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1 Introduction 

Hydrogeology plays an important role in the land-atmosphere system. In order to 

gain a better understanding of this complex system, it is important to carefully 

analyze all the processes involved, namely: precipitation, evaporation, 

transpiration, infiltration and run-off. Most of these processes have been detailed 

studied in the past and still attract scientific attention from different disciplines, 

such as run-off processes or near surface evapotranspiration. Nevertheless, a 

limited number of studies have so far addressed the problem of direct 

evaporation processes from shallow groundwater bodies (Alkhaier et al., 2012; 

Kollet & Maxwell, 2008; Mengistu et al., 2018). 
Evapotranspiration is the largest terrestrial water flux, typically accounting for 

more water than runoff and for about 60% of precipitation. It’s a substantial 

portion of the global land-energy budget as latent heat flux (Maxwell & Condon, 

2016). It represents a key process in the hydrologic cycle influencing the mass 

exchange between the land surface and the atmosphere and the energy balance of 

terrestrial surface. Hence, its impact to the micro-climate is inevitable (Mengistu 

et al., 2018). 

Evapotranspiration can be divided in three components: surface evaporation (Es), 

which includes evaporation from surface water and from water intercepted by 

plants; subsurface evaporation (Ess), evaporation of water from below the ground 

surface; and transpiration of water by plants (Tss). Tss and Ess together are defined 

as subsurface evapotranspiration (ETss). ETss can be further divided in 

groundwater evapotranspiration (ETg) and unsaturated water evapotranspiration 

(ETu). The process of separating different components of ET is called 

partitioning which remains a key uncertainty in the terrestrial water balance 

(Balugani et al. 2017). 

To estimate evapotranspiration different methods exist, most estimates of crop 

evapotranspiration and bare soil evaporation are based on semi-empirical models 

such as that of Penman-Monteith (Ward & Robinson, 1990; Allen et al., 1998). It 

is recommended to use meteorological data as inputs to the Penman-Monteith 



methodology for estimating the potential evapotranspiration for a reference crop; 

then evapotranspiration for other crops is estimated by multiplying the reference 

by crop coefficients which frequently vary during the growing season and fall 

significantly at harvest. A non-varying crop coefficient is used to estimate bare 

soil potential evaporation from potential evapotranspiration; this coefficient is 

Ke=1.05 (Allen et al., 1998). When solar radiation data, relative humidity data 

and/or wind speed data are missing potential evapotranspiration can be estimated 

using the Hargreaves equation (Hargreaves & Samani, 1985), which requires the 

maximum and minimum daily temperatures and it also takes account of the 

latitude and the elevation of the sun. A reformulation of the Monteith’s model is 

the widely applied Kc-NDVI methods. Within this approach the use of the 

Normalized Difference Vegetation Index (NDVI) replaces that of time-varying 

crop coefficients (Kc). It combines meteorological and NDVI data to simulate 

the actual evapotranspiration of various terrestrial ecosystems, utilizing the 

fractional vegetation cover (FVC) derived from NDVI to separate transpiring and 

evaporating surfaces (Maselli et al., 2014). The development of new monitoring 

methods has allowed independent measurement of various water fluxes. Both the 

Bowen ratio [ratio used to describe the type of heat transfer, that can either 

occur as sensible heat or latent heat, for a surface that has moisture 

(Wikipedia)] and the eddy covariance EC methods [statistical method used 

in meteorology and other applications such as  hydrology to determine exchange 

rates of trace gases over natural ecosystems and agricultural fields, and to 

quantify gas emissions rates from other land and water areas. It is frequently 

used to estimate momentum, heat, water vapour, carbon dioxide and methane 

fluxes (Wikipedia)] permit reliable measurement of latent heat flux (and therefore 

ET) but over relatively small areas and only in specific conditions. Besides, it is 

possible nowadays to estimate Es from models applying semi-continuous soil 

moisture and matrix potential profile measurements, while Es can be estimated 

from pan evaporation and measurement of tree interception using tipping buckets 

and gutters placed under a tree canopy and by interception models (Balugani et 



al., 2017). The rate of Es from different water table depths can be also estimated 

from the water balance equation in a lysimeter (Mengistu et al., 2018).  

Considering a sandy bare (with no vegetation cover) soil, only the groundwater 

evaporation (Eg) component has been analyzed and modelled in this work. 

Groundwater affects soil moisture variations and surface evaporation and may 

have substantial effects in areas where the water table is near or within a model’s 

soil column (Chen & Hu, 2004).  

Evaporation from bare soil is an important component of the soil-water balance 

and a good knowledge of it is, therefore, fundamental to the groundwater 

management. Especially in arid and semi-arid areas where the demand for the 

water is increasing, quickly depleting scarce resources stored as groundwater.  

However, the evapotranspiration of groundwater resources is often 

underestimated, both because evaporation processes are not yet included in the 

theory and because transpiration from roots tapping the water table is not taken 

into account. The underestimation of groundwater evapotranspiration often 

results in the overestimation of the net recharge (Balugani et al., 2017). 

Of particular significance is the substantial reduction in bare soil evaporation as 

the water table falls and the dependency on the soil properties (Mengistu et al., 

2018). An important feature claimed by many studies for sandy soils is that the 

evaporation becomes negligible when the water table is more than 60 cm below 

the ground surface. Nevertheless, considering an evaporation extinction depth of 

60 cm, it is not always a conservative choice and could lead to significantly 

underestimate this component of the water cycle. In fact, as it was reported in 

(Balugani et al., 2017), considering the vapour flow through the ‘‘almost dry” 

unsaturated zone can result in even deeper evaporation extinction depths, which 

means greater Eg fluxes than estimated so far. 

 

 



2 Materials and methods 
 

As it was already said, this case study deals with groundwater evaporation in a 

sandy bare soil reproduced in a lab tank. In order to simulate the natural process, 

the tank has been set up in the hydrogeology laboratory in the SIMAU 

Department of “Università Politecnica delle Marche”. Several parameters 

(hydrometric height, temperature, salinity, etc..) have been monitored over a time 

period of 145 days, by means of different sensors inside the tank.  

To numerically simulate the process, a groundwater flow simulation model was 

required. Processing Modflow (Chiang, 2005), which was originally developed 

to support the first official release of MODFLOW-88, has been used. Together 

with MODFLOW (Harbaugh, 2005) code, another supporting code has been 

utilized named SEAWAT (Langevin et al., 2008). It incorporates MT3DMS 

(Zheng & Wang, 1999) code and includes the effect of fluid viscosity variations 

on groundwater flow. 

The model of the tank in the laboratory has been created and, throughout its 

calibration with the data collected by the sensors (water head, temperature and 

salinity), the evaporation rates have been evaluated.  

Then, a sensitivity analysis has been carried out for some of the parameters, such 

as effective porosity (ne), longitudinal dispersion, mass loading rate and 

extinction depth, in order to determine their impact on the evaporation process.  

