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Abstract

Water resources in arid regions around the world are under a lot of strain due to
extremely low precipitation rates and very high evaporation. In addition to water
scarcity, irrigation methods can be quite inefficient. For example, over-irrigation
beyond soil saturation can cause many problems, such as increase in soil salinity
and decrease in productive soil capacity.

This research aimed to investigate evaporation losses in a vineyard in San Juan
province, Argentina. Trucks are used to deliver irrigation water to the raisin-
producing vineyard, which ends up being over-flooded due to poor irrigation
schedules, making the process highly costly. For the estimation of evaporation
losses, I employed a coupled water, vapor, and heat flow model implemented in
DRUtES software (Kuraz, Mayer, and Blocher, 2020). The model’s top boundary
condition solves the surface energy balance. For this purpose, solar radiation is
needed as an input, which I computed based on equations suggested in the FAO
Irrigation and Drainage guideline (Allen et al., 1998) as well as by Saito et al.
(2006).

Due to the lack of measurement data on the study site, soil hydraulic and
thermal properties were estimated. While climatic data is available from a nearby
meteorological station, access to backdated files is not possible. This limited
the choice of simulation period. To solve this issue, I created Python codes
that produce automated daily procedures to access the weather servers. This
transcribed data record is then used as an input for DRUtES configuration files.
Communication with sensors that are installed in the soil was also establish using
Python-script automation, in order to rectify missing measurements and use them
as the model’s initial conditions.

The results formed an output record that predicts temperature and pres-
sure head distribution across the study site over the simulated period. A flow-
describing system is presented, which allows the calculation of evaporation rate
changes with time. The model’s estimation of pressure head and soil temperature
compares well with the values measured by in-situ soil sensors. The system can

be used as a helpful decision-making tool for farmers, in order to optimize the

il



irrigation process according to the soil and plant needs. This diploma thesis con-
tributed to the ongoing AgriClima (2019) project. The project’s objective is to
optimize agricultural water-management by applying experience from the Czech

Republic to new users in Argentina.

Keywords: Evaporation modelling, Evaporation in vineyards, Richards equa-

tion, Water content, Automation tools, Pressure head prediction.
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Chapter 1

Introduction

Currently, it is estimated that water supply is limited in around half of the land
surface of our planet. This estimate is only presumed to rise as the food demand
increases and thus water resources suffer greater strain (Kool et al., 2014). Evap-
oration is one of the biggest elements in the composition of any water system,
and studying evaporation rates is vital in numerous engineering fields (McMahon
et al., 2013). But aside from its applications in industrial areas dealing with
heat and moisture transport, evaporation modelling is especially crucial in the
understanding of water and energy environmental balance in dry areas. In some
regions, agriculture may consume up to 80% of the limited water budget. In-
creasing the efficiency of water usage by only 10% would translate to 40% more
water in those arid areas (Tezza et al., 2019). Since evaporation is a major com-
ponent of the movement of soil moisture in porous media, better knowledge of its
dynamics is imperative for improving water management.

Modelling evaporation is one of the most challenging tasks in the study of cou-
pled water and heat transport systems. It requires thorough examination of the
interactions between temperature and pressure head gradients, as well as the sig-
nificant role the water vapor flux plays in both mass and energy balances (Cahill
and Parlange, 1998). Nonetheless, progress in the modelling of evaporation can
bring huge benefits particularly for farmers of arid lands. Not only is water an
expensive resource for those farmers, but the dryness of soil that is caused by
evaporation can leave it extremely hard and insusceptible to irrigation water. By
decreasing those harmful effects, workers in the agricultural sector can increase

their water-usage efficiency and optimize the quality of their crops.



CHAPTER 1. INTRODUCTION

1.1 Motivation and Goals

The main motivation of this thesis is to develop a prediction system for the
pressure head and soil temperature of a commercial vineyard soil, by examining
evaporation losses using a numerical coupled liquid water, water vapor, and heat
flow model. This mathematical model was built as an extension to the open-
source objective library DRUtES during the first year of the AgriClima (2019)
project.

The second goal of this research is automating the input to the configuration
files of DRUtES. For this task, a Python program was created to estimate actual
shortwave radiation and construct a data record to be used in the solution of
the surface energy balance equation assigned as the model’s boundary condition.
Further aims includ the automation of generating an observation measurement
file in Python code to be used for model evaluation and validation purposes.

Lastly, the previous objectives are used in characterizing evaporation in a case
study site located in San Juan province in Argentina. The resulting estimations
comprise a field description that can act as an aiding tool for farmers, and help the

agricultural industry in the efforts to improve water-use efficiency in the future.

1.2 Thesis Structure

The second Chapter of this thesis starts with preliminary concepts to introduce
definitions and historical theories of evaporation, followed by a description of cou-
pled water, vapor, and heat flows, and their equations and modelling methods.
Chapter 2 also details the description of the mathematical model used to sim-
ulate the evaporation process, including constitutive relations and the system’s
implemented boundary conditions. In the third chapter, the structure of methods
developed for the computation of the surface energy balance equation as a part
of the model’s configuration files is presented. The case study used to evaluate
the model’s performance is also described in this chapter. Chapter 4 contains the
results produced by this research, with their subsequent comprehensive analysis
explained in Chapter 5. Lastly, Chapter 6 is dedicated to the conclusive findings

of this thesis along with recommendations for future research.
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Chapter 2

Literature Review

2.1 Evaporation in Soil Science

The evaporation phenomenon is defined as the process where a liquid or solid
form of a substance transitions into a vapor form (Brutsaert, 2013). Soil water
evaporation (E) poses threats of substancial water loss along with soil salinity. In
Kool et al. (2014), authors remark that evaporation from the soil surface makes up
between 20-40% of the reported evapotranspiration (ET'). Evapotranspirationg
is the sum of water evaporation and transpiration from a surface area to the
atmosphere. ET comprises more than 95% of the water budget in water-restricted
areas. World-wide, ET falls at 60% of precipitation, while evaporation accounts

for around 25% of solar energy consumption (Or et al., 2013).

2.1.1 Important definitions

Potential evaporation is the amount of evaporation that would ensue from a sat-
urated surface, given constant surface temperature and atmospheric conditions .
This implies that potential evaporation is the evaporative demand of the atmo-
sphere, indicating a maximum value of evaporation. Actual evaporation, a value
lower than potential evaporation, and is described as the amount of water that
is transmitted from a surface into the atmosphere in the form of water vapor
(McMahon et al., 2013).

2.1.2 Evaporation phases

Han and Zhou (2013) analysed the evolution of bare soil water evaporation during
a constant drying event by laboratory and numerical experiments. Their results

showed that the evaporation process can be categorized into three stages:
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Figure 2.1: Stage I and Stage II of evaporation: Soil is at saturation state in
stage I and dries out in stage I, as depicted in Or et al. (2013).

e The first stage: A very short phase, where the peak of evaporation is at soil

surface, and is at a high rate (which equals potential evaporation).

e The second stage: The rate of stage II is lower, and the peak and top
boundary layer is at subsurface. A dry surface layer starts to appear above

evaporation zone and increases in width.

e The third stage: Where the evaporation rate is very low and constant, with

the width of the dry surface layer at a constant value as well.

Stage II and III are often coined together, as seen in Figure 2.1 depicting
evaporation stages. During stage I, the evaporation rate rapidly increases in the
beginning, and then falls almost constant afterwards, then resumes decreasing
again in stage II. Or et al. (2013) term the first stage as the constant rate period,
or CRP, while referring to the second as FRP or the falling rate period.

2.1.3 Background theory and methods

Evaporation has been estimated in many ways over the past years. The main

methods can be categorized into the following approaches (Burt et al., 2005):
e Water balance method.

e Energy balance method.

Prediction System for Soil Water Pressure Head 4



CHAPTER 2. LITERATURE REVIEW

e Coupled water and energy balance methods.

e Semi-empirical and empirical methods.

Water-balance method

Generally, evaporation from the soil can be expressed as:
E4+T=P+I1+AS—-D-R, (2.1)

where F [mm.day~!] and T' [mm.day~!] are the evaporation and transpiration
respectively, P [mm.day '] is the precipitation, I [mm.day~!] the irrigation, AS
[mm.day~!] the change in soil water storage, D [mm.day~!] the drainage losses,
and R [mm.day~!] the runoff losses (Burt et al., 2005).

Energy-balance method

The general equation of surface energy balance is expressed as:

LE=Ry—-G-H, (2.2)

where LE [W.m™?] is the outgoing latent heat flux, Ry [W.m™2] is the in-

coming net solar radiation, G [W.m 2] is the soil heat flux, and H [W.m?] is the
sensible heat flux.
Among the most widely-used models in this category are the Penman and Penman-
Monteith methods. These models determine a reference crop ET" based on a con-
cept that employs weather variables such as wind speed, relative humidity, air
temperature and solar radiation.

