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Abstract
This paper is the second of two companion studies. The first paper focused on describing the model FLOWS, theory and 
the model benchmarking. This paper addresses FLOWS modules on specific applications: irrigation, temperature, organic 
carbon processes and nutrient transformation and transport in the soil. It also includes applications of FLOWS model in 
real scenarios. In the irrigation module, FLOWS allows for different scenarios: (1) no irrigation, i.e., only rainfall; (2) 
irrigation introduced by the user as a top-boundary, temporally variable, input flux; (3) irrigation computed as the daily 
potential evapotranspiration demand; and (4) irrigation computed by the model. In the latter, FLOWS optimizes irrigation 
fluxes and schedule according to a criterion based on the average pressure head along a user-specified depth, e.g., the root 
zone. Since soil temperature influences several soil processes, FLOWS simulates the temperature distribution in depth and 
time by using a solution to heat flow equations proposed by van Wijk and De Vries. FLOWS simulates fertilizer applica-
tions as organic matter (manure and crop residues) or mineral fertilizers. It can either simulate organic matter decomposi-
tion with coupled carbon, nitrogen, and phosphorus transformations governed by C:N and C:P ratios or simulate nitrogen 
transport alone using an empirical mineralization approach independent on organic matter dynamics. Two applications 
of the model are presented in this paper: (1) analysing the role of spatial variability in soil and vegetation for large-scale 
irrigation optimization, and (2) monitoring and modelling water and nutrient fluxes from irrigated fields to the surface 
drainage network. In the first application, FLOWS proved reliable for optimizing irrigation at large scales by accounting 
for the spatial variability of soil and vegetation properties and by enabling the analysis of the uncertainty associated with 
progressively overlooking this variability. In the second application, FLOWS was coupled with another physically based 
model (KWV) founded on kinematic wave theory. FLOWS was used to accurately simulate water, nitrate, and phosphorus 
fluxes to runoff, which were then routed through the KWV model to produce runoff hydrographs and nutrient concentra-
tions at different sections of the drainage network and at the field outlet.
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1  Introduction

Several environmental problems are partly or totally related 
to agricultural activities. The agricultural sector is respon-
sible for most of water consumptions for both irrigation and 
livestock activities. It is also the main source of diffuse pol-
lution to the surface and groundwater bodies by agrochemi-
cals (pesticides, nutrients, salts, …). Besides, considering 
that soil organic matter stores significant amounts of carbon, 
agricultural activities may either attenuate or exacerbate the 
production of greenhouse gases (GHG), depending on the 
soil tillage and, in general, on the soil management prac-
tices for crop productions. Yet, agriculture may even be the 
solution to these and other environmental issues, by provid-
ing significant environmental ecosystem services, such as 
regulation of soil and water quality, carbon sequestration, 
support for biodiversity and cultural services [1].

Quantification of the impacts of agriculture activities 
on the environment is crucial; on one side, to find practical 
solutions in terms of technologies and best practices to be 
adopted to minimise detrimental impacts, on the other side 
to evaluate the response of solutions to the several national 
and international directives aiming at ameliorating and pro-
tecting the quality of the environment (i.e., 2000/60/EC—
Water Framework Directive, 91/676/EC -Nitrate Directive, 
128/2009/EC-Pesticide Directive, Zero Pollution Action 
Plan within the EU New Green Deal Strategy). Quantifi-
cation of these impacts is not a simple task, as it requires 
understanding how and how much agricultural activities 
condition the many interrelated physical processes involved 
in the flow of water and transport of solutes in the complex 
soil–vegetation–atmosphere system at applicative (from 
field to irrigation district, to basin) scales.

To do that, scientists have been asked to provide tools to 
support decisions by land and water managers, to analyse 
impacts coming from alternative soil, water and crop man-
agement and for scenario analyses. To build these decision 
support tools, the already available models for simulating the 
fundamental soil water flow and solute transport processes 
have been frequently coupled to other existing models deal-
ing with nutrient and soil organic matter management, crop 
growth, pesticides. For example, the well-known SWAP 
model [2], which provides a detailed description of the 
water flow and drainage processes even in fractured soils, 
has been frequently combined to the ANIMO model [3] to 
describe nutrients transport.

As already mentioned in the paper 1 [4], making these 
tools actually widespread requires the main agro-hydrolog-
ical processes involved in the water, nutrients, organic mat-
ter transformations and transport be integrated in a single 
model, possibly with a user-friendly graphical interface 
allowing the model to be run even by researchers and water 

and agricultural office technicians with less academic expe-
rience. It also requires the ability to run such processes at 
multiple sites allowing for large-scale applications.

With these premises, this paper completes the paper 1 
[4], describing the water flow and solute transport core of 
FLOWS, with a description of modules for specific appli-
cations in agro-hydrological modelling. Specifically, this 
paper will provide details on the FLOWS components deal-
ing with irrigation water management, soil organic matter 
decomposition and CO2 production, nitrogen and phospho-
rus transformations and transport. All these processes can 
also be run in the multisite configuration. Since many of 
these processes are mediated by the temperature, a short 
description of the Temperature module in FLOWS will also 
be given.

Therefore, the paper addresses first the irrigation man-
agement in FLOWS; it describes the theoretical framework 
for irrigation calculations and then it describes the graphi-
cal interface controlling irrigation management. Then, the 
paper addresses the temperature modelling in FLOWS, also 
along with the graphical interface controlling temperature 
simulations. Then, the paper describes the nutrient trans-
formation and transport simulations in FLOWS, first by 
describing the organic matter decomposition, and the asso-
ciated carbon, nitrogen and phosphorus transport, then by 
describing nitrogen transport only independently from the 
organic matter decomposition. The paper also summarizes 
the graphical interface regarding the organic and mineral 
fertilizer addition. Finally, although FLOWS has been used 
for several theoretical and applicative studies [5–10], this 
paper focuses on two large-scale applications of FLOWS 
related to irrigation and nutrient management.

2  FLOWS modules for specific applications 
in agro-hydrological modelling

2.1  Irrigation

In the case of irrigation, irrigation fluxes, qirr, are added to 
the atmospheric (rainfall) fluxes, qsurf. 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).

2.1.1  Irrigation options

FLOWS considers three options: (1) No irrigation; (2) 
Irrigation calculated by the model; (3) Irrigation pro-
vided by the user; and 4) Irrigation calculated the daily 
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evapotranspiration requirements. The latter allows for cal-
culating daily irrigation fluxes equal to the potential evapo-
transpiration fluxes, ETp.

2.1.1.1  Irrigation calculated by the model  With this option, 
the model optimizes irrigation fluxes. This optimization is 
achieved by maximizing root water uptake and minimizing 
deep percolation, while avoiding water stress. This strategy 
is followed in several numerical methods aimed at optimiz-
ing irrigation or regulating soil moisture in the root zone 
[11, 12].

The criterion used by the model to calculate the time 
for irrigation and the irrigation volume is based on a com-
parison between a pressure head, hav, averaged over a user-
given irrigation depth, zirr, as simulated by the model, with 
a critical pressure head, hcrit, inducing some stresses to the 
crop (in terms of yield, product quality, …). Typically, zirr 
should be set as Dr. Schematically, the irrigation criterion is 
summarized in Fig. 1a, b.

If hav remains higher than the critical pressure head, hcrit, 
the average pressure head h lies above the stress condition, 
and no irrigation is required (Fig. 1a). Irrigation starts any 
time hav becomes lower than hcrit (Fig. 1b). In other words, it 
is assumed that stress starts when the average pressure head, 
along the user-given zirr (usually set as the rooting depth, 
Dr), 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 (𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠inthecode), the model 
calculates the gross irrigation height as the difference of 
water storage, Δstor, 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 hav, to be compared to hcrit, is com-
puted by the model. The irrigation depth may be set at any 
value even if a reasonable value should be the maximum 
root depth, Dr;

𝛥𝛥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∫
𝑧𝑧𝑖𝑖𝑖𝑖𝑖𝑖

0
(𝜃𝜃𝑓𝑓𝑓𝑓 − 𝜃𝜃(𝑧𝑧𝑧) 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (1)

Figure 2 provides a schematic view of this calculation.
Net irrigation, qirr,net, to be supplied on day t is calculated 

as the difference between qirr,gross and the eventual rain fall-
ing at the time when the irrigation starts:

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� (2)

If the rainfall exceeds qirr,gross, irrigation water is not 
supplied.

