from their browser, without requiring
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local installations or configurations. The server executes
the MATLAB routines and handles all the computational
load, while the client interface provides a simple and intui-
tive access point. The server is equipped with a processor
AMD Ryzen Threadripper PRO 7975WX (Advanced Micro
Devices, Inc.) with 32 cores/64 threads and 8-channel
DDRS5 ECC memory. For demanding scientific simulations
and parallel workloads, it can provide several times the per-
formance of a typical desktop PC, especially when the soft-
ware efficiently uses many CPU cores.

Upon accessing the FLOWS website, users can authen-
ticate with their personal login credentials. Once logged in,
two options are available:

e Start a new FLOWS project, initializing a fresh simu-
lation setup.

e Load an existing project, retrieving previously saved
configurations and results (see Fig. 3).

The architecture is designed to separate clearly the user
interaction layer (web front-end built on Vue.js) from the
computational engine (MATLAB running on the server).
Communication between the two layers is managed through
dedicated APIs that ensure reliable data transfer, project per-
sistence, and monitoring of the simulation status.

Projects and results will be stored on the server in a
future release, allowing users to resume work at any time
and from any device. At the current stage, this functionality
is still under development. Simulation progress and outputs
(soil water content, pressure heads, solute concentrations,
evapotranspiration, etc.) are displayed in real time via the
interface, while detailed result files remain available for
download.

This architecture guarantees:

e Accessibility: no need for local MATLAB licenses or
configuration.

e Scalability: server-side resources can be adapted to
handle multiple simultaneous users.

e Reproducibility: all project data remain stored and ver-
sioned on the server.

e Security: access is restricted to authorized users through
individual login credentials.

5.1 FLOWS simulation configuration options

FLOWS allows to build a simulation configuration tailored
to specific boundary and initial conditions, as well as to the
intended simulation objectives (Fig. 4).

Through the Simulation menu, FLOWS enables the
selection of either a point-based configuration, suitable for
analysing flow and transport processes at the local scale
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Fig.3 Web window to start FLOWS

Welcome to FLOWS

Load project

What's FLOWS?

Fig.4 Simulation settings block

Simulation
Nodes
Boundaries
Time

Solute

Vegetation

Drain

Simulation Settings

Simulation [ Single site v ]

Solute transport 3 -

Irrigation (only rainfan v

Temperature (Mo -

Vegetation

Drain

(e.g., localized contamination), or a multisite configuration,
which allows simultaneous simulations across multiple
sites. The latter option is particularly relevant for applica-
tions such as irrigation planning and management at the
sector or irrigation-district scale, as well as for assessing
groundwater vulnerability to diffuse pollution (e.g., from
agricultural sources).

Within the Simulation menu, FLOWS allows select-
ing different solute transport configurations, such as: (1)
no solute transport, (2) Solute transport simulated by the

Advection—Dispersion equation, which may be suitable
when transport of a single solute (a tracer, a pesticide,...) has
to be simulated; (3) Nitrogen transformation and transport
simulations by solving the Advection—Dispersion equation
twice, once for N-NH, and once for N-NO;, with appropri-
ate exchange and source-sink terms; (4) Carbon, nitrogen
and phosphorus transformation and transport, according to
the transformation-transport chain which will be described
in detail in the companion paper.

@ Springer
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By the Irrigation menu, FLOWS allows simulation of
different irrigation scenarios: (1) no irrigation, where rain-
fall is the only water input; (2) Model-driven irrigation, in
which FLOWS determines irrigation timing and volumes
according to predefined criteria described in Sect. 2.1 in
the companion paper; (3) User-defined irrigation volumes,
where the model accounts for irrigation amounts actually
applied by the farmer; (4) Irrigation based on daily evapo-
transpiration requirements, calculated as potential evapo-
transpiration multiplied by irrigation efficiency factors.

Through the Temperature menu, the model allows for
simulating the temperature evolution along the soil profile
according to the combined approach provided by Wijk and
De Vries [55], based on the superposition of the annual and
daily sinusoidal fluctuation around a constant value of the
soil.

The Vegetation menu allows users to include or exclude
vegetation form simulations. When vegetation is included,
plant growth is represented in a static approach, with veg-
etation growth provided as model inputs in terms of Leaf
Area Index (LAI), reference evapotranspiration (ET,), crop
coefficients (K_), and maximum rooting depth (D,). Since
LAL ET, K, and D, are time-variable inputs, they are given
by the user in the “Time” settings menu as daily inputs for
the simulated period. Additional parameters include critical
pressure head and osmotic head thresholds, used to compute
water and salinity stress effects on root water uptake, as well
as root distribution profiles.