The complexity, parameter-sensitivity and requirements of coupled water and
energy balance methods contribute to their impracticality and unpopularity in
larger researches. Among semi-empirical and empirical methods is the two-stage
model where stage I evaporation is limited by energy input solely (Ritchie, 1972).

These methods however, are only applicable in bare soil areas.

2.1.4 Parameterization of evaporation

Evaporation rates are difficult to measure directly from the soil. As such, indirect
methods like the Bowen ratio-energy balance, or the eddy covariance have almost
been the only alternative ways to obtain them (Sakai et al., 2011). The calculation
of evaporation rates using numerical models for the coupled water and heat flow

transport is indeed possible (Saito et al., 2006). However, despite that fact,

Prediction System for Soil Water Pressure Head 5



CHAPTER 2. LITERATURE REVIEW

describing thermal and hydraulic soil properties of numerical models remains a
challenging task. Evaporation rates are influenced by many factors. Among those
are surface soil wetness, atmospheric conditions, and moisture transport in the
soil layer. In Kondo et al. (1990), the authors present an evaporation model that
describes surface moisture availability as a general expression. They conclude
that it is affected by wind velocity, volumetric soil moisture and the ratio of
specific air humidity to specific humidity of the saturation value at soil surface
temperature. The study also states that substituting the humidity of air adjacent
to water in the soil pore for the land surface humidity is only valid in saturated

soils.

2.2 Liquid Water, Water Vapor and Heat Flow

Transport of water in bare field soil was analyzed by Cahill and Parlange (1998),
where the authors indicated the significant role that the vapor flux plays in the
movement of moisture, stating that water vapor flux makes up 10-30% of the total
moisture flux. On the other hand, they found that the heat flux caused by vapor
transport comprises 40-60 % of the total heat flux. Latent heat-transport carried
out by the vapor flux is the most influential process that governs the water-heat
coupling (Bittelli et al., 2008). Water vapor diffusion leads to the transfer of latent
and sensible heat, thus accounting for a major transport of latent energy due to
the evaporation and condensation processes. This is why evaporation cannot be
considered isothermal. Neglecting the effect of vapor transfer on the movement
of energy may lead to substantial underestimation of soil temperatures. The
coupled interactions between liquid water, water vapor and heat flux has been
widely recognized as early as 1954. However, despite the proven significance of
water vapor in the estimation of surface evaporation, it is still seldom accounted
for or calculated in many of the existing evaporation models. Most evaporation
modelling neglect the effects of the vapor flux, or the influence of heat transport

on water flow, or sometimes even both (Saito et al., 2006).

2.2.1 Richard’s equation

Many evaporation models are essentially based on Richard’s equation, a nonlinear
partial differential equation attributed to L.A. Richards who developed it in 1931,
which describes Darcian flow in a variably saturated porous medium (Kuraz,
Mayer, and Pech, 2014). In terms of models describing water transport and
water/energy exchanges within the land-atmosphere environment, it is considered

the most commonly used concept (Vanderborght et al., 2017). Richard’s equation

Prediction System for Soil Water Pressure Head 6



CHAPTER 2. LITERATURE REVIEW

is based on Darcy’s law for groundwater flow, and is expressed as:

00

5= —KVh, (2.3)
where K [m.s™!] is the hydraulic conductivity, h [m] is the matric head induced
by capillary action, z [m] is the elevation above a vertical datum, and 6 [-] is the
volumetric water content, (Richards, 1931).

To identify the uniform flux boundary condition that is used in Richard’s
equation, a surface energy balance solution must be obtained. This condition
changes into a pressure-head upon reaching the so-called critical pressure head, a
threshold that indicates the soil has completely dried out (Vanderborght et al.,
2017). Many scientist and researchers have investigated the Richard’s equation
problem, analysing it (e.g Kacur, 2001) and suggesting different methods for its

numerical treatment (e.g Kuraz, Mayer, and Pech, 2014).

2.2.2 Applications of coupled modelling

Authors Saito et al. (2006) built a numerical model that solves the coupled equa-
tions of liquid water, water vapor, and heat transport, along with the surface
water and energy balance. Irrigation, evaporation, surface precipitation and heat
fluxes were considered boundary conditions for liquid water, water vapor, and
heat flows. The liquid and vapor phases of water in the soil pores were assumed
to be in equilibrium, and soil surface resistance to water vapor flow was neglected.
In the heat transport module, the movement of soil heat was considered to oc-
cur by conduction, the convection of sensible heat by liquid water flow, and the
transfer of latent and sensible heat by diffusion of water vapor. Finite element
method and finite differences method were used for spatial and temporal dis-
cretizations respectively. This model was able to accommodate different forms of
meteorological data and use it in solving the surface energy balance.

In Bittelli et al. (2008), authors use the previous model of non-isothermal
solution of the vapor flux equation that considers phase changes and thermally-

driven water vapor transport and describe it as:
a5 =dy+ 4, (24)

where ¢ is the isothermal vapor flow, and ¢! is the non-isothermal vapor flow.
This implementation demonstrated the importance of vapor transport in energy
and soil mass transfer. It also showed the strong influence of temperature varia-

tions in soil water dynamics.

Prediction System for Soil Water Pressure Head 7
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Numerical simulations of coupled water, vapor, and heat flow model were
employed by Iden et al. (2019) to specify the accuracy of simplified evaporation
method (SEM). Authors built a numerical example that simulates a range of soils
and lab conditions. These were then used to test the biases of assumptions made

in SEM, and investigate the role that the coupled transport plays.

2.3 Mathematical Model

This chapter explains the mathematical model that was derived and implemented
in the open-software DRUtES, created by Kuraz, Mayer, and Blocher (2020).
Modelling evaporation is based on the incorporation of both hydrodynamic and
thermodynamic processes to obtain an accurate description of flow in porous

media.

2.3.1 Hydro-dynamical model

Mathematical description of transport in porous media relies on Darcy’s approach
to quantify the properties of volume fluxes on a macroscopic scale, instead of from
complicated microscopic pathways (Kurdz and Bloecher, 2017). The standard law

of mass conservation combined with Darcy’s law is expressed as:

00
—=-V.-7— 5, 2.5
5 q (2.5)
where 6 [-] is the water content, ¢ [m.s™!] are the volume fluxes, and S,, [s™!]
refers to the root water uptake term. Modelling of evaporation includes descrip-
tion of couple liquid water, water vapor and heat flows. Thus, when formulated

to indicate these components the previous equation becomes:

a0, + 0,)

315 :_V.ql_V°Q1)_Sw7 (26)

where theta;, theta, [-] are the liquid and vapore water contents, and ¢ and ¢,
[m.s™!] are the liquid water flow and water vapor flow respectively. Philip and
De Vries (1957) expressed liquid water flow in porous media with thermodynamic
conditions as:

G = —KpVH — Kir VT, (2.7)

where Kj;, [m.s™!] is the hydraulic conductivity, H [m] is the hydraulic head
(the sum of pressure head h and geodetic head z), Kjr [m2.K™1.s7!] is the hy-

draulic/thermodynamic conductivity and T' [°C] is the temperature. Water vapor

Prediction System for Soil Water Pressure Head 8



CHAPTER 2. LITERATURE REVIEW

flow is also formulated in Philip and De Vries (1957) and is given as:
Gy = —KuwVh — K,oVT, (2.8)

where K,j, [m.s™!] is the hydraulic conductivity for vapor and K,z [m?. K '.s™!]
is the hydraulic/thermodynamic conductivity for vapor. By combining equation
(2.5) with (2.7) and (2.8) we can express the governing hydro-dynamical equation
as (Sakai et al., 2011):

o0, 00,

0Ky,

+ V- (K + K )VT — Sy (2.9)

2.3.2 Thermodynamical model

Applying heat flow-denotations to the law of mass conservation can be presented

as:
20,
ot

where @, [J.m ™3] refers to the heat energy, ¢r [J.m2.s7!] is the heat flux, and

= -V -Gr— 5, (2.10)

Sy [J.m™3.s71] refers to the heat source/sink term. The total heat energy is made
up of the heat energy of four different components: the solid phase, the liquid
phase, the vapor phase and the production/consumption of latent heat due to

phase changes. This is expressed as:
Qn=CT(1—-0,)+CTO,+C, T, + Lob,, (2.11)

where Cy, C; and C, [J.m™3.K~!] are the specific volumetric heat capacities of
solid, liquid and vapor phases respectively, and Ly [J.m™?] refers to the volumetric
latent heat of vaporization. De Vries (1958) remarks that the heat flux is made
up of the total sum of the sensible heat of convection by liquid water and water
vapor, the latent heat by vapor flow, and the sensible heat conduction described

by Fourier’s law:
qr = —/\<91>VT + Cqu_i -+ CUT(Z, + Lo(Tv, (212)

where A(#;) [J.m~'.s7P.K™!] is the apparent thermal conductivity of soil. By
combining equation (2.10) with (2.11) and (2.12) we can express the governing
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Thermodynamical equation as:

orT 00,
1-— —+L
(Cs(1 = 0,) + 1O, + Cyb,) 5 + Lo 5

=V - \6,)VT—
V - (GC + §,C)T + V - LoG, — CiS, T,
(2.13)

where C} ST refers to the energy sink due to the root water uptake term.

