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Abstract in lingua Italiana

Una delle sfide attuali con cui il mondo sta lottando e la carenza d’acqua. La scarsita d’acqua
richiede I'adozione di pratiche di gestione idrica sostenibili, in particolare nel settore agricolo,
che rappresenta il maggiore utilizzo di acqua. Di conseguenza, esiste una necessita cruciale di
transizione verso lo sviluppo sostenibile nella gestione delle risorse idriche nel settore
agricolo. L'utilizzo inefficiente del consumo idrico porta a vari problemi, tra cui preoccupazioni
ambientali, sociali ed economiche, contribuendo in ultima analisi alla siccita, soprattutto nelle
regioni carenti d’acqua.

La prevalenza di nuove tecnologie in diversi settori dell'ingegneria puo portare alla ricerca di
nuove soluzioni, portando a sistemi piu affidabili e sostenibili. La dilagante espansione dei
satelliti ha portato negli ultimi anni ad un ampio utilizzo del telerilevamento. Il telerilevamento
puo essere applicato per monitorare e gestire I'area di interesse dell'ecosistema. In questa tesi,
i dati di telerilevamento della temperatura della superficie terrestre (LST) insieme a un
modello di bilancio energetico-acqua sono stati utilizzati per migliorare le stime di umidita del
suolo ed evapotraspirazione nel tempo e nello spazio. Lo schema di bilancio energetico e
idrico, noto come modello FEST-EWB (flash Flood Even-Based Spacely Distributed Rain-
Drusation Transformation-Energy Water Balance Model) e in grado di stimare 1'umidita del
suolo e I'evapotraspirazione acquisendo i dati satellitari come input del modello, cosi come la
vegetazione frazionata di copertura (FVC). Inoltre, utilizza questi dati come variabili
nell'aggiornamento della temperatura della superficie terrestre (LST). Il bilancio energetico
viene risolto cercando la temperatura di equilibrio rappresentativa (RET) che e (LST) che
chiude il bilancio energetico. Per esaminare le prestazioni del modello, un sistema di
covarianza vorticosa e stato installato in 13 stazioni di campi coltivati per confrontare i
risultati generati dal modello FEST-EWB con i dati osservati. In questa direzione, I'umidita del
suolo (SM) e il calore latente (LE) sono stati studiati approfonditamente nel caso studio del
Consorzio della Capitanata. Inoltre, i risultati dell’irrigazione del modello FEST-EWB sono stati
confrontati con i dati osservati. Infine, i risultati sono stati discussi per valutare i limiti del
modello, inclusa la bassa risoluzione spaziale dei dati del satellite Sentinel-1.
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Abstract

One of the present challenges the world is struggling with is the shortage of water. The scarcity
of water requires the adoption of sustainable water management practices, particularly in the
agricultural industry, which accounts for the highest water usage. Consequently, there is a
crucial need to transition towards sustainable development in the management of water
resources within the agricultural sector. Inefficient utilization of water consumption leads to
various issues, including environmental, social, and economic concerns, ultimately
contributingto drought especially in water-deficient regions.

The prevalence of new technologies in different areas of engineering can result in finding novel
solutions, leading to more reliable and sustainable systems. The rampant expansion of
satellites prompted the broad utilization of remote sensing in recent years. Remote sensing
can be applied to monitor and manage the ecosystem area of interest. In this thesis, remote
sensing data of land surface temperature (LST) alongside an energy-water balance model were
used to ameliorate the soil moisture and evapotranspiration estimates over time and space.
The energy and water balance scheme, known as FEST-EWB model (flash flood even-based
spatially distributed rainfall-runoff transformation-energy water balance model) is capable of
estimating soil moisture and evapotranspiration via acquiring the satellite data as inputs of
the model, as well as fractional vegetation of cover (FVC). Furthermore, it uses these data as
variables in updating Land Surface Temperature (LST). The energy budget is solved by looking
for representative equilibrium temperature (RET) which is (LST) that closes the energy
balance. To examine the performance of the model, an eddy covariance system was installed
in 13 cultivated fields stations to compare the generated outputs of FEST-EWB model with the
observed data. In this direction, soil moisture (SM) and latent heat (LE) were investigated
thoroughly in the case study of Capitanata Consortium. Additionally, irrigation outputs from
the FEST-EWB model were compared with observed data. Finally, the results were discussed
to evaluate the limitations of the model, including the low spatial resolution of satellite
Sentinel-1 data.
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Introduction

