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GEOGRAPHY'S FUTURE IS TECHNICAL
- a letter from the editor -

Tonel HAIDU *
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Abstract

Geography has evolved from a descriptive discipline, based on exploration and mapping, to a technical
and analytical science, capable of offering solutions to the complex challenges of the modern world.
The transition towards a technical Geography was facilitated by the introduction of advanced statistical
methods and new technologies such as GIS, remote sensing, LIDAR, UAV, etc. Autocorrelation and
frequency are core concepts of the new Geography but they are common also in research from technical
fields such as Engineering or Physics, which clearly proves that Geography is based on technical
foundations similar to those used in other applied sciences. However, in certain states, Geography did
not sufficiently adopt these tools, which led to a decrease in its relevance. In order to regain its
significance, Geography must become a prospective science, capable of anticipating and manage
natural and social phenomena. Universities promoting technical Geography are ready to train future
leaders, while those that remain anchored in classical approaches risk becoming irrelevant.
Geography’s future is therefore inextricably linked to the integration of advanced technologies and
analytical methods

Key-words: GIS, Remote Sensing, LIDAR, UAV, Autocorrelation, Frequency, Antefactum science,
Geographia Technica, Technical Geography, Future of Geography, Technical integration

1. INTRODUCTION

Geography as a discipline had a significant evolution from a descriptive science, focused on the
exploration and mapping of the world, to a technical and analytical science, capable of offering
solutions to the complex problems of the modern world. The book edited by Goodchild & Janelle,
(2004), discuss the integration of spatial analysis and technical methods into social science geography,
illustrating how geography’s analytical tools can solve complex problems in areas such as urban
planning, environmental management, and social policy. The Dictionary of Human Geography edited
by Gregory et al., (2009) details the historical and technical evolution of geography, describing how
advancements in technology have reshaped the discipline into a science capable of addressing
complex modern issues. It covers key concepts in human and physical geography that underscore this
transition.

In recent years, more and more sources support the idea that Geography as a science, but also as
an encyclopedia, is in a real transition from traditional mapping to a technical science through the
adoption of advanced digital tools and techniques. For instance, the video segment of Penn State
Public Broadcasting Geospatial Revolution (2024) explores the impact of these technologies on
societal understanding and daily life, showcasing how tools like GIS and satellite data enable
researchers to visualize spatial patterns and temporal changes globally. This digital evolution has also
made geography a vital part of addressing contemporary global challenges, including climate change
and resource management. The technical transformation of Geography has not only expanded its
applicability into various fields, but it has also fundamentally changed the way we understand and
manage the natural and social phenomena.

1Université de Lorraine, Laboratoire LOTERR-EA7304, 57045 Metz Cedex 01, France,
ionel.haidu@univ-lorraine.fr
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In this essay, I will explore the arguments that support the claim that Geography’s future is,
undoubtedly, technical, highlighting both the discipline’s stages of development and the impact of
the technical methods on the research and applicability of Geography in society.

2. THE TRANSFORMATION OF GEOGRAPHY: FROM THE DESCRIPTIVE TO THE
ANALYTICAL AND TECHNICAL SCIENCE

The history of Geography has started with the description and representation of the world known
by maps and empirical observations. In its classic period, Geography was predominantly descriptive
and it had a postfactum role, that is it explained phenomena that have already happened, offering
retrospective perspectives on the environmental, climate and human activities changes. However,
with the technological progress and development of quantitative methodologies, Geography has
begun to change into an analytical and technical science.

At the beginning of the 20" century, Geography has started to integrate more and more
quantitative models to understand the relationships between natural and human phenomena. The so-
called Quantitative Revolution (Barnes, 2001) has set the basis of modern Geography, in which
statistical methods and quantitative analyses were essential for describing and predicting spatial and
temporal patterns. The book of Castree et al., (2013) provides an excellent overview of major concepts
in human geography, including the historical development of geography as a discipline, the impact of
the Quantitative Revolution, and the role of technologies like GIS and remote sensing.

The introduction of the Geographic Information Systems (GIS) and of the technologies such as
remote sensing and spatial modeling represented a major technological leap, which consolidated
Geography as an applied science, offering practical solutions for modern challenges.

3. THE MINIMIZATION OF THE ROLE OF GEOGRAPHY: AN EFFECT OF THE LACK
OF TECHNICAL INTEGRATION

Over the last decades, in some countries and universities, Geography has suffered a depreciation
of its role in education and society. This trend is partially the result of the perception that Geography
is a discipline limited to the description of landscapes and the memorization of maps.

Lambert & Morgan (2010) explore issues in geography education across various countries, discussing
how traditional teaching methods contribute to the discipline’s decline in relevance. It advocates for
incorporating technical skills like GIS to renew geography’s appeal and importance.

In many educational systems, such as those in the United States or France, Geography has been
reduced to a secondary component of social studies, losing ground to other disciplines that were more
technical or oriented towards exact sciences. Bednarz et al, (2013) addresses challenges in
geographic education, specifically noting the lack of technical skills integration in many curricula and
its impact on geography's perceived relevance in modern education. It highlights how GIS and other
tools can enhance geography’s role in science, technology, engineering, and mathematics.

This minimization may be directly correlated with the lack of integrating the technical methods
into the teaching of Geography. In countries like Romania, Italy or Spain, Geography often remains
a classical science focused on the description of the geographical phenomena without using enough
technologies such as GIS or remote sensing. Without a promotion of the technical aspects, Geography
risks to be perceived as irrelevant for the contemporary challenges, which leads to the decrease of
interest in this discipline in schools and universities.

4. THE NEED TO TRANSFORM GEOGRAPHY IN A PROSPECTIVE SCIENCE
To regain the relevance and to respond to the needs of the society, Geography must evolve from

a postfactum science to an antefactum science. A prospective approach that anticipates the
geographical phenomena and provides proactive solutions, is essential in a constantly changing world.
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Abler (2004) supports the idea of the need for a prospective shift in geography, emphasizing the
role of technological advancements in fostering a predictive approach. Abler argues that geographers
can use spatial models and data analytics to anticipate social and environmental changes. Goodchild
(2010) provides insights into how GIS and geospatial technologies have expanded the role of
geography into predictive and proactive realms. He discusses the potential for GIScience to anticipate
and manage environmental risks and support sustainable development through real-time and
predictive modeling.

The technical approaches allow Geography to become an anticipatory science. For example,
the predictive models based on geospatial data collected via remote sensing and monitoring sensors
enable the early identification of natural risks such as floods, earthquakes or climate changes and help
with the efficient management of the natural resources and urban development. Technical Geography
not only explains past phenomena, but it also plays an active role in shaping the future.

5. THE INCREASE OF THE TECHNICAL CHARACTER OF GEOGRAPHY. BEYOND
PHYSICAL GEOGRAPHY

Physical Geography was the first branch of Geography that has benefited from the development
of modern technologies. Techniques such as remote sensing and LIDAR are used to monitor the
changes on the surface of the Earth, from soil erosion to extreme weather events. But this transition
is not limited to physical Geography. Land use planning has become a profoundly technical
discipline, using GIS for urban planning, infrastructure and resource management.

Jensen (2006) provides comprehensive insights into remote sensing and its applications in
physical geography, including monitoring soil erosion, weather events, and other earth surface
changes. It also highlights the role of LIDAR in studying landscape and environmental changes.

Human Geography and Regional Geography have also become increasingly technical. Batty
(2013) explores the integration of GIS and spatial analysis in urban planning, discussing how
geospatial technologies are essential for resource optimization, accessibility, and the creation of smart
cities. This book covers technical advances in human and regional geography, particularly in urban
planning. The quantitative models and spatial analyses are used to understand the dynamics of the
population, the migrations, economic flows and distribution of public services. For example, in urban
planning, GIS is used to optimize resource distribution, and accessibility to public services and public
transport, contributing to the development of smart cities.

6. TECHNICAL FOUNDATIONS IN GEOGRAPHICAL RESEARCH:
AUTOCORRELATION AND FREQUENCY

Another powerful argument for the technical direction of Geography is the integration of
fundamental concepts of autocorrelation and frequency.

Many decades ago, Cliff & Ord (1981) developed a fundamental book which discusses spatial
autocorrelation and its applications in geography, reactivating the ideas of Tobler (1970) and
providing models and methodologies for analyzing spatial relationships. It covers spatial
autocorrelation theory, essential for understanding distributions of phenomena like population and
environmental patterns.

Spatial and temporal autocorrelation are essential concepts in the geographical analysis,
enabling the study of how phenomena are distributed in space and time. These concepts are used in
modern geographical research to understand the relationships between various spatial variables such
as environmental factors, population distribution or seasonal migrations.

Fotheringham et al., (2000) provide an accessible introduction to quantitative methods in
geography, including spatial and temporal autocorrelation. This book explains the significance of
these concepts in modern spatial analysis and their application through autoregressive models and
spatial frequency analysis.



More recently Haidu (2016) argues that in addition to autocorrelation, the distribution of
geographic processes and phenomena is related to spatial and temporal frequency. Autocorrelation
and frequency are core concepts of Technical Geography.

Moreover, the spatial and temporal frequency is crucial for the monitoring of recurring
phenomena such as climate changes or land use patterns. These concepts are analyzed using advanced
tools and techniques, such as Fourier models or autoregressive models, which are common in the
researches in technical fields such as Engineering or Physics.

This clearly demonstrates that Geography is based on technical foundations similar to those
used in applied sciences.

7. COUNTRIES AND UNIVERSITIES PROMOTING TECHNICAL GEOGRAPHY

There are countries and universities that fully acknowledge the need for Technical Geography
and that have adapted their curriculum to reflect this transformation.

Some universities from USA such as the University of California, Santa Barbara (UCSB) and
Stanford University are leaders in geospatial research, using GIS and remote sensing for climate
studies, urban planning and analysis of natural resources. Goodchild (2006) provides an overview of
the development of geospatial sciences within academia, particularly in U.S. institutions like UCSB.
He discusses the impact of these universities on geospatial research, especially in areas like climate
studies and urban planning.

In Canada, universities such as McGill University and University of British Columbia are known
for their advanced GIS and remote sensing programs, integrating Technical Geography in its academic
curriculum and in environmental and resource management research.

The paper of Schiewe & Ehlers (2006) covers the advancement of GIS and remote sensing in
Germany. Universities such as the Technical University of Munich (TUM) and Humboldt University
of Berlin are centers of excellence in using GIS and advanced technologies for spatial analysis and
Technical Geography education.

8. COUNTRIES AND UNIVERSITIES PROMOTING CLASSICAL GEOGRAPHY

By contrast, there are countries and universities that remain oriented towards the classical
Geography, less opened towards integrating modern technologies.

Claval (1998), a French geographer, provides an overview of regional and humanistic
geography, particularly as it has been traditionally emphasized in France. This book explains how
French institutions like Sorbonne Université have historically prioritized these approaches over
technical methods.

Many French universities are known for promoting regional and humanistic Geography to the
detriment of Physical Geography, with an insufficient emphasis on the use of GIS and other advanced
spatial technologies and insufficient attention to the mathematical modeling of geographical processes
or phenomena.

In Italy, universities such as Universita di Bologna and La Sapienza (Hefferman, 2003) continue
to focus on classical Physical Geography, without fully embracing the technical aspects of the modern
Geography. This resistance to the integration of advanced technologies limits the relevance of
Geography in addressing modern problems.

Donert (2007) examined in detail the State of Geography in European higher education and his
results allow us to deduce which are the European countries where classical geography remains
relevant in higher education. Donert's work should be updated to see if geographic education adapts
to the recent achievements of technical geography and if the new achievements are integrated or not
in the training of geographers.
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9. GEOGRAPHY’S FUTURE: AN ESSENTIAL TECHNICAL DIRECTION FOR THE
REVIVAL OF ITS ROLE

Adopting Technical Geography is essential for reviving its role in education and society.
National Research Council (2006) drew up a report which highlights how spatial thinking and GIS
are essential for modern geographic education, stressing that integrating geospatial technologies can
prepare students to tackle societal and environmental challenges. It advocates for a more technical
geography curriculum to enhance the field’s relevance. Solem ef al., (2008) discusses the growing
need for technical skills in geography to address global challenges. It emphasizes the importance of
training students in geospatial technologies, which are crucial for careers focused on environmental
management, urban planning, and migration studies.

With the increase of global challenges, such as climate changes, rapid urbanization, and
migration, Geography has an immense potential of providing applied solutions to improve human life
and protect the environment. Geospatial technologies are the key to achieving this objective, and the
universities that integrate these technologies in their research are those that will train future leaders
and experts in managing these challenges.

In 2006, I created the journal Geographia Technica, a journal unique in its vision to publish
articles from across entire discipline which implements technical approaches in geographical
research (please see Aims and Scope) and which found its place in the Wikipedia encyclopedia (please
see Geographia Technica - Wikipedia). For several years this journal has been indexed in the Core
Collection of WOS, in SCOPUS and in other databases of scientific journals.

As for Technical Geography, as a new branch or discipline of Geography, the page deserves to
be opened and read Technical geography - Wikipedia.

10. CONCLUSION

Geography’s future is, undoubtedly, techmical. The evolution of this discipline from a
descriptive to an analytical and applied science proves the importance of using advanced technologies
in natural and social phenomena analysis. By adopting GIS, remote sensing, quantitative analysis,
and spatial modeling, Geography becomes a central discipline in solving complex global problems.
The countries and universities that embrace this transformation will play a crucial role in defining
Geography’s future, while those that remain attached to the classical approaches risk becoming
irrelevant in addressing contemporary challenges.
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ABSTRACT.

The aim of the present paper is to estimate the green Hydrogen potential from two sources of
renewable energies that are solar and wind. This estimation has been done by using satellite data
taken from the Global Solar Atlas (GSA) and Global Wind Atlas (GWA). Data were integrated into a
Geographical Information System (GIS) to estimate, first the theoretical electricity from solar and
wind by using different models. Then we used a third model to estimate the quantity of hydrogen that
can be produced from the two different sources mentioned above. As far as we know this is the first
attempt to estimate the green hydrogen potential in Mauritania. The results show that the total annual
electricity from solar ranged between 275 and 329 GWh/km?/year, with the north of the country
having the highest potential, especially in the region of Tiris-Zemour and Adrar, in the other hand the
south of the country and across the Senegal River line was the regions with the least potential of solar
energy. Concerning wind, the values were between 28 and 108 GWh/km?/year with the coastline
regions localized in the Nouadhibou-Nouakchott axis having the highest potential. The total values of
hydrogen production vary between 5428 to 6272 tons/km?/year from solar versus 23 to 620
tons/km?/year from the wind.

Key-words: Mauritania, Green hydrogen, GIS, Renewable electricity, Solar and Wind Energy.

1. INTRODUCTION

Meeting the global energy demand while striving for net-zero goals (Wang et al., 2023)
presents a formidable challenge in today's world. Decarbonizing economic sectors and adopting
non-pollutant energy sources are imperative steps toward achieving this objective (Acar & Dincer,
2022; Matute et al., 2022). Notably, a significant portion of CO2 emissions 86% emanates from
power generation, transportation, and industrial activities (Ayodele et al., 2012; Jahangiri et al.,
2020; Kojima et al., 2023). The promotion of renewable energy emerges as a crucial strategy to
mitigate the adverse impacts of fossil fuels (Phap et al., 2022).

Green hydrogen, produced through renewable energy sources, emerges as a promising
environmentally friendly solution (Dokhani et al., 2023; Mohammadshahi et al., 2022; S. Wang et
al., 2021). However, despite its potential, green hydrogen constitutes only a small fraction (0.3%) of
total hydrogen production, with the majority being derived from fossil fuels (Catumba et al., 2022;
Kumar et al., 2023). To accelerate the energy transition, the European Union has set ambitious
targets, including the installation of 40 GW of renewable-powered electrolysers by 2030
(Moradpoor et al., 2023).
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Notably, regions rich in renewable energy resources, such as North Africa, hold the potential to
become key energy suppliers, given the high demand and moderate renewable resource availability
(Gallardo et al., 2021; Mukelabai et al., 2022). Mauritania, with its abundant solar and wind
resources, has attracted considerable attention for green hydrogen investment. Companies like CWP
Global, Chariot Limited, and British Petroleum have signed agreements with the Mauritanian
government to develop green hydrogen projects (Aman et al., 2022; El Hacen Jed et al., 2020; Eren
et al., 2022). Several studies have assessed the hydrogen potential using GIS and satellite data in
various countries. For instance, research in Morocco by Touili et al. (2018) revealed substantial
hydrogen production potential from wind and solar energy. Similar studies have been conducted in
other countries, including Ecuador (Posso et al., 2016), Canada (Okunlola et al., 2022), and Algeria
(Boudries & Dizene, 2008), highlighting the global interest in green hydrogen. Despite extensive
research in many countries, studies evaluating green hydrogen production in Mauritania remain
scarce. While efforts have been made to estimate solar and wind potential, there is a notable gap in
assessing green hydrogen production (Bilal et al., 2021, 2023; El Hacen Jed et al., 2020; IRENA,
2021; Ould Bilal et al., 2008). This study aims to address this gap and provide valuable insights into
green hydrogen production in Mauritania.

2. MAURITANIA COUNTRY PROFILE

Mauritania is an African country with a surface of 1.030.700 km?, that has borders to the North
with Morocco and Algeria to the East and South-East with Mali and to the South with Senegal. The
western limit of the country is marked by the Atlantic Ocean for a distance of around 754 km
(Hardy, 2017). Mauritania has a vast potential for solar energy. Masdar, an energy firm of Emirates,
installed in the year of 2016 a total capacity of 16 MW solar plants. In 2017 Mauritania opened the
Toujounine solar farm with a 50 MW capacity and the total installed solar capacity increased to 86
MW. The first Mauritanian wind farm capacity was installed in Nouakchott with a capacity of 30
MW followed by the Boulenouar wind farm with a capacity of 100 MW. According to the Ministry
of Petroleum, Energy, and Mine, the demand for electricity in Mauritania will be around 1400 MW
by 2025 (Group, 2019).

3. DATA AND METHODOLOGY

To estimate the potential of hydrogen production we need solar and wind data that are
representative of the whole country. The data can be obtained by local measures or via satellite data.
Satellite data and GIS were used in several studies (Jahangiri et al., 2020; Okunlola et al., 2022;
Rahmouni et al., 2017; Touili et al., 2018) to estimate hydrogen potential. We first estimated the
amount of energy that can be obtained from solar and wind then this energy was used as an input to
an electrolyser model to estimate the quantity of hydrogen that can be produced. The satellite data
used for this study was taken from the Global Solar Atlas and Global Wind Atlas.