2.3.3 Constitutive relations
2.3.3.1 Hydro-dynamical model relations

Liquid water content

The relation between liquid water content 6 and capillary pressure head h is
referred to as the retention curve. This curve differs with each different type of
soil, and is regarded as a function of pore size distribution (Kurdz and Bloecher,
2017). The most famous and widely used model was the representation by Van
Genuchten (1980) as:

05—0
g + 0, Vh € (—00,0
O(h) = J TF0ugh)™) (700,0) (2.14)

0, Vh € (0, 400),

where 6 [-] is the saturated water content, 6, [-] is the residual water content,
Qg [m™1] is the inverse of the air entry value, and n,,, m,, [-] are the pore size
distribution parameters.

Deriving the water retention curve function with respect to the pressure head

h provides the so-called retention soil water capacity in the following formula:

QygMugNug (—awgh) ™9 1 (05—6;) o
Cl(h) — (1+(_avgh)n”9)1+m”9 ? Vh € ( o0, O) (215)
0, Vh € (0,400).
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Gardner.......c.ccvvevve. ™ ——
Brooks & Corey ....... _—
van Genuchten........——

__________________________ asymptote to rentetioncurve ______|g

h (®unsaturated state ®saturated state

Figure 2.2: Water Retention Curve as in models by Gardner (1958), Brooks and
Corey (1964) and Van Genuchten (1980), as depicted in Kurdz and Bloecher
(2017).

Water vapor content

The equation describing water vapor content constitutes the reduction of the

saturated vapor density by relative humidity and is given by:

0, = (0, — 6, 1,22, (2.16)
Pl
where H, [-] is the relative humidity, ps, [kg.m™?] is the saturated vapor density

and p; [kg.m™3] is the liquid water density. Relative humidity as proposed by
Philip and De Vries (1957) is:

hMg .
exp(PMa)  if h <0
H = p(r) (2.17)
1, it h >0,

where h [m] is the capillary pressure head, M = 0.018015 [kg.mol~!] is the molec-
ular weight of water, g [m.s™2] is the gravity acceleration, R = 8.314 [J.mol . K|
is the universal gas constant , and T' [K] refers to the temperature. The saturated

vapor density is given as:

_ 10_3exp(31.3716 — SUAT0 7,925 x 107°T)

sv , 2.18
p - (2.18)
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where T [K] is the temperature in Kelvin. The liquid water density can be

calculated from:
pr = 1000 — 7.370 x 1073(T — 3.98)% + 3.790 x 10~°(T — 3.98)". (2.19)

The rest of the solution for equation (2.9) can be obtained by applying a
product rule to derive the vapor water content with respect to h:
dev - dHr esps H Psv dHr ‘91;031;

= Ot ()=t 2.20
T AR i T (2.20)

at this point we need to differentiate the relative humidity as follows:

dH, e exp(™e), ifh<0

dv o, ith >0,

(2.21)

where the temperature T' [K] is measured in Kelvin. Finally we need to differen-
tiate water vapor content with respect to the temperature, which is also done by

applying a product rule of three functions:

dd, dH, pey |, dpsy 1 dz,
=(0,—140 — +H, — + H,pe—2 ), 2.22
ar ¢ l)(dT o g TPy (222)
then we derive relative humidity with respect to temperature as:
dH, — Mg exp(2Ma) ) if h < 0
_ RT? p( RT ) ) (223)
dr 0, it h>0
The derivative of saturated vapor density with respect to 1" is given by:
dpsy _ (3177 + 400007 — 24059160) exp(—555 — Soo7 + 555°) (2.24)
dT 4000000077 ’ '
and the derivative of 1/p; is defined as:
d(p; ) B 6250000000000(507" — 199) (568507 — 759626
dT (4737500073 — 977815750072 + 755828168507 + 124985108356797)2
(2.25)
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Liquid water hydraulic conductivity

Deriving the water retention curve function provides the unsaturated hydraulic
conductivity, which changes with different water content i.e., it changes with dif-
ferent pressure heads, since water content is dependant on pressure head (Kuraz
and Bloecher, 2017). One of the most recognized formulas to describe the un-
saturated hydraulic conductivity was introduced by Mualem (1976) which in the
case of liquid water is stated as:

K (1= (=awgh)™a™v9 (14+(=avgh)"v9) " "v9)? Vh € (_007 0)

Mmug )

th(h) = (A+(—awgh)™ve) "2 (226)
K, Vh € (0, +00),

where K, [m.s™!] is the saturated hydraulic conductivity. The derivative of

this term with respect to pressure head in this case is:

(

Kla(—ah) (1 4 (—ah)™) 1o (1 — (—ah)mm
(L + (—ah)") =) 2mn + 2(1 + (—ah)") 2 (1L = (—ah)™
dKp
=4 (L (—ah)) ™) (—a(—ah) T (1 (—ah)®) g
a(—ah)THm (1 4 (—ah)™) "™ mn), Vh € (—00,0)
\07 Vh € <0, ‘I—OO)
(2.27)
0.5 10000
045 | e o —— 100 r——
L I I
035f = " I - 1
- 03 | £ o001
- 025 S,
02 : £ 00001
0.15 1e-06
oos | “m == ! totn fm == 7T ot ——
0 concrete = = - 1e-10 concrete = =
-200 -150 -100 -50 0 50 -200 -150 -100 -50 0 50
capillary pressure head (h) [cm] capillary pressure head (h) [cm]

Figure 2.3: Constitutive relations of water retention curve (right) and unsaturated
hydraulic conductivity (left) for different types of soil, where K is depicted in
log scale (Kuraz and Bloecher, 2017).
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Water vapor hydraulic conductivity

Nassar and Horton (1997) described the hydraulic conductivity of vapor as:

D Mg
Koy = —psv—~=H,, 2.28
h= PR (2.28)
where D [m?.s7!] is the vapor diffusivity in soil and is expressed as:
D =1(0s —6,)D,, (2.29)

where 7 [-] is the tortuosity and D, [m?.s7!] is the diffusivity of water vapor in air
that depends on the temperature 7' [K]. Millington and Quirk (1961) described

tortuosity as:

o 7/3
I Gl O 929’> , (2.30)

and diffusivity of water vapor is defined as:

T 2
D, = 2.120 x 10—5<273 15) : (2.31)

where the temperature 7" is in [K].

Liquid hydro-thermal conductivity

Hydro-thermal conductivity is a cross term, and it is expressed as a response to

the temperature gradient in the following form (K. Noborio et al., 1996):

1 dy
Kip = K hGow—S1 ), 9.3
o= s (G 7 2.32)

where G, [-] is the gain factor quantifying the temperature dependence of soil
water retention curve and 7o [g.s7%] is the surface retention at temperature =
25 °C. An average value of G, = 5.0 as well as 7y = 71.89 [g.s72] were assigned
(Kosuke Noborio et al., 1996; Nimmo and Miller, 1986). Finally, the derivative
of surface tension with respect to temperature is given by:

dry

L - —4
7 = —0.1425 — 4.760 x 10T, (2.33)

where the temperature 7" is measured in [°C].
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Vapor hydro-thermal conductivity

Also a cross term, it is described in Sakai et al. (2011) as:

D dps
Kyr = —nH,—, 2.34
T pln a7 ( )
where 7 [-] is the enhancement factor and can be obtained from the formula
defined by Jirka Simunek et al. (2005):

0 26 .40
n=295+ 39—: —8.5exp ( - ((1+ ﬁ)e—if), (2.35)

where f. [-] is the mass fraction of clay in the soil which can never equal 0,

and the exponential term can be neglected due to its very low values.

2.3.3.2 Thermodynamical model relations

Liquid volumetric specific heat capacity

A typical range for water temperature in soil is between 0-50 [°C]. Within these
values, specific heat capacity of liquid is estimated to be C/" = 4.16 [kJ. Kg~ . K~!].