Water is a critical resource whose scarcity resonates across various sectors, exerting
economic, social, and political pressures, even, in some cases could lead to cross-border
disputes. The agricultural sector stands out as the largest consumer of global water resources.
However, the vital role of agriculture is undeniable. To emphasize the significance of
agriculture in the economy and its impact on people’s livelihood, it is worthy to highlight that
almost up to 40% of Europe's total area is dedicated to agricultural purposes in 2018
(European Commission). Not only does it ensure food security for European citizens, but it
also sustains livelihoods for a substantial portion of the population. Nevertheless, the
agricultural sector is responsible for the water consumption of around 24%, that accounts for
the major portion of Europe's water consumption in comparison to other sectors. Italy's
agricultural water usage represented more than 50% of total water consumption and In 2017,
Italy's agricultural water usage accounted for 9% of its available renewable freshwater
resources (EEA 2020). Southern Europe faces even greater pressure, with agriculture
consuming approximately 80% of available water resources. It is well known that recognizing
the pivotal role of water management techniques and strategies could help in optimizing water
consumption and enhancing irrigation efficiency.In recent years much progress has been
achieved from optimization of irrigation water management crop coefficient of the FAO paper
56 (Allen et al,, 1998), to water balance modeling and genetic algorithms for optimizing off-
farm irrigation scheduling (D’Urso and Menenti, 1995; Roerink et al., 1997; Bastiaanssen et al,,
2005; Casa et al., 2009; Ceppi et al., 2014). One of the most commonly used techniques to
determine the potential evapotranspiration is based on the Penman-Monteith equation and
the crop coefficient (D’Urso and Menenti, 1995). However, potential evapotranspiration may
not be an effective strategy in all cases. Debates and findings, such as those presented by
Consoli et al. (2014), suggest that an alternative approach is to consider soil moisture levels,
restoring soil water to field capacity when readily available water (RAW) is depleted.
Nevertheless, despite the new studies which have been focused on the utilization of
meteorological forecasts in the hydrological models, to help the irrigator have a better
management on the usage of water, the impact of meteorological forecast accuracy on the
hydrological soil moisture has remained an unresolved issue yet. One promising approach for
tackling this challenge would be to use remote sensing data. Remote sensing offers seemingly
endless possibilities for the study of vegetation properties as well as normalized difference
vegetation index (NDVI) and leaf area index (LAI). However, the application of remote sensing
can have some limitations, in particular remotely sensed data could be affected by cloud cover
leading to missing information. Another constraint regarding the usage of satellite in retrieval
of soil moisture is related to its coarse spatial resolution. Furthermore, the measurement of
the solid water content is limited to a few centimeters. The purpose of this thesis is to improve
the estimates of soil moisture (SM) by combining the hydrological model with remotely sensed
data and meteorological variables, obtained from past ground-based observations. This
objective will be accomplished by using the data obtained from satellites, such as leaf area
index (LAI), fractional vegetation cover (fvc) and albedo, as the input parameters of the
hydrological model, plus the information on soil hydraulic properties. The hydrological model
FEST-EWB (Flash-flood Event-based Spatially-distributed rainfall-runoff Transformation



Energy Water Balance model) (Corbari et al., 2011) is based on water and energy balance as
the function of the satellite land surface temperature (LST) to solve the energy and mass
balance equations to obtain the representative equilibrium temperature (RET), when the
balance in the equation is achieved. The model was implemented in the Capitanata Irrigation
Consortium from January 2015 to September 2019. Capitanata Irrigation Consortium is
dedicated to intensive agriculture, primarily cultivating wheat and tomatoes during the
spring-summer seasons, and fresh vegetables during the autumn-winter seasons. Monitoring
encompassed 13 fields and crop seasons, utilizing eddy covariance stations to observe
predominant crops, such as tomatoes across seven fields.
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Overview

The rest of this thesis is divided into four chapters. Chapter one outlines the methodology used
in this thesis. In chapter two the location and characteristics of the case study are investigated.
In chapter three the results regarding the soil moisture (SM), latent heat (LE) and irrigation
volume are discussed in detail. Finally, in chapter four the conclusions of this study are
presented based on the results of the previous chapte
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1 Chapterl: Methodology

1.1. Introduction to FEST-EWB Model

The FEST-EWB, that stands for Flash-flood Event-based Spatially-distributed rainfall-runoff
Transformation - Energy and Water Balance model, is a hydrological model designed to
simulate flash-flood events and associated rainfall-runoff processes simultaneously in time
and spatially distributed in space (Corbarietal.,2011). It solves both components of the energy
and water balance equations to capture the main processes of the hydrological cycle, as well
as evapotranspiration, precipitation, surface run-off, percolation, etc., for each pixel in the
basin. In particular, the model integrates various energy balance components including net
radiation, sensible heat flux, soil heat flux, and latent heat flux, which account for energy
exchanges resulting in the calculation of representative equilibrium temperature (RET), which
is equivalent to the remotely sensed Land Surface Temperature (LST), consequently, RET
closes the energy balance for each pixel of the basin. Additionally, soil moisture (SM), from
water balance, is linked to the latent heat flux (LE) which in turn affects LST .

The inputs of the model consist of atmospheric forcings from the meteorological models, soil
parameters from distributed maps, topographic characteristics derived from Digital Elevation
Model (DEM) and vegetation parameters taken from satellite or ground. Atmospheric forcings
encompass air temperature, wind velocity at 10m, precipitation, air humidity at 2m, and
incoming shortwave radiation. Soil parameters consist of field capacity (Kc), saturated
hydraulic conductivity (Ksat), and Wilting point (Wp). Vegetation parameters, extracted from
satellite data, encompass leaf area index (LAI), vegetation albedo, and fractional vegetation
cover (fvc). As mentioned previously, the principal backbone of the model is based on the
water and energy balance.