Finally, the results obtained with the model have been carried from laboratory to 

basin scale. A 2007 case study has been reanalyzed in which the Tronto basin has 

been modelled for the low flow and high flow period and, at the time, the 

evapotranspiration has been neglected. Inserting highest and lowest value of 

maximum evaporation rates obtained with the calibration of the tank model, a 

substantial change in the hydrological balance of the basin resulted. The water at 

the outlet, due to evaporation from the groundwater, was more than 10% of the 

total output considering the lowest value; and almost 30% considering the 

highest.  



This last step of the study has shown how evaporation, and evapotranspiration in 

general, plays a very important role in the hydro-geological balance and in 

estimating the water resources of a basin and, therefore, it should not be 

considered negligible. 

All the laboratory materials and methodologies that have been used and adopted 

in this case study will be fully described in this chapter, together with the model 

characterization analyzing all the inputs.  

2.1 Laboratory experiment and instruments 

2.1.1 Tank design 

In order to simulate and study the natural evaporation process, a large tank has 

been set up at the Hydrogeological laboratory of SIMAU Department of 

Università Politecnica delle Marche. The tank, assembled with an internal 

structure of armed PVC and fixed on an external one of natural wood 

implemented with steel scaffolding pipes, has dimensions of 1.4x4.0x1.3 m. It 

has been filled with coarse sand materials (9.0 m3 of sandy sediments and 0.5 

m3 of gravel) that have been taken from a sand pit in an alluvial plain along a 

meander of the Aspio river in Ancona, Italy. The relatively homogeneous nature 

of the sedimentary succession consists of coarsening-upward sandy sediments. 

The sediments have been transported at the laboratory, poured into the tank 

starting from the inflow gravel wall toward the outflow wall reaching a height of 

1.1±0.02 m. Then they have been compacted by a large shovel and the natural 

compaction of sediment under saturated conditions has been monitored for two 

months. After an initial localized collapse near the infiltration point the 

compaction was found to be negligible and the collapsed part refilled. In order to 

apply a steady-state flux a constant head has been applied to the tank by means of 

an external reservoir, exploiting the two gravel walls at the inflow and at the 

outflow to stabilize the groundwater flux. 

2.1.2 Wells and piezometers 

Eight piezometers with a bottom screen of 5 cm length and four fully screened 

wells have been installed to form a semi-regular grid as shown in Fig.2.1. 
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important as monitoring soil moisture in water-limited areas. The 5TE 

allows us to measure salt levels through bulk electrical conductivity. In the 

following table the sensor features are described (Pessl instruments, 1984). 

 

According to the model of Hilhorst (2000), soil's ECb have been converted in EC 

and then into salinity using a standard conversion factor (APHA, 2017). 

2.1.4 Physical parameters and hydraulic properties  

Physical parameters (grain size, bulk density, porosity, etc...) have been 

retrieved via dry sieving and gravimetric measurements on 5 randomly collected 

samples.  

A soil sample was randomly taken from the tank and, after oven drying at 105 °C 

for 24 hours and quartering, it was placed  -into the top sieve of a column, which 

has the largest screen mesh size. Each lower sieve in the column has smaller 

mesh size than the one above. In order to obtain the complete screening of the 

material, this column is placed in a mechanical shaker (Fig 2.5).  

 

 

 

Mineral soil calibration: 0.0-0.1 m3/m3
Soilless media calibration: 0.0-1.0 m3/m3
Apparent dielectric permittivity: 1 (air) to 80 (water)

Resolution 0.0008 m3/m3 from 0%-50% VWC
Generic calibration: ± 0.03 m3/m3 
Medium-specific calibration: ± 0.02 m3/m3
Apparent dielectric permittivity: 1-40 (soil range), ±1 a (unitless) 40–80, 15% measurement

Range –40 to +60 °C
Resolution 0.1 °C
Accuracy ±1 °C
Range 0–23 dS/m (bulk)
Resolution 0.01 dS/m from 0–7 dS/m, 0.05 dS/m from 7–23 dS/m
Accuracy ±10% from 0–7 dS/m, user calibration required from 7–23 dS/m

Dimensions 10.9 cm (4.3 in) lenght; 3.4 cm (1.3 in) width; 1.0 cm (0.4 in) height
Prong length 5.0 cm (1.9 in)
Operating temperature range -40 °C to 60 °C
Cable length 5 m (standard)
Supply voltage 3.6 VDC to 15.0 VDC
Current drain (asleep) Typical: 0.03 mA
Current drain (measurement) 0.5 mA to 10.0 mA (typical: 3.0 mA)
Measurement duration Typical: 150 ms; Maximum: 200 ms

Volumetric water content (VWC)

Range 

Accuracy

Temperature

Bulk electrical conductivity (EC)



 

After the shaking is complete the material on each sieve is weighed. The mass of 

the sample of each sieve is then divided by the total mass to give a percentage 

retained on each sieve. The size of the average particle on each sieve is then 

analysed and the results of this test are used to describe the properties of the 

aggregate. 

As it is possible to see in the following Table, a small variability in the grain size 

distribution has been registered with a low coefficient of uniformity (CU).  

 

Parameter Tank sediments
Sand (0.63-2 mm) 98.5±8.6 
Silt (2-63 m) 1.4±1.7 
Clay (<2 m) 0.1±0.1 
Dry bulk density (kg/dm3) 1.68±0.1 
Residual water content (%) 0.05±0.01 
Saturated water content (%) 29.1±1.7 
CU (-) 3.1±1.6 
D10 (mm) 0.45±0.24
D60 (mm) 1.09±0.17 



These sediments, following the Wentworth classification, can be defined as 

coarse to medium sands.  

 

Thereafter, the saturated hydraulic conductivity (K) distribution have been 

estimated in different ways: by slug tests, by rate pumping test and by means of 

Kozeny-Carman formula (Freeze & Cherry, 1979; Rosas et al., 2014), exploiting 

all the sediments parameters retrieved. This last methodology will be explained 

below. 

A number of empirical formulas, some dating back over a century, have been 

proposed which attempt to relate the hydraulic conductivity K of an 

unconsolidated geologic material (granular sediment or soil) to its grain size 

distribution obtained from sieve analysis.  

Equations for estimating K from grain size commonly use two metrics from 

a grain size distribution plot: D10, the grain diameter for which 10% of the 

sample is finer (90% is coarser), and D60, the grain diameter for which 60% of 

the sample is finer (40% is coarser). D10 is frequently taken as the effective 

diameter of the sample while the ratio CU=D60/D10 is known as the coefficient of 

uniformity. 

The equation attributed to Kozeny and Carmen that has been used in this study to 

estimate the hydraulic conductivity of sediments and soils is: 

 

where  

 is hydraulic conductivity (m/s); 

-  is an empirical coefficient equal to 1/180 [dimensionless]; 

-  is gravitational acceleration (m/s²); 

-  is kinematic viscosity of water (m²/s); 

-  is total porosity (-). 

This formula is assumed to be valid for sediments and soils composed of silt, 

sand and gravelly sand. 