From that we can calculate volumetric specific heat capacity as:

Solid volumetric specific heat capacity

Volumetric heat capacity of the soil C'is typically presumed to be the sum of the
volumetric heat capacities of all of the soil components. This can include organic
matter, water, ice, air and even mineral grains (Kodesova et al., 2013). From the
measured relationship between the volumetric heat capacity and the volumetric
soil water content, and taking into account the correspondence between C' and
the fractions of the soil components, the solid volumetric heat capacity can be
obtained as the values depicted in Table 1 of Kodesova et al. (2013).

Vapor volumetric specific heat capacity

For a normal water temperature range in soil (0-50 [°C]), specific heat capacity

of vapor is estimated to be C™ = 1.9 [kJ.Kg~'.K™!]. From that we can calculate
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volumetric specific heat capacity as:

C, = C™py H,. (2.37)

Liquid volumetric latent heat of vaporizaton

The volumetric latent heat of vaporizaton for liquid water is expressed as:
Lo = Lpy, (2.38)

where L [J.kg™!] is the latent heat of vaporization and is given as a function of

temperature 7' [°C].

Thermal conductivity

Thermal conductivity is expressed as a function of water content (Simunek and
Suarez, 1993):
AO) = Xo(0) + Bll ]|, (2.39)

where [ [m] is the thermal dispersivity. With the assumption of low flux
values, ( is negligible, and so A(#) = Ag(f) which is described by Chung and

Horton (1987) as:
A(0) = by + bol; + b3 /0, (2.40)

where by, b and bs are regression empirical parameters given in Table 1 of Chung
and Horton (1987).

2.5

Ae) W.m KT

sand

0 0.1 0.2 0.3 0.4 0.5
8]

Figure 2.4: Thermal conductivity as a function of 6, as illustrated in Kuraz and
Bloecher (2017). Note that for extremely dry clay A may become negative.
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Root water uptake

Feddes et al. (1978) developed a root water uptake model that defines the term

as:
Sma:v

§=ah)y—,

(2.41)

where a(h) refers to a simplistic linear scale factor, V,o.s [m?] is the volume of
root zone and S, [m®.s7!] is the maximal plant transpiration. a(h) is known as
the stress reduction function of matric potential. Its shape is defined by specific

critical matric potentials hy to hs (Peters et al., 2017).

2.3.4 Initial Conditions

The state of the system at the beginning of computation is called the initial
condition. In the case of coupled transport of water and heat, it is expressed as
the value of the soil water content 6 (or its pressure head) for the water flow, and

described as:
h(ZL’, to) = ho(.ﬁ(]), Vx € Q, (242)

where (2 is the system’s domain. While the initial condition for the heat flow is

expressed as the value of temperature 7":

T(z,t0) = To(z), Vo €. (2.43)

2.3.5 Boundary Conditions

Boundary conditions describe the specific conditions at the limits of our domain.
There are three types of boundary conditions. A condition with a specific value
of an independent variable, called Dirichlet condition, a known-flux (first order
derivative of an independent variable) boundary condition (Neumann Condition),
or a condition combining the previous two, which is termed Robin condition.
Each condition requires its own approach. For example, to handle value-specified
conditions, the equation of finite difference method takes the value at each specific
time directly (Chung and Horton, 1987). The boundary conditions for the study
of soil evaporation phenomenon can be divided into two groups; bottom boundary

conditions (porous media or soil), and top boundary conditions (the atmosphere).

2.3.5.1 Porous medium boundary

A porous medium lower boundary in the problem of modelling soil evaporation

can be set as a number of choices. These include a value-specified Dirichlet
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condition, and a zero or nonzero flux Neumann’s condition for both heat and water
flow. Setting a zero Dirichlet’s bottom condition for water flow would neglect the
influence of a water table on the system. Likewise, assigning a zero temperature-
gradient condition for heat flow assumes heat transfer by water convection only
(Saito et al., 20006).
For this model’s water flow, a free drainage lower boundary condition was chosen
and expressed as:

oh

%(x,t) =0, YV € Doottom % (0,7, (2.44)

while for heat flow, a zero-flux Neumann’s condition was assigned initially,

and described at depth z = 1 as:

0T (x,t)

T = O, (Z == l,t) € Fbottom X <07tend)' (245)

This was later changed to Dirichlet boundary condition with constant value

in the following form:

T(x,t) =20, (z =1,t) € Tportom X (0, tena)- (2.46)

2.3.5.2 Atmospheric interface boundary

While the soil surface heat flux constitutes the upper boundary condition for the
heat flow, evaporation rate forms the top boundary for the water flow in this
hydro-thermo-dynamic system. In order to obtain those conditions, the surface
energy balance equation is needed (Sakai et al., 2011). The energy balance equa-
tion is a flux condition that is expressed in Chapter 2.1.3. A reformulation of

equation (2.2) is given as:
R.,—H-LE—G=0, (2.47)

where R,, [W.m™?] refers to the net radiation, H [W.m™?] is the sensible heat flux
density, LE [W.m™?] is the latent heat flux density, and G [W.m™?] is the surface
heat flux density.

Radiation

When radiation reaches the atmosphere, a certain amount of it is reduced due to

being reflected or absorbed by some elements (e.g clouds, gases). This amount is
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also called shortwave radiation because of the short wavelengths energy emitted
by the sun (Allen et al., 1998). The energy that the earth receives from solar
radiation is reduced due to different processes (e.g radiation emission) via long
wavelengths. Hence, this terrestrial radiation is also called longwave radiation
(Allen et al., 1998). The difference between the longwave radiation that leaves
the earth’s surface (either to the atmosphere or lost into space) and the one
received by the earth (which is exhibited as an increase in temperature) makes
the total longwave radiation. Net longwave radiation always indicates a loss of
energy since outgoing is bigger than incoming longwave radiation.

In Monteith and Unsworth (2013), net radiation is defined as the rate at
which long or short wave radiation is received by a surface, and can be negative,
positive, or zero according to losses or gains. The intensity of this radiation is
dependant on the solar zenith angle, defined as the angle between the rays of the
sun and its vertical or the normal to the atmosphere’s surface. From Saito et al.

(2006), net radiation can be given as:
R, = R,s + Rnh (248)

where R,s [W.m™?] is the net shortwave radiation and R,; [W.m?] is the net

longwave radiation. R, is given as:
R.s = (1 —a)Rip, (2.49)

where R;, [W.m™?] is the actual incoming global shortwave solar radiation,
and « [-] is the albedo, a dimensionless unitless indication of the solar radiation
reflection of a surface. Albedo measures how much of the total solar energy is
reflected by the surface. It ranges from 0 signifying a black surface that absorbs
all incoming radiation, to 1 which corresponds to a white body reflecting all
radiation (Coakley, 2003). In Van Bavel and Hillel (1976), surface albedo is

given as a simple linear expression dependant on surface water content:

0.25, if Oy < 0.1
a =< 0.10, if B,y > 0.25 (2.50)
0.35 — Brop,  if Brop € (0.1,0.25).

The net longwave radiation R,,; is defined as:

Ry =esRig | +Rp, T, (2.51)
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where Ry; | refers to the longwave radiation incoming to the soil, and Ry, T
is the outgoing longwave radiation emitted from the soil to the atmosphere. ¢,
-] refers to the emissivity of the soil surface; the amount of longwave radiation
reflected at the soil surface, and is defined by Van Bavel and Hillel (1976) as:

e, = min(0.9 + 0.186;,, 1.0). (2.52)

The calculations and estimation procedure of incoming global shortwave solar
radiation R;, will be treated further in Chapter 3.1.

Sensible heat

Van Bavel and Hillel (1976) proposed the following formula to calculate the sen-
sible heat flux:
oo LT (2.53)
TH
where C, [J.m™3.K™!] is the volumetric heat capacity of air, T, [K] is the soil
surface temperature, T, [K] is the air temperature, and 7y [s.m™!] refers to the

aerodynamic resistance to heat transfer and is defined as:

1 Zref —d + 2g
= 1 _— v 2.54
T'H kU*(Og( . >+ H)7 ( 5)

where U* [m.s™!] is the friction velocity, k = 0.41 [-] is the Karman constant,

Zres |m] is the reference height of the temperature measurement, zg = 1 x 1073
[m] is the surface roughness for the heat flux, d is the zero plane displacement, ¥y
-] is the atmospheric stability correction factor for the momentum flux, and is de-
scribed by Camillo and Gurney (1986). the zero plane displacement is calculated
as:

d=2/3h, (2.55)

where h [m] is the height of the plants (Allen et al., 1998). The friction

velocity is given by
. uk
U = y ) (2.56)
log <@) +v,,

zZ.

where u [m.s™!]is the wind speed at the height z,., 2, [m] is the surface roughness
for the momentum flux, and 1), [-] is the atmospheric stability correction factor
for the momentum flux. The implementation of this numerical model assumes

stable atmospheric conditions, and thus v, = 1, = 0. Furthermore, the surface
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roughness for the heat and momentum fluxes are described as:

Zm = 0.123 , (2.57)
2y = 0.1 h. (2.58)

Latent heat

The latent heat flux density LF is made up of the latent heat L [J.kg™!] and the
evaporation rate £ [kg.m 2.s7!]. Saito et al. (2006) defines the equation for the
latent heat as:

L = 2.501 x 10° — 2369.2T, (2.59)

where T' [°C] represents the air temperature. In Van Bavel and Hillel (1976),
authors indicate the influence of factors such as surface wetness, atmospheric
conditions, and the transport of moisture in the soil from the equation suggested

to calculate the rate of evaporation:

Pus — Pua

E = ,
rg +7Ts

(2.60)
where p,, [kg.m ™3] is the density of water vapor at the soil surface, p,, [kg.m™>]
is the density of the atmospheric vapor, and r, [s.m™!] refers to the resistance of

soil surface to water vapor flow, expressed as:
rs = —805 4 4140(05 — b0p). (2.61)

This resistance is often neglected in evaporation models that only consider
the aerodynamic resistance. However, this method might overestimate the rate
of evaporation when the soil is dry. This is due to the assumption of equilibrium
between the liquid phases and vapor phases of water in the soil that is made in
the equation calculating the relative humidity H,. The physical reality is that in
dry soil surfaces, water vapor is transferred dynamically from larger pores to the
atmosphere, disturbing the equilibrium between vapor density in pores and the

average water content at a certain depth.
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Methodology

3.1 Estimation of Solar Radiation

Since no direct measurement of solar shortwave radiation was provided, this vari-
able that composes a term in the solution to the surface energy balance needed
to be estimated. To calculate actual incoming shortwave radiation, relative sun-
shine duration must be taken into account. Referring to the Angstrom formula

(Angstrém, 1929), Ry, can be expressed as:
Rz’n - (as + bs)Rm (31)

where Ry [W.m™?] is the shortwave radiation received at the surface of the
earth and ag, by are regression constants representing the fraction of extraterres-
trial radiation reaching the earth. Shortwave radiation that the earth’s surface
receives is dependant on the time and location of the surface. This is because the
intensity of radiation is influenced by the sun’s position. The effect of different
latitudes and seasons can be factored in by including the solar elevation angle in

the computation of R, as follows:

R, = max (sin(e)Ra, 0), (3.2)
where R, [W.m™?] is the potential extraterrestrial radiation, and e [rad] is the
solar elevation angle. Monteith and Unsworth (2013) define the zenith angle of the

sun as the angle between the sun’s direction and its vertical, and is complimentary

to the angle e. The two angles are what cause the diurnal changes of radiation
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between day and night. Thus, the solar elevation angle is formulated as:

sin(e) = sin(y) sin(d) + cos(y) cos(d) cos (W), (3.3)

where ¢ [rad] is the latitude, ¢ [rad] is the solar declination, and ¢ is the local time

within a day. Finally, potential extraterrestrial radiation is the radiation that is

received at the top of the atmosphere on a horizontal surface. This is given by:
Gscdr

R, = - (ws sin(y) sin(d) + cos(yp) cos(9) sin(ws)), (3.4)

where G, = 1360 [W.m 2] is the solar constant, d, is the inverse relative distance
between Earth and the sun, and wy [rad] is the sunset hour angle. Equations to
compute the solar declination § and the sunset hour angle w, are expressed in
Allen et al. (1998) as follows:

2m
d=0409 sin| —J — 1. :
0.409 5111(365] 39), (3.5)

ws = arccos(— tan(yp) tan(d)), (3.6)
and the inverse relative sun-earth distance equation is also given by Allen
et al. (1998) as:

2w
L =1+0. ==7), .
d +0.033 008(365J) (3.7)

where J is the number of the day in the year. This is estimated using the
formula:

J=(275M/9-30+ D) — 2, (3.8)
where M is the month and D is the day and then:

J+2, if M <3
J+1, if M >2and Y is a leap year.

3.2 Tools for Input Automation

3.2.1 Observations automated tool

For the purpose of model evaluation, in-situ measurements of some key-features
of the evaporation process are required for observations comparison (e.g pressure

head and soil temperature). These parameters can usually be taken from soil
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sensors that record readings with a certain frequency. In order to obtain the
measurements in a computation-ready form, I created a data-retrieval tool that
connects to the API (Application Programming Interface) of the soil sensors (for
this case study these were provided by Lesprojekt-Sluzby Ltd, 2021 company),
via a communication protocol. I used Python programming language to write
a code that generates a file containing observation records in an easy-to-access
format. As Figure 3.1 illustrates, the program takes an input of a source link
to the platform on which the sensors readings are uploaded in a JSON format.
JSON is a semi-structured data format that stores data objects in a Key:Value
mode. This raw data contains various sensor readings with the sensor ID, time
and value of the measurement. The measured phenomenon name and unit of
the parameter are stored on another platform with its own API, which I use to
assign physical meaning to each sensor ID. The program I created has two modes
for requested time-frame: either daily access-and-capture (i.e., the previous day’s
measurements), or historical access according to the user’s chosen start and end
dates. Next, the program retrieves the JSON file from the provided API and
starts to parse through. This includes: a. Initial conversion to a more structured
form by separating the content to columns where the 'Key’ attribute translates
into headers and each "Value’ attribute is stored consecutively in the column’s
cells, and B. Converting time stamps into computer-readable date-time format.
After that the cleaning and verifying procedure starts. Because of the nature of
JSON files, standard syntax analysis may result in a faulty outcome. For exam-
ple, some of the measurement records may be missing, either due to sensor failure
or electricity shortage. That also leads to incorrect assignment of a certain value
to a sensor ID while parsing. Therefore, I built an inspect-and-flag procedure
in R language to identify missing or otherwise falsely-marked attributes. This
is composed of plotting the observations to detect any inexplicable oscillations,
and pulling the maximum and minimum value of each parameter to ascertain the
validity of its range.

The following step consists of computing the pressure head h value from the mea-

sured soil water potential at each measurement step using the following equation:

he Y (3.10)

P9

where 1 [Pa] is the soil water potential which can be converted to [kg.m™'.s7?],
p [kg.m™3] is water density, and g [m.s?] is the gravity acceleration. Finally, a
structured CSV form is constructed and a CSV file is generated as the output of
the code, containing the time step in seconds, soil water potential, pressure head,

and soil temperature values at every step at the depths of two soil sensors, along
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with the time of measurement.

3.2.2 Input generation tool

The solution to the surface energy balance equation requires the knowledge of
a number of meteorological parameters such as incoming shortwave radiation,
relative humidity, wind speed, and air temperature. Those variables are used
as an input to the evaporation module in the form of the ebalance.in file. In
order to generate this input file, I developed a Python program that constructs a
table containing those parameters using information from a weather server. The
input to this program is a link to the weather forecasting service (for this case
study this was the national weather service of Argentina SMN, 2020). First, the
code requests the specific file of daily weather data, which comes in a zipped
form. Second, the file is downloaded and extracted, and this record is saved for
later analysis. Following this, the file is parsed through to identify the set of
data for the specific required location. After retrieving the specified information,
it is subjected to cleaning in order to prepare it for further computations (e.g.,
removing undesirable spaces and skip-line hidden commands). The Python script
then generates a base file consisting of this prepared data. Since measurement
units can vary between different countries according to many systems, the next
step I wrote in the program was unit conversion. Afterwards, and due to the
lack of any radiation measurements from the weather server, calculations of the
incoming solar (shortwave) radiation was also included in the tasks performed by

this program. This was done in three main steps:

1. Calculation of the extraterrestrial radiation R, reaching the top of the at-
mosphere, which factors in the angle between the sun’s rays direction and

the normal to the atmosphere’s surface.

2. Calculation of the solar shortwave radiation R, reaching the horizontal
earth’s plane. This is derived from R,, taking into account its variable
intensity according to the time and location (due to the changing position
of the sun).

3. Calculation of the actual incoming shortwave radiation R;,, which is taken
from R, after accounting for the cloudiness (i.e., the relative sunshine du-

ration) of the day.

The actual incoming shortwave radiation R;, is the parameter ultimately used
in computing the solution for the surface energy balance equation (explained more

in Chapter 2.3). The full procedure of estimating the incoming solar radiation,
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including all the relevant equations, is detailed in Chapter 3.1. The last step
the code executes is constructing the ebalance.in file, containing the required
meteorological information to be used for the evaporation model.

Since most of the weather services record daily measurements, I added an option
of merging several daily records into one that can be used to create the needed
data over a longer period of time. This option can be especially crucial when
access to server archive is unavailable, due to the length of the time frame required
to model the process of evaporation. Figure 3.2 shows the flowchart of the code

execution.