A notable initiative within this model is that there is no need to compute effective
evapotranspiration as an empirical function of potential evapotranspiration, instead
evapotranspiration (ET) is the parameter that is linked to both equations and thus can be
retrieved as latent heat flux. This approach facilitates direct computation of soil moisture (SM)
evolution using the mass balance equation at every time step. Additionally, in the energy
balance among soil surface, vegetation, and the lower atmosphere, all terms are calculated to
determine the Representative Equilibrium Temperature (RET), defined as the Land Surface



Temperature (LST) that closes the energy balance equation for any pixel of the field surface.
Consequently, soil moisture is correlated with latent heat flux and RET. In this integrated
model, the core revolves around the system connecting water and energy balance equations
through (ET). The figure below illustrates energy and mass flux in the FEST-EWB model.
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Figure 1.1 The schematic of the energy and mass flux calculated in FEST-EWB

1.1.1.Water Balance

The variation in soil water content over time, within each unit cell, depends on several factors,
including rainfall: P(mm), runoff flux: R(mm), percolation: PE(mm), Irrigation rate: [ (mm),
and evapotranspiration: ET(mm), which are influenced by the soil depth: dz(mm).

dSM—P+I R — PE ET (1)
dt dz

1.1.2.Energy Balance

The differences in energy (heat) storage over time in a unit cell can be expressed as below:
following the development made by Corbari et al., 2011:

dS—R G—H-LE (2)
e "



Net radiation (Rn)

Rnrepresents the net radiation, calculated as the sum of incoming and outgoing shortwave and
longwave radiation.

R,=Rs(1—a)+ Eeff,caT(f — §,0RET* (3)

\ J | )
| |

Rn = R(Shortwave) + R(longwave)

Where Rs denotes the incoming shortwave radiation (W/m?2) and « represents the albedo.
Consequently, the first term Rs (1- ) signifies the total shortwave radiation in the equation.
while, the second term represents the total longwave radiation where &eftc is the unitless
effective atmospheric emissivity, o is Stefan_Boltzmann constant (W/m2K#) and Ta is the air
temperature (K). Lastly, the final term pertains to outgoing longwave radiation, where &s
denotes the dimensionless soil emissivity and RET represents the representative equilibrium
temperature (K). This term serves as the ultimate component that balances the energy in the
model.

Ground (soil) heat flux (G)

The transfer of heat inside the soil profile, which represents the movement of heat through the
soil, is calculated as:

_ Yterm
G==r (4T) (4)

where gterm is the soil thermal conductivity (W/m. K), and delta T is the difference between
RET and Tzero (At=RET — Tzero). Tzerois the temperature below the first layer of soil Az in terms
of Kelvin. The unit of ground heat flux is watts per square meter (W/m?2).

Sensible heat flux (H)

The transfer of heat energy between the earth’s surface and the atmosphere due to the
temperature differences is described as:

H=Hs+ HC (5)



Where Hs represents sensible heat flux for bare soil and Hc represents sensible heat flux for
vegetation (W/m?). In addition, the proportion of the vegetation coverage within each cell is
included as the vegetation fraction Fv in the calculations. Therefore:

H = \(1 —fv)p“cp (RET —T,) +\fvpacp

abs a

(RET — Ta)) (6)
|

Hs He

In the equation above, pa represents the density of air (kg/m?), C, denotes the specific heat of
humid air (M]/kgK), rabs and ra are aerodynamic resistance for bare soil and vegetation(s/m)
respectively.

The aerodynamic resistance (r) governs the exchange of heat and water vapor between the
evapotranspirating surface and the air above the vegetation. Correction functions associated
with atmospheric stability or instability are added using the Thom model (Thom, 1975).

(7)

in (B2 9) - v (B ) l i (35) - ()]

where:

Zm is the height of wind measurements (m),

Zom is the roughness length governing momentum transfer,

Zn is the height of humidity measurements,

Zon is the roughness length governing the transfer of heat and vapor,

d is the zero-plane displacement height (m),

L is the Obukhov length (m),

W is Functions for atmospheric stability governing transfer of heat and vapor (-) and,

Wh is the functions for atmospheric stability governing the transfer of heat and vapor (-).

Zm, d, Zom, Zn and Zoh are functions of the vegetation height. The aerodynamic resistance for
bare soil (rabs), should be calculated using the same Equation (7), but Zm, d, Zom, Zh and Zoh are
calculated using vegetation height as the zero value.



Latent Heat Flux (LE)

The last term from equation (2) is the latent heat which is the heat energy in the phase change
without a change in temperature which, equation (2), is the heat during a change in the state
of water to vapor.

Similar to sensible heat flux, , LEs is considered for bare soil, and LE. for canopy (vegetation).
Therefore, the FEST-EWB model computes LE as below:

B PaCyp . B PaCyp .
LE = f, (s € e + (1= ) [t ) (0" =) (8)

\ J | )
| |

LE. LEs

y is the psychometric constant (Pa/°C), rs the soil resistance (s/m), rc the canopy resistance
(s/m), Saturation vapor pressure (Pa) is the function of the RET (e*= f(RET)) and vapor
pressure is the function of Ta (e= f(Ta)).

It is noteworthy that the latent heat (LE) component of the energy balance is linked to
evapotranspiration (ET) through the latent heat of vaporization (A) and water density (p).