Finally, relative humidity data collected from the online Marche Region 

Meteorological-Hydrological Information System (SIRMIP, 2020) every 30 

minutes, averaging the values of the two nearby meteorological stations. 

 

2.2 Numerical codes 

As modelling tool PMWIN 8.0 (Processing Modflow for Windows, Simcore 

Software) has been used to numerically simulate the natural process of 

evaporation occurring inside the tank in the laboratory. The software was 

developed by Chiang and Kinzelbach in 1998 and it consists in a graphical user-

interface interacting with several supported program such as MODFLOW (for 

groundwater flow modelling), MT3DMS (for groundwater solute transport 

models), SEAWAT (for density dependent flow and transport models), PEST 

(for models calibration) and others. PMWIN is one of the most complete 

groundwater simulation systems with a series of independent subroutines named 

modules grouped into packages to deal with features of the hydrologic system 

that need to be modelled. All the supporting program and codes that have been 

used in the simulation of this case study will be characterized in the following 

paragraphs, including theoretical fundamentals. 

2.2.1 MODFLOW 

MODFLOW is a modular three-dimensional finite-difference groundwater model 

published by the U.S. Geological Survey. The first public version of 

MODFLOW was released in 1988 as MODFLOW-88. MODFLOW-88, but 

nowadays it is available the most recent version MODFLOW-2005 (Simcore 

Software, 2012). This version has a modular structure, in which each package 

(wells, areal recharge, evapotranspiration, drains, etc...) deals with a different 

element of the hydrogeological system. The program is able to simulate steady 

and transient flow in a system in which aquifer layers can be confined, 

unconfined, or a combination of the two. Hydraulic conductivities or 

transmissivities for any layer may differ spatially and be anisotropic (restricted to 



having the principal directions aligned with the grid axes), and the storage 

coefficient may be heterogeneous. 

The partial differential equation of groundwater flow on which MODFLOW is 

based on is (McDonald & Harbaugh, 1988): 

 

Where:  

- ,  ,  are the values of hydraulic conductivity along x-, y- and z-

coordinate axes ;  

-  is the hydraulic head ( );  

-  is the specific storage ( );  

-  is time ( );  

-  is the volumetric flux per unit volume, representing sources and/or sinks of 

water ( ).  

This combined with boundary and initial conditions, describes transient three-

dimensional ground-water flow in a heterogeneous and anisotropic medium, 

provided that the principal axes of hydraulic conductivity are aligned with the 

coordinate directions (Harbaugh et al., 2000). MODFLOW solves it by means of 

the finite-difference method: the hydraulic head is calculated for each node of the 

model domain. In order to do this, it requires as inputs the values of hydraulic 

conductivity, both for vertical and horizontal direction, and the value of specific 

storage. It needs the boundary conditions characterization (i.e. the interaction 

between the domain area and its external environment), together with the initial 

conditions (i.e. values of the variable at initial time) to obtain a unique solution. 

Three general types of boundary condition are considered in MODFLOW:  

- Specified head (Dirichlet Condition), in which heads are specified along the 

boundary for the entire duration of the stress period. It acts as a source or sink of 

water entering or leaving the model domain;  

- Specified flow boundary (Neumann Condition), which is implemented when the 

flow exchanged in the model domain is known;  



- Head-dependent flow or General Head Boundary (Cauchy Condition), which is 

a kind of combination of the previous ones, in which both heads and flow along 

the boundary are known.  

In solving flow equations, it is needed to take into consideration that 

MODFLOW is based on various assumptions, such as:  

- laminar flow, so Darcy’s law is valid;  

- the standard expression for specific storage in a confined aquifer is applicable;  

- the porous medium is assumed to be fully saturated with water and isothermal 

conditions prevail;  

- a single, fully miscible liquid phase of very small compressibility is also 

assumed. 

 

2.2.2 MT3DMS/SEAWAT 

MT3DMS is a further development of MT3D. MT3D stands for Modular 3-

Dimensional Transport model and the abbreviation MS denotes the Multi-

Species structure for accommodating add-on reaction packages. MT3DMS 

includes three major classes of transport solution techniques, three-dimensional 

numerical model for simulating changes in concentrations of miscible 

contaminants in complex hydrogeological settings and it is capable of modelling 

advection, anisotropic dispersion and linear and nonlinear sorption in complex 

steady-state and transient flow fields.  

The basic assumptions on which this program is based on are the same of 

MODFLOW, with the additional assumption that the diffusive approach to 

dispersive transport based on Fick’s law can be applied.  

The partial differential equation which governs the transport of contaminants of 

species k in 3-dimensions transient groundwater flow systems can be written as:  

 

 

 

Where:  



-  is the porosity of the subsurface medium;  

-  is the dissolved concentration of species k ;  

-  is time ( );  

-  is the distance along the respective Cartesian coordinate axis ( );  

-  is hydrodynamic dispersion coefficient tensor ; 

-  is the linear pore water velocity ;  

-  is volumetric flow rate per unit volume of aquifer, and it represents fluid 

sources (if positive) or sinks (if negative) ( );  

-  is the concentration of the source or sink flux for species k ; 

-  is chemical reaction term , which can be used to include the 

effect of biochemical and geochemical reactions on contaminant fate and 

transport.  

Like MODFLOW, MT3DMS consists of a main program and independent 

subroutines, which are grouped into a series of “packages”. Each of these 

packages deals with a single property of the transport simulation, so that it is 

possible to simulate advection, dispersion/diffusion, source/sink mixing, and 

chemical reactions separately.   

 

SEAWAT, also included in PMWIN, is a combined version of MODFLOW and 

MT3DMS designed to simulate three-dimensional, variable-density, saturated 

groundwater flow and transport. Similar to previously described programs, also 

SEAWAT is organized in a modular scheme. Thanks to the coupling, the 

numerical methods used by MT3DMS to simulate solute transport in a constant 

density flow field are directly used in SEAWAT to simulate solute transport in a 

variable-density flow field.  

The governing equation for flow and transport is: 

 

 

Where:  



-  is the fluid density ( ) at the reference concentration and reference 

temperature;  

-  is dynamic viscosity ( );  

-  is the hydraulic conductivity tensor of material saturated with the reference 

fluid ( );  

-  is the hydraulic head ( ) measured in term of the reference fluid of a specific 

concentration and temperature;  

- t is time ( ); 

-  is the specific storage ( );  

-  is the porosity;  

-  is salt concentration ( );  

-  is a source or sink ( ) of fluid with density . 

 

This equation of state, which relates fluid density to solute concentration, 

temperature, and pressure, is typically written as a function of the volumetric 

expansion coefficient for solute concentration ( C), temperature ( T), and 

pressure ( P), which are: 

; 

 

; 

 

. 

 

where T is temperature (ºK) and P is pressure ( ) (Langevin et al., 2008). 