3.1. Solar potential

Mauritania has a high potential for renewable energy resources. The solar photovoltaic (PV)
potential is estimated to range between 2000-2300 kWh/m?/year (IRENA, 2021). For estimating the
solar potential, we used the data obtained from Global Solar Atlas an open-access online database
application that allows access to solar resources and photovoltaic power potential for a site or a
region. 228 grounds sites measurements have been used worldwide to validate the Global Solar
Atlas data. The accuracy of annual Global Horizontal Irradiance (GHI) from the obtained data for
the 228 site measurements ranged between +4% to +8% (Energies et al., 2021). GIS data layers of
the annual average of the Global horizontal irradiation with 250 m resolution were downloaded
from the database and used as input to a GIS software using the models that we detailed below to
deduce the Mauritania potential (Global Wind Atlas., 2023). For this study, we assumed a PV panel
with 250 W rated power (Rahmouni et al., 2017), a module reference efficiency of 17%, and an
efficiency of 85% for the power conditioning units (Touili et al., 2018). So, to estimate the energy
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that can be produced from the PV array we used the following model (Rahmouni et al., 2017; Touili
etal., 2018):

Epv = G X npv X npc Q)
where:
Epv, (kWh/km2): is the quantity of energy that can be produced by the PV solar system;
G: is the horizontal irradiation;

npv: is PV module reference efficiency;
npc: is the power conditioning efficiency.

3.2. Wind potential

Recently in Mauritania, a wind resource assessment was made by Bilal et al., (2021), using
more recent meteorological data measured every 10 min over one year collected from eight sites
(with three different height levels) located mainly on the west coast of Mauritania, and the annual
average of the wind characteristics was determined. The average wind speed was extremely high.
The values were between 4.9 m/s (on site 2 at 10 m height) and 10.0 m/s (on site 7 at 80 m height).
This was done for eight locations only and the data used were collected for one year. to estimate the
wind potential, we should first know the wind average velocity and the characteristics of the wind in
each region in Mauritania. And for this accurate data are required in the whole country. The best
thing is to get data acquired in situ and for that meteorological stations are needed in the whole
Mauritania region, but that is not the case. To overcome this issue, we used validated satellite data
from open online sources (Gruber et al., 2019; Okunlola et al., 2022; Rahmouni et al., 2017; Touili
et al., 2018). For the wind potential estimation, we used the data obtained from the Global Wind
Atlas database. GWA is a free access online database application where we can find wind resource
mapping at 10, 50, 100, 150, and 200 m above ground/sea level with 250 m resolution. The GWA
starts with large-scale and ends with microscale wind climate data. In this study, we used the
average mean wind speed at a height of 100 m (Global Wind Atlas., 2023). The characteristics of
the wind turbine considered are Suzlon-82 with a Rated power of 1500 kW, and a swept area of
5281 m2. To estimate the electricity produced by the wind we used the formula below (Ayodele et
al., 2012b; Ayodele & Munda, 2019; Rahmouni et al., 2017):

Ew = Eo X hm X hg 2
Eo:§><p><C><A><V3><876O A3)
where:
Ew: is the electrical energy produced by the wind generator;
Eo: power generated by the wind turbine;

hm: gearbox efficiency 85%;

hg: generator efficiency 95%;

p: density of air (kg/m3);

C: coefficient of performance of the turbine, and for the purpose of this study we used 45%);
V: wind speed (m/s).

3.3. Electrolyser modeling

The reaction that split water into hydrogen and oxygen by electricity is called electrolysis. The
tool used for this electrochemical reaction is an electrolyser. The hydrogen produced when the
energy used to feed the electrolysers comes from a renewable source has a label of green hydrogen.
DC power is used in the electrolysis process powered by renewable energy resources (Shiva Kumar
& Lim, 2022). There are three main types of electrolysers in the market. The Solid Oxide (SO)
Electrolyser, The Proton Exchange Membrane Electrolyser (PEM), and the Alkaline Electrolyser
(AE). The SO electrolyser has a high efficiency, needs less electricity, and is able to split water into
hydrogen and oxygen at high temperatures. PEM has a fast response, a small footprint, low
operating temperature, and high efficiency at high density. Alkaline Electrolyser has a proven



maturity, and good durability and is the predominant electrolyser in the market (Yue et al., 2021).
Alkaline electrolysers represent 61% of the installed capacity, 31% for the PEM, and the rest for
SOEC and other electrolysers technologies (Nnabuife et al., 2022).

For this study, we used the PEM due to its high energy efficiency, purity of gases, and
hydrogen production rate (Ueda et al., 2022). The PEM was used in several studies to estimate
hydrogen production (Ayodele & Munda, 2019; Folgado et al., 2022; Okunlola et al., 2022; Posso et
al., 2016; Rahmouni et al., 2017; Touili et al., 2018). To produce 1 kg of hydrogen the electrolyser
is supposed to consume 53 kWh (Touili et al., 2018), with an efficiency of 75% (Okunlola et al.,
2022; Posso et al., 2016; Rahmouni et al., 2017; Touili et al., 2018). The following equation was
used to estimate hydrogen production from renewable sources:

MH2 = (nelec x E/HHVH?2) 4)

where:
MH2: is the mass of hydrogen (ton/km2/year);
Nelec: electrolyser efficiency;
HHVH2:  Hydrogen higher heating value

4. RESULTS

The calculations performed illustrate regional variances in solar and hydrogen production (Fig.
1 and Fig. 2), with higher production rates observed in the Northeast regions compared to coastal
regions and other parts of the country. This indicates that certain regions may be more favorable for
solar and wind energy development. The annual average of the global horizontal solar irradiation
ranged between 1900 and 2300 kWh/m?/year (Fig.3) and the annual average of the wind speed was
between 5-10 m/s (Fig. 4).
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Fig.1. Solar Electricity yearly production in Mauritania (GWh/kmz2/year)
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Fig.2. Hydrogen Production from Solar Energy in Mauritania (tons/km?/year).



Elemine Adama SOW, Mohamed Mohamed VALL, Mohamed Mahmoud ABIDINE, Houda BABAH ...

Annual solar irradiation (KWh/m?/year)’
H || 2 [ =
,\"\@ .'\"\& .\?@ .\5‘9 ,'\?@ . Q'PQ

& & O & &

~ ~ ~

Fig. 3. Annual average of the global horizontal solar irradiation in Mauritania.

Fig. 4. Annual average of wind speed at 100 m above ground level in Mauritania.



Applying the models that we presented before regarding solar PV and wind turbines we found
that the annual solar electricity production was between 275 and 329 GWh/km?/year (Fig. 5) thus
much higher than the wind 1-28 GWh/km?/year (Fig. 6).

Solar electricity per area

(GWh/km?/year)
- High : 320.497
- Low : 275.716

Fig. 5. Solar electricity production.

Wind electricity per area

(GWIh/km?/year) ° " ,,
W High 28.99 [ — |
L Low 01.08

Fig. 6. Wind electricity production.
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From Fig.7 we can see that the estimated potential of solar hydrogen production in Mauritania
with models that we used was high between 5248 and 6272 tons/km?/year at least ten times greater
than the estimated wind hydrogen 23-625 tons/km?/year (Fig.8).

Solar Hydrogen per area
(tons/km’/year)

High | 627215

* Low - 524839

Wind hydrogen per area
(Tons/Km2lyear)

— Mgh - 625 443

NS Low: 233993

Fig. 8. Hydrogen potential from wind energy.



The bar chart displays the yearly production of solar electricity in Mauritania, broken down by
region. The data is presented in GWh/km?/year, with the highest production in the Northeast regions
at 329 GWh/km?/year, followed by Dakhlet-Nouadhibou and parts of Inchiri, Adrar, and Tiris-
Zemour at 300 GWh/km?/year. The coastal regions and the rest of the country have a production of
290 GWh/km?/year and 275 GWh/km?/year, respectively.

The bar chart displays the hydrogen production from solar and wind energy in Mauritania,
broken down by region. The data is presented in tons/km?/year, with the highest solar production in
the Northeast regions at 5700-6200 tons/km?/year, followed by Dakhlet-Nouadhibou and parts of
Inchiri, and Adrar at 5300-6000 tons/kmz?/year. The coastal regions and the rest of the country have
a solar production of 5200-5500 tons/km?/year and 5300-5700 tons/km?/year, respectively.

5. DISCUSSION

The annual average of the global horizontal solar irradiation ranges from 1900 to 2300
kWh/mz/year, indicating substantial solar energy potential across Mauritania. The annual average of
wind speed is between 5-10 m/s, suggesting moderate to high wind energy potential in the region.

Solar electricity production is significantly higher than wind electricity production. The annual
solar electricity production ranges from 275 to 329 GWh/kmz?/year, while wind electricity
production is only between 1 and 28 GWh/km?/year. This indicates that solar energy is a much more
viable and productive source of electricity compared to wind energy in Mauritania.

Taking a close look at the solar irradiation map shows that solar irradiation decreases from the
north to the south with an exception in the Nouadhibou region. In other words, the solar potential
increase from the South to the North of Mauritania. Regions like Tiris-Zemour, Adrar, and Tidjikja
have the highest potential for electricity production from solar panels. On the other hand, regions of
Trarza, Brakna, Gorgol, and along the Senegal River with the least potential. And Dakhlet
Nouadhibou, Inchiri, and the Northern part of the Hods fall in between in the matter of the potential
of electricity that can be produced from solar panels.

Regarding the wind regions of Dakhlet Nouadhibou, Inchiri, the Northeast of Tiris-Zemour,
the Middle of Adrar and Nouakchott has the most of potential and especially along the coastline
from Nouadhibou to Nouakchott. Combining solar and wind hydrogen potential the coast of
Nouadhibou region comes to be with the highest potential.

The estimated potential of solar hydrogen production is much higher compared to wind
hydrogen production. Solar hydrogen production ranges from 5248 to 6272 tons/kmz2/year, while
wind hydrogen production ranges from 23 to 625 tons/km?/year. Solar energy exhibits a potential at
least ten times greater than that of wind energy for hydrogen production in Mauritania.

Given the substantial solar energy potential and higher electricity and hydrogen production
rates compared to wind energy, policymakers and stakeholders in Mauritania should prioritize solar
energy development for both electricity generation and hydrogen production. Investments in solar
infrastructure, such as photovoltaic systems and solar thermal technologies, could significantly
contribute to the country's energy independence and sustainability goals. However, wind energy
should not be overlooked entirely, especially in coastal regions with favorable wind conditions.
Hybrid renewable energy systems combining solar and wind resources could provide a more
balanced and reliable energy supply.

Further research and investment are needed to optimize the integration of renewable energy
sources into Mauritania's energy mix, considering factors such as grid stability, storage solutions,
and socio-economic impacts.

We compared the results with those obtained by Touili et al., (2018) in Morocco and
Rahmouni et al., (2017) in Algeria, as the methodologies used were quite similar and Mauritania has
a border with the countries where those study has been made.
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Touili et al., (2018)found the annual average of solar production was between 340 and 436
GWh/km?/year which was little bit higher than the value that we obtained for Mauritania which was
between 275 and 329 GWh/km?/year. On the other hand, the results obtained by Rahmouni et al.,
(2017) for the annual solar production between 259-367, GWh/km?/year was closer to our results.
Thus, the annual hydrogen production per square km per year was quite similar.

It worth to mention that this paper does not discuss the effect of temperature in system
efficiency, and the potential capture of excess heat. According several studies the PV efficiency
decreases as the temperature increases (Ouédraogo et al., 2021; Sevela & Olesen, 2013; Wang et
al., 2023), and due to excess heat the cells can experience long-term degradation when temperature
is higher than certain limit(Royne et al., 2005). This decreases will impact the overall hydrogen
production.(Skoplaki & Palyvos, 2009). Using PVT can be a solution to capture the excess heat and
cool the solar panels; it was proved in India that PVT with wavy fin system increase the solar to
hydrogen production efficiency from 1.4% to 3.4% according to the experiment conducted by
Chandrasekar et al., (2022) at the site of Tiruchirappalli district, Tamilnadu state, for temperatures
ranging between 25-34 °C. Using a cooling system assist in improving the efficiency of PV cells
(Rajoria et al., 2013; Tripanagnostopoulos et al., 2002), this is explained by the reason that only a
small portion of the solar irradiation is converted to electricity and the rest is dissipated as thermal
energy(Rajoria et al., 2013), thus using a solar heating and cooling system offers the opportunity to
generate energy and heat (Buonomano et al., 2013). The excess heat can be used for domestic or
industrial application contributing in carbon footprint reduction especially in Mauritania where the
country is located in the hot dessert climate where temperature can reach up to 45 °C in some region
during the summer.

6. CONCLUSION

The study reveals a significant contrast between the potential of solar and wind energy
resources in Mauritania. Solar power emerges as a dominant contender, exhibiting substantially
higher electricity and hydrogen production capabilities compared to wind power.

Solar electricity production ranges impressively between 275 to 329 GWh/km#/year,
showcasing the extensive energy-generating capacity of solar photovoltaic (PV) systems across the
Mauritanian landscape. In contrast, wind electricity production lags behind, estimated at a modest 1-
28 GWh/kmz/year.

The advantage of solar energy extends further when considering hydrogen production
potential. Solar hydrogen production figures range from 5248 to 6272 tons/km?/year, underlining
the immense capability of solar energy to contribute to sustainable hydrogen generation.
Conversely, wind hydrogen production, ranging from 23 to 625 tons/km?/year, falls significantly
short in comparison.

However, in coastal areas, where solar potential might not be as dominant as in other regions,
wind energy emerges as a compelling alternative. The study identifies coastal regions, such as
Dakhlet Nouadhibou and Inchiri, as having high wind potential, especially along the coastline from
Nouadhibou to Nouakchott. These areas present favorable conditions for wind turbine deployment,
suggesting that a diversified energy approach incorporating both solar and wind resources could be
advantageous.

It's essential to acknowledge the study's limitations, particularly the lack of discussion on
temperature effects and excess heat management. Temperature fluctuations can impact PV
efficiency, and implementing strategies such as photovoltaic-thermal (PVT) systems and cooling
mechanisms could further optimize energy production.
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ABSTRACT:

Population growth, urbanization and rapid industrial development increase the demand for water
resources. Groundwater is an important resource in sustainable socio-economic development. The
identification of regions with the probability of the existence of groundwater is necessary in helping
decision makers to propose effective strategies for the management of this resource. The objective of
this study is to construct maps of potential groundwater, based on machine learning algorithms, namely
deep neural networks (DNNs), XGBoost (XGB), and CatBoost (CB), in the Gia Lai province of
Vietnam. In this study, 12 conditioning factors, namely elevation, aspect, curvature, slope, soil type,
river density, distance to road, land use/land cover (LULC), Normalized Difference Vegetation Index
(NDVI), Normal Difference Built-up Index (NDBI), Normal Difference Water Index (NDWI), and
rainfall were used, along with 181 groundwater inventory points, to construct the models. The proposed
models were evaluated using the receiver operating characteristic (ROC) curve, the area under the
curve (AUC), root-mean-square error (RMSE), mean absolute error (MAE). The results showed that
the predictions of groundwater potential were most accurate using the XGB model; CB came second,
and DNN was performed the least well. About 4,990 km? of the study area was found to be in the
category of very low groundwater potential; 3,045 km® was in the low category; 2,426 km2 was
classified as moderate, 2,665 km* as high, and 2,007 km* as very high. The methodology used in the
study was effective in creating groundwater potential maps. This approach, used in this study, can
provide valuable information on the factors influencing groundwater potential and assist decision-
makers or developers in managing groundwater resources sustainably. It also supports the sustainable
development of the territory, including tourism. This methodology can be used in other geographic
regions with a small change of input data.

Key-words: Groundwater potential, Deep neural network, XGBoost, CatBoost, Gia Lai, Vietnam.

1. INTRODUCTION

Groundwater is indispensable to humanity. Some 2.5 billion people depend on this resource every
day (Prasad, Loveson et al. 2020, Gomez-Escalonilla, Martinez-Santos et al. 2022). The demand for
groundwater is increasing rapidly, due to population growth and industrial development (Dey, Abir
et al. 2023, Morgan, Madani et al. 2023). Today, 1.9 billion people (27% of the world's population)
live in areas that can potentially be affected by severe water scarcity (Boretti and Rosa 2019). In 2050,
it is estimated that this figure will increase to 2.7-3.2 billion, according to differing climate change
scenarios (Boretti and Rosa 2019, Morgan, Madani et al. 2023).
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In Vietnam, survey data from the National Water Resources Planning and Investigation Centre
show that the total national groundwater resource is around 91 billion cubic meters per year (250.7
million cubic meters per day), out of which the share of fresh water represents approximately 69
billion cubic meters per year (189.3 million cubic meters per day (Nguyen et al. 2024). Despite these
figures, the country is currently facing severe pressure from decreasing water levels, and
environmental pollution due to socio-economic growth and climate change. Thus, insufficient access
to drinking water has become a major concern, and a key indicator of sustainable development
according to international bodies (Kamali Maskooni, Naghibi et al. 2020, Prasad, Loveson et al.
2020). Therefore, the construction of groundwater potential maps plays an important role in
optimizing water resources.

Several studies on the construction of such maps have been carried out using various approaches.
The traditional method is largely based on drilling samples during field missions and hydrogeological
testing in laboratories (Nguyen et al. 2024, Singh et al. 2024, Uddin et al. 2024). Although these
methods can precisely identify regions with the probability of occurrence of potential groundwater,
they are very expensive and time consuming and their application is limited to wide areas only. In
recent years, with the development of remote sensing data and GIS technology, they have been
effectively integrated into knowledge-based models such as AHP and weights-of-evidence used to
delineate groundwater prospecting areas (Celik et al. 2024, Diriba et al. 2024). However, these models
depend on the opinion of experts, so such assessments are inherently subjective.

Currently, with increasing computing power and advancements in algorithms, data-driven
models are widely used by researchers to construct groundwater potential maps. The statistical
technique has been considered one of the most appropriate methods for constructing maps at scales
of 1:20,000 or 1:50,000. Popular statistical models used include boosted regression tree (Naghibi et
al., 2016, Sachdeva and Kumar 2021) and weights-of-evidence (Lee et al., 2012, Tahmassebipoor et
al., 2016). However, these models do not consider nonlinear relationships, which can lead to errors in
the identification of areas with probability of groundwater occurrence, particularly in the context of
climate change. Machine learning models have been developed to solve these problems; these models
include support vector machines (Lee et al, 2018, Anh et al., 2023), random forest (Naghibi et al.,
2016, Rahmati et al., 2016), AdaBoost (Mosavi et al., 2021), and artificial neural networks (Nguyen
et al., 2020, Tamiru and Wagari 2022). The goal of each study is to find the most effective model.
Machine learning has the advantage of being able to mimic the complex, nonlinear relationships
between groundwater points and environmental conditions, hydrology, climate and human activities
without requiring an underlying understanding of physics. However, according to literature reviews,
there are several machine learning models, and each model has advantages and disadvantages. Thus,
selecting an appropriate model for specific data is a complex process. Additionally, extrapolation
issues are considered a major challenge when using machine learning. This is because a machine
learning model might not be able to make accurate predictions on data that differs significantly from
the data used during training (Nguyen et al., 2024).