LE = Ap, ET 9)

In summary, thanks to the tangible connection between the energy and water balance, the
model's outputs include soil moisture (SM), evapotranspiration (ET), and Land Surface
Temperature (LST).

1.2. Irrigation volumes modeling

The FEST-EWB model is first used in the traditional configuration, where irrigation is provided
as input information. Daily volumes are available at consortium level and are distributed at
pixel scale according to satellite vegetation fraction. These results were obtained by Corbari et
al., 2020. Thus, soil moisture computed from the model is independent from the satellite SM
data.



In the second configuration, the observed irrigation volumes are not used as input, but the
satellite SM data are considered as a proxy of irrigation. Thus, SM data from Sentinell are
assimilated into the model, each time they are available. In this way, the modeled SM is
corrected to reach the observed one, by adding an artificial irrigation volume.



2 Chapter 2: Case study

2.1. Capitanata Irrigation Consortium

The Capitanata Irrigation Consortium (www.consorzio.fg.it) covers an area of about 50’000 ha
and it’s devoted to an intensive agriculture with mainly wheat and tomatoes during the spring-
summer seasons, while fresh vegetables during the autumn-winter seasons. The climate is
characterized by hot dry summers and warm wet winters. Rainfall during the summer crop
season is about 160 mm, with an average daily mean temperature of 23.7 + 2.8 °C. A mean
seasonal irrigation amount of 600 mm is provided to summer crops with drip and micro-
sprinklers techniques (Corbari et al., 2020; Corbari et al.,, 2021; Corbari and Mancini 2021).
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Figure 2.1 The location of case study (Capitanata)



2.2. Data

In this study, data from 13 eddy covariance stations are collected to compare soil moisture
values with data obtained from the Sentinel-1 satellite and the generated data from FEST-
EWB. Additionally, latent heat values of the stations were used to compare against the
simulated ones by the FEST-EWB model.

2.2.1.Eddy Covariance Stations

Experimental data were obtained by micrometeorological eddy covariance (EC) stations that
have been installed during the site-specific crop season, approximately in the center of the
fields to measure the main components of the water and energy balances with particular
attention to the evapotranspiration flux and soil moisture dynamic. A total of 12 monitored
fields and crop seasons have been monitored with eddy covariance stations covering the most
diffuse crops (e.g. seven tomatoes fields).

Crop Soil type Irrigation date
Asparagus Clay November 2013-2014
Cabbage Silty clay 2015

Tomato Silty clay 2016

Spinach Silty clay Winter 2.17-2.18
Tomato Silty clay 2017

Tomato Silty clay 2018

Tomato clay loam 2019

Spinach Clay loam Winter 2019-2020
Tomato Clay loam 2020

Tomato Sand 2016

Tomato Sandy loam 2017

Durum wheat Sandy loam 2017-2018

Table 2.1 the soil type of the analyzed field

The soil types of the analyzed fields are extremely different, from sandy to silty clay soils
(Table2.1).

The stations are equipped with several instruments to measure various meteorological
parameters. These instruments include:

Three-dimensional Sonic Anemometer (Young 81000 by Campbell Scientific RM-81000V):
This sensor measures wind velocity components using acoustic signals transmitted between
an emitter sensor and a receiver. It helps in understanding the wind dynamics around the



station.

Gas Analyzer (LI-COR 7500): This instrument measures concentrations of water vapor and
carbon dioxide in the atmosphere by sending and receiving infrared signals. It aids in analyzing
the composition of the atmosphere.

Combined Gas Analyzer and Sonic Anemometer: Some stations use a combined gas analyzer
and sonic anemometer, which provides integrated measurements of both wind velocity and
gas concentrations.

Four-Component Radiometer (CNR-1 by Kipp & Zonen): This device measures the four
components of net radiation, including incoming and outgoing shortwave and longwave
radiation. It helps in understanding the energy balance at the station.

Thermo-Hygrometers (HMP45AC by Vaisala): These instruments measure air temperature
and relative humidity, providing essential data for understanding atmospheric conditions.

Tipping Bucket Rain Gauges: These gauges measure rainfall by collecting and tipping water
from a funnel into a bucket. They are mounted on independent supports away from vegetation
to ensure accurate measurements.

Soil Heat Flux Plate Transducer (HFP01 by Hukseflux): This device measures soil heat flux at
a depth of 8 cm in the soil. It helps in understanding the energy exchange between the soil and
the atmosphere.

Thermocouples: Thermocouples are used to measure temperature at different depths in the
soil above and below the soil heat flux plate.

Soil Moisture Sensors: Instruments such as TDR soil moisture sensors (CS616 by Campbell Sci)
or FDR Sentek profile sensors are used to measure soil moisture at different depths
representative of crop root zones.

These instruments are connected to data loggers (CR5000, CR3000, and CR23X by Campbell
Sci) with varying numbers of connecting ports. The high-frequency data is acquired at 20 Hz,
while low-frequency instrumentation data are acquired at 0.1 Hz and then averaged on a half-
hourly temporal resolution. The entire station is powered by solar panels and batteries and is
equipped with a GSM modem for data download and real-time monitoring.