SEAWAT includes both explicit and implicit methods for coupling the flow and 

solute-transport equations. With the implicit coupling method, solutions to the 

flow and transport equations are repeated, and concentrations and densities are 

updated within each time step until the maximum difference in fluid density at a 

single cell for consecutive iterations is less than a user-specified value.  



With the explicit one, fluid densities are calculated with solute concentrations 

from the previous time step. Advective fluxes from the flow solution for the 

current time step are then used in the current solution to the transport equation. 

This cycling mechanism results in an explicit coupling of the flow and transport 

equations.  

Although MT3DMS and SEAWAT are not explicitly designed to simulate heat 

transport, temperature can be simulated as one of the species by entering 

appropriate transport coefficients. For example, the process of heat conduction is 

mathematically analogous to Fickian diffusion. Heat conduction can be 

represented in SEAWAT by assigning a thermal diffusivity for the temperature 

species. 

 

2.3 Model setup and inputs 

In this section of the thesis it will be explained how the tank was modelled in 

order to simulate the natural evaporation process which was occurring in the 

laboratory. The first steps in the groundwater modelling process are to define the 

goals of the model (evaporation process), select a computer code (PMWIN) and, 

after the collection of the necessary data, create a conceptual model of the 

system. Following the grid, the parameters and the models menu, it is possible to 

implement the various input needed in the simulation. All the menus will be fully 

described below. 

 

2.3.1 The grid menu 

2.3.1.1 Mesh Size 

After creating a new model and saving it in a folder of the project with the file 

extension *.PM5, it is needed to spatially discretize and design the grid of the 

model. Anderson and Woessner discuss the steps in going from aquifer systems 

to a numerical model grid, Zheng and Bennett (2002) describe the design of 

model grids, which are intended for use both in flow and transport simulations. In 

the block centered finite difference method, an aquifer system is replaced by a 
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with the saturated thickness of the aquifer. Vertical leakage from above is 

limited if the layer desaturates. 

The layers in the dialog box of the model domain of this case study have been all 

set to Type 3. 

 

2.3.1.3 Cell Status 

The flow model MODFLOW requires an IBOUND array, which contains a code 

for each model cell. A positive value in the IBOUND array defines an active cell 

(the hydraulic head is computed), a negative value defines a constant head or 

fixed head cell (the hydraulic head is kept constant at a given value throughout 

the flow simulation) and the value 0 defines an inactive cell (no flow takes place 

within the cell). It is suggested to use 1 for active cells, 0 for inactive cells and -1 

for constant head cells. Any outer boundary cell, which is not a constant head 

cell, is automatically a zero-flux boundary cell. 

All the cells of the study area representing the tank are active cells (value 1). 

The transport model MT3DMS requires an ICBUND array, which contains a 

code for each model cell. A positive value in the ICBUND array defines an 

active concentration cell (the concentration varies with time and is calculated), a 

negative value defines a constant-concentration cell (the concentration is 

constant) and the value 0 defines an inactive concentration cell (no transport 

simulation takes place at such cells). It is suggested to use the value 1 for an 

active concentration cell, -1 for a constant-concentration cell, and 0 for an 

inactive concentration cell.  

All cells in the model were assigned value 1, to allow the transport. 

 

2.3.2 The parameters menu 

This menu is used to input time, initial hydraulic head values, and aquifer 

parameters. Depending on the settings of the layer properties, it is possible that 

an aquifer parameter is required only for certain model layers or is not required 

for any of the model layers. All the parameters that have been inserted will be 

fully illustrated below. 
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In the previous Figure it is represented the time dialog box of the model. In the 

case study, 29 stress periods of 5 days each have been activated reaching the 

simulation time of 145 days. 

 

2.3.2.2 Initial & Prescribed Hydraulic Heads 

MODFLOW requires initial hydraulic heads at the beginning of a flow 

simulation. Initial hydraulic heads at constant head cells are used as specified 

head values of those cells and remain constant throughout the flow simulation. 

For transient flow simulations, the initial heads must be the actual values, since 

they are used to account for the storage terms. For steady-state flow simulations, 

the initial heads are used as starting values for the iterative equation solvers. The 

initial heads at the constant head cells must be the actual values while all other 

values can be set at an arbitrary level. For an unconfined or convertible layer 

(layer type 1 or 3), the initial hydraulic head of a constant head cell should be 

higher than the elevation of the cell bottom, because MODFLOW does not 

convert a dry fixed-head cell to an inactive cell. If any constant-head cell 

becomes dry, MODFLOW will stop the flow simulation (Simcore Software, 

2012).  

In this case study, in order to apply a steady-state flux, a constant head has been 

applied to the tank by means of an external reservoir, exploiting the two gravel 

walls at the inflow and at the outflow to stabilize the groundwater flux. The 

initial hydraulic heads of the water in the tank have been set to be around 0.5 m 

and measured as it is represented in Fig.2.10. 

 

2.3.2.3 Horizontal Hydraulic Conductivity 

Horizontal hydraulic conductivity, which is required for layers of types 1 or 3, is 

the hydraulic conductivity along model rows. It is multiplied by an anisotropy 

factor specified in the Layer Property dialog box to obtain the hydraulic 

conductivity along model columns.  



Talking about our case study, the horizontal hydraulic conductivity (K) 

distribution have been estimated in different ways: by slug tests, by rate pumping 

test exploiting the inflow and outflow gravel wall to balance the fluxes and by 

means of Kozeny-Carman formula, exploiting all the sediments parameters 

retrieved. Finally, a mean value of around 60 m/d for the sand and a value around 

660 m/d for the gravel (Fig.2.11). 

 

 



 



2.3.2.4 Vertical Hydraulic Conductivity 

The Layer-Property Flow (LPF) package supports the use of the cell-by-cell 

vertical hydraulic conductivity or vertical anisotropy, which is the ratio of 

horizontal hydraulic conductivity along rows to vertical hydraulic conductivity 

for the model layer. When Vertical Anisotropy of a layer in the Layer Property 

dialog box (Fig. 2.8) is VK, the cell-by-cell vertical hydraulic conductivity of 

that layer is used in the simulation. When Vertical Anisotropy is VANI, the cell-

by-cell vertical anisotropy of the layer is used (Simcore Software, 2012). 

In this case study, the vertical hydraulic conductivity distribution has been 

estimated to be around 30 m/d for the sand and around 330 m/d for the gravel. 

 

2.3.2.5 Specific Storage 

For transient flow simulations, MODFLOW requires dimensionless storage terms 

specified for each layer of the model. For a steady state simulation, these menu 

items are not used and are therefore dimmed. In a confined layer, the storage 

term is given by storativity or confined storage coefficient. The storativity is a 

function of the compressibility of the water and the elastic property of the soil 

matrix. The specific storage or specific storativity is defined as the volume 

fraction of water that a unit column of aquifer releases from storage under a unit 

decline in hydraulic head. The specific storage ranges in value from 3.3x10-6 1/m  

of rock to 2.0x10-2 1/m of plastic clay. Layers of types 0, 2 and 3 require the 

confined storage coefficient. PM uses specific storage and the layer thickness to 

calculate the confined storage coefficient, if the corresponding Storage 

Coefficient setting in the Layer Property dialog is Calculated. 