Fig. 1  Graphical view of the criterion used by the model to calculate 
the time for irrigation and the irrigation volume. ahav higher than hcrit, 
no irrigation is required; bhav lower than hcrit, irrigation is required 

to bring the pressure head at the field capacity, hfc. Note that the blue 
curve is the actual distribution of the soil water pressure head along the 
soil profile, whose average is hav
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It is also possible to select an on-farm irrigation effi-
ciency, IE, of the irrigation system used for the crop con-
sidered, so that the actual irrigation amount, qirr,act, may be 
obtained as:

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖/𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼� (3)

The code allows for selecting the periods of irrigation dur-
ing the growth season, as well as the soil depth to be irri-
gated and the threshold value, hcrit, for irrigation.

2.1.1.2  Irrigation provided by the user  With this option, the 
model allows the user to introduce the qirr fluxes in addition 
to the fluxes coming from rainfall, qsurf.

2.1.1.3  Irrigation calculated the daily evapotranspiration 
requirements  With this option, the model calculates the 
irrigation fluxes equal to the daily potential evapotranspira-
tion, ETp. The required inputs include the daily evolution 
of the reference evapotranspiration, ETr, and the crop coef-

ficient, Kc. The model then calculates ETp as (Kc × ETr) and 
supplies the daily net irrigation fluxes equal to ETp.

2.1.2  FLOWS graphical interface controlling irrigation 
options

In the case of irrigation computed by the model, the follow-
ing window shows up (Fig. 3) in the interface.

Where the user is required to set the parameters:

	● the uniformity coefficient, which is a numerical indica-
tor of how evenly irrigation depths are distributed across 
the field, for example, sprinkler irrigation usually has 
a higher uniformity coefficient than surface irrigation 
methods;

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

	● the irrigation depth, that is the depth over which the hav, 
to be compared to hcrit, is computed by the model. The 
irrigation depth may be set at any value even if a reason-
able value should be the maximum root depth Dr;

	● the irrigation intervals. Up to five periods may be se-
lected, 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 irriga-
tion habits of farmers, who, for example, are used to 
stress the crop in some of the growth stages to improve 

Fig. 2  Graphical view of the irriga-
tion volume calculation according 
to the criterion shown in Fig. 1
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organoleptic properties of the crop. By leaving the mod-
el “to irrigate” anytime hav < hcrit, would not allow for 
taking into account the specific farmer behaviour.

In the case of irrigation provided by the user, the time condi-
tions table will include a specific column to input the irriga-
tion fluxes in cm/day.

2.2  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 pro-
cesses involving soil, water and vegetation interactions, also 
requires accurate modelling of the soil temperature distribu-
tions, T(z, t), as a function of depth z and time t.

As explained later in Sect. 2.3, the soil temperature dis-
tribution is an important factor in the organic carbon, nitro-
gen and phosphorus module; temperature influences the 
fresh organic matter decomposition, and subsequently, the 
organic carbon, nitrogen and phosphorus mineralization, as 

well as the microbial and root respiration. Temperature dis-
tribution also affects the partitioning of CO2 between gas-
eous and liquid phases. In addition, temperature affects the 
nitrification and denitrification rates.

In case of simulating nitrogen only (independently from 
organic matter decomposition), the temperature averaged 
over the fertilizer incorporation depth modifies rapid and 
slow organic-N mineralization, while the temperature at 
each node affects nitrogen immobilization.

Temperature modelling along a vertical soil profile is 
frequently carried out by considering the heat conduction 
equation [13]:

∂𝑇𝑇
∂𝑡𝑡 = ∂

∂𝑧𝑧𝐷𝐷𝑇𝑇
∂𝑇𝑇
∂𝑧𝑧 � (4)

where 𝐷𝐷𝑇𝑇 = 𝜆𝜆ℎ
𝐶𝐶ℎ

 is the soil thermal diffusivity (L2T−1), 𝜆𝜆ℎ is 

the soil thermal conductivity and Ch is the soil volumetric 
heat capacity.

Fig. 3  Window for irrigation settings
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The equation above can be solved by assuming periodi-
cally variable heat fluxes at z = 0 and that at large depths, 
T becomes independent on the depth z. At z = 0, periodi-
cally variable heat fluxes results from both daily and annual 
cycles. At z = 0, the conductive heat flux, 𝑞𝑞cnd, is:

𝑞𝑞cnd = 𝐺𝐺 𝐺 𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺� (5)

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 𝑧𝑧 𝑧 ∞ the temperature approaches the 
mean air temperature, Ta, so that T(z,t)=Ta.

Equation 4 assumes that the change in temperature over 
a given interval is governed only by heat conduction. Actu-
ally, as discussed by Holmes et al. [13], 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 evapora-
tion, 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 energy loss, at 
least in the shallow boundary layer where evaporation takes 
place. Below this layer, the change in temperature is con-
trolled only by heat conduction, as described by Eq. 4. In 
many numerical approaches to model soil temperature, this 
approximation is frequently extended to all depths below 
the soil surface and Eq. 4 is adopted to describe the tempera-
ture distribution along the whole soil profile. The solution 
to the heat flow equations proposed by van Wijk and De 
Vries [14] represents an early example of such an approxi-
mation. The authors described the daily and annual evolu-
tion of soil temperature by sine waves of amplitude AT (°C), 
varying around an average temperature, Tav (°C). Tav is con-
sidered constant with depth, due to the assumption of heat 
conservation.

Assuming DT to be constant with depth and time, a semi-
infinite soil profile and the following sinusoidally varying 
temperature at the soil surface:

𝑇𝑇 (0, 𝑡𝑡) = 𝑇𝑇𝑎𝑎𝑎𝑎 + 𝐴𝐴𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 [1/2𝜋𝜋 + 𝜔𝜔 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)]� (6)

van Wijk and De Vries [14] provided an analytical solution 
to Eq. 84 as:

𝑇𝑇 (𝑧𝑧𝑧 𝑧𝑧) = 𝑇𝑇𝑎𝑎𝑎𝑎 + 𝐴𝐴𝑇𝑇𝑒𝑒𝑧𝑧𝑧𝑧𝑧𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠 [1/2𝜋𝜋 + 𝜔𝜔 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) −
𝑧𝑧
𝑧𝑧𝐷𝐷

]� (7)

with ω = 2π/τ the angular frequency (1/d), τ the period of the 
wave (d), t the time starting from the January first and tTmax 
corresponding to the time when the temperature reaches the 
maximum. The damping depth, zD, is the depth at which the 

amplitude of surface temperature oscillations is reduced by 
e−1 and is described as:

𝑧𝑧𝐷𝐷 = √2𝐷𝐷𝑇𝑇
𝜔𝜔 � (8)

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

The solution above may be used for either diurnal (τ = 1) 
or annual (τ = 365) temperature evolution. For daily fluctua-
tions, 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 [14], based on the superposition of 
the annual and daily sinusoidal fluctuation around a con-
stant 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 aver-
age temperature at the surface over the year. Following this 
combined approach, the top boundary condition becomes:

𝑇𝑇 (0, 𝑡𝑡)
= 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐴𝐴𝑇𝑇𝑇𝑇𝑇sin [1/2𝜋𝜋+𝜔𝜔𝑦𝑦 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) + 𝐴𝐴𝑇𝑇𝑇𝑇𝑇sin [1/2𝜋𝜋+𝜔𝜔𝑑𝑑 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)]]� (9)

with subscripts y and d used respectively for annual and 
daily values.

In the equation, the term 
𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 [1/2𝜋𝜋 + 𝜔𝜔𝑦𝑦 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)] represents 
approximately the average temperature for the day cor-
responding to the time t, whereas the diurnal variation 
around this average temperature is described by the term 
𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 [1/2𝜋𝜋 + 𝜔𝜔𝑑𝑑 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)].

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

𝑇𝑇 (𝑧𝑧𝑧 𝑧𝑧) = 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑒𝑒−𝑧𝑧𝑧𝑧𝑧𝐷𝐷𝐷𝐷𝐷sin [1/2𝜋𝜋+𝜔𝜔𝑦𝑦 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) −
𝑧𝑧

𝑧𝑧𝐷𝐷𝐷𝐷𝐷
]

+𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑒𝑒−𝑧𝑧𝑧𝑧𝑧𝐷𝐷𝐷𝐷𝐷sin [1/2𝜋𝜋+𝜔𝜔𝑑𝑑 (𝑡𝑡 𝑡 𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) −
𝑧𝑧

𝑧𝑧𝐷𝐷𝐷𝐷𝐷
]

� (10)

The approach was also used by Elias et al. [15].

Assuming DT (and thus the ratio 𝜆𝜆ℎ
𝐶𝐶ℎ

) constant is an 

approximation of the real field soil conditions. Also, the 
boundary condition provided by Eq. 9 is not always a sat-
isfying approximation for soil surface temperature. Finite 
difference numerical solutions of the Eq. 4 with 𝜆𝜆ℎ and Ch 
not considered constant with depth and time provides more 
flexibility because may use more realistic boundary condi-
tions [16–19].