Co
Figure2.2 configuration of eddy covariance in Capitanata

2.2.2.Satellite Soil Moisture Data

The Sentinel-1 satellite provides a valuable collection of data, which proves beneficial for
various applications. In this study, we utilized satellite soil moisture data as supplementary
information. Nevertheless, it's worth noting that the spatial resolution of Sentinel-1 data in our
study is limited to 1 km, which is considered coarse and may not accurately distinguish specific
areas. despite the coarse resolution, Sentinel-1 data still provide valuable information for
understanding large-scale environmental processes such as soil moisture dynamics, land
cover changes. Integrating these satellite observations with ground-based data can enhance
and improve water resources management strategies .

10



3 Chapter 3: Results

In this chapter, the work conducted within this thesis is discussed in detail, and the results are
meticulously analyzed. These analyses are mainly based on the comparison between the data
retrieved from the Sentinel 1 satellite, observed data from eddy covariance stations, and
values derived from executing the FEST-EWB model considering the two model configurations
for irrigation. This comparative analysis against the ground-based measurements (eddy
covariance), provides us a more precise and insightful understanding of the model's
robustness. Undoubtedly, in this process, calibration followed by data validation plays a
decisive role in refining the model. Additionally, common statistical metrics such as RMSE,
absolute mean, mean, and Nash-Sutcliffe efficiency were employed to examine the acquired
data.

3.1. Soil Moisture Comparison

In this section, soil moisture values extracted from satellite, ground, and model are presented
and analyzed.

3.1.1. Satellite Soil Moisture

The Sentinel 1 satellite soil moisture values were extracted from 13 stations over a 5-year
period of investigation spanning from 2015 to 2020 It's important to note that consistent data
collection from specific points is not always feasible due to the orbit paths of satellites. Sentinel
1, for example, has a near-polar orbit, covering different areas of the Earth at different times.
This variability in coverage can result in missing data on certain dates.

11
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Figure 3.2 Satellite soil moisture over a 5-year period

It is worth highlighting that knowing the soil type of each field is important, as each soil type
has its own specific soil moisture content value. In this investigation, the following values have

been applied to obtain normalized soil moisture values from satellite.

Field name Soil type Or Os

Asparagus clay 0.09 0.48
Cabbage Silty clay 0.06 0.48
Tomato-2016 Silty clay 0.06 0.48
Spinach 2017-2018 | Silty clay 0.06 0.48
Tomato-guz-2017 Silty clay 0.06 0.48
Tomato-2018 Silty clay 0.06 0.48
Tomato-2019 Clay loam 0.08 0.46
Spinach 2019-2020 | Clay loam 0.08 0.46
Tomato-2020 Clay loam 0.08 0.46
Tomato-2016 Sand 0.02 0.44
Tomato-def-2017 Sandy loam 0.04 0.45
Durum wheat Sandy loam 0.04 0.45

Table 3.1 residual and saturated soil water values based on different soil type

In the table above, Or represents the residual water content whereas s represents the
soil water content at saturation. It is clear that, based on the soil type, available water
content in the soil matrix should be calculated to obtain the corrected soil moisture
values.

3.1.2.Ground-Based Soil Moisture
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The measurement of soil moisture has been implemented over the region of interest. To this
end eddy covariance stations were utilized. There are different advantages to using this
system. One of the important benefits of using eddy covariance method is the direct
measurement of the energy fluxes on-site. Another strength is the feasibility of continuous
long-term measurements. Moreover, measured fluxes are spatially averaged over a large area.
In this study, the measurements in eddy covariance stations are typically averaged over a
period of 30 minutes, resulting in 24 recorded measurements over a course of a day. The mean
of the entire measurements represents the daily average of the variable of interest. Soil
moisture time series of some of the stations have been listed below.
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Figure 3.3 Ground soil moisture implementing eddy covariance in four different fields.

Although utilizing eddy covariance system offers numerous benefits, nevertheless, there are
some limitations that affect the accuracy of the measurements. The main issue is connected to
the representative scale of measurements as the SM refers to an area of about 50 cm2.
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3.1.3. FEST_EWB Soil Moisture

After execution of the FEST-EWB model, one of the outputs of the model is soil moisture. All
the stations have been thoroughly investigated, nevertheless, below, you'll find simulated soil
moisture time series for some of the stations.
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Figure 3.4 soil moisture estimates from the FEST-EWB model for four different fields.
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3.2. Soil Moisture Comparatve Analysis

The objective of this section is to provide an overview of soil moisture values obtained from
satellite, the FEST-EWB model and ground measurement. This will be achieved by comparing
soil moisture data from these three aforementioned sources.