In the model a value of 1.0x10-4 1/m has been set up.

 

2.3.2.6 Effective Porosity  

If the total unit volume V  of a soil matrix is divided into the volume of the 

solid portion VS and the volume of voids VV, the porosity n is defined as . 

Effective porosity (with the respect to flow through the medium) is normally 

smaller than porosity, because part of the fluid in the pore space is immobile or 



partially immobile. This may occur when the flow takes place in a fine-textured 

medium where adhesion (i.e., the attraction to the solid surface of the porous 

matrix by the fluid molecules adjacent to it) is important. On a more macroscopic 

scale the effective porosity also has to accommodate the fact that unresolved 

conductivity variations lead to a reduction of effective porosity. 

Transport models use effective porosity to calculate the average velocity of the 

flow through the porous medium.  

In this case study a value of 0.2 has been chosen as effective porosity. 

 

2.3.2.7 Specific Yield   

Specific yield is defined as the volume of water that an unconfined aquifer 

releases from storage per unit surface area of aquifer per unit decline in the water 

table. Specific yield is a function of porosity (and is not necessarily equal to 

porosity), because a certain amount of water is held in the soil matrix and cannot 

be removed by gravity drainage.  

In the model a value of 0.226 has been set up. 

 

2.3.2.8 Bulk Density 

The bulk density is can be divided in layer-by-layer bulk density and cell-by-cell 

one. The layer-by-layer bulk-density data are used by the Chemical Reaction 

package of MT3D or RT3D (version 1) for calculating the retardation factor or 

for calculating the first-order irreversible (radioactive decay or biodegradation) 

rate of the adsorbed phase. The cell-by-cell bulk-density data, which was 

specified (1700 kg/m3) in our model, are used by the Chemical Reaction package 

of MT3DMS, MT3D99, PHT3D, SEAWAT, and RT3D (version 2 and later) for 

simulating sorption effects. 

 

2.3.3 The models menu | MODFLOW 

The only flow package input that have been set up for this case study is the 

evapotranspiration one. 

 



2.3.3.1 Flow Packages | Evapotranspiration 

The Evapotranspiration package simulates the effects of plant transpiration and 

direct evaporation in removing water from the saturated groundwater regime. 

Considering that inside the tank there is a sandy bare soil with no vegetation at 

all, the transpiration contribution has been considered to be null and the study 

have been focused only on the evaporation contribution. Anyway, the term 

“Evapotranspiration” will be used again in this paragraph. 

Evapotranspiration is defined by assigning the following parameters to each 

vertical column of cells. The input parameters are assumed to be constant during 

a given stress period. For transient flow simulations involving several stress 

periods, the input parameters can be different from period to period, as in our 

case study. Note that the user may move to other layers within the Data Editor 

and examine the grid configuration in each layer, although the values are 

specified for each vertical column of cells. 

This package removes water from the saturated groundwater regime based on the 

following assumptions: 

1. when groundwater table is at or above the elevation of the ET surface , 

evapotranspiration loss from the groundwater table is at the maximum ET 

Rate ( ); 

2. no evapotranspiration occurs when the depth of the groundwater table 

below the elevation of the ET surface exceeds the ET extinction depth ( );  

3. in between these two extremes evapotranspiration varies linearly with the 

groundwater table elevation. 

The input values that are needed to be specified are: 

- Maximum ET Rate ( ) [ ]; 

- Elevation of the ET Surface ( ) [ ]; 

- ET Extinction Depth (d) [ ]; 

- Layer Indicator (IET) [-]; 

- Parameter Number [-]. 

 



These values, which represent the result of the case study, have been found after 

being set and corrected many times following a calibration procedure. This 

calibration process, together with the retrieved evaporation parameters will be 

explained and presented in the next chapter. 

 

2.3.3.2 Solvers  

To calculate heads in each cell in the finite-difference grid, MODFLOW prepares 

one finite difference equation for each cell, expressing the relationship between 

the head at a node and the heads at each of the six adjacent nodes at the end of a 

time step. Because each equation may involve up to seven unknown values of 

head, and because the set of unknown head values changes from one equation to 

the next through the grid, the equations for the entire grid must be solved 

simultaneously at each time step. The system of simultaneous finite difference 

linear equations can be expressed in matrix notation as: 

where A is a coefficient matrix assembled by MODFLOW using user-specified 

model data; b is a vector of defined flows, terms associated with head-dependent 

boundary conditions and storage terms at each cell; x is a vector of hydraulic 

heads at each cell. 

In this case study the Geometric Multigrid Solver (GMG) package has been used, 

which is only implemented in MODFLOW-2000 and MODFLOW-2005. 

 

2.3.3.3 Head Observations 

In order to specify the locations of the head observation boreholes and their 

associated observed data (measurements), the Head Observations dialog box has 

to be opened from the MODFLOW menu (Fig.2.12). The options of this dialog 

box are described below: 

- Observation Borehole: The name and the coordinates (expressed in the 

world coordinates according to the user-defined coordinate system) of 

each borehole are given in this table.  
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box is checked. Normally, we do not need to worry about these boxes 

since PM will take care of the settings 

- Description gives the names of the packages used in the flow model. 

- Destination File shows the paths and names of the input files of the flow 

model. 

The Options are: 

- Regenerate all input files: Check this option to force PM to generate all 

input files regardless the setting of the Generate boxes. 

- Generate input files only, don’t start MODFLOW: Check this option, if 

the user does not want to run MODFLOW. 

- Check the model data: If this option is checked, PM will check the 

geometry of the model and the consistency of the model data  

- OK: Click OK to generate MODFLOW input files. 2.3.4 The models 

menu | MT3DMS/SEAWAT 

2.3.4 The models menu | MT3DMS/SEAWAT 

2.3.4.1 Simulation Settings 

The Simulation Settings dialog box (Fig. 2.14) controls the type of reaction and 

the species involved in the simulation. It also controls whether variable density 

flow and/or transport should be simulated. The available settings are described as 

follows. 

Simulation Mode: 

- Constant Density Transport with MT3DMS: If this option is selected, the 

constant density flow solution of MODFLOW will be used by MT3DMS 

to simulate solute transport processes. It is assumed that the solution 

concentration does not affect the fluid density and the flow field. 

- Variable Density Flow and Transport with SEAWAT: If this option is 

selected, SEAWAT will be used to simulate coupled variable-density flow 

and solute transport. With this option, fluid density is calculated by using 

an equation of state and the simulated solute concentration values of 

involved species.  



Type of reaction:  

- No kinetic reaction is simulated: To turn off the simulation of kinetic 

reactions. 

- First-order irreversible reaction: Simulates radioactive decay or 

biodegradation. 

Then there are three tabs: the Species tab, the Stoichiometry tab and the 

SEAWAT tab. 

The columns of the Species table are described below: 

- Number: displays the (read-only) species number. 