However, when compared to experimental data, the ana-
lytical solution in Eq.  9 provides acceptable results [20]. 
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More recently, Holmes et al. [13] 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 [14] 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.

Figure 4 provides an example of application of Eq. 10 to 
a soil with the following temperature conditions and ther-
mal diffusivity (Table 1).

Figure 5 provides the evolution of the average daily tem-
perature over time at different depths for the same condi-
tions given in the Table 1.

Table 1  Temperature conditions at the soil surface and thermal diffusivity used for the graphs in Figs. 4 and 5
Tav (°C) AT (°C) ω (1/d) τ (d) tTmax (d) DT (cm2/d)

Annual values (y) 12 10 0.0172 365 200 170
Daily values (d) 7 6.28 1 0.5 170

Fig. 5  Yearly fluctuations of average daily temperature at 6 depths over three years obtained using the parameters provided in the Table 1

 

Fig. 4  Daily (blue lines) and yearly (orange lines) fluctuations of tem-
perature at 2 cm and 10 cm depths 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 fluc-
tuations about this average
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2.2.1  FLOWS graphical interface controlling temperature 
simulation

In the case of temperature profile computed by the model, 
the following window shows up (Fig. 6) in the interface.

Where the user is required to set the parameters:

	● the average annual temperature, Tav,y (°C);
	● the daily and annual amplitudes, AT,d and AT,y (°C) of the 

sine wave oscillating around the average daily, Tav,y, and 
annual temperature;

	● the daily, tTmax,d, and annual tTmax,y, time (days) when the 
temperature reaches the maximum.

	● The diurnal, τ = 1, and annual, τ = 365, wave period;
	● The soil thermal diffusivity, DT, (cm2day−1);
	● The day of the year, td0, corresponding to the time t= 0 

of the simulation.

These data can be obtained from site-specific observed 
hourly temperatures at the soil surface. If these field obser-
vations are unavailable, hourly air temperature data from 

a nearby agrometeorological station or a gridded land-
reanalysis product may be used to obtain initial estimates, 
although calibration against local soil-temperature mea-
surements is recommended because surface temperature is 
affected by vegetation, soil water content, residue cover and 
other surface conditions.

2.3  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 incorpora-
tion 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) Sim-
ulating Organic Matter decomposition and Carbon, Nitro-
gen 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 Nitro-
gen transport. In this second case, nitrogen mineralization is 

Fig. 6  Window for temperature settings
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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 [21–23].

2.3.1  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 [24].

2.3.1.1  Production of carbon, nitrogen and phospho-
rus from organic matter  FLOWS considers two pools of 
organic matter: (1) Fresh Organic Matter (FOM) and (2) 
Stable Organic Matter or Humus (SOM) [25]. FOM con-
sists of organic matter in manure and crop residue (RSD), 
plus microbial biomass (MCB). SOM comes from a rela-
tively fast microbial-induced decay of FOM. SOM, in turn, 
also decays due to microbial activity. The decay of both 
SOM and FOM produces carbon dioxide (CO2), N-NH4 and 
P-PO4, which are thus transported in soil in both gas (the 
CO2) and liquid phases (CO2, N-NH4 and P-PO4).

In the following, the fate of Carbon, Nitrogen and Phos-
phorus 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. [26] (see Fig. 7) and used in the EPIC model [25].

The instantaneous rate of mineralization of FOM, rCfd (g 
cm−2 d−1) (from now on, the prefix r is for rate):

𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓 = 𝐾𝐾𝑓𝑓𝑓𝑓𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 (−𝐾𝐾𝑓𝑓𝑓𝑓𝑡𝑡)� (11)

follows an exponential decay according to a decay param-
eter, Kfd (d−1) obtained from an optimal decay constant for 
fresh organic matter, Kfom, which is reduced according to 
four reduction factors related to the soil temperature, FT, 
water content, Fw, the carbon–nitrogen ratio and the carbon 
– phosphorus ratio, FCN and FCP, respectively:

𝐾𝐾𝑓𝑓𝑓𝑓 = 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝐹𝐹𝑇𝑇𝐹𝐹0.5𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚 (𝐹𝐹𝐶𝐶𝐶𝐶𝐹𝐹𝐶𝐶𝐶𝐶)� (12)

The four reduction factors calculations are reported in the 
following table (Table 2).

In Table  2, θ and θfc are the actual water content and 
the water content at field capacity, CFOM, NFOM, PFOM (g 
cm−2) are the carbon, nitrogen and phosphorus content of 
the FOM, NIN and PIN (g cm−2) are the nitrogen and the 
phosphorus contents form inorganic sources (mineral fertil-
izers). 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. [26], 
FLOWS assumes that about 20 percent of the carbon con-
tained in the FOM, CFOM, coming from the carbon in the 
microbial mass, CMCB, and that in the residuals, CRSD, min-
eralizes rapidly at a rate appropriate to non-structural carbo-
hydrates. 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 lig-
nin. Accordingly, Kfom, assumes a different value depending 
on the ratio of the FOM to be still unmineralized, FOMunm, 
to the initial FOM, FOMin, in the fertilization depth, zfert 
(see Eq. 13 in Table 2).

About 20 percent of the carbon coming from mineraliza-
tion (0.2 rCfd) is incorporated into the stable organic matter 

Fig. 7  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 respira-
tion 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; mcb,rsp=microbes 
respiration; root,rsp=root 
respiration; Cm,rsp,opt=optimal 
CO2 production by microbial 
respiration; Cr,rsp,opt=optimal CO2 
production by root respiration; 
KH,CO2=Henry’s constant for CO2; 
R=universal gas constant
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(CSOM) (the humus pool). The remaining (0.8 rCfd) 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, Ksd:

𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 = 𝐾𝐾𝑠𝑠𝑠𝑠𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 (−𝐾𝐾𝑠𝑠𝑠𝑠𝑡𝑡)� (18)

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 CO2 by microbial respiration 
at a rate rCmcb,rsp.

Microbial and root respiration
FLOWS calculates microbial respiration, rCmcb,rsp, and 

root respiration, rCroot,rsp in a similar way, by following the 
approach proposed by Simunek and Suarez [27].

FLOWS considers only the production of CO2 from 
microbial and root respiration, whereas neglects that com-
ing from other chemical reactions with soil organic and 
mineral components, by assuming them of relatively minor 
importance for CO2 balance in soil. According to Simunek 
and Suarez [27], optimal CO2 production coming from 
microbial respiration, rCm,rsp,opt (g cm−2 d−1), and root 

respiration, rCr,rsp,opt (g cm−2 d−1), is assumed to be a func-
tion of soil depth and is affected by water content (or pres-
sure 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 Eqs. 19 and 20, respectively:

𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓 (𝑧𝑧) 𝑓𝑓 (ℎ) 𝑓𝑓 (𝑇𝑇) 𝑓𝑓 (𝐶𝐶𝐶𝐶2)� (19)

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑓𝑓 (𝑧𝑧) 𝑓𝑓 (ℎ) 𝑓𝑓 (𝑇𝑇) 𝑓𝑓 (𝐶𝐶𝐶𝐶2)� (20)

The equations for calculating the factors in Eqs. 19–20 are 
summarised in Table 3.

With g(z) being the root distribution function (see the first 
companion paper), CCO2,g the concentration of CO2 in the 
gas phase, 𝐾𝐾∗

𝑀𝑀 = 0.21 − 𝐾𝐾𝑀𝑀 , with KM the Michaelis–Menten 
constant, R the universal gas constant (8.314 J mol−1 K−1), T 
the absolute temperature (°C + 273.15), T20=293.15 K and 
E the activation energy for the reaction. According to Suarez 
and Simunek (1993), FLOWS assumes 𝐾𝐾∗

𝑀𝑀  =0.19 cm3cm−3, 
E=5000 J mol−1, the pressure head for optimal soil respira-
tion, h2 = − 100 cm in water column, the pressure head when 

Table 2  Reduction factors for the fresh organic matter decay constant, Kfom [26]
Decay constant, Kfom 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓 = 0.8𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢

𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖
≥ 0.8

𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓 = 0.050.8 > 𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢
𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖

≥ 0.1

𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓 = 0.0095𝐹𝐹𝐹𝐹𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢
𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖

< 0.1

(13)

Temperature reduction factor 𝐹𝐹𝑇𝑇 = 0.9𝑇𝑇𝑇 [𝑇𝑇 𝑇 exp (7.63 − 0.312𝑇𝑇)] (14)
Water content reduction factor 𝐹𝐹𝑤𝑤 = 𝜃𝜃

𝜃𝜃𝑓𝑓𝑓𝑓
𝜃𝜃 < 𝜃𝜃𝑓𝑓𝑓𝑓

𝐹𝐹𝑤𝑤 =
𝜃𝜃𝑓𝑓𝑓𝑓
𝜃𝜃 𝜃𝜃 𝜃 𝜃𝜃𝑓𝑓𝑓𝑓

(15)