3.2.1.Comparison of Satellite-Derived and Ground Based
Soil Moisture Measurements
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Figure 3.5 Comparison of Soil Moisture between Satellite and Ground-Based Observations
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Figure 3.6 Comparison of Soil Moisture between Satellite and Ground-Based Observations

To assess to what extent soil moisture values obtained from satellite are similar to those
observed in the field, root mean square error (RMSE), mean and absolute mean of the satellite
and ground-based measurements have been calculated for each month.
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Month rmse mean Abs-mean ‘
May.2020 0.31 0.31 0.31
June.2020 0.26 0.26 0.26

Table 3.2 statistical metrics of soil moisture values recorded from satellite and observed measurements in the
months of May and June for tomato field.
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Figure 3.8 the comparison plot associated with the soil moisture values obtained from satellite and observed
measurements.
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Month rmse mean Abs-mean ‘

Sep.2019 0.16 0.14 0.14
Oct.2019 0.16 0.11 0.12
Nov.2019 0.15 0.13 0.13
Dec.2019 0.19 0.19 0.19
Feb.2020 0.20 0.18 0.18
May.2020 0.21 0.21 0.21

Table 3.3 statistical metrics of soil moisture values recorded from satellite and observed measurements in the
months of September, October, November, December, February, and May for Spinach field.

The root meas suare error related to the values of soil moisture in all fields has been lasted

thorouly below:
Cabbage wheatécgiféZOl% spinach-2019-2020 Asparagus
month month Month rmse month rmse

0.16 0.05
0.16 0.05
0.15 0.16
0.20 0.21
0.20 0.21
0.22 0.19

tomato-guz-2017 tomato-guz-2016

rmse rmse
0.10 0.18 0.13
0.12 0.20 0.17
0.11 0.23 0.36
| 0.11 0.22 0.35
| 0.08 0.16

tomato-guz-
2018

tomato-def-2019 tomato-def-2020

spincah-baresoil-
2017-2018

tomato-def-2016

| rmse | rmse
| 023 0.31
| 0.09 | | 0.09 0.27

o
(ee]

| 021 |
|

Table 3.4 root mean square error of soil moisture values recorded from satellite and observed measurements for
all the stations.
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3.2.2.Comparison of The FEST-EWB Model and Ground-
Based Soil Moisture Measurements

A procedure similar to that used in previous sections has been employed for the FEST-EWB
model to visually evaluate differences in soil moisture values.
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Figure 3.9 Comparison of Soil Moisture between FEST-EWB and Ground-Based Observations
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spinach 2017-2018 tomato-def-2016 tomato-guz-2016 tomato-def-2017
month rmse | month rmse month rmse | month rmse
sep.2017 0.16 | may.2016 0.18 | may.2016 0.17 | may.2017 0.07
oct.2017 0.16 | jun.2016 0.22 | jun.2016 0.16 | jun.2017 0.07
apr.2018 0.14 | july.2016 0.26 | july.2016 0.06 | july.2017 0.09
may.2018 0.13 | aug.2016 0.26 | aug.2016 0.12 | aug.2017 0.10
jun.2018 0.18 | sep.2016 0.21 | sep.2016 0.24 | sep.2017 0.06
tomato-def-2019 tomato-guz-2020 tomato-guz-2018
month rmse | month rmse month rmse
may.2019 0.07 | may.2020 0.18 | jun.2018 0.28
jun.2019 0.20 | jun.2020 0.11 | july.2018 0.38
july.2019 0.31 | july.2020 0.07 | sep.2018 0.09
aug.2019 0.30 | aug.2020 0.08
sep.2019 0.25 | sep.2020 0.06
Asparagus Cabbage wheat-def tomato-guz-2017

month rmse | month rmse-fest | month rmse | month rmse
nov.2013 0.02 | aug..2015 0.06 | sep.2017 0.05 | apr.2017 0.01
Jan.2014 0.03 | sep.2015 0.11 | oct.2017 0.03 | may.2017 0.03
feb.2014 0.04 | oct.2015 0.08 | nov.2017 0.04 | jun.2017 0.03
mar.2014 0.04 | nov.2015 0.03 | dec.2017 0.04 | julyu.2017 0.05
apr.2014 0.08 | dec.2015 0.02 | jan.2018 0.03 | aug.2017 0.03
may.2014 0.07 | jan.2016 0.04 | feb.2018 0.05 | sep.2017 0.02
jun.2014 0.08 | feb.2016 0.04 | mar.2018 0.07
july.2014 0.02 | mar.2016 0.02 | apr.2018 0.05
aug.2014 0.06 | apr.2016 0.10 | may.2018 0.07
sep.2014 0.02 | may.2016 0.17
oct.2014 0.12
nov.2014 0.06
dec.2014 0.01
jan.2015 0.06
feb.2015 0.02
mar.2015 0.08
apr.2015 0.10
may.2015 0.12
jun.2015 0.15

Table 3.5 root mean square error of soil moisture values recorded from the FEST-EWB model and observed
measurements for all the stations.
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3.2.3.FEST-EWB, Satellite and Ground-Based Soil Moisture
Plots; All in One

In this section, soil moisture plot of the area will be illustrated for further analysis, comparing
the model in its original version with the assimilation of satellite SM. Below, soil moisture map
generated by FEST-EWB considering 1 meter depth of computation, FEST-EWB considering
only 10 centimeters of the depth and satellite has been represented from left to right
respectively in some dates.
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Figure 3.10 from left to right: soil moisture plot of FEST-EWB, FEST-EWB with the cell depth of 10cm and
satellite soil moisture map
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Figure 3.11 from left to right: soil moisture plot of FEST-EWB, FEST-EWB with the cell depth of 10cm and
satellite soil moisture map
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The maps of soil moisture and soil moisture difference between generated values by FEST-
EWB and satellite are shown in different dates of the years. The order of the maps from left to
right is soil moisture generated by FEST-EWB, soil moisture generated by FEST-EWB with the
computation depth of 10 cm, soil moisture derived from satellite, soil moisture difference of