A number of studies have been carried out in recent years in Vietnam to assess groundwater
potential. Bien et al. (2023) used five machine learning algorithms, namely partial decision trees
(PART), Fuzzy Unordered Rule Induction Algorithm (FURIA), multilayer perceptron (MLP), Forest
by Penalizing Attributes (FPA), and the DECORATE ensemble of learning techniques, to construct
groundwater potential maps for the Central Highlands of Vietnam. The results showed that the
DECORATE model performed better than the other ones. Nguyen et al. (2024) integrated deep neural
networks (DNNs) with the optimization algorithms Adam, Flower Pollination Algorithm, Artificial
Ecosystem-Based Optimization, Pathfinder Algorithm, African Vulture Optimization Algorithm
(AVOA), and Whale Optimization Algorithm to predict groundwater potential in the Central region
of Vietnam. The results indicated the DNN-AVOA model to be more effective than the others. Ha et
al. (2021) applied machine learning ensemble models, namely Adaboost-Quadratic Discriminant
Analysis (ABQDA), Multiboost-Quadratic Discriminant Analysis, RealAdaboost-Quadratic
Discriminant Analysis, to identify regions of probability of groundwater occurrence in Dak Nong
province, Vietnam. The results showed that the ABQDA model was more accurate than the others.
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Although there are several studies that have used machine learning to predict groundwater
potential around the world and in Vietnam in particular, models have achieved differing levels of
accuracy in different regions; there are no universally appropriate models. Therefore, it is necessary
to find the appropriate algorithm(s) for each region to properly support decision makers and
developers in the effective management of water resources, in order to better serve socio-economic
development (Kumar et al., 2023; Masroor et al., 2023).

The objective of this study is to evaluate the potential of groundwater by applying machine
learning algorithms, namely deep neural networks, CatBoost (CB), and XGBoost (XGB) in the
province of Gia Lai in Vietnam. The novelty of this study is that for the first time these machine
learning models are used to predict groundwater potential in this study area, where the problem of
managing water resources is a great challenge, particularly in the context of climate change. This
study also fills important knowledge gaps on groundwater potential investigations in Gia Lai
Province, Vietnam. The results can support decision makers in proposing effective strategies in the
management and optimization of water resources, not only in a specific region, but in other similar
regions in the world (with minor changes in the input data).

2. STUDY AREA AND DATA USE

2.1. Study area

Gia Lai Province (12° 58° 40” -14° 37’ 00” N, 107° 28’ 04” -108° 54’ 40” E) covers
a natural area of 15,536.9 km2 in the north of Vietnam’ s Central Highlands. Gia Lai is located
almost entirely west of the Truong Son range (Fig. 1).
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Fig. 1. Location of the study area.
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The terrain gradually lowers from north to south and tilts from east to west, with quite complex
alternating hills, plateaus and valleys. The average altitude is from 800 to 900 meters above sea level.
The highest point is Kon Ka Kinh (1,748 m) in K'Bang district, while the lowest point is downstream
of Ba River (100 m). The plateau is a popular and important terrain form of Gia Lai, with two plateaus
made of basalt rock: Kon Ha Nung and Pleiku. Mountainous terrain accounts for 2/5 of the entire
province's area, most of it located in the north, the mountain terrain is strongly separated, the surfaces
of other terrain types of Gia Lai such as plateaus and valleys are also scattered with mountain.
Relatively low-lying areas often form rivers when passing through sudden fault zones, typically An
Khe valley in the East and Cheo Reo-Phu Tuc valley in the Southeast of the province.

Gia Lai has a provincial capital city, Pleiku, and two towns, An Khe, located in the West, and
Ayunpa, located in the Southeast of the province. Pleiku City is located on Road 14, connecting with
the provincial cities in the North and South, Kon Tum and Ban Me Thuat. Road 19 connects Pleiku
City with the coastal city of Quy Nhon (Binh Dinh province) through An Khe town. Road 26 runs
through Pleiku City, Ayunpa town to Tuy Hoa City (Phu Yen province). The province has an
abundance of surface water, estimated at 23 billion m?®, distributed across the major river systems of
the Ba and the Se San and tributaries of the Serepok. Groundwater potential is also considerable, and
mainly concentrated in the basalt eruption water system, with total reserves of level A+B reaching
23,894 m3/day, level C1 61,065 m*/day, and level C2 989,600 m?/day. The surface water system also
meets the community water needs of the province.

The climate is high-altitude tropical monsoon and is characterized by two distinct seasons: the
rainy season lasts from May to October, and the dry season from November to April. The western
Truong Son region enjoys average rainfall ranging between 2,200 and 2,500 mm, while in eastern
Truong Son the figure is between 1,200- and 1,750-mm. Rainfall in the rainy season months accounts
for about 75% of the total annual rainfall. Gia Lai province has 27 soil types, grouped into 7 main
categories: red-brown and yellow-brown soils growing on basic and neutral igneous rocks (Rhodic
Ferralsols), yellow-red soils on acidic magma soils (Ferralic Acrisols), red-yellow humus soils on
mountains (Humic Acrisols), yellow-red soils changed by planting rice (Plinthic Acrisols), alluvial
soils that are not deposited annually (Distric Fluvisols), eroded soils with bare stones (Lithic
Leptosols).

Although Gia Lai province has abundant surface water sources, their distribution is uneven spatial
and seasonal depending. In addition, the demand for domestic and irrigation water for industrial crops
such as coffee, pepper, and cashew, as well as for fruit trees, is very high and increasing in recent
years. En final, the Gia Lai province frequently experiences drought conditions. For example, in 2019,
drought caused damage to thousands of acres of agricultural land and the damage to the economy was
estimated at around 2 million dollars. Therefore, the construction of groundwater potential maps for
the province is essential.

2.2. Data use
Well yields

Springs and wells are the points on land surfaces where groundwater is present. Spring and well
data play a key role in the use of machine learning to predict groundwater potential. Thee is a complex
relationships between groundwater points and natural and socioeconomic characteristics (Naghibi and
Pourghasemi 2015, Prasad et al., 2020). Due to the high costs in the sampling process, spring and well
data from previous studies were collected from the Department of Agriculture and Rural Development
of Gia Lai Province and from a field mission, using GPS. 89 springs and well points were used as the
final input data for the machine learning models.

This study used the binary model to identify areas with the probability of occurrence of
groundwater potential. Therefore, the collection of non-spring and non-well samples was necessary
to ensure the accuracy of the prediction model (Nguyen et al., 2024, Sharma et al., 2024, Singh et al.,
2024). For the spatial model, several researchers have recommended that the number of spring and
well points to be equal to the number of non-spring and non-well points.
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Others have recommended that the number of non-spring and non-well points to be greater, if the
study area is large (Arabameri et al., 2021). As Gia Lai is considered moderate in size, we collected
an equal number of each of the two sets of points. 82 non-spring and non-well points were collected
randomly throughout the study region with ArcGIS 10.6 software. A total of 181 data points were
prepared to build the machine learning models. These points were identified as either 1 (for spring
and well points) or 0 (for non-spring and non-well points).

Groundwater influencing factors

The selection of factors influencing the probability of groundwater occurrence is a difficult task,
due to the complex and nonlinear nature of groundwater. There are no standard guidelines for their
selection. The ambitious goal of this study was to integrate as many factors as possible. In the end, 12
influencing factors were selected, namely: elevation, curvature, aspect, slope (Fig. 2a); river density,
distance to road, NDVI, NDBI (Fig. 2b); NDWI, rainfall, soil type and LULC (Fig. 2c).

Elevation, aspect, curvature, and slope were extracted from the ALOS PALSAR digital elevation
model with a 12.5 m resolution. A topography map with a 1/50,000 scale was used to determine river
density and distance to road with the ArcGis 10.6 Line Density and Euclidean Distance tool.

September 2023 Sentinel 2A imagery was used to extract NDVI, NDBI, and NDWI. 2023 LULC
data was obtained from
https://www.arcgis.com/apps/instant/media/index.html?appid=fc92d38533d440078f17678ebc20e8e
2&fbclid=IwAROV3ZEdUghn79gN_JNPMtswxWfi2dE1 Gj-1ZD XcN70PyGMSn3-scEIKY

Annual rainfall from 2022 was accessed at https://chrsdata.eng.uci.edu/ . All these factors have
been re-sampled at 12.5 m resolution using the ArcGIS 10.6 software.

Elevation and slope play an important role in the probability of the occurrence of groundwater
resources, because altitude is directly linked to surface vegetation and recharge resources. In flat and
low-lying regions, rainwater has more time to infiltrate and recharge groundwater. In the study region,
the altitude ranges from 86 to 1753 m. The low-altitude regions are concentrated in the south and west
(Ehsan et al., 2024, Oguntoyinbo et al., 2024). High altitude areas are distributed in the Kon Ka Kinh
National Park area in the Northeast of the province.

Slope is another important topographical factor for a groundwater potential model because it is
directly tied to the hydrological process and soil infiltration capacity. Regions with low slopes have
the tendency to concentrate recharge resources (Raj et al., 2024). Areas with large slopes are
concentrated in the eastern and northern mountains, and areas with small slopes are distributed in the
Pleiku plateau area, located in the central and western areas of the province, and along the An Khe
and Cheo valleys, Reo- Phu Tuc in the East and Southeast of the province.

Curvature was selected as a conditioning factor because it is directly related to the capacity of
water accumulation and infiltration in the aquifer (Ray 2024). In Gia Lai, the curvature difference is
not large by region, but tends to be small in river valleys, especially Ba River.

Aspect is linked to evaporation capacity and describes the flow direction, which strongly
influences the recharge capacity of a region (Ehsan et al., 2024, Sharma et al., 2024). In the study
area, the aspect is more complex in the northern mountainous areas and partly in the east.

LULC was chosen as it strongly influences hydrological processes, for example infiltration
capacity, evaporation, and surface flow. The change of of land use has a significant influence on the
recharge capacity of the groundwater resource. The increase in the surface area reduces the infiltration
capacity of the soil, which leads to a reduction in the recharge capacity of the groundwater (Ray 2024,
Tiwari et al., 2024). In Gia Lai, urban and construction lands are distributed in Pleiku city, An Khe
and Ayunpa towns and along national and provincial highways; cultivated land is distributed mainly
on the Pleiku and Kon Ha Nung plateaus, on river terraces; and natural and planted forests in mountain
and hill areas. NDVI determines the density of vegetation in a region; therefore, it is considered an
important factor in the probability of the occurrence of groundwater in a region.

NDBI measures the density of construction. Increasing the construction area reduces the
infiltration capacity of the soil, which results in reducing the recharge capacity of groundwater (Huang
et al., 2024, Rehman et al., 2024). High construction density is concentrated in Pleiku City, An Khe
and Ayunpa towns.



https://www.arcgis.com/apps/instant/media/index.html?appid=fc92d38533d440078f17678ebc20e8e2&fbclid=IwAR0V3ZEdUqhn79qN_JNPMtswxWfi2dE1_Gj-1ZD_XcN7oPyGMSn3-scE9KY
https://www.arcgis.com/apps/instant/media/index.html?appid=fc92d38533d440078f17678ebc20e8e2&fbclid=IwAR0V3ZEdUqhn79qN_JNPMtswxWfi2dE1_Gj-1ZD_XcN7oPyGMSn3-scE9KY
https://chrsdata.eng.uci.edu/
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Fig. 2a. Conditioning factors used for the groundwater potential model: elevation, curvature, aspect, slope.

NDWI is considered an indispensable factor in identifying areas with the probability of
groundwater occurrence because it is related to the groundwater recharge capacity in a region. The
value of NDWI is proportional to the recharge capacity (Ghosh and Bera 2024). In Gia Lai, the NDWI
index tends to be high in the Northeast, Southeast, Northwest and West; low in the center and south.
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Fig. 2b. Conditioning factors used for the groundwater potential model: river density, distance to road,
NDVI, NDBI.

Rainfall can increase groundwater recharge and so directly influences groundwater potential.
Recharge depends on the amount of precipitation; precipitation value is proportional to groundwater
recharge capacity (Raju et al. 2024). In the province, the rainfall is larger, about 1800 -2398 mm,
concentrated in the northern region including mountains facing the wind; The Ba River valley area
located in the Southeast has small rainfall, about 1432 mm -1600 mm.
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Soil type plays an important role in predicting groundwater potential because it links to the
permeability capacity of aquifer material and porosity of soil, which influence the groundwater
recharge capacity (Dandapat et al., 2024, Nguyen et al., 2024). In Gia Lai, red-brown and yellow-
brown soils develop on basic and neutral igneous rocks (Rhodic Ferralsols) distributed in the Pleiku
Plateau and Kon Ha Nung Plateau. The soil absorbs water poorly but holds water well. Yellow-red
soil on acid igneous soil (Ferralic Acrisols) has the ability to absorb water quickly, but poorer water
retention ability. Humic Acrisols on the mountain have average water permeability and water holding
capacity. Yellow-red soil changed due to rice cultivation (Plinthic Acrisols) has poor water absorption
and retention capacity. Alluvial soils not deposited annually (Distric Fluvisols) have average water
permeability and water holding capacity. Soil with eroded rocks (Lithic Leptosols) has very poor
water absorption and water holding capacity. Alluvial soils not deposited annually (Distric Fluvisols)
have average water permeability and water holding capacity. Soil with eroded rocks (Lithic Leptosols)
has very poor water absorption and water holding capacity.

Rivers are, from a hydro-geological viewpoint, very important for controlling the movement and
storage of potential groundwater. Areas with a high density of rivers and streams often have
significant groundwater reserves (Ray 2024). In the study area, the river density is greatest along the
Ba River valley in the east and the western edge of the Pleiku plateau.

Distance to road is considered another important factor because road construction can influence
the infiltration capacity of the soil. Additionally, road construction can influence water drainage. All
this can influence the water table recharge (Senapati and Das 2024).

3. METHODOLOGY

The construction of the groundwater potential map in Gia Lai province in Vietnam consisted of
four main steps. The first was the preparation of input data, including the inventory map and
conditioning factors; the second was the construction of groundwater potential models; the third was
the validation of models, and the fourth was the analysis of groundwater potential map (Fig. 3).

i) Input data comprised the groundwater inventory map and 12 conditioning factors. The map
was compiled using several sources: previous studies, data from the Department of Agriculture and
Rural Development, and from a field mission. As conditioning factors were measured with different
units, it was necessary to normalize the data with the assumption that the original values of all layers
were retained, but the input database was standardized on similar ranges.

ii) Construction of groundwater potential model. The models DNN, CB, and XGB were used to
predict groundwater potential. The DNN structure comprised three layers: the first was the input layer
with 181 springs, well, non-spring, and non-well points, and 12 conditioning factors. These data was
processed in the second layer, with 3 hidden layers and 11 neurons per layer. The weights in the
hidden layers were optimized by Adam's optimization algorithm. In the end, the output layer consisted
of two layers: groundwater and non-groundwater.

The performance of CB model depends on parameters such as iteration, depth, train direction,
and loss function. In this study, the values of these parameters were 100, 3, logloss, and crossEntropy,
respectively. The performance depended on n_estimators, max_depth, learning rate, subsample and
colsample by tree. These parameter values were 200, 4, 0.004, 0.4 and 0.4, respectively.

It should be noted that the machine learning models were developed on Python languages using
the Tensorflow libraries.

iii) Evaluation of the performance of the proposed models. Statistical indices were used to
evaluate the performance of the proposed models, namely AUC, RMSE, MAE and R*.

iv) Analysis of the groundwater potential map. After evaluating the proposed models, they were
used to construct groundwater potential maps for Gia Lai province. This process was carried out by
assigning the values of the 12 conditioning factors to all pixels in the entire study area. The pixels in
the study area are then identified as either groundwater or non-groundwater.



22

218210 0] Pasn ADOJOPOYIBIA “€ "DIH

N
N0

Nngect
Nt

co_um._o_uxmvcm
uissasoud-aud ejeq

N
el

LA LOKSOL L0001 L0001

sjepouw s
[euiy

o — 98 —- H
R w OF 0% 02 01S 0 m i . m\ﬁ;
T g0 90  ¥0 7o 0
Zio >
< N
gox—e— ‘8 Mw? b
g) —a— vAW 2 \,
NNQ —8— m.m. ] .n
w,m.a = -y ks
_ I 3. y
(%0¢) 39se3ep ; (%0£) 19serep v &5 T
uollepi|ep Sujuies] N . iemesd siewpunoyy

# . -




Huu Duy NGUYEN, Van Trong GIANG, Quang-Hai TRUONG, Gheorghe SERBAN and Alexandru-lonut ...23

3.1. Deep neural networks (DNN)

DNNs constitute a branch of machine learning that uses neural networks to solve complex, real-
world, non-linear problems (Wang et al., 2022). DNNs have attracted the attention of researchers in
recent years, particularly in Earth sciences, due to their ability to automatically learn complex data
abstractions. The DNN model includes 3 layers: the input layer contains information related to
groundwater prediction factors; this information is transmitted to and processed by the second layer,
which includes one or more hidden layers; the output of the third layer is labeled groundwater and
non-groundwater. With a large number of hidden layers, DNN models can solve many complex
problems and are considered more powerful than simple neural networks (Bai et al., 2022, Hakim et
al., 2022). The DNN model uses a backpropagation algorithm, which means that the output error is
propagated to the hidden layers to update the weights. The DNN model computes the gradient of the
loss function for each weight according to the chain rule and avoids redundant calculations from
intermediate factors. During this operation, each neuron uses activation functions to process
information in hidden layers. These activation functions are used for gradient training and are
represented by rectified linear units (ReLU) (Hakim et al., 2022). There are many known optimization
algorithms used to calculate weights of DNN models, such as SGD and AdaGrad. In this study, the
weights of the DNN model were calculated using the adaptive moment (Adam). Adam is a stochastic
optimization algorithm based on a first-order gradient. During the operation, Adam maintains the
mean square of past slopes and also maintains the average of past slopes. Adam has the advantage of
being simple to implement and requiring little memory. Previous studies have also shown Adam's
optimization algorithm to be more accurate than other stochastic optimization models (Hakim et al.,
2022).

3.2. CaTBoost (CB)

CB was first introduced by Yandex to solve both classification and regression problems using
decision trees (Liang et al., 2023). CB is based on gradient boosting with the ideas of transforming
weak learners into strong learners. It includes two main features: it works with categorical data (“Cat”)
and it uses gradient boosting (“Boost”) (Tran et al., 2021). Gradient boosting is a process in which
many decision trees are built iteratively (Koch et al., 2021). Each subsequent tree improves the result
of previous tree, which optimizes the results. Each decision tree is then an evolution of an initial set
of data. CB incorporates innovative techniques, such as target encoding and combining statistics from
categorical variables, to leverage information present in categorical features and improve predictive
performance (Abba et al., 2023, Yavuz Ozalp et al., 2023).

3.3. XgBoost (EXT)

XGB, or eXtreme Gradient Boosting, was first developed by Tiangi Chen in 2016 and can solve
classification and regression problems (Chen and Guestrin 2016). The basic idea is to combine
gradient descent with boosting methods in order to create a more powerful machine learning algorithm
(Zounemat-Kermani et al., 2021). This involves assembling several algorithms with relatively low
performance to create one that is much more efficient and satisfactory (Lim and Chi 2019, Tran et al.,
2021). The result consists of the predictions of all the chained models. This method improves the
model performance and stability while reducing its variance. Therefore, ensemble learning can
achieve a much higher level of accuracy than using any of the individual models separately (Ghosh
and Bera 2024).