Bare soil conditions represent a special case of this
option, in which LAI and Dr are set to zero over time, and

Table 4 Output of FLOWS

Kc is set to the bare-soil value to convert ETr into potential
soil evaporation (Ep).

When vegetation is excluded, the upper boundary condi-
tion must be imposed directly, either as a prescribed flux or
pressure head. This option is typically used for simulating
laboratory experiments conducted under controlled bound-
ary conditions.

Finally, the Drain menu allows users to account for the
presence or absence of artificial drainage systems. When
drainage is included, water fluxes to drains are simulated
using the Hooghoudt approach. Solute fluxes to drainage
are calculated by multiplying the simulated drainage water
fluxes by solute concentrations at the model nodes where
drainage is active.

For further details on the use of FLOWS web-based
interface, see Coppola et al. (2025).

5.2 Model output

At the end of the simulation FLOWS will produce an out-
put folder including output files excel (xlsx) format. The
Table 4 provides a list of the output files, with a description
of the variables recorded in the output files.

6 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

Output file content (as a function of time and depth)

Time-
Cumu-
lative
output

Instantaneous output

Pressure heads (L)

Water contents (L3L ™)

Water capacity (the derivative of the water retention curve) (L’L L")
Water fluxes (LT

Sink (water uptake) (T™")

Artificial Drainage losses (ThH

Solute concentrations (ML)

Solute mass (ML ™2 T') leaving the soil profile by artificial drainage
Ammonium nitrogen (N-NH4) solute concentrations (ML)

Nitrate nitrogen (N-NH4) solute concentrations (ML)

Phosphorus (P-PO4) solute concentrations (ML)

€02 mass (ML T™!) produced in the soil profile by root and microbial respiration
Ammonium nitrogen (N-NH4) mass (ML T™") leaving the soil profile by artificial drainage
Nitrate nitrogen (N-NO3) mass (ML 2 T™) leaving the soil profile by artificial drainage
Phosphorus (P-PO4) mass (ML 2 T leaving the soil profile by artificial drainage

Water fluxes (LT ") at top and bottom boundary as a function of time
Water and solute fluxes to runoff (LT") as a function of time

Irrigation fluxes (LT™') (gross and net irrigation) in the case of irrigation computed by the model

A A A A AR SRR A A A AN
ol

KR AR R
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solute transport processes involving different top and bot-
tom boundary conditions.

This intercode comparison is especially effective as both
the models are based on the same fundamental equations to
describe water flow (Richard’s equation) and solute trans-
port (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 conver-
gence 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, poten-
tial, 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. Also,
when evaporation and precipitation occur simultaneously,
both the models subtract evaporation from precipitation and
applies net precipitation to the soil.

In the following, a comparison between FLOWS and
HYDRUS 1D results will be illustrated for a simulation
carried out under real, quite complex, soil-groundwater-
climatic conditions.

Table 5 summarizes the top and bottom boundary con-
ditions and soil and vegetation parameters used for the
intercode benchmarking simulations (both for FLOWS and
HYDRUS 1D). The top boundary conditions for water flow
simulations were set as time-variable fluxes [cm/d] repre-
senting both precipitation and irrigation. The bottom bound-
ary conditions were set as time-variable pressure heads
[cm]. The initial conditions were set as a constant pressure
head of —100 cm in all the simulation nodes. As for the sol-
ute transport simulations, a top boundary condition was set
as a pulse with a concentration of 0.04 g/cm® and a duration
of one day. The top and bottom boundary conditions were
set as zero concentrations, meaning that the pulse was the
only source of solute.

Figure 5 provides a graphical view of the time-variable
top and bottom boundary conditions, as well as of the time-
variable vegetation conditions used for the simulation.

Figure 6 presents a comparison of key variables simulated
by the two models under identical conditions (see Table 5).
Specifically, the figures illustrate evapotranspiration fluxes,
as well as water fluxes, pressure heads, and solute concen-
trations at a depth of 20 cm, as predicted by the FLOWS
model (solid orange lines) and the HYDRUS model (blue
open circles). For clarity and improved visibility, the third
graph from the top is the fluxes of the second graph but only
within the range between —0.2 and 0 cm/d.