FEST-EWB and satellite, and finally, soil moisture difference of FEST-EWB at the depth of 10cm
and satellite.
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Below mean difference maps of soil moisture between FEST-EWB, at two depth of calculations,
and satellite have been demonstrated respectively.
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Figure 3.14 mean difference of FEST-EWB and satellite considering calculation depth of 1m and 10 cm(left to
right)

The left map reflects the mean difference values of soil moisture between FEST-EWB and
satellite, while the right map is mean difference of soil moisture between FEST-EWB model at
the calculation depth of 10cm and satellite. Obviously, the blue color in the left map is more as
the depth of calculation for that FEST-EWB is 1 meter.

The absolute difference diagram of FEST-EWB at two different calculation depths are also
illustrated below.
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Figure 3.15 absolute difference diagram between FEST-EWB and satellite at two different calculation depths

The left diagram presents the absolute mean difference of soil moisture between FEST-EWB
calculated at the depth of 1 meter and satellite.
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3.3. Laten Heat

This section is dedicated to comparison between the values of latent heat flux (W/m2)
extracted from the FEST-EWB model after the assimilation of satellite SM and the ground data.
As previously mentioned in chapter 1, employing water and energy balance method, the
relationship between soil moisture (SM) and latent heat flux (LE) is established through the
interconnected system of mass and energy equations, ultimately influencing LST. So, knowing
the values of latent heat measured by the model can provide us with a better insight.

3.3.1. Laten Heat Estimates of FEST-EWB

Similar to the previous section, the relevant values of 13 stations have been simulated for
latent heat flux.
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Figure 3.16 Latent heat time series for 4 different agricultural fields
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3.4. Comparative Analysis of Latent Heat Flux:
FEST-EWB Model vs. Ground Measurements

In this section latent heat flux values obtained from the field are compared against the ones
of the FEST_EWB model after the assimilation of SM. Various statistical metrics as well as
root mean square error, mean, absolute mean and Nash-Sutcliffe efficiency coefficient were
examined to assess the goodness of the results.

3.4.1.Comparison of Latent Heat Flux Values Derived from
FEST-EWB against Their Respective Ground Values
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Figure 3.11 Latent heat flux time series of both simulated FEST-EWB model and Ground Values
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Figure 3.17 The comparison plot associated with the latent heat values obtained from FEST-EWB and
observed measurements for the Cabbage field.
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Figure 3.19 The comparison plot associated with the latent heat values obtained from FEST-EWB and
observed measurements for the tomato field.

34



250

200

150

W/m?2

100

50

LE-Wheat-def-2017-2018

o'. '.
St

0

03/08/2017

50

45

40

w
o

Fest (W/m2)
N
(9]

15

10

N
o
@
...

@
~8
10/04/2018 30/05/2018

22/09/2017 11/11/2017 31/12/2017 19/02/2018

® LE_mean_day-FEST @ Daily-Average-LE-Ground

LE-Wheat-def

y =0.2987x + 16.792
° R? =0.0732 o

.’

. o
...........

19/07/2018

15 20 25 30 35 40 45
Ground (W/m2)

Figure 3.20 Latent heat flux time series and comparison plot of observed and simulated model for the field of

wheat

35

50



LE- tomato-def-2017

160 |
140 ®
120
100
80 @

% o o P =
60 L @ :

o ® o*’é °e

e

[ )

40 = ® .’.

o e W i SR

[ )
0 1 Y ® & K ] : ®
15/04/2017 05/05/2017 25/05/2017 14/06/2017 04/07/2017 24/07/2017 13/08/2017 02/09/2017 22/09/2017 12/10/2017

W/m2

® LE_mean_day_FEST @ Daily-Average-LE-Ground

LE- tomato-def-2017

90
80 g
i '. f y = 0.1061x + 45.415
. Dl ‘ R%=0.0479
@ ® 2

60 . . ~ . ’ . . ---------------
g ’ J ST Mo @i fo -
£ * s - ’ o ® ..’ ...................... .“‘.i @' e
E >0 ¢ ¥ Jperrer TICILA  Mapaay . K B2 =
2 egtete, - - :
7 40 ® 9 ' '} & .
L &) . 2 e )

® o0
30 ® o ¢2o s
L)
20 <
)
10
0
0 20 40 60 80 100 120 140 160
Ground(W/mz2)
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To evaluate the model's performance, the root mean square error of the stations for each
month has been calculated. Besides, the RMSE of the entire months is 62.64 W/m2 for the
cabbage field, 58.65 W/m2 for the tomato-def-2016 field, 45.38 W/m2 for wheat field and
32.24 W/m?2 for the tomato-def-2017. A summary table listing all stations specifying the RMSE
value of their respective month is provided in the table below.