3.4. Performance assessment

The models proposed in this study were evaluated using the statistical indices: AUC, RMSE,
MAE. Details of information can be viewed in (Naghibi, Hashemi et al. 2020, Wang et al. 2023,
Xiong, Guo et al. 2023):
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4. RESULTS AND DISCUSSIONS
4.1. Pre-processing results

Careful selection of conditioning factors plays an important role in the performance of any
prediction model. This study used data-driven models to analyze the relationships between spring and
well points and the explanatory variables and, therefore, factor selection can help models concentrate
important factors and eliminate non-useful factors. This study used the RF technique to select the
factors and assign a weight to each one. Figure 4 illustrates the importance of each conditioning
factor. The results showed that distance to road, soil type, NDBI, and slope were the most influential
in identifying areas of probable groundwater. These factors are directly linked to the capacity of water
infiltration and accumulation, all of which influences the recharge capacity of water table. In Gia Lai
province, construction area has been growing at an increasing rate in recent years, as a result of
population growth and economic development. This increase has been mainly concentrated in the low
slope region.
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Fig. 4. The importance of groundwater conditioning factors, using RF.

NDWI, rainfall, LULC, and elevation were fifth to eighth most important, respectively. NDWI
plays an important role in the occurrence of groundwater in a region because it is directly related to
recharge capacity. In Gia Lai province, the region with a high NDWI value is concentrated in the
eastern, southern and central regions of the province. Rainfall is important as it provides a source of
water that can infiltrate the ground and recharge underground aquifers. Precipitation tends to
accumulate in the region at low altitudes and, therefore, in these regions, conditions are conducive to
strong recharge of underground aquifers. LULC reflects human activity in a region. The reduction of
surface vegetation and increase of construction area led to the accumulation of water on the surface,
which reduced the recharge capacity of underground aquifers.

Curvature, aspect, and river density appear to have less influence on the probability of occurrence
of groundwater potential in Gia Lai province.
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4.2. Modeling assessment results

This study used the AUC index to evaluate the performance of proposed models. Figure 5 shows
the accuracy of proposed models when using training and validation data. The results show that the
XGB model identified regions with a probability of occurrence of groundwater potential more
accurately than the CB and DNN models. The DNN model was least effective.

For the validation data, the XGB model further identified regions with a higher probability of
occurrence of groundwater potential than other models. The CB model ranked second. The DNN
model performed worse than the XGB and CB models. The DNN model required a significant amount
of data to provide more accurate results. Given the difficulties encountered in collecting data on spring
and well points, only 82 points were available. Therefore, there may not have been enough data to
properly train the DNN models (Fig. 5).
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Fig. 5. AUC values for the training dataset (top) and validation dataset (bottom).
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In addition to the AUC values, this study used the statistical indices RMSE, MAE, and R? to
evaluate and compare the proposed models. The results show that the XGB model returned RMSE,
MAE, and R* values higher than the other two models for the training data. For the validation data,
XGB performed even better in terms of RMSE, MAE, and R*. CB came second, and DNN performed
least well.

In general, all proposed models were suitable for identifying regions with the probability of
occurrence of groundwater potential in Gia Lai province. However, we recommend the use of XGB
because several studies have pointed out that XGB has advantages in being able to solve problems
with precision when data are not sufficient (Table 1).

Table 1.
Precision of DNN, XGB, and CB.
Training dataset Validation dataset
RMSE MAE AUC R? RMSE MAE AUC R?
XGB 0.2 0.15 0.996 0.82 0.35 0.25 0.91 0.814
CB 0.4 0.36 0.929 0.80 0.41 0.373 0.87 0.796
DNN 0.41 0.373 0.835 0.78 0.42 0.383 0.77 0.779

4.3. Groundwater potential mapping

After the evaluation of the machine learning model, all the proposed models are performed to construct the
groundwater potential map. The calculation of groundwater value in Gia Lai province is carried out by
aggregating all pixels, which have 12 conditional factor values associated with them, in the machine learning
model. The result of the model represents the groundwater value of the entire study area, on a scale from 0 to 1.
The values were divided by five classes: very low, low, moderate, high and very high in using Break Natural
methods. Figure 6 shows the maps of groundwater potential produced by XGB, CB and DNN-Adam. The results
reported that according to XGB, 4990 km2 of the province constituted the area of very low groundwater potential,
with 3045 km2, 2426 km2, 2655 km2, and 2077 km2 were in the low, moderate, high and very high categories.
For the CB model, the very low category covers 3325 km?, low - 3573 kmz2, moderate - 3489 kmz?, high - 2308
kmz, and very high - 2489 kmz2. According to the DNN-Adam model, approximately 3580 km? of the province is
in the very low area of groundwater potential, 2198 kmz2 - low, 2741 km?2 - moderate, 3377 km? - high, and 3298
km2 - very high.

In general, although there are differences between the models, we found out that the regions of high and
very high groundwater potential are located in the districts of Pleiku, Dak Doa, la Grai, and Chu Prong, as well
as a small part of K’Bang. Although these areas are densely populated and have high construction density, the
distance to the road is small, the rainfall quite large, slope is small, and the vegetation consists mainly of coffee
and rubber, which helps to absorb and retain water well. Basalt soil is quite permeable and retains water well,
providing a lot of water for the Pleistocene Basalt eruptive fissure aquifer.

The area with average groundwater potential is mainly distributed on the edge of the Pleiku plateau and Ba
River valley in the south and southeast of the province. This area's terrain is less steep, there is not much rainfall,
the road density is quite large, and the alluvial soil absorbs and retains water quite well, providing water for the
aquifer, cracks and seams of Neogene sedimentary lagoon formations and modern alluvial porous aquifers.

Areas with low and very low groundwater potential are distributed mainly in the mountainous parts of
Northeast, East and Northwest. Although there is heavy rainfall and forest cover, the construction density is
small, but the altitude is high and slope steep, distance to the road long, and the weathered crust from
metamorphic rocks has a weak ability to absorb and retain water, so the amount of surface water supplied to
groundwater in the rainy season is very limited.
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5. DISCUSSION

Groundwater resources play an important role in the development of agriculture and industry all over the
world (Pan et al., 2023, Huang et al., 2024). Construction of groundwater potential maps can be a successful
method to support decision makers in effectively managing groundwater resources (Anh et al., 2023, Kumar et
al., 2023, Vafadar et al., 2023, Wang et al., 2023). Many studies have used different methods to construct maps
of groundwater potential.

Regional studies are still necessary to obtain appropriate information for water resource management in a
specific locality. To this end, the objective of this study was to construct a groundwater potential map based on
machine learning, namely DNN, XGB and CB, in Gia Lai province of Vietnam.

With the development of remote sensing and GIS, machine learning has received the attention of researchers
in recent years, due to its application in spatial data modeling. One of is advantages is the ability to eliminate
limitations linked to the lack of precise data. However, overfitting problems are considered a big challenge when
using machine learning and each region has different characteristics, so selecting appropriate models is very
important to build a groundwater potential map with accuracy (Anh et al., 2023, Wang et al., 2023, Nguyen et
al., 2024).

Out of the three models used in this study, the XGB model was found to perform better than the other two.
Several studies have also highlighted its ability to explain complex relationships between variables. Thus, it is
considered an attractive choice for constructing a groundwater potential map. Additionally, XGB combines
regularization techniques, which helps reduce overfitting issues. Additionally, it has the ability to handle missing
data (Pan et al., 2023, Ngai et al., 2024). All these features allow the XGB model to yield more accurate
predictions than other models.

The CB model came second. It can resolve missing data issues natively and is one of the most powerful
algorithms in solving overfitting problems, by combining automatic regularization mechanisms (Gao et al., 2024,
Raheja et al., 2024). The DNN model performed worst. In general, DNN models are suitable for big data studies.
However, in this study, due to the difficulties encountered in data collection, only 181 data points were collected
(Wang et al., 2024). The DNN model was not suitable for constructing groundwater potential maps.

The remaining question of this study is whether the proposed models can predict groundwater potential in
the context of climate change, when precipitation and temperatures are not stable. This may not be an issue if the
model can learn from climate change data. However, data collection is a big challenge, especially in developing
countries like Vietnam, where data sharing policies are restrictive and financial resources limited (Nguyen et al.,
2024, Nguyen et al., 2024, Nguyen et al., 2024).

The results of this study have also important implications for planners. The connection between water,
particularly groundwater, and climate changes has been stressed out by previous studies (Dragoni and Sukhija,
2008, Earman and Dettinger, 2011, Amanambu et al., 2020). At the same time, other authors underlined the
potential of planning to mitigate the impact of climate change (Wilson, 2006; Hurlimann and March, 2012,
Petrisor et al., 2021). A good example of the relationship between water and planning comes from a World Bank
study carried out in Romania, in order to develop specific guidelines for integrating the flood risk management
in planning, with specific provisions related to groundwater (World Bank 2023). Therefore, accounting for the
groundwater potential in planning may help increasing urban resilience to climate changes. In this regard,
provided that other studies pointed out the presence of derogatory planning in Vietnam (Petrisor et al. 2020), i.e.
making local exemptions from national planning provisions, our results plead for the need to enforce the planning
provisions regarding underground water when planning for regions similar to the one investigated in our study.
In addition, the important role in territorial or urban planning, the results of this study play an important role for
tourism planning, because developing tourism, relies on tourist destinations that need to use water directly (food,
accommodation, etc.) or indirectly. In these destinations water must be used in a way that balances tourist and
resident populations, while ensuring water security. Therefore, developing new precise methods is very important
to support decision-makers in tourism development too.

6. CONCLUSIONS

Groundwater resources play an important role in sustainable socio-economic development, particularly in
the context of climate change and population growth. Therefore, the construction of precise groundwater
potential maps is necessary to support those responsible for optimizing water resources. The objective of this
study was to construct a potential groundwater map using the machine learning techniques DNN, XGB, and CB
in the Gia Lai province of Vietnam. The conclusions of this study are stated below.
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- The traditional machine learning model was more powerful than the deep learning model for the
groundwater potential model, due to the collection of input data. The methodology in this study can be applied
in other regions to construct groundwater potential maps.

- A comparison of the three proposed models showed XGB to have a better performance, with an AUC
value of 0.91; second was CB (0.87), and third DNN (0.77). A successful implementation of these models can
support decision makers in proposing effective strategies to optimize water resource management.

- The regions of high and very high probability of groundwater are concentrated in the west of the province,
in the districts of Pleiku, Dak Doa, la Grai and Chu Prong, and a small part of K’Bang.

Although this study was successful in constructing groundwater potential maps, there were limitations
relating to the selection of non-spring and non-well points. There are no universal guides for selecting these
points. They were randomly selected from the study region. Inaccurate selection of areas without groundwater
can lead to errors of the groundwater potential map. In addition, areas with groundwater potential are affected
by surface temperature; regions with high surface temperatures are less likely to contain groundwater. Therefore,
future research should try to integrate surface temperature into the groundwater potential model. Finally, the
potential of groundwater is strongly influenced by climate change and human activities. Therefore, future studies
should try to integrate these factors into a machine learning model to predict the future potential of groundwater.

The results of this study can support decision makers in identifying regions with high and very high
probability of groundwater so they can implement appropriate infrastructure for developing agriculture and
industry.
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ABSTRACT:

This study aims to develop an expedited flood susceptibility model with remote sensing data that can
be effectively utilized for a large catchment area. We apply the model to the Upper Solo River
Watershed in Indonesia. The model incorporates the hydrological attributes of the watershed obtained
from remote sensing data, including elevation, slope, flow accumulation, proximity to rivers, rainfall,
drainage density, topographic wetness index, land use land cover, normalized difference vegetation
index, soil moisture, and land surface curvature. The flood susceptibility criteria are generated using
remote sensing datasets such as The Shuttle Radar Topography Mission (SRTM), Sentinel 2
Multispectral Instrument, Global Precipitation Measurement (GPM) v6, and NASA-USDA Enhanced
SMAP Global Soil Moisture Data. Through utilizing remote sensing data and GIS analytic tools, this
study has discovered that it is possible to create a flood susceptibility model for large catchment regions
cost-efficiently. Our study indicates that areas in the surrounding of Surakarta City, the most populated
city in this watershed, are the most susceptible. Therefore, the government and community should
increase their capacity to cope with this potential disaster.

Key-words: GIS, Remote sensing, Flood susceptibility, Watershed characteristics.

1. INTRODUCTION

Natural catastrophes are observed to escalate due to natural phenomena and human actions,
resulting in substantial casualties, damage to property, and destruction of resources. Human actions
such as deforestation, land clearance on mountain slopes, and cultivation in places with steep slopes
might contribute to the occurrence of natural catastrophes. Indonesia is susceptible to natural disasters
because it is situated in a region of active tectonics and volcanism resulting from the convergence of
three tectonic plates: India-Australia, Pacific and Eurasia. Flooding is the most common natural
disaster that we often suffer from in Indonesia (Susetyo, 2008). Moreover, compared to other
Southeast Asian states, Indonesia had the largest number of flood disasters for the years 1980 to 2018
(Samphantharak, 2019).

The Upper Solo River Watershed is located in the Indonesian province of Jawa Tengah (South
Central Java). This area has had long records of flood events for years. During flood events, the
amount of water in this area forms due to the combination of different factors like much rain, high
tides and failures to drain the water. The flooding damaged infrastructures and caused the loss of
lives, including the collapse of bridges and roads. For example, the most colossal floods in over 50
years in 2007, were caused by extreme precipitation and insufficient drainage. The flood inundation
is high, affecting more than 11,000 houses (Zein, 2010). There are thousands of people displaced from
their houses, living in tents or temporary houses, which led to various health problems. Afterwards,
the local municipal authorities strengthened the drainage system to mitigate the disaster. Although
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attempts have been made, the Upper Solo River Watershed is still highly prone to flooding, especially
in the rainy season. Over the past few years, there has been a rise in the occurrence and intensity of
extreme weather events, including heavy rainfall, leading to increasingly regular instances of flooding
in the area. Therefore, it is necessary to continuously monitor and implement measures to decrease
the adverse effects of flooding on the populations in the region.

A flood is defined as the occurrence of abnormally large volumes or elevations of water in rivers,
lakes, ponds, reservoirs, and other bodies of water, which leads to land flooding beyond the normal
boundaries of these water bodies (Marfai, 2003). Flooding is a frequent occurrence, as it is widespread
across the entire earth. Flooding can arise from intense precipitation, glacial melting, tsunamis,
hurricanes, and other oceanic occurrences. At the same time, flood hazard refers to the likelihood of
a flood occurring of a specific size in a particular area during a specific period (Alkema and
Middelkoop, 2005).

The floods may result from natural processes that affect the socio-economic system (Falguni and
Singh, 2020; Komolafe et al., 2020). Several factors, such as climate, rainfall, land structure,
vegetation, slope, human activities, and land use change, can also increase the intensity of flooding
(Curebal et al., 2016; Chagas et al., 2022). In some areas, floods may have been a natural process in
the past, but due to urbanization and land use change, they become disasters that lead to loss of lives,
disturb livelihood, and devastate infrastructure (Rincén et al., 2018). In addition, forest and urban
clearing decreases water absorption and increases the amount of runoff (Sugianto et al., 2022). As a
sequent, this raises the level of floods and their intensity. Therefore, such geographical factors can be
used to model flood susceptibility.

The utilization of the current dataset and technology will be the key to successfully building a
cheaper and faster model. The integration of GIS and Remote Sensing technology will allow for the
assessment of flood hazards on a large scale (Pradhan et al., 2009). Several studies have demonstrated
different GIS and remote sensing technology approaches in mapping flood-prone areas across the
globe (Elkhrachy, 2015; Islam and Sado, 2000). The investigations were carried out with different
methods such as spatial multi-criteria analysis (Zhou et al., 2021), cell automata (Ghimire et al., 2013),
and Analytic Hierarchical Processes (Negese et al., 2022; Sarmah et al., 2020); but application with
widely accessible data that can be used to model large catchment with low-cost is limited.
Furthermore, such studies in the Solo River Watershed are limited and need a more comprehensive
approach. Farid et al. (2020) initiated their flood study in the region, more specifically, but not
comprehensively covering the whole region. Therefore, this study aims to develop an expedited flood
susceptibility model with remote sensing data that can be effectively utilized for a large catchment
area, especially for the Upper Solo River Watershed.

The remainder of this paper is organized as follows. The second section provides a detailed
description of the study area, highlighting its geographical characteristics. The third section outlines
the data collection and methodology, detailing the types of remote sensing data used, the processing
techniques, and the model development process. In the fourth section, the results of the model are
presented. The fifth section discusses the implications of the findings, comparing them with existing
models and highlighting the advantages of the proposed approach. The paper concludes with a
summary of the key findings, potential applications, and suggestions for future research.

2. STUDY AREA

The Solo River water system is mainly drained by an extensive water system positioned between
6.48-8.07 S latitude and 110.26-112.41 E longitude (Fig.1). The area under consideration, which is
designated as watershed, has a length of 12 districts from the province of Central Java to the province
of East Java. It is also bounded by a range of mountains that clearly differentiate it from adjacent river
basins. The regression is very surprising; it goes from zero meters above the seawater in the Madur
Strait to 3,265 meters above sea level at Mount Lawu's peak. This watershed covers an area of 6,072
km? only. In this area, the diversity of the relief is striking. That goes from flatlands to mountains
with gentle slopes to steep ones, which, in turn, cause lots of changes in the climates and rain patterns.
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A thorough analysis is carried out, which deals with the urban area of the most developed city in
Surakarta, which lies immediately upstream. The lithological characteristics of the erupted materials
varied through time, as volcanic complexes like Merapi, Merbabu, and Lawu defined the region.
Pumice, conglomerates, breccias, and tuff are among the volcanic materials abundant in the larger
area, which are often mixed with andesitic ones. The creations of these volcanic formations are
catalysts of the watershed's fertile soils, which support a diversity of land cover types. However, there
has been a decrease in specific land cover categories like sub-aerial acidic clastic deposits in recent
years. Hydrologically, the Solo River and its tributaries constitute an intricate network that plays an
important role in the area's water resource management, with the river's flow originating from the
eastern slopes of these prominent volcanic mountains. The watershed's unique topography and
geological characteristics facilitate many ecosystems and present challenges and opportunities
regarding water resource management, land use, and conservation efforts within this vital river basin
area.
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Fig. 1. Location of Upper Watershed of Solo River.

3. DATA AND METHODS

The model utilizes a range of physical characteristics derived from remote sensing datasets
(Table 1), including elevation, slope, flow accumulation, distance to rivers, rainfall, drainage density,
topographic wetness index, land cover, Normalized Difference Vegetation Index, soil moisture, and
curvature. These parameters allow for a thorough assessment of flood susceptibility in the region.
Floods have been broadly investigated, and many contributing factors have been tallied (Negese et
al., 2022; Wanders et al., 2014). Local and wide-scale water flows are largely a function of
topography, which causes more water concentration in low-lying areas and level lands due to the lack
of movement (low velocity), which induces flooding. The flood risk linked to height and river distance
is another factor. Lowlands are more susceptible to flooding mainly because of the higher high water
and smaller river velocity. The occurrence of floods decisively depends on the velocity and the extent
of the water stream and the capacity of drainage systems as well. When the amount of flowing water
and the traffic volume of drainage channels are over the capacity, there will be more possibility of
flooding. Land use/Land cover (LULC) affects the amount of runoff, therefore directly affecting the
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flooding potential. Soil moisture expresses the ability to infiltrate water. Higher moisture represents
that the soil has a lower ability to infiltrate water.

Additionally, areas with flat curvature are more prone to flooding than other topographic features.
Finally, it is crucial to consider precipitation and topographic wetness index as significant factors, as
heavy precipitation leads to more water build-up, while the topographic wetness index helps identify
areas with possibly saturated land surfaces. Both of these factors contribute to an increased
susceptibility to flooding.