C:N reduction factor 𝐹𝐹𝐶𝐶𝐶𝐶 = exp [−0.693 ( 𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹
𝑁𝑁𝐹𝐹𝐹𝐹𝐹𝐹 +𝑁𝑁𝐼𝐼𝐼𝐼

− 25) /25] (16)

C:P reduction factor 𝐹𝐹𝐶𝐶𝐶𝐶 = exp [−0.693 ( 𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹
𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 + 𝑃𝑃𝐼𝐼𝐼𝐼

− 200) /200] (17)

Table 3  Equations for calculation of the factors for the dependence of microbial (Eq. 19) and root (Eq. 20) respiration on soil depth (z), pressure 
head (h), temperature (T) and CO2 concentration [27]
Depth dependence, f(z) (cm−1) 𝑓𝑓 (𝑧𝑧) = 𝑔𝑔𝑔𝑔𝑔𝑔 (21)
Water content (pressure head) dependence, f(h) (dimensionless) 𝑓𝑓 (ℎ) = 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ| − 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ1|

𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ2| − 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ1|

𝑓𝑓 (ℎ) = 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ| − 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ3|
𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ2| − 𝑙𝑙𝑙𝑙𝑙𝑙 |ℎ3|

𝑓𝑓 (ℎ) = 0

ℎ1 < ℎ < ℎ2
ℎ2 < ℎ < ℎ3
ℎ < ℎ3; ℎ > ℎ1

(22)

Temperature dependence, f(T) (dimensionless) 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓 exp [𝐸𝐸 (𝑇𝑇 𝑇 𝑇𝑇20)
𝑅𝑅𝑅𝑅𝑅𝑅20

] (23)

CO2 dependence on its own concentration, f(CO2) (dimensionless)
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓

0.21𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
0.42 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐾𝐾∗

𝑀𝑀

(24)
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respiration ceases, h3 = − 107 cm and the pressure head when 
the soil is in close-to-saturation (anaerobiosis point), h1 = air 
entry pressure head. Note that T20 is the temperature when 
f(T)=1. For T> T20 f(T)>1 and for T< T20 f(T)<1.

FLOWS uses a default value of 0.00036 g cm−2 d−1 for 
rCr,rsp,opt, corresponding to the value of 0.002 m3 m−2 d−1 
suggested by Suarez and Simunek, 1993 and assuming 
carbon dioxide weight 0.001836 g cm−3 (at the pressure of 
1 atm = 101,325 Pa and temperature of 25 °C). As for opti-
mal microbial respiration, FLOWS assumes rCm,rsp,opt =0.4 
rCfsm + 0.6 rCsm.

In fact, given an average Carbon Use Efficiency of 0.4 
[26, 28], 0.4 of rCsm and 0.32 of Cfsm (0.4 of 0.8 Cfsm) should 
be used to build the microbial biomass (immobilization), 
while the complement to 1 of rCsm (0.6) and of rCfsm (0.48) 
should be used for microbial respiration. In FLOWS, the 
immobilized C adds to the microbial pool (CMCB) and thus 
to the fresh organic matter (CFOM) pool.

The respiration from roots and microbes are assumed to 
be additive, so that the production rate of CO2 coming from 
respiration (rCCO2) (g cm−3 d−1) is:

𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶 = 𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟� (25)

rCCO2 will partly pass to liquid phase, Cliq, according to 
the following equation:

𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑟𝑟𝑟𝑟𝐶𝐶𝐶𝐶𝐶
𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

� (26)

while the residual part, Cgas, will remain in gas phase. Both 
are passed to the ADE for transport process. Both Cliq and 
Cgas will be in g cm−2 d−1. They are thus divided by the 
incorporation depth, zfert, to obtain the concentrations in 
each calculation node in g cm−3 d−1 required by the ADE.

In Eq. 26, KH,CO2 is the Henry’s constant for CO2 (dimen-
sionless). It is obtained as [29].

𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =
1
𝐻𝐻𝑐𝑐𝑐𝑐

=
𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙

𝐻𝐻𝑐𝑐𝑐𝑐 = 𝐻𝐻𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅

𝐻𝐻𝑐𝑐𝑐𝑐 =
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙
𝑝𝑝 � (27)

with Hcp the Henry solubility (mol m−3  Pa−1), expressed 
as the ratio of the concentration of a species in the liquid 
(aqueous) phase and the partial pressure, p (Pa) of that spe-
cies in the gas phase under equilibrium conditions. For the 
CO2, Hcp is 0.00034 mol m−3 Pa−1 (see Table 6 in Sander 
[29]). Hcc is the dimensionless Henry solubility, R is the gas 

constant (8.314 J mol−1 K−1) and T the absolute temperature 
(°C + 273.15).

Organic nitrogen and phosphorus transformation pro-
cesses in FLOWS

Organic Nitrogen and Phosphorus are introduced in 
FLOWS by a fertilizers table. The organic nitrogen and 
phosphorus transformations considered in FLOWS are sum-
marised schematically in Figs. 8 and 9.

In FLOWS, organic nitrogen and phosphorus mineraliza-
tion follows the same path of the carbon and the immobili-
zation rates (rNmcb 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 [30, 31]:

Nitrogen immobilization (compare Figs. 7 and 8)

𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� (28)

Phosphorus immobilization (compare Figs. 7 and 9)

𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
� (29)

In other words, N and P mineralize according to Eq. 11, with 
CFOM replaced by NFOM and PFOM, respectively. Likewise, 
NSOM and PSOM decay according to Eq.  18. 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 com-
ing from mineral fertilizers, which for nitrogen can be urea 
(UREAFRT), as well as solid and liquid NH4 and NO3 fertil-
izers (S&L_NH4FERT, S&L_NO3 FERT) sources; for phos-
phorus, solid and liquid PO4 fertilizers (S&L_PO4 FERT).

The subsequent fate of these different pools of mineral 
N-NH4 and N-NO3 and P-PO4 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 khyd, producing NH4. Part of this 
volatilizes according to a decay constant kvol:

Urea hydrolysis and ammonium volatilization [32]

𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑈𝑈𝑈𝑈 = 𝑈𝑈𝑈𝑈0𝐾𝐾ℎ𝑦𝑦𝑦𝑦exp (−𝑘𝑘ℎ𝑦𝑦𝑦𝑦𝑡𝑡)

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑁𝑁𝑁𝑁𝑁ℎ𝑈𝑈𝑈𝑈𝐾𝐾𝑣𝑣𝑣𝑣𝑣𝑣exp (−𝑘𝑘𝑣𝑣𝑣𝑣𝑣𝑣𝑡𝑡)� (30)

Beside immobilization, N-NH4 and N-NO3 in the soil solu-
tion (N-NH4liq and N-NO3liq) phase may undergo nitrifica-
tion (knitr) and denitrification (kden), respectively. N-NH4 
may also be adsorbed to the solid fraction of the soil accord-
ing to a linear isotherm with coefficient of distribution kads. 
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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 (sub-
script transp in Fig. 8). Accordingly, for nitrogen transport, 
the advection–dispersion equation (ADE) is used twice:

∂𝜃𝜃𝐶𝐶𝑁𝑁𝑁𝑁
∂𝑡𝑡 + 𝜌𝜌𝑏𝑏

∂𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎
∂𝑡𝑡 = ∂𝑞𝑞𝑞𝑞𝑁𝑁𝑁𝑁

∂𝑧𝑧 +
(∂𝜃𝜃𝐷𝐷 ∂𝐶𝐶𝑁𝑁𝑁𝑁

∂𝑧𝑧 )
∂𝑧𝑧 − 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁

� (31)

∂𝜃𝜃𝐶𝐶𝑁𝑁𝑁𝑁
∂𝑡𝑡 + 𝜌𝜌𝑏𝑏

∂𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎
∂𝑡𝑡 = ∂𝑞𝑞𝑞𝑞𝑁𝑁𝑁𝑁

∂𝑧𝑧 +
(∂𝜃𝜃𝐷𝐷 ∂𝐶𝐶𝑁𝑁𝑁𝑁

∂𝑧𝑧 )
∂𝑧𝑧 − 𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁

� (32)

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 nitrifica-
tion process which transforms part of the N-NH4 (a sink for 
Eq. 31) to N-NO3 (a source for the Eq. 32).