- Active: to add a species to the simulation. 

- Description: to type the name or description of the species. 

- Density On: item used by SEAWAT only. Check the box to include the 

concentration of the simulated species in the fluid density calculation.  

- DRHODC: used by SEAWAT only. DRHODC is the slope that relates 

fluid density to solute concentration. 

- CRHOREF: used by SEAWAT only. CRHOREF is the reference 

concentration for the species. For most simulations, CRHOREF should be 

specified as zero. 

 

Fig. 2.14 shows the simulation settings of our case study in which Salinity and 

Temperature are the two species involved in the simulation. 
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2.3.4.3 Advection

The available settings of 

described below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the Advection Package dialog box (Fig. 2

 

2.17) are 



MT3DMS provides five

order TVD method, based

chosen for this case stud

conservative, without exc

The Weighting Scheme is

is used. 

Particle Tracking Algo

characteristics. 

Finally, depending on th

Parameters may be requ

(or a fraction of a cell) a

one transport step. Gener

Figure above, a value of 0

 

e Solution Schemes for the advection te

d on the ULTIMATE algorithm, is the on

dy. With the ULTIMATE scheme, the so

cessive numerical dispersion and artificial

s needed only when the implicit finite-diff

orithm is used in combination with t

he selected Solution Scheme, one or m

uired. Courant number (PERCEL) is the n

any particle will be allowed to move in a

rally, . As it is possib

0.75 has been chosen. 

erm. The third-

ne that has been 

olution is mass 

l oscillation. 

ference method 

the method of 

more Simulation 

number of cells 

any direction in 

ble to see in the 



2.3.4.4 Dispersion 
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depends on the solute species, nature of the porous medium, and other conditions 

of the system. 

 

2.3.4.7 Sink/Source Concentration 

This menu is used for specifying the concentration associated with the fluid of 

point or spatially distributed sources or sinks. The concentration value of a 

particular source or sink is specified in the Data Editor. Point sources include 

wells, general head boundary cells, fixed-head cells, rivers and streams. 

Recharge is the only spatially distributed source whereas evapotranspiration is 

the only sink whose concentration can be specified. The concentration of a sink 

cannot be greater than that of the groundwater at the sink cell. If the sink 

concentration is specified greater than that of the groundwater, it is automatically 

set equal to the concentration of the groundwater.  

For the Evapotranspiration a value of 0.3 kg/m3 has been set for the salt and, 

considering that the model allows to simulate the temperature as one of the 

species, a value 20  for temperature. The value of 0.3 g/l of the Specified 

Concentration of Evaporation Flux represent how much of the salt evaporate 

together with the water. If a value of 0 g/l is set, only the water will be allowed to 

evaporate and, consequently, the salt concentration in the tank will increase a lot. 

Finally using the menu item Time Variant Specified Concentration, it is possible 

to define constant concentration cells anywhere in the model grid and different 

concentration values may be specified for different stress periods. A time varying 

specified concentration cell is defined by setting the following data in the Data 

Editor: 

- Flag: a nonzero value indicates that a cell is specified as a constant 

concentration cell. In a multiple stress period simulation, a constant-

concentration cell, once defined, remains a constant-concentration cell 

during the simulation, but its concentration value can be specified to vary 

in different stress period. To change the concentration value in a particular 

stress period, simply set a non-zero value to Flag and assign the desired 

concentration value to Specified Concentration.  



- Specified Concentration: this value is the concentration in the cell from 

the beginning of a stress period.  

In this case study, the temperature [°C] has been set as specified concentration 

[ML-3] in those layer where a non zero value of the flag has been indicated 

(groundwater table) considering an averaged value for each stress period. The 

depletion of the groundwater due to evaporation has been also taken into account 

setting a nonzero value of the flag for the underlying layers which correspond to 

the water table. 

 

2.3.4.8 Mass-Loading Rate 

Instead of specifying a source concentration associated with a fluid source, the 

mass loading rate [MT-1] into the groundwater system can directly be specified 

by using this menu item.  

In this case study, a value of 1.667x10-9 kg/d has been set for the first three layers 

and a value of 5.0x10-9 kg/d for all the others. 

 

2.3.4.9 Solver 

MT3DMS includes a general-purpose iterative solver based on the generalized 

conjugate gradient method for solving the system of the transport equations. The 

solver is implemented in the Generalized Conjugate Gradient package. This 

solver must always be activated. Using this solver, dispersion, sink/source, and 

reaction terms are solved implicitly without any stability constraints on the 

transport step size.  

 

2.3.4.10 Concentration Observations 

Selecting this menu item from the MT3DMS menu, it will be possible to specify 

the locations of the concentration observation boreholes and their associated 

observed (measurement) data in a Concentration Observations dialog box. Its use 

is identical to the Head Observation dialog box (see Section 2.3.3.3). The only 

difference is that the head observations are replaced by concentration 

observations. 
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2.3.4.12 Run 

If the Simulation Mode is set as Constant Density Transport with MT3DMS, the 

Run MT3DMS dialog box will be displayed. If the Simulation Mode is set as 

Variable Density and Transport with SEAWAT as in this case study, the Run 

SEAWAT dialog box (Fig.2.21) will be displayed in place of the Run MT3DMS 

dialog box. 

 

 

 

The available settings of the Run SEAWAT dialog box are described below. 

The File Table has three columns: 

- Generate: prior to running a transport simulation, PM uses the user-

specified data to generate input files for SEAWAT. An input file will be 

generated if it does not exist or if the corresponding Generate box is 

checked. Normally, there is no need to worry about these boxes since PM 

will take care of the settings. 

- Description gives the names of the packages used in the model. 

- Destination File shows the paths and names of the input files of the 

model. 

Options: 



- Regenerate all input files: checking this option it will be possible to force 

PM to generate all input files regardless the setting of the Generate boxes. 

This is useful if the input files have been deleted or overwritten by other 

programs.  

- Generate input files only, don’t start SEAWAT: checking this option, the 

user does not want to run SEAWAT. The simulation can be started at a 

later time or can be started at the Command Prompt (DOS box) by 

executing the batch file SEAWAT.BAT. 

OK: clicking OK it is possible to generate SEAWAT input files. In addition to 

the input files, PM creates a batch file SEAWAT.BAT in the model folder. When 

all input files are generated, PM automatically runs SEAWAT.BAT in a 

Command Prompt-window (DOS box).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 Results 

In this chapter all the results will be presented and discussed, together with the 

calibration process through which the evaporation values have been retrieves. 

Finally, a sensitivity analysis has been performed in order to estimate the impact 

that some of the input parameters have on the evaporation process.  

3.1 Calibration of the model  

The calibration is the process to adjust the input parameters in order to obtain a 

good fit between the model results and the observed field data.  