The graphs in Fig. 7 were obtained under the same sce-
nario as before but assuming free drainage (unit hydraulic

Table 5 Water and solute top and bottom boundary conditions and soil and vegetation parameters used for the intercode benchmarking simulations

Soil

4

Number of layers in the soil profile

Hydraulic properties model

van Genuchten—Mualem

Layer depths and hydraulic parameters

K, (cm/d)

yg
118.08

Oyg

Bulk density (g/cm®)

1.67
1.74
1.78
1.83

Depth from the soil surface (cm)

40

Layer

0.5

0.033 1.187
1.187
1.187
1.187

0.017

0.361

0.5

429.37

0.047 0.033

0.047

0.316

60

0.5

479.96

0.033

0.309
0.298

100

0.5

360.84

0.033

0.049

140

Vegetation

Uniform
Feddes
hI

Root distribution

Water Uptake reduction function

hIITH hIIIL hIV

hil

Feddes parameters for water uptake reduction

— 8000

- 600

—400

-10

-1

0.5

Extinction factor for LAI
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Fig. 5 Graphical view of the time-variable top and bottom boundary conditions, as well as of the time-variable vegetation conditions used for the

simulation

gradient) at the bottom boundary and a bare soil (no veg-
etation). Again, the solid lines are for FLOWS predictions
whereas blue circles are for HYDRUS simulations.

It is important to note that some flux peaks are missing
in the HYDRUS results, specifically on days 2, 5, 24, 41,
307, 339 and 343. This is since HYDRUS outputs were
recorded at two-day intervals, as HYDRUS-1D imposes a
limitation on the number of output time steps that can be
saved (250), whereas FLOWS outputs were generated at
daily scale (365 printed times for one year simulation). The
overall Root-Mean-Square Differences, RMSD, between
HYDRUS-estimated and FLOWS-estimated fluxes was
0.14 cm/d. The overall RMSD values, between HYDRUS
and FLOWS estimates, for soil water pressure heads and
solute concentrations were 147.6 cm and 0.0008 g/cm’,
respectively. Additionally, some of the (minor) discrepan-
cies between the two simulations may be attributed to dif-
ferences in how the two models construct the simulation
flow fields, so that the node depths may not correspond
exactly between FLOWS and HYDRUS. Some differences
in evapotranspiration fluxes may be due to slight variations
in how the two models handle surface evaporation and root
water uptake across different nodes. Nevertheless, the maxi-
mum absolute difference between the HYDRUS-estimated
and the FLOWS-estimated ET was 0.93 cm/d with the over-
all RMSD of 0.11 cm/d.

@ Springer

In any case, in general, it is important to recognize that
simulations derived from the numerical solution of differen-
tial equations are inherently sensitive to the numerical strat-
egies employed. Each model adopts its own discretization
schemes and solution algorithms which, while conceptually
aligned, often differ in implementation details. As a result,
exact agreement between different models should not be
expected.

7 Conclusions

This paper provided a systematic description of the agrohy-
drological model FLOWS. A distinctive feature of FLOWS
is its client—server architecture, which allows users to
interact directly with the model through a web browser (h
ttps://flows.unica.it), eliminating the need for local instal-
lations or configurations. The entire computational load is
handled by the server, which runs the main routines devel-
oped in MATLAB, while the client-side interface provides
a streamlined and intuitive environment for configuring and
executing simulations. The interface is designed to guide
the user through the setup process with contextual sug-
gestions and warning messages, significantly reducing the
likelihood of configuration errors. This architecture makes
the model accessible even to users with limited experience
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Fig. 6 Evapotranspiration fluxes and water fluxes, pressure heads, and
solute concentrations at a depth of 20 c¢m, as predicted by the FLOWS
model (solid orange lines) and the HYDRUS model (blue hollow cir-
cles). The third graph from the top is the fluxes of the second graph but
only within the range between —0.2 and 0 cm/d

in physically based hydrological modeling. Nevertheless, a
minimum knowledge of soil physics and calibrated param-
eters are required to effectively and efficiently use FLOWS.

In the paper, FLOWS was also evaluated by bench-
marking its performance and numerical reliability against
HYDRUS-1D. The comparison showed that FLOWS pro-
duces results highly consistent with HYDRUS-1D across
diverse and complex situations, including multi-layered
soils. This agreement was achieved by ensuring that all
initial conditions, hydraulic parameters, boundary condi-
tions, evapotranspiration calculations, and the Feddes stress
function were identical in both models. This close match

-60
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-90

-120
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0.009

0.006

C(g/cm®

0.003

0.000 o
0 100 200 300 100

time (days from 1st January)

Fig.7 Pressure heads and solute concentrations at a depth of 10 cm, as
predicted by the FLOWS model (solid orange lines) and the HYDRUS
model (blue hollow circles)

confirms that FLOWS possesses a level of numerical sta-
bility and robustness equivalent to well-regarded existing
simulation software.