Cabbage Wheat-def Spinach-guz tomato-def-2017 tomato guz-2017

month rmse rmse rmse rmse rmse
(W/m2) | month (W/m2) | month (W/m2) | month (W/m2) | month (W/m2)

aug.2015 70.75 | sep.2017 15.91 | sep.2017 18.89 | apr.2017 31.29 | apr.2017 104.45

sep.2015 60.33 | oct.2017 12.95 | oct.2017 14.78 | may.2017 25.44 | may.2017 197.74

oct.2015 25.94 | nov.2017 18.24 | nov.2017 0.46 | jun.2017 19.45 | jun.2017 76.09

nov.2015 127.31 | dec.2017 17.96 | apr.2018 83.21 | july.2017 38.07 | july.2017 23.78

dec.2015 36.82 | Jan.2018 12.12 | may.2018 91.56 | aug.2017 46.09 | aug.2017 33.24

jan.2016 29.64 | feb.2018 4.20 | jun.2018 152.19 | sep.2017 16.17 | sep.2017 13.85

feb.2016 50.31 | mar.2018 34.54

mar.2016 23.72 | apr.2018 72.44

apr.2016 50.02 | may.2018 120.21

may.2016 35.86

tomato-guz-2016 tomato-def-2016 tomato-guz-2018 Asparagus

month rmse month rmse month rmse month rmse

may.2016 899.75 | May.2015 141.61 | june.2018 172.89 jan.2015 16.22

jun.2016 41.18 | June.2015 20.81 | july.2018 69.22

july.2016 82.13 | July.2015 18.84 | sep.2018 22.39

aug.2016 79.03 | August.2015 32.66

sep.2016 37.53

Table 3.6 Monthly RMSE values of the investigated agricultural fields for LE (FEST-EWB)
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3.5. Further Investigation of Latent Heat Values;
Employing Fractional Vegetation of Cover (Fy)

In the previous section, we compared the simulated values of latent heat flux and soil moisture
from the FEST-EWB model with their corresponding values observed in the field. While the
results seemed promising across different fields, noticeable discrepancies in simulated LE and
SM values on certain dates were apparent. Therefore, introducing a supplementary parameter
such as fractional vegetation cover (FVC) could be useful in identifying any incongruencies in
the simulated latent heat values, which are dependent on the assimilation of Sentinell SM at
1km into the FEST-EWB model. Fractional vegetation cover is a measure to quantify the
proportion of an area covered by vegetation and it comes from Landsat data at 30m of spatial
resolution. Since soil moisture directly influences the vegetation growth, then, higher soil
moisture percentages are expected to result in increased fractional vegetation cover.
Additionally, given that soil moisture affects the evapotranspiration, it could be deduced that
latent heat is closely connected to soil moisture. So, we compared the original vegetation
fraction at 30 m of spatial resolution, which is really representative of the field of analysis, with
the aggregated vegetation fraction at 1km, representative of the scale of satellite soil moisture
at 1km. Some inconsistencies are found, with high differences helping in explaining the
differences in modeled and observed ET.

Cabbage
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Figure 3.22 mean of fractional vegetation cover (FVC) at a spatial resolution of 1km and its corresponding
value in the station at 30m resolution in the field of cabbage.
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Figure 3.23 mean of fractional vegetation cover (FVC) at a spatial resolution of 1km and its corresponding value
in the station at 30m resolution in the field of wheat and tomato respectively.
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Figure 3.24 mean of fractional vegetation cover (FVC) at a spatial resolution of 1km and its corresponding
value in the station at 30m resolution.
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3.6. Irrigation Values of FEST-EWB

One of the significant outputs of the model is irrigation. Based on the volume of irrigation,
different water management strategies could be taken. Below is the bar chart of the annual
irrigation (mm/d) generated by FEST-EWB.
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Figure 3.25 the annual estimated irrigation rate by FEST-WB
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4 Chapter4: Conclusion

In this study, we explored the utilization of the FEST-EWB model in conjunction with remotely
sensed data. The distributed hydrological FEST-EWB model operates on the basis of water and
energy balance principles, where the representative equilibrium temperature (RET) is derived
by solving the energy balance equation. To achieve energy balance, RET is defined as the land
surface temperature (LST) for each pixel. We compared the soil moisture values generated by
FEST-EWB with the soil moisture data retrieved from Sentinel-1 satellite to assess the
calibration.Given the close relationship between soil moisture (SM), evapotranspiration (ET),
and latent heat (LE), we evaluated the estimated latent heat flux generated by the FEST-EWB
model against observed data from agricultural fields. While the simulated LE at 1km resolution
showed reasonable results overall, discrepancies were noted on specific dates. For instance,
in the wheat field, we observed high LE values in May and June, despite wheat cultivation
occurring from October. To investigate this anomaly, the fractional vegetation cover (FVC) of
the region was analyzed during those dates, suspecting coarse spatial resolution as a potential
issue with the Sentinel-1 data. In this thesis, FEST-EWB was executed at 1km spatial
resolution, similar to Sentinel-1. However, the original model simulates data at a higher
resolution of 30m. This finer resolution allows for the differentiation of various agricultural
fields and enables more accurate estimations. Conversely, at the 1km pixel level, mean values
are obtained, potentially leading to high ET estimates that hinder separate field analysis within
the cells.
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