Fig.  8  Schematic view of organic and mineral nitrogen transforma-
tion processes in FLOWS. The mineralization follows the exact same 
paths already seen for organic carbon, with nitrogen mineralization 
proportional to that of the carbon. Constants Kfd and Ksd are the same 
as for carbon. The prefix r is for rates. The nitrogen immobilization 

in the microbial pool is regulated by the C:N ratio in the microbes 
(CNratio,mcb), which, according to Cleveland and Liptzin [30], is 
assumed to be 8.5. The meaning of pools and constants is given in 
the text
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Specifically, SsNH and SsNO in the Eqs. 31 and 32 are the 
source-sink terms of solute, all function of depth z and time 
t, and can be written respectively as:

𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 = −𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 − 𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣+𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢+𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁 = −𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑+𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢+𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (33)

where SsminNH and Ssurea are the N-NH4 coming from min-
eralization (see Eq.  11) and urea hydrolysis (see Eq.  30), 
respectively, Ssnit is the N-NH4 transformed by nitrifica-
tion, Ssimm is the immobilized N-NO3. Ssden and Ssvol are 
the N-NO3 and the N-NH4 lost by denitrification and vola-
tilization, respectively. SsupNH and SsupNO are the N-NH4 
and N-NO3 root uptake, respectively. Likewise, SsdrNH and 
SsdrNO refer to the N-NH4 and N-NO3 losses through the 
artificial drainage.

Table 4  The nitrogen transformation processes implemented in FLOWS. In the table, the Ss rates are in g/cm3 of soil per day
Nitrification [33] 𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛 × 1.07(𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) 𝜃𝜃

𝜃𝜃𝑓𝑓𝑓𝑓
𝐶𝐶𝑁𝑁𝑁𝑁𝜃𝜃 𝜃 𝜃𝜃𝑓𝑓𝑓𝑓

𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛 × 1.07(𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)
𝜃𝜃𝑓𝑓𝑓𝑓
𝜃𝜃 𝐶𝐶𝑁𝑁𝑁𝑁𝜃𝜃 > 𝜃𝜃𝑓𝑓𝑓𝑓

(34)

Denitrification [34, 35] 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 = 0𝜃𝜃 𝜃 𝜃𝜃𝑑𝑑
𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 × 1.07(𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) 𝜃𝜃 − 𝜃𝜃𝑑𝑑

𝜃𝜃𝑓𝑓𝑓𝑓 − 𝜃𝜃𝐶𝐶𝑁𝑁𝑁𝑁𝜃𝜃𝑑𝑑 ≤ 𝜃𝜃 𝜃 𝜃𝜃𝑠𝑠

𝜃𝜃𝑑𝑑 = 0.627𝜃𝜃𝑓𝑓𝑓𝑓 − 0.0267 𝜃𝜃𝑠𝑠 − 𝜃𝜃
𝜃𝜃𝑠𝑠

𝜃𝜃𝑓𝑓𝑓𝑓

(35)

Root uptake of Nitrogen 𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟𝐶𝐶𝑁𝑁𝑁𝑁

𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟𝐶𝐶𝑁𝑁𝑁𝑁

(36)

Nitrogen losses to artificial drainage 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑑𝑑𝑑𝑑𝐶𝐶𝑁𝑁𝑁𝑁
𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑑𝑑𝑑𝑑𝐶𝐶𝑁𝑁𝑁𝑁

(37)

Fig. 9  Schematic view of organic 
and mineral phosphorus transfor-
mation processes in FLOWS. The 
mineralization follows the same 
paths already seen for organic 
carbon, with phosphorus mineral-
ization proportional to that of the 
carbon. Constants Kfd and Ksd 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 (CPratio,mcb), which, 
according to Cleveland and Liptzin 
[30], is assumed to be 60. The 
meaning of pools and constants is 
given in the text

 



1 3

  194   Page 14 of 27 Engineering with Computers          (2026) 42:194 

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

The source terms SsminNH, Ssurea SsfrtNH, and SsfrtNO, are 
obtained by dividing the mineralization, urea hydrolysis and 
mineral fertilizer addition rates (all in g/cm2 of soil per day) 
by the incorporation depth, zfert (cm), to obtain the corre-
sponding Ss terms (in g/cm3 of soil per day) to be added to 
each of the calculation nodes within zfert.

Table 4 summarises the equations controlling the liq-
uid phase nitrogen transformation processes considered in 
FLOWS and also schematically illustrated in the Fig. 8 in 
the block about Liquid phase nitrogen transformation pro-
cess constants and pools in FLOWS.

In the Table 4, UR0 and UR_NH4 are the initial urea con-
centration and the N-NH4 produced by the urea hydrolysis, 
respectively; khUR and kvUR are the first-order rate coeffi-
cients for the two decay reactions (hydrolysis and volatil-
ization, 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); Topt is the 
optimum temperature for the process (°C) [33]; θd is the 
threshold water content for denitrification.

𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟  and 𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑟𝑟 are the root uptake preference fac-
tors (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 [36]. 
For passive uptake, Kr=1.

Sr and Sdr are the source-sink terms related respectively 
to root uptake and artificial drainage respectively, and θfc 
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 (Pliq) according to the decay reaction 
chains proposed by Mansell et al. [37]. 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 1 μg/cm or less [38].

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 adsorp-
tion of P is usually considered to be reversible [39, 40]. 
Other additional much slower reactions involve precipita-
tion of phosphorus as AI, Fe, and Ca phosphates. Also, a 
portion of the physically adsorbed phosphorus may slowly 
become surrounded by matrices of Fe and AI 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. [37] 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 Fig. 9 about 
Liquid phase phosphorus transformation process constants 
and pools in FLOWS). While adsorption occurs on pore 
walls and colloids, chemisorption (also defined as occlusion 
by the Mansell et al. [37]) refers to (slow) transformation of 
weaker physical bonds of the adsorbed phosphorus to stron-
ger chemical bonds. FLOWS assumes adsorption to follow 
a Nth order kinetic (with an average N of 0.35, as suggested 
by Mansell et al. [37]) and a constant Kads1, whereas all 
the other reactions (desorption, chemisorption and mobi-
lization, precipitation and dissolution) follow a first order 
kinetic, respectively with constants Kads2, Kchs1, Kchs2, Kprc1, 
Kprc2, 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. Table 5 summarises the 
equations controlling the liquid phase phosphorus transfor-
mation processes considered in FLOWS.

The remaining P-PO4 concentrations are thus transported 
through soil by advection–dispersion (subscript transp in 
Fig. 9):

∂𝜃𝜃𝐶𝐶𝑃𝑃
∂𝑡𝑡 = ∂𝑞𝑞𝑞𝑞𝑃𝑃

∂𝑧𝑧 +
(∂𝜃𝜃𝐷𝐷 ∂𝐶𝐶𝑃𝑃

∂𝑧𝑧 )
∂𝑧𝑧 − 𝑆𝑆𝑆𝑆𝑃𝑃� (38)

Table 5  The phosphorus transformation processes implemented in FLOWS [37]
Phosphorus adsorption

𝑆𝑆𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 =
∂ (𝜌𝜌𝑏𝑏𝐶𝐶𝑎𝑎𝑎𝑎𝑎)

∂𝑡𝑡 = 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝜃𝜃𝐶𝐶𝑁𝑁
𝑃𝑃 − (𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐) 𝜌𝜌𝑏𝑏𝐶𝐶𝑎𝑎𝑎𝑎𝑎 + 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑃𝑃

(40)

Phosphorus chemisorption
𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐 =

∂ (𝜌𝜌𝑏𝑏𝐶𝐶𝑐𝑐𝑐𝑐𝑐)
∂𝑡𝑡 = 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝜌𝜌𝑏𝑏𝐶𝐶𝑎𝑎𝑎𝑎𝑎 − 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝜌𝜌𝑏𝑏𝐶𝐶𝑐𝑐𝑐𝑐𝑐

(41)

Phosphorus precipitation
𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝 =

∂ (𝜌𝜌𝑏𝑏𝐶𝐶𝑝𝑝𝑝𝑝𝑝)
∂𝑡𝑡 = 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜃𝜃𝐶𝐶𝑃𝑃 − 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝑏𝑏𝐶𝐶𝑝𝑝𝑝𝑝𝑝

(42)

Root uptake of Phosphorus 𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢 = 𝐾𝐾𝑟𝑟𝑟𝑟𝑟𝑆𝑆𝑟𝑟𝐶𝐶𝑃𝑃 (43)

Phosphorus losses to artificial drainage 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑑𝑑𝑑𝑑𝐶𝐶𝑃𝑃 (44)
 In the table, the Ss reaction rates are in g/cm3 of soil per day
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with SsP being the sum of mineralized, adsorption, desorp-
tion, precipitation, dissolution, root uptake, drainage losses 
and fertilizer (organic/inorganic) components:

𝑆𝑆𝑆𝑆𝑃𝑃 = −𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝜃𝜃 (𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑁𝑁
𝑃𝑃 + 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝑃𝑃)

+𝜌𝜌𝑏𝑏 (𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑎𝑎𝑎𝑎𝑎 + 𝐾𝐾𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶𝑝𝑝𝑝𝑝𝑝) + 𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢 + 𝑆𝑆𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑
� (39)

In Eq. 39, as well as in the equations in Table 5, subscript P 
is for P-PO4, whereas subscripts a, p and c are respectively 
for adsorbed, precipitated and chemisorbed phosphorus 
concentrations.