FLOWS proved to be computationally efficient, capable
of completing typical one-year simulations in under a min-
ute on standard personal computers. While factors like hard-
ware and process complexity play a role, the speed of the
numerical solution of the Richards equation was identified
as the most critical determinant of total computation time.

Beyond its core performance, FLOWS offers several sig-
nificant advantages for agro-hydrological research and man-
agement, among which:

1. Integrated carbon, nitrogen and phosphorus transfor-
mations and transport: It simultaneously simulates the
cycles of organic carbon, nitrogen, and phosphorus along
with water flow and solute movement, facilitating com-
plete, process-based analysis.

2. Irrigation Management Tool: It supports optimizing irri-
gation practices (timing and volume) based on water
pressure head in the root zone.

3. Multi-Site Simulation: It has the crucial ability to run
simulations for multiple locations, necessary for regional
or spatially distributed assessments.

The performance of FLOWS in simulating processes
described at items 1 and 2 will be evaluated in a second
companion paper entitled FLOWS: A4 model to simulate
water and solutes fluxes in agricultural and environmental
systems. 2. Modules for specific applications in agro-hydro-
logical modelling), where Modules for specific applications
in agro-hydrological modelling will be specifically shown.
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Appendix: Non-linear solution procedure
and time-step control algorithms

Time stepping and convergence criteria

FLOWS solves the one-dimensional Richards equation
using an implicit finite-difference formulation. The non-
linearity arises from the dependence of volumetric water
content, 0(h), and hydraulic conductivity, K(h), on pressure
head. Particular attention is required in evaluating the dif-
ferential water capacity, C = d6/dh, because an inconsistent
approximation of this storage term can directly produce
water-balance errors. Nonlinear changes in hydraulic con-
ductivity primarily affect the calculated redistribution of
water within the profile [56].

The water capacity at node i and time level j + 1 is evalu-
ated with the standard chord-slope approximation [12, 57,
58]:

" o(h* ) —e(n)
a0 )= O

m 45
h‘1+1 —hij ( )

In Eq. 45, i is the spatial node, j is the accepted time level,
and m is the nonlinear iteration level. Because the water
capacity depends on the unknown pressure head, the lin-
earized tridiagonal system is solved repeatedly. After each
solution, the chord-slope capacity is updated using the latest
pressure-head estimate.

Following correction of the convergence check, a time
step is accepted when

'+1m+1

j
max; <<y |

KT <ep (46)
FLOWS uses a value of ¢, = 0.001 cm.
The iteration number M required for convergence is also
used for setting an automatic variable simulation time step
according to the following criteria:

1L At =13ad if M <3

2. AT =AY if 3> M <My, @
A

3. A = = if M > My

having set the maximum iteration number M,,,. = 10. Note

that if the convergence is not reached within 10 iterations,
the attempted time step is rejected and repeated from the
previous simulation time. FLOWS allows the user to spec-
ify an initial time step, At;;,, as well as minimum, At,,;,,
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and maximum, At,,,, allowable time steps that cannot be
exceeded during the time-step adjustment procedure.

These criteria allow for a practical stability control for
the nonlinear flow solution, as time steps increase during
periods of smooth hydraulic response and decrease dur-
ing rapid changes in boundary conditions or soil-water
status.

The time step is also shortened when necessary to reach
exactly a prescribed boundary-condition transition or output
time.

Water balance in the soil profile

FLOWS evaluates water balance by calculating the follow-
ing soil-profile cumulative residual at the last time step J:

J-1 N
j N +1/2 j+1/2
Rly =W = WO+ [qi0p™*"? = @bt "2+ (Sraor.t ™ + Saraim ')Az 1AY (48)
=0 i=1

where W0 and W0 are the initial and time j soil water stor-
ages, respectively; g;op and gpo; are the top and bottom
boundary fluxes, respectively’ and S,,,; and Sg,4i, are the
sink terms for root water uptake and subsurface artificial
drainage, respectively.

where the soil profile water storage, W/ is:

N
W'] = Z GiJAZi,CV (49)

i=1

A conservative calculation gives RJ, =0 apart from
round-off, temporal integration, spatial discretization, and
nonlinear iteration errors. Root uptake and lateral drainage
represent sinks for the Richards equation.

In Eq. 48, g;op is the flux that actually crosses the soil
surface and, thus, runoff has already been excluded before
water enters the soil profile.