The measured data from the tank to be compared with the results of the model 

are:  

- Hydraulic Head 

- TDS concentration  

- Temperature  

 

Since only the evaporation stress has been taken into account as model input, the 

calibration process resulted to be simple and fast. It was carried out manually 

taking evaporation parameters from literature, increasing or decreasing them till 

the model results fit the observed field data. In order to check if the measured 

results match the observed ones and so the evaporation input parameters are 

correct, the Scatter Diagram dialog box and the Time Series Curves dialog box 

has been opened for each one of the measured data (Hydraulic Head, TDS 

concentration and Temperature).  

 

3.1.1 Hydraulic Head calibration 

After running the MODFLOW model simulation, the menu item MODFLOW | 

View | Head Scatter Diadram has been selected to open the Scatter Diagram 

(Hydraulic Head) diagram box. This menu item is available only if Head 
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stress period 1, 1.15x10-3 m/d and 2 for the stress period 12, 4.4x10-3 m/d and 3 

for the stress period 24.  

The Elevation of the ET Surface (hS) is 1.1 m, the ET Extinction Depth (d) 0.9 m 

and the Layer Indicator (IET) 0 for all the stress periods activated. 

The first thing that it is possible to notice after the calibration process is that the 

highest  was the one associated with the stress period 24. This is due to the 

increasing of temperature during the last part of the observation time because of 

the beginning of the summer (Fig. 3.6).  

The other input parameter, which it is important to focus on, is the ET Extinction 

Depth (d). This parameter changes depending on soils type and land covers. As it 

is shown in the Figure (Shah et al. 2007) below, fine-textured soils have greater 

extinction depth than coarse textured soils for a similar land cover. 

 

Extinction Depths for Different Soil Land Covers [cm] 

Soil Type Bare soil Grass Forest 

Sand 50 145 250 

Loamy sand 70 170 270 

Sandy loam 130 230 330 

Sandy clay loam  200 300 400 

Sandy clay  210 310 410 

Loam 265 370 470 

Silty clay 335 430 530 

Clay loam 405 505 610 

Silt loam 420 515 615 

Silt 430 530 630 

Silty clay loam 450 550 655 

Clay   620 715 820 



After that the terrain inside the lab tank has been investigated, it was defined, 

following the Wentworth classification, as coarse to medium sands. Therefore, 

the ET Extinction Depth (d) should be around 50 cm. In fact, an important 

feature claimed by many studies for sandy soil is that the evaporation becomes 

negligible when the water table is more than a value around 60 cm below the 

ground surface.  

However, in this case study a value of d=90 cm has been retrieved for the 

Extinction Depth after the calibration process. So, even if a bare and coarse-

sandy soil has been tested, the evaporation from groundwater can’t be considered 

negligible when the water table fall down the value of 60 cm below the ground 

surface. Considering it negligible leads to significantly underestimate its 

magnitude and its role in the hydro-geological balance. 

It is also important to highlight that, by working in lab condition, the experiment 

was carried out in conservative condition. In fact, conducting the experiment 

inside the SIMAU department, the tank was not subjected to solar radiation and 

wind, both factors that promote and increase the evaporation from groundwater. 

The only parameters that were varying inside the lab during the observation time 

were temperature, pressure and relative humidity that have been monitored as 

described in the Chapter 2. 

 

3.3 Sensitivity analysis 

A sensitivity analysis has been carried out for some of the input model 

parameters [ET Extinction Depth (d), Mass Loading Rate, Longitudinal 

Dispersivity and Effective Porosity (ne)] in order to determine their impact on the 

evaporation process and to check if the model would be equally calibrated.  

Sensitivity analysis is defined as “the study of how the uncertainty in the output 

of a model (numerical or otherwise) can be apportioned to different sources of 

uncertainty in the model input” (Saltelli et al. 2004).  



The first input parameter that has been analysed was the Extinction Depth. 

Values of 0.8 m and 1 m have been inserted as input in the Evapotranspiration 

Flow Package of MODFLOW and the model simulations were run. For each 

model simulation, the menu item MODFLOW | View | Head-Time Curves has 

been selected to open the Time Series Curves (Hydraulic Head) dialog box. 

Then, the three calculated curves with different values of  have been plotted in 

the same graph by means of excel (Fig. 3.7). 

 

 

As it is possible to see in the Figure, when the extinction depth is reduced the 

groundwater head drawdown will be less pronounced and the relative Head-Time 

Curve will be above the calibrated one with a final distance of the order of 0.1 m; 

vice versa if d is increased. This result underline the importance of d impact on 

the evaporation process. 

In order to check the sensitivity of the transport parameters the Mass Loading 

Rate and the Longitudinal Dispersivity have been analysed.  



Considering the Mass Loading Rate of salt, the values of 1.66x10-9 kg/d for the 

first three layers and 5.0x10-9 kg/d for all the others have been doubled and 

halved and the model simulations were run. For each model simulation, the menu 

item MT3DMS/SEAWAT | View | Concentration-Time Curves has been selected 

to open the Time Series Curves (TDS concentration) dialog box and to estimate 

the changes in salinity over time. Then, the three calculated curves with different 

values of Mass Loading Rate have been plotted in the same graph by means of 

excel (Fig. 3.8). 

 

As shown in the Figure, the Mass Loading Rate affects the salinity concentration 

and, therefore, the evaporation process. In fact, the larger are the Mass Loading 

Rate values the larger will be the TDS evapoconcentration; vice versa if smaller 

values are taken. 



Considering the Longitudinal Dispersivity, the same procedure has been 

followed, the values of 0.1 have been doubled and halved and the model 

simulations were run. For each model simulation, the Time Series Curves (TDS 

concentration) dialog box has been opened and the three calculated curves have 

been plotted in the same graph by means of excel (Fig. 3.9).

 

As it is possible to see in the Figure, the Longitudinal Dispersivity seems to not 

affect the TDS evapoconcentration and, therefore, it does not impact the 

calibration of the model. 

 

The last input parameter that has been analysed was the Effective Porosity. 

Values of 0.18 and 0.22 have been inserted as input in the Parameters Menu and 

the model simulations were run. For each model simulation, the menu item 

MT3DMS/SEAWAT | View | Concentration-Time Curves has been selected to 

open the Time Series Curves (TDS concentration) dialog box and to estimate the 



changes in salinity over time. Then, the three calculated curves with different 

values of ne have been plotted in the same graph by means of excel (Fig. 3.10). 

 

As shown in the Figure, the effective porosity affects the salinity concentration 

and, therefore the evaporation process. In fact, the smaller is ne the larger is the 

TDS evapoconcentration; vice versa if a larger value is taken. 

 



4 Testing the evaporation rates on a large scale model 
 

The results obtained with the tank model simulation have been carried from 

laboratory to basin scale. A 2007 case study has been reanalyzed in which the 

Tronto basin has been modelled for the low flow (June, 2007) and high flow 

(January, 2007) period and, at the time, the evapotranspiration has been 

neglected.  

The characterization of the Tronto river basin, together with the model input, 

procedures and results will be fully described in this chapter.  