Source Link (Input)

_ W
Retrieve JSON File

v
Parse Through

Y
Clean & Verify

v

Calculate h

_ W
Construct C3V File

v

Observations File
(Output)

Figure 3.1: Flowchart of generating the observations file in the CSV format.
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Server Link (Input)

l

Download Zipped and
Extract

|

Retrieve Location-
specific Data

Clean Records

W

Generaie Base File

l

Convert Units and
Calculate R;,

l

Construct Meteo File

l

‘ebalance.in’
{Output)

Figure 3.2: Flowchart of constructing the ebalance.in file using Python script.

3.3 Case Study

3.3.1 Site description

In order to determine the model’s efficiency, data from two sensors installed in
a commercial vineyard in San Juan, Argentina (31.5351°S, 68.5386°W) was col-
lected. The vineyard is irrigated via 100 m-distanced pipes using water brought to
it by trucks and is often over-saturated. The sensors are installed at the depths of

0.35 and 0.8 m below surface (average slope of the surface is 0.5%). Temperature
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ranges between 1°C and 16 °C in the winter, and 19°C and 35°C in the summer.
Year-round average sunlight is 76% of possible sunshine, and an average monthly
precipitation ranges from 1.6 to 18.9 mm. Soil profile was set to be 1 m deep,
and is illustrated in Table 3.1 with the root zone mostly covering depths between

0.1 and 0.5 m. Figure 3.3 explains the composition of different soil textures.

Table 3.1: Soil profile formation in the 1 m domain where the layers start with 0
m at the surface and progress downwards.

Soil Composition Depth  Layer
Sand 0.8-1m 1
Heavy clay 0.7-0.8m 2
Silty clay loam, no roots 0.5-0.7m 3
Silty clay loam, roots present 0.2-0.5m 4

Silty clay loam with 1-2% organic matter, roots present 0.1 - 0.2 m 5

Silty clay loam with 1-2% organic matter, no roots 0-0.1m 6

100

100

100 9 80 70 x60 50 40

Percent Sand

Figure 3.3: Soil texture diagram: different fractions of sand, silt and clay particles
that compose different types of soil as illustrated in Shahid et al. (2018).
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3.3.2 First simulation

A calibration period was chosen to start immediately before evaporation starts
(noted by decreasing of the soil water potential), and end right before an irriga-
tion event. This is due to the influence irrigation has on the boundary and initial
conditions of the system. I was able to detect this information from the observa-
tion table generated using the automated measurement tool, and the simulation
setup was assigned to be the period between 26 Nov. 2020, and 10 Dec. 2020.
The domain was divided into six layers, noted down in Table 3.1, depending on
soil type and root zone density. Figure 3.4 illustrates the diagram of the lay-

ers with the location of the soil sensors used for obtaining the domain’s initial

conditions.
0Om
I
Silty clay loam with organic matter, no roots
0.1m
Silty clay loam with arganicmatter & roots

0.2m

Tensiometer

<@

Silty clay loam, with roots
Temperature
Z sensor
05m
Silty clay loam, no roots

0.7m

Tensiometer

Heavy clay

0.8m <

Temperature

sensor

1m

Figure 3.4: Soil layers scheme at the case study site. Tensiometer and soil tem-
perature sensors are installed at the depths of 0.35 and 0.8 m.
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3.3.2.1 Parameterization of water transport

To setup the water flow model, parameters for the water retention curve were
assigned using Rosetta (Schaap et al., 2001). Rosetta is a computer program
developed by M.G. Schaap to estimate soil hydraulic parameters such as wa-
ter retention, saturated, and unsaturated conductivity. Table 3.2 shows the van
Genuchten parameters as well as the saturated hydraulic conductivity values de-
termined at each layer. Pressure head was chosen to be the initial boundary
condition, mimicking h values measured at the sight by soil sensors and mathe-

matically formulated as:
h(z,0) = —1, Vo € Q, (3.11)

where Q € (0,1) m is the system’s domain. The top boundary of the domain
is assigned as an atmospheric condition (for the unknown pressure head this
equals the evaporation rate), calculated based on meteorological data that is fed
into equations solving the surface energy balance which are explained in Chapter

2.3.5.2. This Neumann-type condition is expressed as:

K(h) (ahgg ) + ng(x)) = FEourr(t), (2=0,t) € Iy x (0, tend)- (3.12)

Free drainage was set as the bottom boundary condition,and described as

follows: oh
%(%t) = 07 Vo € 1_\bottom X (07tend>- (313)
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Table 3.2: Van Genuchten parameters assigned in the 1% simulation as part of

the water transport model description.

Layer Parameter Value Unit
Inverse of air entry value « 3.5 [m~!]
Shape parameter n 3.2 ]
1 Residual water content 0, 0.053 ]
Saturated water content 6 0.375 ]
Saturated hydraulic conductivity K;  7.4e-5 [m.s™!]
Inverse of air entry value o 1.5 [m~!]
Shape parameter n 1.25 ]
2 Residual water content 0, 0.098 ]
Saturated water content 6, 0.459 -]
Saturated hydraulic conductivity K, 1.71e-6 [m.s™!]
Inverse of air entry value o 0.84 [m™!]
Shape parameter n 1.52 ]
3-6 Residual water content 0, 0.090 ]
Saturated water content 6 0.482 ]
Saturated hydraulic conductivity K, 1.29e-6 [m.s™!]

3.3.2.2 Parameterization of heat transport

The thermal conductivity equation (2.40), which drives the heat flux indepen-
dently of water, includes three regression parameters. Those are empirical pa-
rameters, the values of which were chosen according to Chung and Horton (1987),
under the assumption that organic matter in the surface layer is negligible, and
that silt is the dominant particle in the silty clay loam layers. Initial bound-
ary was set as a temperature value taken from in-situ measurements and can be
defined as:

T(x,0) = 21.8,

Yz € Quop, (3.14)
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where (Y, is the (0,0.5) m domain of the top 3 layers, and as:
T(l’, 0) = 203, Vz < Qbottom; (315)

where Qpoom is the domain of (0.5,1) m i.e., the bottom 3 layers. In terms of
boundary conditions, the top boundary was similar to water transport (assigned
as the soil surface heat flux and evaluated as part of the surface energy balance

computation), described as:

T (z,1t)
on

= Gourf, (2=0,t) € I'pp X (0,ena), (3.16)

while zero-gradient Neumann boundary was assigned at the bottom for heat

flow following the mathematical formula:

T (z,1)
on

=0, V2 € Toottom X (0, tond). (3.17)

For calculations of the volumetric heat capacity of soil, knowledge of soil’s specific
heat capacity and density are needed. According to Kodesova et al. (2013), soil
minerals’ specific heat capacity = 730 [J.kg~!.K™!], and that of organic matter =
1900 [J.kg~'.K~!],. Since density of the soil is not known, it was assumed to be
that of a sandstone made of quartz. As for the liquid, the specific heat of water

is given. Table 3.3 contains the chosen parameters for this model.
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Table 3.3: Heat model parameters assigned in the 15 simulation. Sand, clay, and
silt are assumed for layers 1, 2, and 3-6 respectively.

Layer Parameter Value Unit
Empirical parameter by 0228 [W.m LK™
X Empirical parameter by -2.406  [W.m 1K™
Empirical parameter by 4.909  [W.m 1K™

Specific heat capacity of soil Cy  2.545¢6  [J.m™3.K™!]

Empirical parameter b, -0.197  [W.m LK™

) Empirical parameter by -0.967  [W.m LK™
Empirical parameter by 2521 [Wm LK™

Specific heat capacity of soil Cy  2.545¢6  [J.m 3. K~!]
Empirical parameter by 0.243  [W.m 1K™

- Empirical parameter by 0.393 [W.m LK™
Empirical parameter bs 1.534  [Wam LK™

Specific heat capacity of soil Cs;  2.545¢6  [J.m 3. K]

3.3.3 Second simulation

After the initial calibration, a second parameter-trial was conducted. I opted to
increase the values of K, and decrease the van Genuchten parameters as well as
the conductivity of root water uptake evident in maximum plant transpiration.
Since the soil is made up of silty clay loam, initial assumption of silt dominance
in the layers above sand was changed to correspond with a clay-type soil reflected
in the values of thermal conductivity parameter by, bs, and b3. To account for the
different soil layer types, the value of soil heat capacity was also decreased, while
taking into account the presence of roots as organic material in the soil. Finally,
the lower boundary for the heat flow was changed to Dirichlet with a constant
value to better reflect the physical state of the system, and was mathematically

expressed as:
T(x,t) =20 (z =1,t) € Tportom X (0, tena)- (3.18)

Tables 3.4 and 3.5 includes the original and the optimized values of the
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changed parameters over the same period of simulation.