As for nitrogen, the source terms SsminP and SsfrtP, are 
obtained by dividing the mineralization rate and mineral 
phosphorus fertilizer addition rates (all in g/cm2 of soil 
per day) by the incorporation depth, zfert (cm), to obtain 
the corresponding Ss terms (in g/cm3 of soil per day) to be 
added to each of the calculation nodes within zfert.

2.3.2  Simulating only nitrogen transport

FLOWS allows to simulate only nitrogen transport by partly 
following the empirical approach adopted in the RISK-N 
model [24] for the mineralization of organic nitrogen. In this 
case, soil organic N is conceptually divided into active and 
passive fractions [24]. 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 fer-
tilizers. The model requires the incorporation depth (called 
zfert in the FLOWS code) as input. It is assumed that nitro-
gen addition is distributed uniformly along the incorpora-
tion 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 (Gus-
man and Marino, 1999).

Again, the mineralization process is assumed to be 
described by a first-order decay equation [21, 22]:

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁0exp (−𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡)� (45)

with rNH4min the rate of N-NH4 production from miner-
alization (g/cm2 of soil per day), NOM0 the initial pool of 
nitrogen in organic matter and kmOM is a first order rate con-
stant 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 
Eq. 45 [23]:

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 (𝑇𝑇) = 𝑘𝑘𝑟𝑟𝑟𝑟 (𝑇𝑇) = 5.6 × 1012exp ( −9800
𝑇𝑇 𝑇 𝑇𝑇𝑇)𝐹𝐹𝑤𝑤

𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 (𝑇𝑇) = 𝑘𝑘𝑠𝑠𝑠𝑠 (𝑇𝑇) = 4.0 × 109exp ( −8400
𝑇𝑇 𝑇 𝑇𝑇𝑇)𝐹𝐹𝑤𝑤� (46)

where T is the actual soil temperature (°C) and the water 
content factor for mineralization, Fw, is calculated as in 
Eq. 15. For the calculation of 𝑘𝑘𝑟𝑟𝑟𝑟 (𝑇𝑇) and 𝑘𝑘𝑠𝑠𝑠𝑠 (𝑇𝑇), FLOWS 
uses the averages of both Fw and T within the incorporation 
depth, zfert.

Again, rNH4min is divided by zfert to obtain the SsfrtNH.
As for immobilization, in this case FLOWS does not con-

sider the C/N ratio but follows an empirical equation decay 
[33]:

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑖𝑖𝑖𝑖 × 1.05(𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)𝐹𝐹𝑤𝑤𝐶𝐶𝑁𝑁𝑁𝑁𝜃𝜃 𝜃 𝜃𝜃𝑓𝑓𝑓𝑓

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑖𝑖𝑖𝑖 × 1.05(𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜) 1𝐹𝐹𝑤𝑤
𝐶𝐶𝑁𝑁𝑁𝑁𝜃𝜃 > 𝜃𝜃𝑓𝑓𝑓𝑓� (47)

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 Eqs. 31–32, with SsNO term 
in Eq. 33 now including also the Ssimm losses.

In the case of nutrient transport FLOWS allows setting 
all the input parameter involved (see Fig. 10). Those param-
eters include: 1) the incorporation depth of fertilizers, zfert 
over which it is assumed that nitrogen addition is distributed 
uniformly; 2) the optimum temperature for the immobiliza-
tion process, Topt; 3) the first-order rate coefficient for the 
urea hydrolysis decay reaction, Khyd; 4) the first-order rate 
coefficient for the urea volatilization decay reaction, Kvol; 
5) the isotherm parameters (i.e., the slopes and exponents) 
of N-NO3, N-NH4 and P-PO4 (in the case of simulating 
P-PO4, the slope corresponds to the parameter Kads1 in the 
Fig. 9); 6) the root uptake factors for N-NO3, N-NH4 and 
P-PO4; and the first order kinetic constants for phosphorus 
desorption, Kads2, chemisorption, Kchs1, mobilization, Kchs2, 
precipitation, Kprc1, and dissolution, Kprc2. More information 
on the nutrient processes’ simulations and interface can be 
found in Sects. 4.3 and A.2.5 in FLOWS handbook [41].
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3  Some selected applications of the model

3.1  Using FLOWS for irrigation optimization at large 
scale

[10] used FLOWS to analyze the role of the spatial variabil-
ity of soil Hydraulic Properties, HP, and Vegetation Proper-
ties, VP, on modelling agrohydrological processes with the 
aim of optimizing irrigation volumes at large scales. For 
this purpose, the study analyzed a 140-ha irrigation sector 
(sector 6), one of the 19 sectors constituting district 10 of 
the “Sinistra Ofanto” irrigated system in Foggia Province, 
Apulia Region, Southeast Italy (Fig. 11).

Ninety locations were selected to characterize the soil 
surface hydraulic properties using the tension infiltrometer 
method (the blue circles in Fig. 11). Five pits were excavated 
to obtain the HP and depths of different soil horizons (the 
red circles in Fig. 11). The irrigation sector was then divided 
into two sets of Thiessen polygons: five polygons represent-
ing the soil units (bordered by red dashed lines in Fig. 11) 
and 90 polygons representing the surface HP measurement 

Fig.  11  From Hassan et al. [10], the irrigation sector 6 in the Apu-
lia region, Italy. The blue circles are the surface HP characterization 
points. The red circles are the five excavated soil profiles. The poly-
gons bordered by black solid lines represent the 90 Thiessen polygons 
with unique surface HP. The polygons with red dashed lines represent 
the soil units

 

Fig. 10  The Nitrogen, Phosphorus and Carbon transport settings sub-block
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points (bordered by solid black lines in Fig. 11). Each of the 
90 polygons was then assigned its own HP and VP.

In this context, FLOWS was used for optimizing the irri-
gation fluxes while accounting for the spatial variability of 
HP and VP. Parallelly, FLOWS also allowed for studying 
the uncertainty resulting from overlooking the spatial vari-
ability of HP and VP in order to find the minimum dataset of 
each to optimize irrigation fluxes at sector scale.

Preliminarily, FLOWS simulations were first carried out 
using the registered irrigation fluxes applied by the farmers 
in the study area to find the irrigation depth, zirr, for specific 
crop and soil under a specific farmer behaviour, to be used 

as input in the model, along with the pressure head within 
zirr induced by farmers’ behaviour, by analysing the aver-
age simulated pressure head along the root zone and along 
the first soil horizon depth. Figure 12 shows the registered 
irrigation (light blue lines) and the precipitation (dark blue 
lines) fluxes, along with the simulated average pressure 
head in the root zone, of about 100 cm, (solid orange line) 
and in the first soil horizon depth, of about 45 cm, (dashed 
orange line) in a representative plot in sector 6 cultivated 
with wine grape.

Figure  12 illustrates the water pressure head develop-
ing under actual farmer behavior. From the graph, it can be 

Fig. 12  a The daily irrigation and precipitation fluxes (light blue and 
dark blue lines, respectively), b the corresponding average soil water 
pressure head in the root zone (solid orange line) and in the first soil 
horizon depth (dashed orange line) in a representative plot cultivated 

with wine grape in the irrigation sector 6 of district 10 of the “Sinis-
tra Ofanto” irrigated system. The critical water potential for the wine 
grape is hcrit = − 500 cm. The root zone is of about 100 cm
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observed that, through irrigation, the farmer tends to main-
tain the water pressure head above −  500  cm only in the 
first soil layer while allowing the pressure head through-
out the root zone, of about 100 cm, to decrease well below 
hcrit. This may be justified by considering that the farmer 
deliberately seeks to induce a certain level of water stress to 
obtain specific organoleptic characteristics. Such behavior 
cannot be ignored when aiming for realistic, model-based 
irrigation management and should therefore be taken into 
account when optimizing irrigation fluxes by a model. This 
type of analyses may only be carried out by Richards equa-
tion-based models, such as FLOWS. Compared to capacity-
based crop models, which are frequently based on so-called 
bucket approaches for describing the soil hydrological 
behavior, FLOWS, as all the models based on the solution 
of the Richards equation, predicts the evolution of the water 
pressure head distribution in the soil profile, which is known 
to be the actual (and physical) driving force for water fluxes 
along the soil profile [42].