Therefore, we derived eleven parameters from four datasets (Table 1). The parameters include
elevation, slope, flow accumulation, distance to rivers, drainage density, topographic wetness index,
curvature, land cover, Normalized Difference Vegetation Index, Rainfall, and soil moisture. DEM
was derived into elevation, slope, flow accumulation, distance to rivers, drainage density, topographic
wetness index, and curvature. On the other hand, land cover and Normalized Difference Vegetation
Index were derived from Sentinel 2 MSI Image. Lastly, Global Precipitation Measurement (GPM) v6
and NASA-USDA Enhanced SMAP Global Soil Moisture Data produce rainfall and soil moisture
data, respectively.

Table 1.
The source of datasets.
No Data Description Source Derived Data
1 DEM The Shuttle Radar Topography Mission USGS (Earth  elevation,
(SRTM). Resources slope, flow

Observation  And accumulation,
Science (EROS) distance to
Center, 2017) rivers,
drainage
density,
topographic
wetness index,
curvature
2 Images Sentinel 2 Multispectral Instrument ESA ("User Guides land cover,
- Sentinel-2 MSI - Normalized
Level-2 Processing -  Difference
Sentinel ~ Online," Vegetation

n.d.) Index

3 Rainfall data Global  Precipitation Measurement NASA ("GES DISC Rainfall
(GPM) v6. Dataset: GPM
IMERG Final

Precipitation L3
Half Hourly 0.1
degree x 0.1 degree

V06
(GPM_3IMERGHH
06)," n.d.)
4 Soil Moisture NASA-USDA Enhanced SMAP Global NASA (Entekhabi soil moisture
Data Soil Moisture Data. etal., 2010)

The development of the flood susceptibility model consisted of two processes for the flood-
controlling parameters (Fig. 2). The parameters were initially transformed into a raster format to
facilitate analysis. The characteristics were subsequently standardized to a consistent geographic
resolution through resampling. Fig. 2 illustrates the division of the resampled parameters into five
distinct measurement scales, ranging from 1 (indicating a minimal susceptibility to flooding) to 5
(indicating a significant susceptibility to flooding). Applying the weighted overlay technique achieved
the integration of all the factors. This methodology enables the incorporation of numerous spatial
datasets by allocating weights to each parameter. The weights allocated to the parameters were based
on scoring and weighting by Negese et al. (2022).
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4. RESULTS

The Flood susceptibility map for the Upper Solo River basin was generated using remote sensing

data and GIS modelling. The flood susceptibility criteria were determined after a thorough analysis
of the existing literature, which revealed information about the research area's topography, hydrology,

meteorology, and anthropology. The flood susceptibility characteristics, as illustrated in Fig. 3, have

simplified the ranking of flood susceptibility criteria based on their respective contributions to the

susceptibility of flood occurrence.
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According to the data in Fig. 3 and Table 2, the areas with a very low likelihood of floods (shown
by the blue hue on the map) are Wonogiri, which covers 596.45 square kilometers (42.60% of the
total area), Karanganyar, which covers 154.08 square kilometers (27.37% of the total area), and
Boyolali, which covers 110.71 square kilometers (26.36% of the total area), (Fig.4). The places with
the least susceptibility to flooding, represented by the dark green tint on the map, are Wonogiri
(444.15 square kilometers, 31.72%), Klaten (268.63 square kilometers, 41.15%), and Karanganyar
(146.26 square kilometers, 25.98%). The locations with significant flood vulnerability, indicated by
the green-cyan color on the map, include Wonogiri (15.29%), Klaten (29.33%), and Sukoharjo
(18.45%). Flood-prone areas, indicated by the light green color on the map, include Sukoharjo, which
covers 281.29 square kilometers (57.46%), Boyolali, which covers 133.59 square kilometers
(31.81%), and Karanganyar, which covers 29.18 square kilometers (19.98%). The locations with a
high risk of flooding, shown by the yellow hue on the map, include Sukoharjo, which covers 50.08
square kilometers (10.20%), Surakarta, which covers 18.46 square kilometers (39.89%), and
Karanganyar, which covers 19.98 square kilometers (3.5%). The existence of high and very high
conditions may be a cause for concern, particularly when the wet season falls between October and
March, when rainfall exceeds 200 mm.

The findings indicate that the Upper Solo River Watershed faces a substantial danger of flooding
(Fig. 4), particularly in the center and northern sections (in the surrounding of Surakarta City). Water
buildup in these areas is impacted by variables such as proximity to the Bengawan Solo River, the
river's VV-shaped cross-section, and the presence of steep terrain. Wonogiri, Karanganyar, and
Boyolali are relatively less susceptible to floods than the other locations studied, but Sukoharjo,
Surakarta, and specific sections of Karanganyar are more susceptible. These findings highlight the
significance of caution, especially during the rainy season, because all enterprises within the extended
watershed are vulnerable to the harmful consequences of flooding.
110|°50' | 111°15

110°25'

iy

T
KOTA " SEMARANG. . N
_| MAGELANG g
- ey NGAWI
RELA ‘!
MAGELANG g i
. v e s
Yia ' &
i 3 e X
\ KIATEN "% MAGETAN
Legend g b
Susceptibility N ¥ 3
I Water body S TR ok
I Very low A N s
Low 2
KU Moderate Y
PR High /
I Very high _<PONOROGO
- =G,
Indonesia %(
Y . ' NG KIDUL ! }
NV & A & 4
- . = o U
o/\\ﬁ “0’;; 7 -vﬂ-. s \f{\" ) /1 M
S 0 ! TR ) PAGTNTE [
Study afea 0 % 12 4 THa36 IANAR :
KMSGS (/
J Vs
. >
T ! 4] ) T T 4 T T T
110°25' 110°50' 111°15

Fig. 4. The flood susceptibility map derived from the model.
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5. DISCUSSION

The current investigation uncovers a wide range of flood susceptibility across the Upper Solo
River Watershed, highlighting areas of notable susceptibility and the need for tailored flood
prevention policies informed by data analysis. The analysis reveals a complex and varied flood-
susceptibility environment, with significant differences in flood susceptibility among different
cities/regencies within the watershed (Anna et al., 2021). Model of flood susceptibility also shows
that Surakarta has the largest part of the whole area in 'High' level of potential threat. Historical
records from spilled-over flood events each year backs this finding up. Surakarta City and its
surrounding areas are the most densely populated areas in this watershed and have the highest
potential for flood disasters. This condition requires the government and the community to be active
in order to strengthen their ability to deal with and prevent the negative effects of such disasters. The
objectives of disaster preparedness and response, the infrastructure which is resilient to disasters, and
the community which is awareness of the community are the core points in the construction of disaster
preparedness and response. The increased resilience to flood can to minimize flood impact to lives,
properties and socio-economic stability. These findings give key insights for the state-and-impact
analysis concerning flood mitigation and resilience measures. For a strategic allocation of resources
and application of adapted flood measures across the regions of the watershed, decision-makers
should know the distinct ground of flood susceptibility for diverse regions (Smith et al,2010; Xiang
etal,2020). The use of GIS and RS in acquiring the related data precisely identifies the flood-subjected
sections of a given location. This method will make it possible to identify Scanning more critical cities
that lie in vulnerable locations, including Surakarta (Dinge et al.,2020; Hussain et al.,2021).

The studies emphasized the importance of taking precautions during the wet season to reduce the
adverse effects of floods on activities within the watershed, especially due to climate changes
(Damayanti, 2011; Musiyam et al., 2020; Mustikaningrum et al., 2023; Nada et al., 2023; Nurkhaida
and Rejekiningrum, 2021; Purwanto et al., 2023; Saputra et al., 2022; Zein, 2010). Based on the
climate forecast, it is estimated that the upper section of the Solo River Water Basin will see negative
influences from the ongoing climate changes as well as impacts of future changes in earth's climate
on the incidence of floods (Anna et al., 2016; Sipayung et al., 2018). Solo Upper River Watershed
has recorded the growth of flood-affected rainfall that resulted from climate change, urbanization, and
redevelopment of land uses. Given the course of events, flood management strategies should be
flexible to tackle insightful situations (Janicka and Kanclerz, 2023; Kemp and Kemp, 2023).

Furthermore, the expected deviation from the current climate condition, characterized by a
massive prevalence of heavy rains as well as the hike in temperatures brought by climate change, is
undoubtedly an element that will contribute greatly to the intensification of flooding in the area. Apart
from being high in volume and area, flood events, which are exacerbated by climate change and
changes in moisture content and hydrological mechanisms, fail to yield the desired flood mitigation
results (Modi et al., 2021). Besides that, the rise of the river flow may cause flood frequency
(Tahmasebi Nasab et al., 2022; Yamamoto et al., 2021). Compared to recent studies by Mansour et
al. (2024), Shakoor et al. (2024), Damayanti et al. (2024), Sari et al. (2024), Sahid (2024) and Shah
& Ai (2024), this study offers a more cost-effective approach to flood analysis, primarily because it
utilizes widely accessible data that can be applied across various regions. While the other studies may
rely on specialized, localized, or expensive data sources and methodologies, this study's reliance on
universally available data ensures broader applicability and reduces the financial barriers to
conducting flood studies, making it a more practical option for researchers and policymakers in
diverse geographic and economic contexts. Future studies need to identify the variable side of flood
risk by focusing on environmental factors such as climate change, and urbanization and their potential
to transform the frequency and severity of flood events. It is imperative to equip predictive models
with meteorological scenarios and land-use patterns. With these models, we can understand the
dynamics of the flood risk across seasons and space over time and develop comprehensive flood
mitigation strategies that could adapt to various future scenarios. Striving at community interaction
in the analysis of flood risk and contrivances of mitigation plans leads to social justice and cultural
suitability as well as political solutions for poor and composed people issues along the flood-line.
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6. CONCLUSIONS

The combination of remote sensing data with GIS modelling developed the Flood Susceptibility
Map of the Upstream Solo River Basin. The driving factors for this model stemmed from the integral
analysis of topography, hydrology, meteorology, and anthropology. The inundation concerns
pertaining to the central and the northern sections of Surakarta City, particularly for areas adjacent to
the Bengawan Solo River and the ones having high-sloped terrains, are critically mentioned.
Inversely, Wonogiri, Karanganyar, and Boyolali seem to reveal very little vulnerability. The lowest
areas with more flood susceptibility, like Sukoharjo and Surakarta, respectively, need additional
attention, especially during the wet periods, when the whole catchment is vulnerable to flood hazards'
contribution to downstream flooding.

Flood mapping of areas identified through Geographic Information System (GIS) and remote
sensing can be used as the basis for developing plans in flood-prone cities, such as Surakarta. Future
studies should serve to discover the dynamic nature of flood risk by setting up environmental factors
such as climate change and urbanization, which will ultimately result in the alteration of the frequency
and intensity of floods.

Using predictive models, including meteorological scenarios and land-use patterns, reduces
uncertainties, thereby helping to develop holistic flood mitigation solutions. Engaging the community
in flood risk analysis and mitigation planning ensures social justice, cultural suitability, and political
solutions for affected populations in flood-prone areas. Moreover, the government and society should
strengthen their ability to deal with this possible disaster.
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ABSTRACT
This study conducted an assessment of agricultural burned areas using the dNBR index from Sentinel-2

satellite data, HARMONIZED collection, in Mae Rim District, Chiang Mai Province, over 5 years from
2019 to 2023. A total of 118 satellite datasets, before and after burning, were used to analyze the

severity levels. It is considered severe once the Moderate Low Severity level is above 0.27. Error

correction employed scene classification data, derived from the European Space Agency's area
classification algorithms, and the NDW!I index was used to exclude water-covered areas. Accuracy

verification through an Error Matrix was conducted at 73 survey points with a 95« confidence level,
adhering to the principles of statistical probability. The overall accuracy of the burned area classification
was 82.19%. Agricultural burned areas in the study area were predominantly found mostly on flat terrain.
in the eastern direction. In general, there was a significant increasing trend in burning, especially in the
latest year 2023. Changes in the distribution burning month distribution were observed; in 2019-2022
burning was more prevalent in May, while in 2023, it shifted to April. This study successfully detected
rice field burning; a small-scale, low fuel load, and low temperature burning, which the satellite hotspot
data could not detect such burning. The results provide valuable information to promote the creative
reduction of burning in communities by utilizing post-harvest agricultural residue, demonstrating the
timely and appropriate application of tools and data for societal benefits.

Keywords: Agricultural Burned Area, Remote Sensing, Difference Normalized Burn Ratio «{NBR),
Sentinel-2

1.INTRODUCTION

Chiang Mai province, located in the northern region of Thailand, faces air pollution issues,
particularly due to high levels of fine particulate matter (PM2.5), which exceed standards for many

months especially during the dry season from the end of a year to the middle of another year (Buakhao,
2023). Open biomass burning (OBB), which typically involves in-field agricultural residues, is a
significant source of air pollution. It releases various pollutants and particulate matter, including Total
Particulate Matter (TPM), in significant quantities (Rongmuang, 2015).

Currently, remote sensing data are being utilized for monitoring, tracking, and assessing open
burning areas. Various satellite data sources such as MODIS and Landsat are used for this purpose,

whereas the popularity of Sentinel-2 satellite data has grown due to its superior spatial resolution
capabilities, providing higher definition than other satellites (Linta et al,, 2021). The Normalized Burn
Ratio (NBR)is commonly used to classify and assess the severity of burned areas (Garcia, 1991; Alcaras,
2022), proving high efficiency in identifying vegetation affected by fire (Boulghobra, 2021; Kovacs,
2019; Mohammad, 2023). It is the ratio between Near Infrared (NIR)and Short-Wave Infrared (SWIR)
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bands used by Alcaras (2022). However, assessing such burned areas using this method may introduce
errors when overlapping with water bodies, built-up areas, and other land covers, which are considered
as the least likelihood of burning (Khamrueangwong, 2021).

This study focused on classifying agricultural burned areas using Sentinel-2 satellite data in the
Mae Rim District, Chiang Mai Province, from 2019 to 2023. The main emphasis was on post-harvest

rice field areas, which are frequently subjected to burning, to analyze spatial and temporal changes in
burned areas. The analysis involved filtering out non-vegetation-covered areas using Sentinel-2 Scene

Classification data and classifying burned areas using the Difference Normalized Burn Ratio (dINBR)
method. To enhance the accuracy of burned area classification., water-covered areas were excluded from
the results. Additionally, field surveys were conducted to verify accuracy and facilitate activities in
order to provide alternative solutions for farmers to utilize post-harvest agricultural residues, thereby
reducing burning. The study area, located in the Mae Rim district of Chiang Mai province, comprises a
significant portion of rice fields. To promote reduction of agricultural burning, farmers and various
agencies are coordinated to integrate knowledge for public benefits.

2.STUDY AREA

The study area is the Mae Rim District, Chiang Mai province (Fig. 1). Data on land use within the

Mae Rim district in 2021 were classified by the Department of Land Development using visual
interpretation in combination with aerial photography and satellite imagery. It revealed a total

agricultural area of 76,131.53 rai, accounting for 26 .56« of the study area.
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The predominant land use was rice cultivation where rice straw and stubble burning is a common
practice among farmers. This burning significantly contributes to air pollution, causing health problems

and soil fertility degradation.

3.DATA AND METHODS

3.1. Data Preparation from Satellite

Data preparation was carried out using Sentinel-2 satellite data from the HARMONIZED collection
under the Harmonized Landsat and Sentinel-2 program by NASA. The objective was to generate a
dataset that reflects surface reflectance jointly captured by the Operational Land Imager (OLI) on
Landsat-8/9 satellites and the Multi-Spectral Instrument (MSI)on Sentinel-2A/B satellites (NASA, 2023).
Due to ESA's adjustment of the processing baseline on January 26, 2022, digital number (DN

limitations were introduced in the original data, allowing negative values which were not possible
previously. Therefore, to analyze these changes as smoothly as possible, the Sentinel- 2 HARMONIZED

collection dataset (Sentinelhub, 2021) was used to analyze burned areas within agricultural land post-
harvest. Analysis involved assessing the difference in Normalized Burn Ratio (NBR) values between
pre-and post-burning periods from January to May and November to December, excluding periods with
heavy cloud cover during the rainy season where soil cover data could not be accurately recorded. Thus,
satellite data before and after burning within a 5-year period from 2019 to 2023 were selected for
analysis, totalling 118 datasets as shown in Table 1.

3.2. Normalized Burn Ratio (NBR) Analysis

Analysis to assess burned areas using the Normalized Burn Ratio (NBR) index is designed to
differentiate areas affected by large wildfires. Evergreen areas reflect strongly in the Near Infrared (NIR)
wavelength range and has low reflectance in the Short-Wave Infrared (SWIR)range, which is opposite
to what is observed in the burning areas. Therefore, burned areas can be distinguished by the difference
in NBR values between pre- and post-burning periods (Keeley, 2009, as illustrated in Equation 1
(Garcia, 1991; Alcaras, 2022).

NBR = (NIR — SWIR)/(NIR + SWIR) )
For Sentinel-2 satellite data, Equation 2 (Al-hasn et al., 2022)

(Band 8 — Band 12)

NBRgentinel—2 =
Sentinel—2 (Band 8 + Band 12)

2)
3.3. Analysis of Differences in NBR between Pre-and Post-Burning Periods

To analyze the burned areas, the differences in the Normalized Burn Ratio (NBR) index must be
assessed. This is achieved by calculating the difference in the Different Normalized Burn Ratio (dNBR)
between the pre-burning and post-burning periods (Kovacs, 2019, as shown in Equation 3.

d NBR = (NBRPre—fi‘re - NBRPost—fire) (3)
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3.4. Classification of Burn Severity Levels

In this study, burned areas were classified based on the wildfire severity levels, which are into 7
levels by The United States Geological Survey (USGS). Among these, three levels indicate areas affected

by fire are Moderate-low Severity, Moderate-high Severity, and High Severity. Specifically, the
Moderate low Severity level is defined as having values higher than 027, indicating areas burned by
wildfires.

3.5. Analysis of Post-Harvest Bare Areas

Areas covered by clouds, cloud shadows, and water bodies can introduce errors in the
classification of burned areas. In this study, the results of the burned area classification overlapping with

areas covered by vegetation, clouds, cloud shadows, and water bodies were removed. This was achieved
using scene classification data, derived from the European Space Agency's (ESA) algorithm for land
cover classification. The classification includes 12 different categories: No Data, Saturated or defective
pixel, Topographic casted shadows, Cloud shadows, Vegetation, Not-vegetated, Water, Unclassified,
Cloud medium probability, Cloud high probability, Thin cirrus, Snow or ice. Therefore, in this step,
only post-harvest bare areas (Not-vegetated: Value =5) were selected for analysis.

3.6. Analysis of Water-covered Areas

During the initial stages of rice cultivation, there is noticeable water coverage. To reduce errors in
the classification of burned areas, Normalized Difference Water Index (NDWI) is used to monitor
changes related to water quantity in water bodies. Since water bodies absorb light significantly in the
electromagnetic spectrum, the visible spectrum (green) and the near-infrared spectrum are observed.
Equation 4 illustrates this process. For Sentinel-2 data, Equation 5 is applied.