Table 3.4: Optimized van Genuchten parameters assigned in the 2"¢ simulation
as part of the water transport model description.

Layer Parameter Initial Value Optimized Value Unit
Inverse of air entry value « 3.5 2.5 [m~!]
X Shape parameter n 3.2 2.2 ]
Shape parameter m 0.69 0.6 -]
Sat. hydraulic conductivity K 7.4e-5 2.4e-4 [m.s™]
Inverse of air entry value o 1.5 0.1 [m™!]
2 Sat. water content 6, 0.459 0.55 []
Sat. hydraulic conductivity K, 1.71e-6 12.90e-7 [m.s™!
Inverse of air entry value a 0.84 0.5 [m~!]
Shape parameter n 1.52 1.3 ]
5-6
Shape parameter m 0.34 0.23 []
Sat. water content 6 0.482 0.54 -]

Table 3.5: Optimized heat model parameters assigned in the 2"¢

simulation. Sand
is assumed for the first layer and clay for layers 2-6.

Layer Parameter Initial Value Optimized Value Unit
1-4 Specific heat capacity of soil Cj 2.545e6 1.6e6 [Jom=3. K™
Empirical parameter by 0.243 -0.197 [W.m~ 1K1
3-6 Empirical parameter by 0.393 -0.967 [W.m 1K™
Empirical parameter bs 1.534 2.521 [W.m 1K™
5-6 Specific heat capacity of soil C 2.545e6 2.0e6 [Jm=3. K™
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3.3.4 Hydraulic conductivity senstivity analysis

For the purpose of optimizing the model’s performance, sensitivity tests was
performed to determine the influence of saturated hydraulic conductivity K, on
estimating the evaporation rate. This was done by altering the value of K
within a certain range, and investigating the effects this had on the simulated
pressure head and soil temperature. The original pressure head prediction and
the prediction with modified K were compared using R programming language.
Hydraulic conductivity was varied in both a positive and a negative direction
to determine the impact of an up-to-2 orders of magnitude increase/decrease
K,. However, increasing the value of hydraulic conductivities from the initial
magnitude detailed in Table 3.2 lead to model convergence issues independent
of the estimation of the pressure head. The modified values are summarized in
Table 3.6.

Table 3.6: Sensitivity tests conducted on saturated hydraulic conductivity to
investigate the effect of K on the result’s of the model.

Test Parameter Layer New value Unit
1 7.4e-6 [m.s™!]
First ~ Saturated Hydraulic conductivity K 2 1.71e-7 [m.s]

3-6 1.29e-7 [m.s™!]

1 7.4e-7 [m.s™]

Second Saturated Hydraulic conductivity K, ) 1.71e-8 [m.s™!]

3-6 1.29e-8 [m.s™]
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Results

4.1 Model Calibration

4.1.1 Pressure Head

During the investigation of this study results, a plot analysis of observations
versus simulations was carried out. Figure 4.1 shows the simulated pressure head
values at depths (a) 0.35 m and (b) 0.8 m, resulting from the first calibration
scenario explained in Chapter 3.3.2. While the setup mimicked the start and end
values of h at the depth of 0.35 m well, the rest of the experiment duration saw an
underestimation of the evaporation rate. As for the simulation of pressure head
at 0.8 m, the model both underestimated and overestimated A for most of the
simulation period. To rectify the overestimation of evaporation rate, a number of
options were considered. One being to increase the value of K, which had a big
influence on the initial stage of the simulation. Another way was to change the
van Genuchten parameters o and n that control the shape of the water retention
curve, which was the choice employed in the second scenario of the simulation.
The final configuration was a combination of those two methods, as Tables 3.4 and
3.5 detail. With this setup, model-predicted values approximated observations
well. The accuracy of the simulated h at depth 0.35 m is evident in Figure 4.2,
and while the values are not as precise at the other observation point (0.8 m),

the results still improve from that of the first calibration run.
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Figure 4.1: Simulated versus observed pressure head at depths (a) 0.35 m and
(b) 0.8 m during the first calibration scenario (26 Nov. 2020 - 10 Dec. 2020).
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Figure 4.2: Simulated versus observed pressure head at depths (a) 0.35 m and
(b) 0.8 m during the second calibration scenario (26 Nov. 2020 - 10 Dec. 2020).

4.1.2 Temperature

In terms of soil temperature, the first simulation scenario can be seen in Figure 4.3
which plots model values against measured values at the two soil-sensor depths.
The prediction of the first 5 days for 7" at the depth of 0.35 m compared well
with the measured values. However, there was a clear rise above observations in
the rest of the period as well as the entire simulation at the second sensor’s depth
(0.8 m). Evidently, overestimating evaporation had a vivid influence not only on
the simulated A, but also on the soil temperature values. This was rectified in the
second simulation run where model-generated soil temperature at the two depths

followed real-life observations with better precision, as illustrated by Figure 4.4.
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Figure 4.3: Simulated versus observed soil temperature at depths (a) 0.35 m and
(b) 0.8 m during the first calibration scenario (26 Nov. 2020 - 10 Dec. 2020).
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Figure 4.4: Simulated versus observed soil temperature at depths (a) 0.35 m and
(b) 0.8 m during the second calibration scenario (26 Nov. 2020 - 10 Dec. 2020).

4.1.3 Solar Radiation

Solar radiation is one of the most important terms in creating the solution to
the surface energy balance equation. The equations incorporated to obtain the
value of incoming shortwave solar radiation were explained in Chapter 3.1. Net
radiation values that are computed as a part of the model’s output are reflected
in the surface energy balance parameters’ estimation and shown by Figure 4.5.
The plot illustrates the relation between different heat fluxes and projects the

diurnal changes caused by alternations between day and night.
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Figure 4.5: Solution of the surface energy balance equation, where the surface
heat flux G is calculated by subtracting the sensible heat flux H and the latent
heat flux LE from the net radiation R (26 Nov. 2020 - 10 Dec. 2020).

4.1.4 Evaporation rates

Evaporation rates were characterized by solving the surface energy balance equa-
tion (see Equation 2.47) and thus acquiring the upper boundary flux condition
(Neumann condition) for the unknown pressure head in the water transport
model. Figure 4.6 depicts the calculated evaporation rate at the vineyard study

site during the model’s calibration period.
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Figure 4.6: Evaporation rate estimation during the calibration scenario (26 Nov.
2020 - 10 Dec. 2020)
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4.2 Model Verification

In order to verify the developed model, another evaporation scenario was chosen
for simulation. As with the calibration setup, the start and end time of this
simulation period was selected between irrigation events, to avoid any interference
with the conditions of the system. Soil temperature and pressure head were
simulated numerically from 16 Feb. 2021 until 22 Feb. 2021.
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Figure 4.7: Simulated versus observed pressure head at depths (a) 0.35 m and
(b) 0.8 m during the validation scenario (16 Feb. 2021 - 22 Feb. 2021).
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Figure 4.8: Simulated versus observed soil temperature at depths (a) 0.35 m and
(b) 0.8 m during the validation scenario (16 Feb. 2021 - 22 Feb. 2021).

4.3 Sensitivity Analysis

To understand the effects of the saturated hydraulic conductivity on modelling
evaporation in the soil, a sensitivity analysis of this parameter was conducted
over the chosen calibration period. Figure 4.9 depicts simulated pressure head
values at 0.35 and 0.8 m depths after decreasing K, by 2 orders of magnitudes
of the value initially chosen. It can be seen that the estimated pressure head at
0.8 m increases when decreasing the hydraulic conductivity, and thus the value
of h is progressively overestimated in comparison to the measured values. On
the other hand, a lower K, had the opposite effect on h values at the depth of
0.35 m, i.e., it regularly decreased the estimation of pressure head. Moreover,

when examining Figure 4.10 depicting the influence of hydraulic conductivity on
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the soil temperature, the overestimation of the values of T" with the lower K is
evident at both depths.

(@)

E
k-]
[}
Q
<
g -0
3
(]
7]
2
o
-15
Nov 26 Nov 29 Dec 2 Dec 5 Dec 8 Dec 1
Time [days] OBS
(b) — SIM
25
E
s
2 50
<
3
[
7]
2
o
75
-10.0
Nov 26 Nov 29 Dec 2 Dec 5 Dec 8 Dec 11
Time [days]

Figure 4.9: Saturated hydraulic conductivity effect on estimated pressure head,
as a part of the sensitivity tests conducted on K.
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Figure 4.10: Saturated hydraulic conductivity effect on estimated soil tempera-
ture, as a part of the sensitivity tests conducted on Kj.
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Chapter 5

Discussion

The model used in this thesis to investigate evaporation from porous media is
complex. The number of parameters that require fine-tuning is large, which allows
a great degree of freedom with regards to focus-versus-time-constraints choices.
In this chapter, essential model parameters will be discussed, paired with the
input-data assumptions involved and the technical aspects in the choices of this

model.