Based on this analysis, Hassan et al. (2024) identified the 
zirr required by FLOWS withing which the pressure head 
has to be kept within the − 500 cm critical pressure head. 
Thus, another set of simulations was carried out by opti-
mising irrigation fluxes. In this optimization scenario, the 
variability of HP and VP among the 90 Thiessen polygons 
was preserved; this scenario was thus referred to as the 
Detailed Variability Scenario (DVS). The DVS consisted of 
90 simulations representing the 90 polygons, each including 
its corresponding HP and VP inputs. Following the DVS, a 
Reduced Variability Scenario, RVS, was studied. In the RVS 
case, simulations were simplified by using sparser data and 
fewer polygons to reduce the number of runs while main-
taining sector-scale estimates of irrigation fluxes compa-
rable to those from the DVS scenario.

First, VP variability was overlooked by assuming a fic-
titious crop with Uniform Vegetation Properties (UVP) 
across the sector, computed as area-weighted averages of 
crop parameters. This RVS-UVP setup still consisted of 90 
simulations using 90 soil HP inputs and allowed assessment 
of the impact of using averaged vegetation instead of the 
actual cropping pattern.

Figure 13 shows the annual irrigation volumes in m3/ha 
as applied by the farmers (a), optimized by FLOWS for the 
DVS (b) and as optimized by FLOWS for the RVS-UVP (c), 
for each of the 90 Thiessen polygons.

As shown in the figure, the optimized volumes in DVS, 
i.e., accounting for the observed variability of VP and HP, 
were less than the registered volumes applied by the farmers 
in most of the polygons. The overall average optimized vol-
ume for the DVS at sector scale was 1360 m3/ha, compared 
to 1693 m3/ha registered average volume at the same scale. 
The figure also shows how overlooking the VP variability 

did not significantly affect the simulation results. In fact, 
the overall average irrigation volumes at sector scale for the 
RVS-UVP was 1329 m3/ha.

By using FLOWS in a multi-site configuration, FLOWS 
also allowed to carry out an uncertainty analysis was carried 
out by progressively reducing the number of soil HP inputs, 
Ns, (i.e., Ns = 40, 35, 30, …, 5). For each case, controlled ran-
dom combinations of soil profiles were selected by ensuring 
that these generated profiles were evenly distributed over 
the soil units (the red polygons in Fig. 11). Thiessen poly-
gons were defined for each of the random combination of 
Ns profiles and the areas of those polygons were calculated. 
Then, the irrigation volumes were optimized for each of 
the Ns Thiessen polygons, and thus, sector-scale irrigation 
volumes were computed as area-weighted averages. Uncer-
tainty associated with each Ns was calculated as the standard 
deviation of the computed irrigation volumes for the ran-
domly generated combinations of Ns profiles.

Sector-scale average irrigation volumes were considered 
acceptable if it lied between 0.85 and 1.15 the average sec-
tor-scale irrigation computed for the DVS. The uncertainty 
associated with each Ns was considered acceptable if it was 
less than or equal to 1.25 of the uncertainty associated with 
Ns = 40. As a final step, five separate simulations were per-
formed by representing the entire sector with a single soil 
profile, using the HP measured at each of the five excavated 
pits (the red circles in Fig. 11). This configuration, referred 
to as RVS-UHP, involved simulations with a unique HP 
input applied uniformly across the sector.

The uncertainty analysis led to three distinct behaviors 
as Ns decreases, based on average predictions and Inter-
Quartile Range, IQR (see Fig. 14). Using 4–8 HP inputs per 
soil unit yielded reliable average irrigation estimates with 
low uncertainty (the plots in the blue rectangle in Fig. 14), 
closely matching the DVS configuration and confirming 
that more than 8 HP inputs per soil unit would be redundant 
and impractical. Using 1–3 HP inputs per soil unit still pro-
vided acceptable average and median predictions but with 
higher uncertainty due to limited representation of HP vari-
ability (the plots in the red rectangle in Fig. 14); notably, 
one profile per soil unit performs similarly to 3, though with 
more asymmetrical distributions. In contrast, using a single 
soil profile for the entire sector results in poor average pre-
dictions and very high uncertainty.

3.2  Monitoring and modelling fluxes of water 
and nutrients to surface drainage network from 
irrigated fields

Coppola et al. (2024) coupled FLOWS to a Kinematic 
Wave-based code, named KWV, to study the fate of water 
and nutrient fluxes coming from agricultural fields in a 
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hydraulically reclaimed area. For this purpose, the study area 
was selected as a 16-ha experimental field in a the hydrauli-
cally reclaimed area of “Piana del Sassu” in Arborea area 
on the west coast of Sardinia Island, Italy. The experimental 
field consists of an upstream, UsF, and downstream, DsF, 

sub-fields (Fig. 15). In 2021, the UsF was cultivated with 
corn and the DsF was cultivated with melon. In 2022, both 
UsF and DsF were cultivated with corn.

As shown in Fig.  15, the experimental field is divided 
into small identical rectangular plots, each 25 m wide and 

Fig. 13  Colour-graduated maps 
of the average irrigation volumes 
represented in m3/ha as applied by 
the farmers (a) and as optimized 
by FLOWS according to the DVS 
(b). The legend on the right shows 
the colours corresponding to each 
irrigation volume interval
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200 m long. There is a ditch adjacent to each field to collect 
drainage water (the vertical blue lines in Fig. 15), each ditch 
is 200 m long. The ditches drain their water to a secondary 
drainage channel which drains its water to the main drain-
age canal.

In the study, four Monitoring Stations, MS, were installed 
in the field: two in UsF and two in DsF. Each MS was 
equipped with water content reflectometer sensors, multipa-
rametric probes, water level sensors and tensiometers. The 
probes measure volumetric water contents, θ, bulk electrical 
conductivity, EC, and temperature.

Two triangular weirs were installed along the secondary 
drainage channel for measuring water discharges: upstream, 
us_weir, intercepting fluxes coming from the UsF and 
downstream, ds_weir, intercepting the total fluxes com-
ing from the whole field. Close to each weir, a water level 
sensor was installed, along with a multiparametric probe, 
which provided measurements of standard water parameters 
(temperature, Dissolved Oxigen, Redox Potential, pH), as 
well as of nitrate concentrations measured by a nitrate ion-
specific electrode. Additionally, phosphorus concentrations 
were also obtained from periodic sampling of channel water 
at the weir locations, with analyses performed using the 
photometric method.

A detailed soil hydrological characterization was con-
ducted near each MS location. Pedological pits (approxi-
mately 1.5 × 1.5 × 1.5 m) were excavated near the installation 
points, with site selection guided by an existing pedological 

map of the Sassu plain. Two undisturbed samples were col-
lected from each identified horizon down to about 1.5  m 
depth using stainless-steel cylinders, which were analyzed 
to provide bulk density and soil water retention and hydrau-
lic conductivity curves (the soil HP). Soil water retention 
was described by unimodal van Genuchten model [43], and 
the hydraulic conductivity was described by Mualem model 
[44].

In this study, FLOWS was used for simulating water 
and nutrient balances, including water and solute fluxes to 
runoff caused by excess rainfall or irrigation, as well as to 
subsurface artificial drainage. Then, the KWV was used for 
routing runoff fluxes of water and dissolved nutrients in the 
overland flow, through ditches, from the ditches to the sec-
ondary drainage channel and eventually to the field outlet.

The top boundary conditions for FLOWS water flow 
simulations were set as variable fluxes to account for the 
measured precipitation and irrigation fluxes, as well as the 
potential evapotranspiration, ETp. In addition, top bound-
ary conditions for solute transport processes were set as the 
days and amounts of the applied nitrate- and phosphorus-
based fertilizers in kg/ha. The bottom boundary condition 
for FLOWS simulations was set as a variable pressure head 
based on the tensiometer data. The solute transformation 
parameters were obtained from laboratory analyses.

For the KWV model simulations and related input param-
eters, see Coppola et al. [7].

Fig. 14  Box plots corresponding 
to each number of HP input, Ns, 
including the weighted averages 
(symbols), the medians (horizon-
tal lines), the minimum (lower 
whiskers), the maximum (upper 
whiskers) and the first and third 
quartiles (the boxes) of the aver-
age irrigation volumes. The box 
plot for the 90 sites refers to the 
deterministic scenario involving 
simulations carried out using spa-
tially variable soil and vegetation 
properties (DVS)
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Fig.  15  From Coppola et al. [7], a map of the study area in “Piana 
del Sassu” (bordered by red lines) in Arborea Area, Sardinia Island, 
Italy. In the bottom right: a satellite image of the experimental field and 
its schematic view (not to scale). The field consists of two sub-fields: 
the upstream, UsF, and downstream, DsF, fields. The cropping pattern 
refers to 2021 while in 2022, UsF and DsF were cultivated with corn. 