NDWI = (green - near infrared) / (green + near infrared) (4)

(Band 3 — Band 8)
(Band 3 + Band 8) (5)

NDWlsentiner-2 =

Then, water-covered areas are created by selecting only the NDWI areas with values greater than or
equal to 0.25, which is determined by considering coverage of the initial stages of rice cultivation.

3.7. Verification of the accuracy of the burnt area classification.

Accuracy of the burnt area classification in this study was verified through random sampling
points, with the sample size determined using the principle of binomial probability (Chucheep, 2018)as
shown in Equation 6.

4 2@
el (6)

where:
n =minimum sample size (number of sampling points)
p = probability of correctness (ranges from 0 to 1)
g =probability of error (ranges from 1 -p)
Z =value from the standard normal distribution table
e =margin of error from sampling
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It was, then, distributed in the form of an Error Matrix or Contingency Table, which can be used
to analyze the Producer's Accuracy, indicating the method's efficiency, the User's Accuracy, and the
Overall Accuracy. (Chucheep, 2018) as shown in equations 7 -9. The entire sequence of work steps is

illustrated in Fig. 2.

n..
Producer’s Accuracy = —
" @)
’ n;;
User’s Accuracy =
e ®)
k
Overall Accuracy = @
" ©)

Sentinel-2 HARMONIZED collection DATA

I ; A !
NBR Scene classification DATA l NDWI
+ + ' I
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-
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- 3
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¥
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Fig. 2. The conceptual framework for analyzing burned areas in paddy fields using the dNBR index from
Sentinel-2 satellite data.

4. RESULTS AND DISSUSSION
4.1. Fire Incidents and Trends in Agricultural Areas from 2019 to 2023

The changes in burned areas in rice fields in terms of both area and time revealed a higher
incidence of burning during the months of April to May and November to December, corresponding to
the post-harvest period (Tab. 2). Interestingly, during April to May 2023, there was a distinct shift in
burning patterns, with more burning observed in April compared to May, which differs from the burning
pattern during April to May of the years 2019-2022.

Table 2.
Displays the burned area in open fields (in hectares) categorized by month for the years 2019 to 2023.
Year/ Month JAN FEB MAR APR MAY  NOV DEC sum
2019 2.18 3.19 6.61 45.63 239.81* 186.98 188.14 672.55
2020 1.21 0.7 4.48 30.78 167.14* 120.55 11.71  336.56
2021 6 2.06 12.14 28.92 127.67* 12479 65.96 367.54
2022 2.54 33.01 28.52 11.74 558.29* 113.69 25.16  772.97
2023 40.15 34.21 39.08 715.03* 174.41 52.06 71.93 1126.87

* The month with the highest burning of the year.
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Due to the early onset of rain in April 2023 compared to previous years, farmers began burning
stubble before planting as early as April. In contrast, from 2019 to 2022, the rainy season typically
started in May, and the burning of stubble began accordingly. Meanwhile, it was observed that the
burned areas tended to decrease from November to December during the years 2019-2023.
Furthermore, each area exhibited somewhat consistent burning behavior, such as the upper part of Zone
4 burning faster than the lower part, as depicted in Fig. 3. In this study, the NDWI index was applied
to extract burned areas in conjunction with other indices, enhancing efficiency, consistent with the study
by Khamrueangwong (2021). For the date of the large fire event occurring on April 29, 2023, Fig. 4
presents sample results of burn area, NBR, dNBR, NDWI, and scene classification.

Regarding the study on air pollution emissions resulting from burning in rice fields in Thailand, it
was found that in 2018, burning covered 2.9% of the total rice cultivation area for that year (Junpen et
al., 2018). This closely aligns with the burned areas observed in rice fields in Mae Rim District from
2019 to 2023, which accounted for 2.91%, 1.46%, 1.59%, 3.35%, and 4.88% respectively. However, a
report in 2021 indicated that the northern region of Thailand had the highest incidence of burning in
rice fields, accounting for 41.85% of the total rice cultivation area (Kanjanarueng, 2023).
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Fig. 4: lllustrates sample results of Burn area, NBR, dNBR, NDWI and Scene classification.

4.2. Verification of Burned Area Classification Accuracy

To verify accuracy of the burned area classification in this study, 73 sampling points were
designated according to the criterion of binomial probability with a confidence level of 95%. These
points were divided into 37 burned areas and 36 unburned areas. The results revealed that the
classification of burned areas showed a producer's accuracy of 90% and a user's accuracy of 72.97%.
Regarding the classification of unburned areas, the producer's accuracy was 76.74%, and the user's
accuracy was 91.67+. The overall accuracy was found to be 82.19%, as shown in Table 3 and Fig.5.

Table 3.
Error Matrix of Fire Area Classification.

Reference data from field
burn non-burn SUM User’s Accuracy (%)
Classified burn 27 10 37 72.97
image non-burn 3 33 36 91.67
SUM 30 43 73
Producer’s Accurac
i Y 90 76.74

Overall Accuracy (%) = 82.19
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Fig. 5. Field Survey of Sample Areas.

In summary, the classification of burned areas in this study demonstrated a method efficiency of
90% and a reliability of 72.97%, while for unburned areas, it showed a method efficiency of 76.74%
and a reliability of 91.67%. Overall, the classification accuracy in this study was 82.19% at a 95%
confidence level. This validation method is commonly used for analyzing burned areas from satellite
data. (Ruthamnong, 2019; Katagis, 2022).

4.3. Comparing Fire Detection between Hotspot Data and Satellite Imagery

Hotspot data refers to the Land Surface Temperature, especially abnormally high temperatures on
the Earth's surface. The data can signify intense fire activity and even pinpoint the location of fire
origins. At present, the Department of Forestry of Thailand utilizes the Visible Infrared Imaging
Radiometer Suite (VIIRS) data onboard the Suomi National Polar-orbiting Partnership (Suomi-NPP)
satellite which can capture global images every 12 hours, twice a day. The fire hotspot locations within
a 375 x 375-meter area are accounted as a single data point. This data is considered before identifying
areas with forest fire incidents and to monitor regions prone to frequent fire occurrences
(Praesriwarothai, 2021).

When examining a composite image of Shortwave Infrared (SWIR)and True Color from Sentinel-

2 satellite imagery, it becomes evident that areas of active burning and smoke plumes are clearly
delineated.

_ P
active fire active fire

and smoke " - and smoke
f5ee 2

Fig. 6. A comp05|te of Shortwave Infrared (SWIR) and True Color imagery from Sentinel-2 satellite data durlng
the occurrence of burning within rice field areas where hotspots could not be detected.
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However, during the same timeframe, no hotspot data is available. This indicates that fire
occurrences in rice fields, particularly smaller, low-intensity burns with lower burning temperatures,

are better detected through dNBR index of satellite imagery compared to hotspot data, which may not
be captured (GISGeography, 2024). This aligns with the findings of Mohammad (2023), which

discovered that dNBR from Sentinel-2 outperforms in spectral discrimination between burned and
unburned surfaces. This is illustrated in Fig. 6.

5.CONCLUSIONS

The area burned delineation in this study focused on categorizing burned areas within rice field
areas after harvesting over a period of 5 years (2019 - 2023) using Sentinel-2 HARMONIZED satellite

data, analyzed from the Normalized Burn Ratio (NBR) difference values before and after burning, with
a threshold of Moderate Low Severity (0.27)and above indicating burned areas. Areas covered by dense
vegetation, water bodies, and clouds;shadows were excluded using Sentinel-2 L2A Scene Classification
and NDWI data. Accuracy of the classification was evaluated using an Error Matrix with 73 survey
points at a 95% confidence level, following the principles of probabilistic sampling. The results showed
that the burned area in rice fields was 67255, 336.56, 36754, 77297, and 1,126.87 rai per year,
respectively. It was observed that the burned area was higher during April to May and November to
December, which corresponded to the post-harvest period within the study area. In April 2023, there
was a significant increase of burned areas compared to other years. On the contary, it was found that
during November to December of each year, the burned area tended to decrease. Furthermore, distinct
patterns of burning before and after harvesting were observed in each area. Overall accuracy of the
classification in this study was 82.19%. Regarding the burned area classification, there was a 72.97%.
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SEA OVER THE SOUTHWESTERN COAST OF THAILAND: A CASE STUDY
OF SPATIAL AND TEMPORAL VARIABILITY OF CHLOROPHYLL-A
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ABSTRACT

Chlorophyll-a is a pigment or substance used in photosynthesis that is found within the cell of
phytoplankton, small unicellular algae that floats in water and is blown by waves, wind, and tide.
Phytoplankton is essential for the aquatic ecosystem. This research studies the spatial and temporal
variability of chlorophyll-a using data from the Aqua satellite in the MODIS system from 2018 to 2022,
then analyzes the data with the SeaWiFS Data Analysis System (SeaDAS) program. The results
show that chlorophyll-a on the surface of the Andaman Sea varies during the year according to
monsoon activity. It has a high value during the northeast monsoon (November to March), and its
maximum value is in January. On average, chlorophyll-a in June 2021 had a minimum value of 0.1994
mg/m3, and chlorophyll-a in January 2022 had a maximum value of 0.8591 mg/m?®. The relationship
between chlorophyll-a and sea surface temperature during the northeast monsoon, including wind
stream at different times, shows the increase and decrease of chlorophyll-a, which may be consistent
with upwelling and downwelling at the eastern coast of the Andaman Sea.

Key-words: Remote Sensing, Chlorophyll-a, Andaman Sea, Digital Image Processing, MODIS-Aqua

1.INTRODUCTION

Open sea is divided vertically, light being an essential factor that separates it into the photic zone
and aphotic zone. The photic zone has full sunlight and is located in the same zone as the continental
shelf; photosynthesis can occur within this zone at a depth of approximately 200 m. The aphotic zone
is deeper than the photic zone and cannot receive sunlight, so there is no photosynthesis and there are
fewer organisms (Difference Between, 2023). It may be further divided according to marine
organisms into five zones: 1) the epipelagic zone, which begins at the surface and reaches a depth of
200 m, and which can be compared to the photic zone as it obtains enough sunlight for photosynthesis;
2) the mesopelagic zone, with a depth of 200 to 1,000 m; 3) the bathypelagic zone, with a depth of
1,000 to 4,000 m; 4) the abyssalpelagic zone, with a depth of 4,000 to 6,000 m; and 5) the hadalpelagic
zone, which is deeper than 6,000 m and always found at oceanic trenches (NOAA, 2023).
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The Andaman Sea is part of the continental shelf of the Indian Ocean. It is a submerged coast
with a marginal sea surrounded by land, an island, and a peninsula. It also has an open part connected
to the open sea at the surface and may have oceanic ridges. It is a semi-closed basin located to the
east of the Bay of Bengal. There are different depths of seabed in the Andaman Sea (Marine
Knowledge Hub, 2023); they can be divided into two zones according to sea contouring, which causes
there to be diverse types and quantities of coral reefs. The seabed at the coastline of Ranong, western
Phang Nga, and western Phuket has a high slope and an average depth of approximately 1,000 m. The
Andaman Basin, the deepest part of the Thai Sea, reaches approximately 3,000 m, while the seabed
at the coastline of southern Phang Nga, eastern Phuket, Krabi, and Trang have a slight slope, and the
continental shelf has a depth of less than 300 m (Biodiversity CHM Thailand, 2023).

Phytoplankton is a small organism that floats in water and within its cell has pigment such as
chlorophyll-a, a substance used for photosynthesis. Therefore, it is essential for the aquatic ecosystem.
Phytoplankton is categorized by type of chlorophyll; chlorophyll-a is categorized as Cyanophyta
(Laosuwan et al., 2022). Chlorophyll-a is a primary photosynthetic pigment that can capture sunlight
by itself, while other chlorophyll are secondary photosynthetic pigments (accessory pigments) that
capture the light’s energy and pass it to chlorophyll-a (Zhao et al., 2023).

Remote sensing technology using satellites is considered an effective method for monitoring
phenomenal changes in the atmosphere, land, and ocean (Gomasathit et al., 2015; Rotjanakusol &
Laosuwan, 2018; Itsarawisut & Laosuwan, 2022; Itsarawisut et al., 2022; Ounrit et al., 2022). This
technology uses electromagnetic waves to acquire information without making physical contact with
objects (Uttaruk & Laosuwan, 2019; Rotjanakusol & Laosuwan, 2020; Uttaruk et al., 2022; Laosuwan
et al., 2023). It can record data in a wide range and repeat it in the same area in each orbit of the
satellite, so environmental changes can be monitored in different periods (Laosuwan & Uttaruk, 2017;
Rotjanakusol & Laosuwan, 2019a; Rotjanakusol & Laosuwan, 2019b; Auntarin et al., 2021;
Jomsrekrayom et al., 2021; Celik et al., 2022; Kanjanasiranont et al., 2022; Turton et al., 2022; Chen
et al., 2023; Phoophiwfa et al., 2023). For this reason, this technology has been used for studying
chlorophyll-a at the surface of the sea, such as in the studies by Lins et al. (2017), Silveira et al.
(2020), Aranha et al. (2022), and Wang et al. (2022).

Phytoplankton is a significant manufacturer of food chains in water supply and has been used as
a sea fertility index. Open sea has few plankton as it lacks nutrients, which causes low fertility, while
the coastline or upwelling area has rich nutrients and plenty of phytoplankton, indicating the fertility
and amount of aquatic animal resources in that area (Buranapratheprat & Meesook, 2013). The goal
of this research is to study the spatial and temporal variability of chlorophyll-a by using data from the
Agua satellite in the MODIS system from 2018 to 2022.

2.MATERIALS AND METHODS
2.1. Study Area

The Andaman Sea (Fig. 1) is located to the east of the Bay of Bengal, a part of the Indian Ocean.

The north is close to the Irrawaddy Estuary, while the east is bounded by the coastlines of
Myanmar, Thailand, and Malaysia. On the west side lie the Andaman Islands and Nicobar Islands.
The southern end is at Sumatra Island and the Strait of Malacca. The territory’s latitude extends from
6° to 14°N, and its longitude from 93° to 99°E. The length of the Andaman Sea from north to south
is approximately 1,200 km, and the width is 650 km.

The sea has an approximate area of 797,700 km? and an average depth of 870 m, the deepest point
being 3,777 m. It is influenced by the northeast monsoon from November to December and the
southwest monsoon from May to September.
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ANDAMAN SEA

v Ty

Fig. 1. The study area.
2.2. Operation
This study analyzes three sets of data:

1) Wind stream data (Fig. 2) from Remote Sensing Systems, which can be downloaded from
WWw.remss.com/measurements/wind.

2) Level-2 product measured by a MODIS sensor installed on the Aqua satellite. It can be
downloaded from Ocean Color (http://oceancolor.gsfc.nasa.gov) (Fig. 3). Level-2 MODIS Aqua data
has a pixel size equal to 1,000 m. Data processing was conducted with SeaDAS.

Fig. 2. Wind stream data.


http://www.remss.com/measurements/wind
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3) Sea surface temperature data (Fig. 4) from EARTHDATA, which can be downloaded from
https://giovanni.gsfc.nasa.gov/giovanni/.

Level-2 MODIS Aqua data was gathered from daily and monthly data each year, then calculated
for the average annual data. Wind stream and sea surface temperature were analyzed with the average
amount of chlorophyll-a at the sea surface to determine the spatial and temporal variability of
chlorophyll-a

Time Averaged Map of Sea Surface Temperature at 4 microns (Night) monthly 4 km [MODIS-Aqua
MODISA_L3m_8ST4_Monthly_4km vR2019.0] C

=
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| = Options v & Download v
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Fig. 4. Sea surface temperature.

3. RESULTS AND DISCUSSION
3.1. Analysis results of chlorophyll-a

The analysis results of the expansion of chlorophyll-a by monthly average at the surface of the
Andaman Sea from 2018 to 2022 is shown in Table 1.

As recorded in Table 1, the average amount of chlorophyll-a at the surface of the Andaman Sea
in 2018 had a maximum value in October of 0.6948 mg/m?, a minimum value in April equal to 0.2802
mg/m?, and an annual average value of 0.4055 mg/m?>. In 2019, the average amount of chlorophyll-a
at the surface of the Andaman Sea had a maximum value in December of 0.6214 mg/m?3, a minimum
value in May of 0.2709 mg/m3, and an annual average value of 0.4174 mg/m?.

In 2020, the average amount of chlorophyll-a at the surface of the Andaman Sea had a maximum
value in November of 0.6483 mg/m?, a minimum value in May of 0.2847 mg/m?, and an annual
average value of 0.4274 mg/m?3. In 2021, the average amount of chlorophyll-a at the surface of the
Andaman Sea had a maximum value in November of 0.6380 mg/m?3, a minimum value in June of
0.1994 mg/m3, and an annual average value of 0.4208 mg/m?. In 2022, the average amount of
chlorophyll-a at the surface of the Andaman Sea had a maximum value in January of 0.8591 mg/m?,
a minimum value in June of 0.2419 mg/m?3, and an annual average value of 0.4932 mg/mq. The result
of chlorophyll-a expansion by monthly average at the surface of the Andaman Sea was calculated for
the annual average in each month, as shown in Fig. 5 and Fig. 6.


https://giovanni.gsfc.nasa.gov/giovanni/
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Table 1.

Analysis results of the expansion of chlorophyll-a by monthly average.

2018 2019
Month Average amount of Month Average amount of
chlorophyll-a (mg/m?®) chlorophyll-a (mg/m®)
Jan 0.5319 Jan 0.5432
Feb 0.5936 Feb 0.5610
Mar 0.4180 Mar 0.4418
Apr 0.2802 Apr 0.3100
May 0.3353 May 0.2709
Jun 0.3828 Jun 0.3412
Jul 0.2833 Jul 0.3162
Aug 0.2818 Aug 0.3997
Sep 0.3950 Sep 0.3533
Oct 0.6948 Oct 0.4105
Nov 0.3281 Nov 0.4394
Dec 0.3411 Dec 0.6214
2020 2021
Month Average amount of Month Average amount of
chlorophyll-a (mg/m?®) chlorophyll-a (mg/m®)
Jan 0.5469 Jan 0.5427
Feb 0.5070 Feb 0.5391
Mar 0.3838 Mar 0.5094
Apr 0.3535 Apr 0.3646
May 0.2847 May 0.4090
Jun 0.3908 Jun 0.1994
Jul 0.3367 Jul 0.3059
Aug 0.3716 Aug 0.2565
Sep 0.3855 Sep 0.4398
Oct 0.3601 Oct 0.4428
Nov 0.6483 Nov 0.6380
Dec 0.5593 Dec 0.4026
2022
Month Average amount of
chlorophyll-a (mg/m®)
Jan 0.8591
Feb 0.7684
Mar 0.5246
Apr 0.5518
May 0.4409
Jun 0.2419
Jul 0.3529
Aug 0.3506
Sep 0.3536
Oct 0.5183
Nov 0.4186
Dec 0.5374
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Fig. 5. The annual average distribution of chlorophyll-a in the Andaman Sea.

Fig. 5 and Fig. 6 show that the average amount of chlorophyll-a at the surface of the Andaman
Sea from 2018 to 2022 had a maximum value in January of 0.6845 mg/m3. The value decreased in
March, and the minimum value in August was 0.3566 mg/m?. It started to rise again in October, the
average steadily increasing. During those five years, chlorophyll-a at the surface of the Andaman Sea
had a high value from December to March, which was influenced by the northeast monsoon, and a
low value from April to September, which was influenced by the southwest monsoon. Chlorophyll-a
will increase or decrease depending on season, weather condition, density, and the expansion of
phytoplankton in each area.
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Fig. 6. Average amount of chlorophyll-a at the surface of the Andaman Sea from 2018 to 2022.