5.1 Water Transport Model

5.1.1 Water retention capacity

Since soil retention water capacity is related to pore size distribution and defined
as C' = df/dh, the effects of the inverse of air entry value o and the shape
parameter n can be also reflected in the calculations of C. When values of the
van Genuchten parameters produced by Rosetta were used in the simulation, the
model output resulted in pressure-head that was lower than observations and
soil temperature that was considerably higher. This might be due to different
soil composition than the standard profiles considered in Rosetta. In the second
calibration run, van Genuchten parameters were lowered, resulting in a better
precision in terms of both pressure head and soil temperature at both 0.35 and
0.8 m depths.

5.1.2 Root water uptake

Simulations of pressure head generally displayed a lack of diurnal patterns. This
lead to the consideration that changes to the soil water content due to root water

uptake are not reflected properly. Water uptake from the roots was incorporated
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in the model as a constant value at each of the 6 layers. However, it is possible that
this term requires a more dynamic configuration. Values for the sink term matric
potential heads and maximum plant transpiration were computed using Hydrus-
1D (Jirka Simunek et al., 2005) for grapevines. Calculated S,,q, was higher than
what was suitable for the study site profile, and assigning it to half the original
used value corresponded with a better representation. This suggests that water
uptake from plant roots may not be active at night, since a constant but lower
value of maximum transpiration produced better simulation results. Although
this was a better fit for the model, it does not describe physical reality properly.
A possible more-accurate representation may include a root water uptake term
that is turned off nightly.

5.2 Heat Transport Model

5.2.1 Heat capacities

In the first simulation, diurnal changes in pressure head values were not apparent
at all. One possible reason for this might have been the decreasing intensity of
the heat signal from the boundary condition as we progress from the surface to
the deeper layers of the soil. The minor discrepancies in the final predictions of
soil temperature could be due to a high value of soil heat capacity. Since the soil
profile of the study site was not given with exact composition measures, assump-
tions had to be made according to the closest values in related literature. After
the first simulation, original values from Kodesova et al. (2013) were altered by
increasing the capacity of dry soil to account for the presence of organic roots
in layers 4 and 5. Thermal conductivity parameters b; to b3 are also factors in
determining the speed with which heat gets transported. Due to lack of specific
soil composition information, initial assumptions were made based on values in-
troduced in Chung and Horton (1987) under the consideration of silt-dominance
in the silty clay loam layer. In the second simulation this was changed to re-
flect clay-corresponding values which proved to be more consistent with physical

reality as reflected in the temperature and pressure head plots of the final stage.

5.2.2 Air temperature

The effects of air temperature on the surface layer of the soil extends to the values
of the sensible heat flux H. This is because H is calculated primarily from the
difference between soil and air temperatures. Air temperature at the study site

was not explicitly available, therefore its value was taken from the data of the
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meteorological station, and assumed as equal to that of the station’s location
(roughly 9 km away from the city of San Juan). This could have played a role
in the precision of the computations of the sensible heat flux. The value of air
temperature also influences the evaporation rate, due to equation 2.60 where E is
calculated from the difference between soil and air vapor pressure density. This
difference is governed by air temperature, hence the possible inaccuracy of E’s
prediction. At the same time, the assumption of air temperature that is identical
to that of the meteorological station does not take into account the presence of
shade at the vineyard. This also gives way to a possible misrepresentation of
the cloudiness of the atmosphere (i.e., the ratio of actual to maximum-possible
sunshine duration n/N, which was assumed to be equal to 1 indicating a clear
day). Although it is worth stating that due to the high averages of monthly

sunshine hours in San Juan, this assumption may not have had a notable effect.

5.2.3 Resistance terms

While bare soil evaporation is already complex, modelling evaporation from vege-
tated soil is even more difficult. Many methods neglect the soil surface resistance
term when modelling coupled water, vapor, and heat flows. However, it was in-
cluded in this model’s computation of the evaporation rate as a representation
of the plants’ roughness. The influence of a strong r, term was detected in the
early stages of simulation, where evaporation was overestimated possibly due to
its high value. This was also a potential explanation for the increase in initial soil
temperature simulated values once the water content threshold set for activating
the resistance term was reached. Other factors that may have played a role in
the soil surface resistance precision include the estimation of some plant-specific
parameters, such as leaf area index (LAI) and stomatal conductance. Both of
those parameter vary according to different growth periods of the plants.

On the other hand, aerodynamic resistance ry could have introduced some
problems as well. The model assumes that data from the meteorological station
represents a height of 1.5 m above vine level. Since the height of plants factors in
the heat and vapor momentum transfer in rg, this could pose a misinterpretation
in case of inaccurately assigned levels. That in turn, would translate poorly in
terms of wind speed information, since wind changes according to different heights
and above surfaces with different roughness.

All of the above suggests that acquiring exact measurements of LAI and
plants’ time-varying height would improve the soil surface resistance estimation

greatly.
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5.3 Technical Uncertainties

Due the lack of long-period data provided, the choice of calibration and valida-
tion periods was limited. Modelling evaporation with precision requires lengthy
simulations to assert and account for the data uncertainties. In this research
however, the chosen simulation intervals depended on data availability from two
sources. Data from the national weather station was used to obtain the prelimi-
nary input parameters to the surface energy balance equation. After running the
model, observations recorded at the soil sensors API were used for model output
comparison. While the records of the meteorological station were mostly reliable,
the same cannot be said of the soil sensor readings. Since some measurements
were missing over certain interminable time-frames, choosing the simulation pe-
riods was constrained. This had a considerable impact on the model’s ability
to deal with data uncertainties. Another technical difficulty faced was the lack
of accurate study-site irrigation schedules, which required a trial-and-error se-
lection procedure to identify those events. Lastly, the apparent inconsistency of
irrigation events (concluded from the observations of the soil water potential)
also interfered with the period choice since the model does not include irrigation

representation in combination with the surface energy balance.
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Chapter 6

Conclusions and

Recommendations

In this thesis, evaporation losses were investigated using the coupled liquid wa-
ter, water vapor, and heat flow numerical model implemented in the open-source
software DRUtES. The main aim of this study was to build a system of pres-
sure head and soil temperature prediction. Python scripts were developed to
automate the input to the surface energy balance equation as a part of the con-
figuration of DRUtES. Observation record generation was also automated using
a code programmed in Python, and later used to obtain estimates of the system’s
initial boundaries from in-situ sensor measurements. The surface energy balance
equation solution was computed based on models suggested by Allen et al. (1998)
and Monteith and Unsworth (2013). A case study was undertaken at a vineyard
in San Juan, Argentina, in order to evaluate and validate the predictions of the
model. Sensitivity tests were performed on the saturated hydraulic conductivity
parameter to investigate its influence on the model’s performance. The results
of simulations measured well against the observed values obtained from the soil
sensors. The model succeeded in characterizing the non-isothermal evaporation
rate and produced accurate description of the pressure head and soil tempera-
ture. This can be used to facilitate efficient water-usage and optimize irrigation
methods, thereby aiding the solution to soil saturation and increased salinity

problems.

6.1 Future Research Recommendations

Due to technical difficulties associated with availability and reliability of meteoro-

logical and observation data sources, long-term simulations were not conducted.
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However, the preliminary results pose interesting and important questions for fu-
ture research. As a participation towards the AgriClima (2019) project, further
development of the project could be achieved by the following essential sugges-

tions:

e Dynamically implementing the root water uptake term, with regards to its

time-dependant denotation.

e Including irrigation events representation combined with the surface energy

balance as factors influencing the evaporation process.

e Exploring the effects of meteorological data instability on the accuracy of

the model’s prediction.

e Conducting sensitivity analysis on van Genuchten parameters a and n to

determine their impact on the estimation of evaporation rate.

e Providing a complete soil hydraulic properties field description for more

accurate simulation results and comparisons.

e Time-varying implementation of the soil surface resistance and aerodynamic

resistance to reflect the diurnal changes of the soil water content.

6.2 Software Model Recommendations

With the aim of improving all aspects of the evaporation model implemented in
DRUtES, the following points could be considered:

e Revising the pre-requirements of model execution that are placed on the
configuration files. For instance, some values are obligatory to fill in the
configuration files, despite the model actually calculating it from other val-

ues, or acquiring it elsewhere.

e Adjusting the configuration of the mesh generator to reflect the domain
more clearly (e.g., descritizing the layers in a more typical soil-depth repre-

sentation with the surface value assigned as 0 m depth) to avoid confusion.

e Including more explanatory comments for an enhanced user-friendly ex-
perience. For instance, some configurations had to be selected as numeric
values (e.g., boundary type) without providing the meaning of each possible

choice.
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