4.1 Tronto river basin 

The drainage basin of Tronto river extends for 1192 km2 between Abruzzi and 

Marche regions and is elongated WSW–ENE. The maximum elevation is reached 

at Mount Vettore (2476 m), which is the highest summit of the Sibillini 

Mountains, while the mean elevation is about 784 m. The basin is characterised 

by 39.9% of terrain with a prevalent arenaceous composition. The rest of the area 

is covered by 30.2% pelitic sediments, 7.3% marls and 5.4% limestones, from the 

Sibillini Mountains (Coltorti & Farabollini, 2008). 

Similarly to many Adriatic valleys, it has the north side characterised by a 

sequence of terraces at progressive elevations above the valley floor and the 

south side characteristically very steep and covered by a number of landslides of 

large dimensions (Coltorti et al., 1991a, b). 

The area has been subdivided into three sectors: piedmont, mid-valley and 

coastal (Fig. 4.1).  
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The settings of the dialog box are described below. 

- Layer Option and Layer Number: Layer Option controls how the layer 

number of a river is determined. If Layer Option is “Assign layer number 

manually”, the value of Layer Number defines the model layer number for 

all model cells downstream from a vertex until the next vertex redefines 

the layer number. 

- Active: by checking this box is possible to activate a vertex. The 

properties of an active vertex will be used in the simulation. The 

properties of an inactive vertex are ignored. 

- Hydraulic Conductivity of Riverbed (Kriv) [LT-1], Head in the river (Hriv) 

[L], Elevation of the Riverbed bottom (Briv) [L], Width of the river (Wriv) 

[L], and Thickness of the riverbed (Mriv) [L]: the value Kriv describes all of 

the head loss between the river and the aquifer. It depends on the material 

and characteristics of the riverbed itself and the immediate environment. 

Since the river package requires the input of Hriv, Briv, and river hydraulic 

conductance (Criv ) to each cell of a river, the input values Kriv, Hriv and 

Briv at active vertices are linearly interpolated or extrapolated to each cell 

along the trace of the polyline and the value Criv is obtained by 

 

 

 

where L is the length of the river within a cell. 

- Parameter Number [-]: Since Criv is usually unknown, it must be 

estimated. Parameter Number is used to group cells, where the Criv values 

are to be estimated. The value of Parameter Number is assigned to all 

model cells downstream from a vertex until the next vertex redefines the 

parameter number. 

- Density of River Fluid [M/L3]: This value represents the prescribed 

density of fluid entering the groundwater system from the river. This value 

is used by SEAWAT only if it is running in a uncoupled mode. 
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The unit of the flows is m3s-1[L3T-1]. Flows are considered IN, if they are 

entering the model and OUT, if they are escaping it.  

The percent discrepancy is simply calculated by  

 

 

 

In order to underline the evapotranspiration contribution to the budget, the 

percentage of OUT flows due to ET with respect to the total OUT flows has been 

calculated (Tab. 4.1). 

 

 

ET out (m3/s) TOT out (m3/s) Percentage %

WB 0107 max ET 1.6329864 5.8723106 27.81 

WB 0107 min ET 0.5941085 5.3819180 11.04 

WB 0607 max ET 1.5550156 5.4942365 28.30 

WB 0607 min ET 0.5637902 5.0317273 11.20 

   

So, as it is possible to see in the Table, evaporation contribution represents a 

large part of the total OUT flow escaping from the model reaching percentages of 

incidence of almost 30% for the scenarios with the highest RETM.  

 

It is also interesting to show, thanks to the menu item Tools | 2D Visualization, 

the Evapotranspiration cell by cell in order to check the zones of the model grid 

characterized by the larger evapotranspiration outflow (light green cells in 

Fig.4.35 and 4.36). 
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5 Conclusions 
 

The results of this thesis contribute to a better understanding of the subsurface 

flow dynamics, focusing on the evapotranspiration process that plays a key role 

in the land-atmosphere system. In particular the evaporation from shallow 

groundwater (Eg), which knowledge to groundwater management is fundamental, 

has been deeply analyzed. In order to do that and to simulate the natural 

processes, a tank has been set up in the hydrogeology laboratory in the SIMAU 

Department of “Università Politecnica delle Marche”. The sediments that have 

been poured into the tank resulted to be coarse sandy sediments from grain size 

distribution measurements. A constant head has been applied to the tank by 

means of an external reservoir. Then, throughout the use of different sensors 

placed inside the tank, hydrometric height, temperature and TDS concentration 

have been monitored over the 145 days time period during which the evaporation 

occurred. 

Thanks to the graphical user interface Processing Modflow, which incorporates 

MODFLOW and MT3DMS/SEAWAT codes, the tank has been modelled. By 

calibrating the numerical model via a trial and error procedure, the calculated 

values were fitted the measured ones. In this way, the evaporation parameters 

have been evaluated and estimated with high precision degree. Together with the 

Maximum ET Rates (RETM), the parameter that has been found to be critical is 

the Extinction Depth (d). In fact, many studies claimed that for coarse sandy 

soils, the latter should be around 60 cm (between 50 and 70 cm), while a value of 

90 cm has been retrieved in this case study. This result means that the 

evaporation from shallow groundwater can’t be considered negligible under 60 

cm from ground surface, while neglecting such effect leads to underestimate the 

magnitude of the evaporation process, which in turn is a major component at the 

watershed scale. The sensitivity analysis has shown the dependency of the 

processes (both evaporation and evapoconcentration) on different values of 

extinction depth, mass loading rate, longitudinal dispersion and effective 

porosity. Which in turn affect the model calibration performance too. 



Finally, the results obtained with the model have been carried from laboratory to 

basin scale, integrating the 2007 case study relative to the Tronto basin. The 

highest and lowest value of Maximum ET Rate (RETM), together with the value of 

the Extinction Depth (d) have been entered in the model for both the 

measurement campaigns. From the Hydraulic Heads point of view, the Tronto 

model result to be slightly affected by the evaporation process and the variance 

retrieved from the Head Scatter Diagrams was almost the same. However, from a 

groundwater budget point of view, the model resulted to be strongly affected. 

Considering the evaporation, in fact, a substantial change in the hydrological 

balance of the basin occurred. The water at the outlet due to evaporation from the 

groundwater was more than 10% of the total output considering the lowest value 

of RETM and almost 30% considering the highest value.  

Therefore, according to this case study, evaporation plays a very important role 

in estimating the water resources of a basin and should not be considered 

negligible even if the basin under investigation is characterized by granular and 

coarse soils with low capillary rise such as the Tronto basin. This highlights also 

that to correctly incorporate evapotranspiration processes in subsurface 

groundwater flow models, independent observations datasets other than 

piezometric heads must be employed to further validate the conceptual model at 

the base of the numerical model employed. Examples of independent 

observations datasets could be: (i) exchange fluxes between surface water bodies 

(in this case the Tronto river) and aquifer, or (ii) environmental tracers ( 18O, 2H 

and Chloride) that could provide indication of evaporative processes in shallow 

groundwater. Although these aspects are beyond the aims and scopes of the 

present thesis, they could be explored in future studies. 
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