3.2. Analysis of the quantity and expansion of chlorophyll-a at the surface of the Andaman Sea
with wind stream and surface temperature

Wind streams flow through the surface of the Andaman Sea in a different manner each month,
but it is possible to track their directions. In this study, the directions of wind streams were
downloaded from Remote Sensing Systems. For the analysis of the quantity and expansion of
chlorophyll-a at the surface of the Andaman Sea with wind stream and surface temperature, an
example wind stream chart from 2022 is shown in Fig. 7.

This study found that the quantity of chlorophyll-a at the sea surface varies according to season
and monsoon activity. From November to March (the northeast monsoon), chlorophyll-a at the sea
surface was higher than from May to September (the southwest monsoon), with a maximum value in
January of 0.6845 mg/m? and a minimum value in August of 0.3566 mg/mq. The increase and decrease
of chlorophyll-a according to season were similar in each year. From the data of Level-2 product
measured by a MODIS sensor installed on the Aqua satellite, chlorophyll-a at the surface of the
Andaman Sea changed in line with wind stream. In addition, it had a high value during the northeast
monsoon and a low value during the southwest monsoon. It was seen on the eastern coast of the
Andaman Sea, consistent with Buranapratheprat and Meesook’s study (2013).

The study “Temporal Variations of Sea Surface Chlorophyll-a in the Andaman Sea Based on
Aqua MODIS Image Processing” found that chlorophyll-a at the surface of the Andaman Sea varies
during the year according to monsoon activity; it has a high value during the northeast monsoon, its
maximum value occurring in January, and a low value during the southwest monsoon. It is consistent
with the study by Tan et al. (2006) that is referenced by Buranapratheprat and Meesook (2013). The
study “Seasonal Variability of SeaWiFS Chlorophyll-a in the Malacca Straits in Relation to Asian
monsoon” also found that chlorophyll-a at the surface of the Andaman Sea varies during the year
according to monsoon activity. Chlorophyll-a at the surface of the northern part of the Malacca Strait
starts to increase in November and has a maximum value in January (during the northeast monsoon),
and it decreases in March and has a minimum value in August (during the southwest monsoon); it
starts to increase again from November onward. In this study, chlorophyll-a from Level-2 product
measured by a MODIS sensor installed on the Aqua satellite falls within the range that has been
measured at the Andaman Sea (Buranapratheprat & Meesook, 2013).
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Fig. 7. Average amount of chlorophyll-a at the surface of the Andaman Sea in 2022.

The consistency of the result demonstrates the reliability of the chlorophyll-a data from this study.
The increase of chlorophyll-a at the sea surface during the northeast monsoon may occur from
upwelling at the eastern coast of the Andaman Sea—that is, the surface of the water has moved from
the coastline according to the direction of the wind at a certain time (Fig. 4), then the lower layer of
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the water, which has a low temperature, flows upward to replace the upper layer of water and bring
all nutrients to the sea surface. Then plankton can use these nutrients to grow and increase, causing
chlorophyll-a at the surface of the coastline to have a high value (Knauss, 1997; Buranapratheprat &
Meesook, 2013). The sample of chlorophyll-a increased at the eastern coast of the Andaman Sea in
January 2022, which is consistent with the temperature of the sea surface, and it had less value in the
same area (Fig. 8).
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Fig. 8. Temperature of the sea surface in 2022.
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This is a sign that upwelling occurred at this time. The decrease of chlorophyll-a during the
southwest monsoon (Fig. 5) may relate to downwelling from the southwest wind stream that blows
into the eastern coast (Fig.7). It is consistent with the research of Robinson et al. (2007) and
Buranapratheprat and Meesook (2013), which study the relationship between chlorophyll-a, sea
temperature, and the weather variation that causes oceanographic processes at Bali, Indonesia. They
found that the increase and decrease of chlorophyll-a relate to upwelling, downwelling, monsoon
activity, and sea water temperature.

4. CONCLUSION

This study conducted environmental monitoring on the surface of the Andaman Sea over the
southwestern coast of Thailand. It examined the spatial and temporal variability of chlorophyll-a by
using data from Level-2 product measured by a MODIS sensor installed on the Aqua satellite, finding
that chlorophyll-a at the surface of the Andaman Sea in each period of the year tends to vary according
to monsoon activity. The period from November to March (the northeast monsoon) had a high value
of chlorophyll-a, while the period from May to September (the southwest monsoon) had a low value
of chlorophyll-a. The relationship between chlorophyll-a, sea surface temperature during the northeast
monsoon, and wind stream in different periods shows that the increase and decrease of chlorophyll-a
may be consistent with upwelling and downwelling at the eastern coast of the Andaman Sea.
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ABSTRACT

The decreases and increases in nitrogen dioxide (NO2) concentrations in Mexico during the periods are
mainly due to changes in human activities and not only due to factors such as traffic and weather conditions.
The confinement imposed by the pandemic has produced positive effects, such as the reduction of polluting
emissions, including nitrogen dioxide (NO2). The pandemic offered a glimpse into how human activities
impact air quality. To investigate the changes in the spatial concentration of NO2 in Mexico during the
COVID-19 confinement and the subsequent period, comparing the months of April 2019 and 2020, as well
as April 2023. The Sentinel-5P TROPOMI sensor was used to obtain images of NO2. They were processed
with SNAP software for Geometric Re-projections and ArcGIS 10.2 for change detection. During the
confinement in Mexico in April 2020, NO2 concentrations decreased by 21.45% compared to April 2019.
However, in April 2023, concentrations increased by 14.48% compared to 2020. The findings support that
the Confinement measures temporarily reduced NO2 levels in Mexico. Similar patterns were observed
globally. However, once normal activities resumed, NO2 emissions increased. Lockdown restrictions
produced a temporary decrease in NO2 pollution in Mexico, but when the measures were lifted, emissions
increased again. More rigorous policies are needed to maintain air quality. Continuous use of Sentinel-5P
can help monitor and control air pollution in the country. In addition, the implementation of sustainable
practices is suggested to reduce polluting emissions and promote a more resilient and sustainable society.

Key-words: Air pollution, Nitrogen dioxide (NO2), COVID-19 pandemic, Sentinel-5P TROPOMI, Climate
change

1. INTRODUCTION

In a future marked by a constantly changing climate, it is expected that natural communities will
undergo modifications and many species will become extinct. Ecosystems, which are home to many
species globally, have proven to be vulnerable due to factors such as population growth, habitat loss
and fragmentation, and climate change, which has caused significant alterations in the state of the
planet in recent last 50 years. Additionally, natural hazards, such as wildfires and wind-blown trees
during severe storms, also pose a significant risk. All these events, exacerbated by climate change,
threaten the integrity of ecosystems, as climate change is expected to increase surface temperatures
and alter precipitation patterns (Navas, 2024; Muluneh, 2021).

The loss of biodiversity and the degradation of ecosystem health are closely related to
anthropogenic activities that promote the emergence of zoonotic diseases. As wild species move
closer to human populations, the risk of outbreaks and transmission of zoonotic diseases increases.
Reducing emissions of air pollutants could slow climate change and, in turn, reduce the impact of
diseases that can affect human health, as observed during the COVID-19 pandemic (Debone et al.,
2020; Lawler et al., 2021).
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The confinements implemented due to the COVID-19 pandemic have shown a notable decrease
in atmospheric pollutants. This phenomenon is attributed to the reduction of anthropogenic activities,
such as the decrease in transportation, the reduction of industrial activities and the stoppage of
construction, which are the main sources of air pollution. Air quality in many urban areas saw
considerable improvement during the lockdown period. Likewise, it has been observed that the
transmission and mortality rate of COVID-19 decreased in correlation with the reduction in pollution
levels in many cities. In addition, research has shown that the decrease in air pollution because of
confinement measures has contributed to reducing mortality associated with respiratory diseases
(Priya et al., 2023; Saha et al., 2022; Kovacs and Haidu, 2021).

Nitrogen dioxide (NO?2) is an indicator of air quality due to its association with combustion
emissions and is classified as one of the six common air pollutants by the World Health Organization
(WHO). It is recognized as highly harmful to human health, and can cause respiratory diseases,
asthma, cellular inflammation, cardiovascular disorders, high blood pressure and lung cancer.
Furthermore, the presence of NO2 leads to the formation of nitric acid (HNO3) and acid rain, which
is harmful to the environment (Oo et al., 2021; Represa et al., 2021).

The Sentinel-5P TROPOMI sensor has great potential for the estimation of atmospheric
pollutants, particularly NO2 concentrations on a broad scale. Several studies have used Sentinel 5P
data to investigate the relationship between air pollutants and confinement measures due to COVID-
19 (Represa et al., 2021; Debone et al., 2020; Bassani et al., 2021; Kumar et al., 2020; Siddiqui et al.,
2022; Naeger and Murphy, 2020; Dutta et al., 2021, Sunarta and Saifulloh, 2022). NASA and ESA
have been using this data to track and report the concentration of NO2 in the atmosphere for air quality
monitoring purposes. Recent research based on satellite observations has revealed a marked decrease
in NO2 concentrations during the global lockdown period (Shami et al., 2022; Oo et al., 2021; Carcel-
Carrasco et al., 2021; Liu et al., 2021; Priya et al., 2023; lalongo et al., 2023).

The objective of this study was to investigate the changes in the spatial concentration of NO2 in
Mexico during the COVID-19 confinement, comparing the months of April 2019 and 2020, as well
as the post-COVID-19 period in 2023.

2. STUDY AREA

Mexico, a country located in North America, known for its geographical, cultural, and social
diversity. With a considerable land area, Mexico is home to a wide range of ecosystems ranging from
arid deserts to lush tropical jungles, as well as mountains, plains, and coasts in both the Pacific Ocean
and the Gulf of Mexico and the Caribbean Sea.

3. DATA AND METHODS

In Mexico, the confinement due to COVID-19 began on March 16, 2020, and ended on June 1,
2020 (Abarca et al., 2020; Valdez-Santiago et al., 2021). Since June, with the reopening of additional
sectors such as mining, construction, automotive and aerospace, it is very likely that economic
production has begun to recover (Esquivel, 2020). Therefore, Sentinel-5 Precursor images were used
to investigate the changes in the spatial concentration of NO2 in Mexico during the COVID-19
confinement, comparing the months of April 2019 and 2020, as well as the post-COVID-19 period in
2023.

3.1. Obtaining satellite images

Sentinel-5P TROPOM I is a broom imaging spectrometer that covers wavelength bands between
ultraviolet and shortwave infrared. It was launched in October 2017 as part of the Sentinel-5 Precursor
satellite mission, carried out by the European Union (EU) and the European Space Agency (ESA).
This instrument provides NO2 measurements with a spatial resolution of 5.5 km x 3.5 km. The width
of the scanning swath covers approximately 2600 km in the direction of the satellite track, allowing
daily global coverage (Liu et al., 2021). Three satellite images were used to observe NO2 changes
during and post-pandemic (Table 1).
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Table 1.
Satellite images used.
No.  Satelite Sensor  Acquisition date Source
1 Sentinel-5P TROPOMI 17-04-2019 https://browser.dataspace.copernicus.eu/
2 Sentinel-5P TROPOMI 30-04-2020 https://browser.dataspace.copernicus.eu/
3 Sentinel-5P TROPOMI 17-04-2023 https://browser.dataspace.copernicus.eu/

3.2. Software used for data processing

The SNAP software (European Space Agency) was used to make the geometric reprojections of
the images, and for the detection of changes, the ArcGIS 10.2 software (ESRI, RedLands, USA) was
used to detect changes in the NO2 level between three different intervals.

4. RESULTS

The NO2 concentrations were carried out for Mexico on April 17, 2019, where a minimum
concentration of 36.56 ppm and a maximum of 283.02 ppm are observed (Fig. 1; Table 2).
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Fig. 1. Map of NO2 concentrations for Mexico in April 2019.

The NO2 concentrations were carried out for Mexico on April 30, 2020, where a minimum
concentration of 23.87 ppm and a maximum of 222.32 ppm are observed (Fig. 2; Table 3).



73

Table 2.

Statistical data of NO2 concentrations in April 2019.

MIN: 36.565093994140625

MAX:  283.0219421386719

RANGE: 246.45684814453125

SUM: 5283191.383289337

MEAN:  66.98097498972231

STD_DEV: 10.810573086224124

SUM_OF_SQUARES: 9218002.184448304
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Fig. 2. Map of NO2 concentrations for Mexico in April 2020.

Table 3.
Statistical data of NO2 concentrations in April 2020.

MIN: 23.872339248657227

MAX: 222.3298797607422

RANGE: 198.45754051208496

SUM: 4548913.749929428

MEAN: 60.8249261225805
STD_DEV: 8.659350292238257
SUM_OF_SQUARES: 5607779.410914999

The NO2 concentrations were carried out for Mexico on April 17, 2023, where a minimum
concentration of 19.72 ppm and a maximum of 259.95 ppm are observed (Fig. 3; Table 4).
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Fig. 3. Map of NO2 concentrations for Mexico in April 2023.

Table 4.
Statistical data of NO2 concentrations in April 2023.

MIN: 19.726686477661133
MAX:  259.950927734375
RANGE: 240.22424125671387
SUM: 4854318.655977249
MEAN:  60.084150113591065

5. DISCUSSION

In Mexico, from April 2019 to April 2020, NO2 emissions decreased by 21.45%, although from
April 2020 to April 2023 emissions increased by 14.48%, which our findings support that these
measures temporarily reduced NO2 levels. Once all sectors resume normally, the amount of NO2

emissions appears to be picking up.

Similar behaviors were observed worldwide, the decreases during confinement were:
» 39.1 % for Buenos Aires in Argentina (Represa et al., 2021)

» 58 % for Sao Paulo in Brasil (Debone et al., 2020)
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» 30% approximately in European countries such as Italy (Bassani et al., 2021), France (Kumar
et al., 2020) and Spain (Céarcel-Carrasco et al., 2021)

» Decreases < -50% were mainly recorded in the greater Paris metropolitan area, in Alsace,
and other locations of France (Kovacs, 2022)

» 30% in populated cities in China (Liu et al., 2021)
» 42% in India (Liu et al., 2021) but in cities like Delhi by 52.68% (Siddiqui et al., 2022)

» 34.9% on average in in western regions of the United States such as California, 31% in Los
Angeles (Naeger and Murphy, 2020) and in southwestern United States (Dutta et al., 2021)

» the average NO2 concentrations in Tabriz, Isfahan, and Mashhad in 2020 decreased by 19%,
13% and 17%, respectively, compared to those in 2019 (Shami et al., 2022)

» 9.5% throughout Thailand after the curfew was imposed, while in the Bangkok metropolitan
area it decreased by 20.1% (Oo et al., 2021)

» inthe capital of Ukraine, the monthly average of the tropospheric NO2 column in April 2022
was almost 60% lower than in 2019 and 2021, and about 40% lower than in 2020 (lalongo
etal., 2023).

6. CONCLUSIONS

The confinement period represented a unique opportunity to examine the environmental
environment and analyze the impacts derived from the reduction of various sources of emissions, as
well as to evaluate the implementation of more rigorous air quality regulations and regulatory policies.
This process demands global collaboration to develop more demanding regulatory standards and
climate policies to achieve substantial improvements in air quality.

When the government relaxed confinement measures and the population resumed their daily
activities, an increase in NO2 concentration was observed, exceeding the levels recorded during the
strict confinement period. In general, it has been found that the restrictions imposed during 2020
resulted in a decrease in NO2 pollution. However, continuous data collection represents a considerable
challenge for developing countries like Mexico, as it involves high costs and significant efforts. The
Sentinel-5P mission provides a variety of continuous data that may be useful for monitoring air quality
and pollution in Mexico. In the future, the use of Sentinel-5P and remote sensing analysis could be
effectively deployed to monitor and control air pollution in the country.

Permanent or partial adoption of distance work and education, boosting e-commerce and
promoting practices that increase energy efficiency and foster a low-carbon economy, along with
investments in cleaner transportation alternatives, are suggestions to implement sustainable practices
that reduce polluting emissions in urban areas. These measures can facilitate the transition towards
urban resilience and sustainability.

The pandemic provided a valuable opportunity to discuss the effects of human activities on air
quality and its impact on public health, highlighting the need for a socioeconomic transformation that
promotes environmentally friendly transportation policies and a low-carbon economy. This would
contribute to the construction of a sustainable and resilient society.
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ABSTRACT:

The aim of the paper is to describe an integrated methodological approach of photogrammetric survey
from UAVs (Unmanned Aerial Vehicles) that can be used in the field of engineering planning and
design. In particular, a process is described in which the outputs from photogrammetric processing are
implemented in different analysis or 3D modelling platforms to support all design activities in the field
of engineering and in particular in the field of civil and environmental design. This approach was
applied to an area of considerable landscape-environmental interest characterised by the presence of
an estuary and a masonry bridge. The outputs of the photogrammetric processing have therefore
constituted a valid support at cartographic level and for the production of two-dimensional CAD
(Computer-Aided Design) drawings, as well as in the design of a cycle path, in the assessment of
hydraulic risk or in the BIM (Building Information Modeling) design of the road infrastructure. The
adopted methodology made it possible to obtain a high-performance and geometrically accurate
dataset, characterised by high resolution, quickly and with low investment costs. In addition, by using
UAV platforms, it was possible to reach inaccessible areas, limiting the risk of the operators specialised
in surveying and optimising the time of operations, while still guaranteeing a complete product without
loss of information necessary for BIM, GIS (Geographical Information System) and CAD procedures.

Key-words: UAV, Dense Cloud, Photogrammetry, Engineering, 3D Model, DTM, BIM.

1. INTRODUCTION

In recent years, aerophotogrammetric surveying using UAV has assumed a fundamental role in
the planning, design and management of the territory and the structural and infrastructural works that
insist on it. (Remondino et al., 2011). The result of this surveying activity generally consists of maps,
2D and 3D models of objects, as well as a series of outputs such as digital terrain or surface models,
orthophotos, contour and other three-dimensional geodata; these outputs facilitate the design process
in the field of engineering and architecture by reducing the workload of specialists in the field
(Goncalves & Henriques, 2015). Another advantage of using UAVs is that it is possible to carry out
good quality topographical surveys, taking less time to do the work than traditional measurement
methods. The ability to acquire the dataset at lower altitudes than manned aircraft or satellite systems
allows for high-performance and high-resolution datasets (Agueera-Vega et al., 2018; Mancini et al.,
2013).

Furthermore, in classic topographic surveys, it is not possible to reach dangerous or unsafe areas
or terrain unsuitable for traditional instrumentation, and in some cases, it is necessary to temporarily
interrupt activities or roads, connection networks, etc.; with UAV topographic surveying, these
difficulties are overcome as it is possible to carry out acquisitions in any area and at any time, without
having to interrupt the operation of infrastructures and services. UAV photogrammetry, therefore, is
now widely used in almost all areas of civil, environmental, and industrial engineering, and returns
work that is much better than the results belonging to traditional surveys. (Jeelani & Gheisari, 2021).