When ponding is active, the total storage in Eq. 48 is the
sum of soil water and surface water:

Wtotj = W/soilj + u/pondj (50)

A Celia-type ratio is also calculated for mass balance com-
parison with earlier studies:

J 0 J
MB{U _ Wiot ‘;Vt})t + Ly (51)
w

where I,,” is the cumulative external water input and L,,”
represents all cumulative water losses. Perfect conservation

corresponds to MB{U =1
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Water balance of the whole simulated system

FLOWS calculates the water balance of the whole simu-
lated system by partitioning external supply among storage,
evaporation, runoff, bottom exchange, root uptake and lat-
eral drainage. In case of a pond, infiltration from the pond
into the soil is an internal transfer, as it simply decreases
pond storage and increases soils water storage by the same
amount and thus it does not appear in the system balance:

For the complete system, external supply is partitioned
among storage, evaporation, runoff, bottom exchange, root
uptake, and lateral drainage. Infiltration from the pond into
the soil is an internal transfer: it decreases pond storage and
increases soil storage by the same amount and therefore
does not appear in the combined balance:

By considering all the quantities positive and cumulative
over the last time step J, the residual for the for the com-
bined surface—pond—soil system is:
szu,syst = Wsoilj + I'Vpondj - vvsoilo - %ondo - Iext] + Esoil] (52)

+ EpondJ + Roff] + Qbot,out] - Qbm,inJ + Uroot] + DlatJ
where the cumulative external water supplied to the sys-
tem through rainfall, irrigation, or other specified inputs
is denoted by Iextj. The terms Esm-l] and Epondj represent
cumulative evaporation directly from the soil surface and
from the free-water surface of the pond, respectively. At the
lower boundary, Qbot,omj represents the cumulative down-
ward water export, whereas Q bm,,-n] represents the cumula-
tive upward water input. The cumulative water lost through
surface runoff is denoted by R, ¢ fJ and is calculated as:

J-1
J i+1/2 j
Roff =ZRWJ+ At (53)
j=0

Finally, Umotj and Dlatf represent the cumulative root
uptake and lateral drainage fluxes over the simulation.

All these quantities are expressed as an equivalent water
depth and therefore have dimensions of length, typically cm
in FLOWS.

Solute mass balance in the soil profile

Similarly, for each simulated solute, FLOWS calculates the
cumulative residual at the last time step J as:

J _ J 0 J J
Rs - Ms - Ms _Ms,in + Ms,out

J J J J (54)
+ Ms,runoff + Ms,drain + Ms,uptake + Ms,loss

In Eq. 54, M, 57 is the total stored mass of the solute s per unit
horizontal area (M L™2) and is calculated as:

J— J J J
Ms - s,diss +Ms,ads +Ms,gas

. : (55)
+ Ms,pondj + Ms,reactivej
The dissolved mass is
. N . .
Ms,dissj = Z 6iJCs,iJAZi (56)
i=1

with Cs,ij the dissolved concentration of the solute s at node
i

Ms,inj is the cumulative solute mass input; Ms,omj is the
cumulative advective plus dispersive—diffusive boundary
mass flowing from the profile. Ms,mnoffj, Ms,d,ain] and
Ms,upmkej are the cumulative solute masses flowing to the
surface runoff, to the lateral drainage and extracted by the
roots, respectively. Finally, M, S’ZOSSJ are cumulative irrevers-
ible reaction losses, such as denitrification in case of nitro-
gen transport, for example.

The other terms in Eq. 55,
Ms,adsj s Ms,gasj s Ms,pondJ ) Ms,reactivej are, reSpeCtiVely,
adsorbed solute, gas-phase solute mass, solute mass stored
in the surface pond and mass in all reactive, precipitated,
chemisorbed, organic, or microbial pools. All the masses in
the equations above are per unit horizontal area (M L2).

According to the specific solute transport configura-
tion, a solute specific balance is calculated. In the case of
a single solute transport, FLOWS calculates the balance of
the solute, including dissolved, adsorbed, and gaseous stor-
age when active. In the case of nitrogen transport, FLOWS
calculates separate NH," and NO;~ balances and the com-
bined mineral-nitrogen balance. Nitrification is an internal
transfer; it appears with opposite signs in the two species
balances and cancels in the combined balance. In case of
Nitrogen and Phosphorus transport, the phosphorus balance
is also calculated and includes dissolved, adsorbed, precipi-
tated, chemisorbed, and organic phosphorus pools when-
ever they are simulated.
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