MS refers to monitoring stations. Two triangular weirs were installed 
in the secondary channel for measuring water discharges: upstream, 
us_weir, and downstream, ds_weir. Green arrows represent the direc-
tion of the shallow groundwater contribution to water and solute fluxes 
towards the secondary channel. The blue vertical lines represent the 
ditches which are 25 m apart
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The goodness of FLOWS simulations was evaluated by 
comparing FLOWS estimations of soil water content evo-
lution with measured water contents at different depths, as 
well as coupled FLOWS-KWV estimations of water dis-
charges and nutrients concentrations with water discharges, 
nitrate and phosphorus concentrations measured in the sec-
ondary drainage channel. The comparison was conducted 
for two consecutive years, 2021 and 2022.

Figure  16 shows the measured and FLOWS-simulated 
water contents in the UsF and DsF at depths of 10 cm and 
30 cm. Simulations and measurements at the other observa-
tion depths are not shown for the sake of brevity, as they 
partly reflect the patterns already observed at the first two 
depths. The top panel of the figure shows the irrigation and 
precipitation fluxes, illustrating the response of soil water 
content to the top-boundary input fluxes.

Figure 16 shows the high sensitivity of the measurements 
to the input water fluxes (precipitation and irrigation), both 
at 10 and 30 cm depths, and that FLOWS largely reproduced 

the observed dynamics with good accuracy; the overall 
Root-Mean-Square Error, RMSE, values of the soil water 
contents at 10 and 30 cm were 0.079 and 0.045, respectively. 
In this sense, it should be noted that all simulations were 
conducted using FLOWS in a forward mode, without cali-
bration, thus relying only on measured soil hydraulic prop-
erties, with upper boundary conditions defined by observed 
rainfall and irrigation inputs and lower boundary conditions 
prescribed from tensiometer measurements.

FLOWS also produced water and solute fluxes to runoff 
and to lateral drains in each of the plots in the UsF and DsF. 
An example of those fluxes is reported in Fig. 17. Specifi-
cally graph (a) reports the water fluxes to runoff in the UsF 
cultivated with corn (on the left Y-axis) and the subsurface 
lateral flow to drains in the DsF cultivated with melons (on 
the right Y-axis). Graphs (b), (c) and (d) report the N-NO3 
and P-PO4 fluxes associated with the water fluxes in graph 
(a).

Fig. 16  From [7], the temporal evolution of the measured (symbols) and FLOWS-simulated (solid lines) soil water contents at different depths in 
the DsF (graph b) and the UsF (graph c). Graph (a) shows the temporal evolution of the measured precipitation and irrigation fluxes
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The water and solute fluxes to runoff and lateral drain-
age generated by the FLOWS model were used as inputs 

to the KWV model for flow routing. The KWV model pro-
duced simulated water and solute hydrographs, which were 
compared with observations collected along the secondary 
drainage channel. Specifically, comparisons were made at 
the control sections corresponding to the upstream weir 
(us_weir) installed at MS3 (Fig. 15), which captures water 
and solute fluxes originating solely from the UsF, and the 
downstream weir (ds_weir) located at MS1, which inter-
cepts flows from both the UsF and DsF.

Figure  18 reports: 1) the runoff and subsurface lat-
eral drainage water fluxes simulated by FLOWS (graphs 
a1 and a2); 2) the simulated water discharges and nitrate 

Fig. 17  An example of water, N-NO3 and P-PO4 fluxes to runoff simu-
lated by FLOWS for each plot in the UsF and DsF in the year 2021. 
Graph (a) shows reports the runoff water fluxes in the UsF (cultivated 
with corn) in solid blue lines and the lateral subsurface drainage to 
ditches in the DsF (cultivated with melon) in dashed blue lines. Graphs 
(b) and (c) report the N-NO3 and P-PO4 fluxes, respectively, in the 
UsF surface runoff (solid red lines) and in the DsF subsurface lateral 
drainage flow (dashed red lines). Graph (d) replicates the P-PO4 fluxes 
in the DsF in graph (c) but with a rescaled Y-axis to show the peaks 
of P-PO4 peak fluxes in the summer and winter periods, which are not 
visible in graph (c)

Fig. 18  From [7], the simulated water (blue) and nitrate (red) in surface 
runoff and subsurface lateral flows across the drainage network differ-
ent compartments of the UsF and DsF for the 2021–2022 simulation 
period. Graph (a1): the FLOWS-simulated surface runoff fluxes in the 
UsF. Graph (a2): the FLOWS-simulated water fluxes in the DsF (sub-
surface lateral flow in 2021 and surface runoff in 2022). Graph (b1): 
the water discharge and nitrate concentration in overland flow in each 
elementary plot of the UsF. Graph (b2): water discharge and nitrate 

concentration in subsurface lateral flow in 2021 and overland flow in 
2022 in each elementary plot of the DsF. Graphs (c1) and (c2): the 
water discharges and nitrate concentrations in each ditch. Graphs (d1) 
and (d2): the water discharges and nitrate concentrations in the second-
ary channel, specifically at the us_weir and ds_weir locations. Graphs 
(e1) and (e2): the simulated and measured cumulative water volumes 
and nitrate masses at the us_weir and the ds_weir, respectively
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concentrations in each elementary plot (graphs b1 and b2); 
3) in each ditch (graphs c1 and c2) and 4) along the second-
ary drainage channel at the us_weir and ds_weir, respec-
tively, (graphs d1 and d2). Finally, the cumulative simulated 
and measured water volumes and nitrate masses along the 
secondary drainage channel at the us_weir and the ds_weir 
are reported in graphs (e1) and (e2) compared to the mea-
sured values.

Figure 18 showcases the ability of integrating the physi-
cally based models FLOWS (for agrohydrological simu-
lations) and KWV (for flood routing) to simulate water 
discharges and nutrient concentrations at different com-
partments in the complicated drainage network. Overall, as 
shown in Fig. 18 (e1) and 18 (e2), the model was largely able 
to reproduce the observed water volumes and nitrate masses 
conveyed through the secondary channel. The absolute dif-
ference between the simulated and measured final cumula-
tive water volumes were 3210 and 190 m3 at the upstream 
and downstream weirs, respectively. The absolute differ-
ence between the simulated and measured final cumulative 
nitrate masses were 12.54 and 60.08 kg at the upstream and 
downstream weirs, respectively. Finally, Fig. 19 shows that 
FLOWS was also able to provide accurate estimations of 
P–PO₄ concentrations, closely matching the measurements 
carried out at the weir locations.

4  Conclusions

FLOWS integrates the fundamental interacting processes 
that control water dynamics and nutrient transformation and 
transport through the unsaturated zone toward groundwa-
ter, as well as water and solute fluxes to surface waters via 
runoff and artificial drainage, under specific environmental 
conditions and agronomic management practices.

Compared to other existing Richards equation-based 
models, which build agro-hydrological decision support 
tools by sequentially coupling the hydrological model to 
other existing models dealing with nutrient and soil organic 
matter management, FLOWS has several distinctive fea-
tures: (1) Integrated simulation of carbon, nitrogen, and 
phosphorus cycles, fully coupled with soil water content 
and fluxes; (2) Advanced irrigation management capabili-
ties, allowing optimization of irrigation timing and volumes 
based on criteria related to the average pressure head in the 
root zone; and (3) Integrated simulation of water and solute 
transport to runoff and artificial drainage systems.

All processes are dynamically coupled with the hydro-
logical component of the model. Soil water contents and 
fluxes, computed through the numerical solution of the 
Richards equation, serve as inputs to the carbon and nutri-
ent transformation and transport modules at each time 
step. This ensures consistent, physically based interactions 
between water flow and solute dynamics.

As a result, FLOWS provides a powerful, physically 
based tool for identifying best agro-hydrological manage-
ment practices, particularly with respect to irrigation and 
fertilizer management. The model supports optimization 
of water and nutrient use while minimizing nutrient—and 
more generally agrochemical—losses to water bodies.

The applications of FLOWS to real and complex agro-
hydrological systems presented in this paper demonstrate 
that, when adequately supported by observations and 
detailed site characterization, the model can reliably identify 
site-specific optimal water and nutrient management strate-
gies. In doing so, FLOWS contributes to the prevention of 
agricultural non-point source pollution by enabling more 
informed, site-specific decisions that explicitly account for 
ecohydrological impacts. Furthermore, the use of the model 
in a multisite configuration enables the optimization of 

Fig. 19  The simulated (lines) and 
measured (symbols) PO4 con-
centrations at the us_weir (solid 
lines and filled symbols)) and the 
ds_weir (dashed lines and hollow 
symbols)
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agro-hydrological management at operational scales, such 
as irrigation districts. Future research will include incorpo-
rating a crop growth module, based on EPIC model [45] 
and is currently under testing, so that the model simulates 
the temporal evolution of vegetation parameters rather than 
being inputs by the user.
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