Surveying from UAVSs has in recent years assumed an increasingly fundamental role in the
collection, interpretation and harmonisation of data (Tmusi¢ et al., 2020). In fact, this surveying
technique is applicable in different environmental contexts, such as in multi-platform and multi-scale
environmental monitoring of a lake for the creation of Digital Surface Models (DSM) and orthophotos
(Medvedev et al., 2020) or, in the identification of a suitable methodology for calculating the optimal
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volume of waste by integrating Terrestrial Laser Scanning (TLS) and Unmanned Aerial Vehicle
(UAV) technologies (Son et al., 2020). In the field of vulnerability assessment of coastal areas, this
surveying technique has also assumed a key role in climate change assessment (Adade et al., 2021)
thanks also to the equipping of drones with the latest sensor technologies that guarantee high spatial
and temporal resolution. Furthermore, in the field of environmental monitoring, the support of UAVs
is of considerable importance, for example in the field of forestry (Sferlazza et al., 2022), in
photogrammetric techniques for the processing of very high resolution orthophotos and coastline
extrapolation (Costantino et al, 2020), in the multi-temporal survey for assessing morphological
changes due to different (natural and anthropogenic) factors in coastal areas (Zanutta et al., 2020),
and also for bathymetric monitoring of shallow water bodies (Lewicka et al., 2022). The possibility
of generating highly accurate Digital Elevation Models (DEM) as an alternative to satellite data also
makes this survey technique interesting in the field of hydraulic modelling (Mazzoleni et al., 2020)
or for the validation of two-dimensional hydraulic model simulations (Masafu et al., 2022).

In the field of civil engineering and infrastructure (Greenwood et al., 2019) and particularly in
the field of inspection and monitoring, UAVS can represent a non-invasive approach in rapid mapping
applications (Gaspari et al., 2022) flexible and low-cost (Lattanzi & Miller, 2017) through the use of
optical and LiDAR sensors, for disaster assessment after calamitous events or for transport
infrastructure damage reduction strategies (Mandirola et al., 2022). The possibility of creating 3D
models from UAV surveys (Pepe et al., 2022) through the algorithms of Structure from Motion (SfM)
and Multi View Stereo (MVS), has also become commonplace in the monitoring of construction
progress on building sites (Teizer, 2015) with a comprehensive and efficient collection of images and
the possibility of generating multi-temporal BIM models (Lin et al., 2015). In fact, from a modelling
perspective, the use of UAVs for three-dimensional surveying enables the definition of high-
performance 3D models from point cloud datasets (Klapa, 2023) both for the realisation of BIM
models of structures and infrastructures of particular geometric complexity (Shults & Annenkov,
2023) as well as in the construction of Heritage BIM models (HBIM) when dealing with cultural
heritage structures (Robador Gonzalez et al., 2023).

Finally, wide use and application of such devices is also to be found in the availability of
increasingly efficient navigation systems that integrate inertial systems and the integration of optical
or LiDAR sensors for security control operations in certain areas (Baiocchi et al., 2023) and in
transport systems, road safety and road infrastructure management with a view to the development of
smart cities (Outay et al., 2020).

The aim of this article is to provide a multidisciplinary approach in the field of photogrammetric
survey from UAVs and to show how some of the outputs produced can easily represent a useful and
indispensable support tool for all levels of design in the field of civil and environmental engineering,
from the design of sustainable works to the management of infrastructures in a BIM environment.
The aim of this paper is to show the reader some possible uses of a point cloud dataset, obtained by
means of a UAV photogrammetric survey, and the relative use of the processing outputs in the various
disciplines of civil and environmental engineering.

2. STUDY AREA

The area under study represents an ancient river that flows through the rock and is called “Lama
San Giorgio”. This area has been identified by the Apulia Region as a protected natural area, due to
its naturalistic, landscape, archaeological and cultural interest. In particular, the structure investigated
for the application of this methodology, is an arched bridge located on the outskirts of the city of Bari
(Italy) and located within the same swamp that slopes down towards the sea (Fig.1).

3. MATERIALS AND METHODS

In general, the main phases of a UAV photogrammetric survey can be distinguished into a first
step involving the planning of the survey. In this phase, the different parameters such as overlap,
sidelap, GSD (Ground Sample Distance), flight altitude, etc. are defined and set according to the area
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to be surveyed. Furthermore, of particular importance is the preliminary study of the area to be
surveyed in order to determine the presence of any obstacles that may affect the flight mission. The
next phase is the survey phase in which all the topographic measurement operations are conducted,
and, at the same time, the flight mission is carried out to acquire the photogrammetric dataset. The
data acquired are then processed using appropriate photogrammetric processing software in order to
produce point clouds, 3D models and a series of outputs that are useful in the spatial planning and
design phases. The following pipeline (Fig. 2) shows the main stages of the methodological approach

described in this manuscript.
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Fig.1. Cartographic overview of the study area.
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Fig. 2. Schematisation of the main stages of the methodological approach described.
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3.1. UAV planning and photogrammetric survey

The methodological approach described in the following manuscript concerns the experience of
an aerophotogrammetric survey from a UAV platform, for the realisation of various outputs to support
engineering design in various fields of application. The survey was conducted through the use of a
quadricopter for the acquisition of the photogrammetric dataset. In order to scale and georeference
the final model, a GNSS (Global Navigation Satellite System) survey of GCPs (Ground Control
Points) and CPs (Check Points) was also conducted, which were previously materialised
homogeneously over the entire area to be surveyed.

GCPs and CPs are reference points, materialised on the area to be surveyed, which must be easily
recognisable on the images; they can be natural points of the scene or they can be made on panels of
impermeable and high-contrast material (e.g. black and white or yellow and black); their size varies
according to the Ground Sample Distance (G.S.D.) value and consequently according to the flight
altitude of the UAV(Alfio et al., 2023). In addition, each UAV device may have its own integrated
camera so that, depending on the sensor, the GSD value must be established at the survey planning
stage, which will then adjust the maximum attainable flight height (Pepe et al., 2018). Considering F;
the scale of the frame and L the width of single image footprint on the ground:

1 d
E L @
the following relationship can be defined:
Z
D=-—-
GS p d 2)

where:

Z represents the flight altitude above the ground;
c represents the focal length of the sensor;

d size of the side of a photo sensor pixel.

Furthermore, relating Eq. (1) to Eq. (2) gives:

GSD

with which it is possible to relate the frame scale to the characteristics of the sensor used, the distance
and the photographic lens.

3.2. SfM and MVS algorithms for point cloud generation

After the frame acquisition phase, through the SfM and MVS algorithms, it is possible to conduct
the photogrammetric processing of the acquired dataset and obtain the dense cloud. In the first phase,
after a calibration of the photographic sensor to establish the internal orientation parameters, the
external orientation parameters defining the position and orientation of the camera during the shooting
phase are also calculated; they consist of 3 translation components and 3 rotation angles. The next
stage of dense cloud generation is based on depth maps calculated with dense stereo matching. The
depth maps are calculated for the overlapping image pairs, considering the relative external and
internal orientation parameters estimated with the Bundle Adjustment (BA).

In general, although BA is not strictly part of the SfM approach, it is a very common step used
to refine and refine the initial SfM model. Given a set of camera parameters and a set of traces, BA
minimises the following non-linear least-squares error (Furukawa & Hernandez, 2015):



Vincenzo Saverio ALFIO / UAV PHOTOGRAMMETRY AS A MULTIDISCIPLINARY APPROACH IN ... 82

E(P,M) = Z Z P (M7) = mi|’ @
j iev()
where:
P; camera parameters
M/ 3D co-ordinates of a track
m{ 2D co-ordinates of the projection of its image
Vi list of camera indices where the point is visible M/

P,(M7) co-ordinate of the projected 2D image of the 3D point M/ in the camera i using the camera
parameters P;.

After the generation of the dense cloud, it is possible to assess the metric quality of the generated
3D model by taking GCPs and CPs into account and calculating the relative Root Mean Square Error
(RMSE) using the formula:

n
RMSE = Z (xi,est - xi)z + (yi,est - yi)z + (Zi,est - Zi)z (5)

n
i=1

where:
x;, Vi, Z; are the input values of the coordinates respectively x, y, z.
Xiest» Viestr Ziese COrrespond to their estimated positions.

After processing the dense cloud, a triangular surface mesh can be generated; this surface can be
textured to obtain a photorealistic digital representation of the object/scene. The irregular mesh, or
Triangulated Irregular Network (TIN), is a surface in which the known points in the three coordinates,
however they are distributed in space, are joined by lines that form flat, adjacent triangles and allow
the surface of the object to be represented with continuity, respecting Delaunay’s triangulation
criterion.

3.3. Digital model and orthophoto processing

Through the photogrammetric processing pipeline, it is possible to generate Digital Surface
Models (DSM) and Digital Terrain Models (DTM), in which the elevation information is recorded
within a regular grid that can be represented with a numerical matrix. Usually, the grid has a square
mesh, more rarely triangular or rectangular, whose lateral dimension provides the cell size (cell size
or pixel size), which corresponds, once the projection is fixed, to the spatial resolution of the digital
model. The steps involved in constructing and analysing a digital height model lead to a number of
errors related to the measurement and/or data processing processes, generating model uncertainties.
The quantification of error in such models can be performed by calculating the Root Mean Square
Error (RMSE) of the digital model according to the following formula:

Z(zi,est - Zi)) (6)

RMSE = sqrt <
n

where:
z; represents the quote of DEM.
z; represents the reference measurement.

n the number of samples considered.

Within photogrammetric software, DEMs can be rasterised from a dense point cloud, a sparse
cloud, a mesh or generated directly from depth maps. Using point cloud classification algorithms,
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such as ATIN - Adaptive Triangulated Irregular Network, PTIN - Progressive Triangulated Irregular
Network or MCC - Multi Curvature Classification, it is possible to classify the point cloud (Lacka,
2021) into other semantic classes and process the DTM, which represents the topographical terrain
surface, without taking into account anthropic elements (trees, vegetation, etc.), i.e. artificial objects
or elements (buildings, cars, etc.).

Starting from the processing of the dataset, it is possible to obtain the orthophoto, i.e. a
composition of geometrically corrected photograms by means of an orthorectification process;
furthermore, the orthophoto, considering the information obtained from the processing of the GNSS
survey data, can be georeferenced so that the scale of representation becomes uniform throughout the
territory. To construct this output, it is necessary to use a DEM to define the orthoimage matrix,
where each pixel corresponds to an element of the ground plane. In order to improve the final result
and eliminate projection differences and preserve the correct positions of objects and terrain features
(Lamsters et al., 2020), it is possible to process a “True Digital Orthoimage” using a DSM instead of
a DEM and ensuring the geometric accuracy of features and visibility of features (Shoab et al., 2022).

3.4. From photogrammetric processing to sustainable spatial planning

All outputs obtained from photogrammetric processing can be imported into various design and
analysis software, (e.g. General Authoring software in the BIM field or parametric modelling, GIS,
CAD, etc.) and help to strengthen design activities, guaranteeing high product quality standards and
greater accuracy. In fact, for example in the BIM field, photogrammetric techniques provide an
accurate basis for modelling objects. Also with a view to environmental design, the acquisition of
datasets from UAV platforms for the generation of DEMs and DTMs as well as up-to-date
orthophotos with high geometric resolution plays a fundamental role in the field of
hydrological/hydraulic modelling, to support the realisation of new interventions and in the
performance evaluation of existing ones. In this context, all photogrammetric products, which are
fully interoperable with the various software available today, are able to create a valid multi-scale and
multi-level support in the knowledge of the territory, representing an important basis for planning, as
well as an indispensable metric support for conducting all the necessary design operations.

4. RESULTS

4.1. SfTM-MVS approach and output processing

To acquire the photogrammetric dataset of the entire study area, a survey with UAV DJI Mavic
2 PRO developed by DJI Company, Shenzhen, was conducted. This device is a quadricopter equipped
with a high-resolution colour camera Hasselblad L1D-20c with a 1" sensor and 20MP resolution. In
particular, two different types of mission were carried out with this device: an automatic mission to
cover the entire area with nadiral captures (flight planning app and Pix4Dcapture acquisition) and a
manual mission (app for real-time image transmission and DJI GO 4 camera settings) for the 3D
reconstruction of the masonry bridge; for this last dataset it was necessary to acquire a series of images
with a camera tilted at 30° and 45° from different flight altitudes. The entire dataset consists of 175
images and covers an area of approximately 10,000 square metres.

In order to scale and georeference the point cloud, a survey with GNSS receiver Leica Viva
GNSS 12 was performed. Nine GCPs were surveyed in kinematic Stop and Go mode. The GNSS
survey data were processed using appropriate software and using the nearest HXGN SmartNet
permanent station as the Master station. The coordinates of the acquired points were referred to the
RDN2008-UTM zone 33N (E.P.S.G. code 6708), i.e. to the national implementation of ETRS89
(European Terrestrial Reference System), which is an ECEF (Earth-Centred, Earth-Fixed) geodetic
Cartesian reference system. Using the Agisoft Metashape photogrammetric processing software, it
was possible to obtain a dense cloud consisting of more than 20,000,000 points. According to
Equation (5), the RMSE value was calculated, which in geometric terms was 0.037 m and in terms of
pixel reprojection was 1.086. After the point cloud generation phase, the polygonal mesh model was
then processed and textured with a photographic resolution of 6 mm. The DEM and a series of
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orthophotos projected onto different reference planes were also processed and generated. In addition,
in order to obtain a suitable DTM, an automatic classification of the point cloud was carried out to
identify the class “Ground Points”; starting from this classification and through a triangulation
process, the digital terrain model was then defined. Table 1 below summarises the main
characteristics of the outputs produced as part of this processing.

Table 1.
Pipeline of the described methodological approach

Output Features Memory
Dense Cloud Points: 20,511,813 points 275 MB
TIN Faces: 1,402,948 faces - Vertices: 707,546 vertices 74.81 MB
3D textured model Resolution: 6 mm/pix 311.26 MB
DEM Size: 5,954x4,983 pix - Resolution: 2.42 cm/pix 76.10 MB
Orthomosaic Size: 23,816x19,932 pix - Resolution: 6.04 mm/pix 3.62GB

4.2. DEM, DTM and orthophotos for the design of a cycle path

After an accurate hydrological-hydraulic analysis of the study area, using the information
contained in the DTM, a series of contour lines were generated, and a cycle-pedestrian route was
identified with a view to environmental sustainability and functionality. The route was identified by
superimposing the information on the road layout on the generated orthophotos and thus identifying
a suitable route connecting the provincial road to the cove, passing under the bridge at the second
external arch. On the basis of the extracted profiles, in defining the hypothetical route, the
topographical course of the terrain was evaluated so that a design profile could be drawn up that was
as linear and adherent as possible to the terrain itself. By means of 3D modelling and the processing
of orthomosaics on different projection planes, a series of design drawings and 2D graphic tables in
a CAD environment were then produced to support the entire design cycle of new interventions and
the maintenance of existing ones (Appendix 1).

4.3 DTM for hydrological land assessment

In the case study presented, through a photogrammetric approach, the accurate processing of a
georeferenced DTM, with a high geometric resolution, allowed the elaboration of a hydrological
analysis of the surface on an ArcGIS platform. The processing of the DTM in the GIS environment
allowed the extraction of various information to support the estimates regarding the hydrology of the
area and the basin considered, such as the perimeter and area of the basin, contour lines, slope map,
drainage grids, etc.

In fact, the combined use of these 2.5D models and GIS tools makes it possible to identify sinks,
flow directions, delineate watersheds and create flow networks. In particular, the use of an elevation
raster or a digital elevation model as input makes it possible to automatically reconstruct a drainage
system and quantify the characteristics of the system in order to identify the areas of the basin that are
subject to flooding or all the areas that allow water to drain away.

In this context, it is obvious how the precision and accuracy of appropriately processed DTM
(obtained from a UAV photogrammetric survey), as well as its spatial resolution offer greater
homogeneity and uniformity of the data over larger areas, making the analyses and subsequent
determinations of all factors and parameters involved in hydrological-hydraulic modelling more
accurate, as well as in the more detailed construction of river profiles (Appendix 2).
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4.4 BIM modelling of the bridge

A further application use in engineering of the point cloud obtained with the survey is the
realisation of a BIM information model. Modelling according to the BIM approach, in fact, makes it
possible to create a digital copy of the object to which useful information can be associated for
constructing, managing, and monitoring the work during its useful life.

In particular, in the case under study, the dense cloud processed by the photogrammetric software
was first filtered and cleaned by means of appropriate tools and algorithms; with this data treatment
phase, any edge effects and outliers of the model were also removed. After this treatment phase, the
cloud was imported into the Revit software, which allows three-dimensional modelling of objects,
using both fundamental operations such as extrusions, unions, revolutions, sweeps, and classic
Boolean operations for the manipulation and creation of new objects, as well as creating parameterised
families. These operations are applied to 3D objects to obtain new complex shapes from the
combination of simpler shapes.

Photogrammetric processing

BIM Modelling

S I
AT

¥ R Autooesk Recap

4 Metashape

k AUTODESK REVIT

Fig. 3. Bridge BIM modelling in Revit software.

By importing the point cloud, it was possible to model the different components of the bridge
and reconstruct the geometries of all the objects of which it is composed. In particular, by associating
a series of semantic information for each element, the structure of the piers and arches, the road
pavement, the safety barriers and the road lighting elements were modelled (Fig. 3). In this way, it is
possible to keep track of the operations that have been carried out over time, from the installation of
the components to maintenance operations, managing the work and reporting criticalities detected
during inspections for the planning of future interventions.

4.5. High-resolution orthophotos for maintenance status assessment

The possibility of photogrammetrically generating an orthophoto with high geometric resolution
also makes it possible to verify the state of maintenance, as in the case study, of the road pavement.
In this way, it is possible to characterise the condition of wear and tear and optimally plan restoration
work. In the case under examination, an orthophoto characterised by a pixel size of less than a
centimetre made it possible to identify the most damaged areas in GIS environment; furthermore, the
georeferencing of the model in the appropriate reference system makes it possible to identify the areas
subject to the phenomenon under investigation, locating them more easily and enabling the priorities
and types of intervention to be defined in the maintenance phase (Appendix 3).
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UAV surveying in this context is most advantageous as it allows the acquisition of very high-
resolution digital images even in areas that are difficult to access, possibly characterised by high
traffic density, while still guaranteeing the safety of operators and workers.

5. DISCUSSION AND CONCLUSIONS

This manuscript shows an integrated approach to utilising the different outputs of
photogrammetric image processing acquired from a UAV platform to support all design activities in
the field of civil and environmental engineering. The proposed method shows how, in less time than
traditional survey methods, it is possible to obtain a three-dimensional, accurate and geometrically
correct dataset useful in all engineering design phases.

With UAV platforms, the possibility of reaching areas that are not easily accessible makes it
possible to obtain a complete dataset that serves as a support in the drafting of all the design drawings
required by the client (plans, elevations, typological sections, etc.), attributing a high degree of detail
and with relatively low time and investment costs. Last but not least, by using a pipeline such as the
one shown in this manuscript, it is possible to carry out all the desired measurements directly on the
3D model, completely eliminating the need to interrupt the operation of the infrastructure and design
service for the acquisition of new information.

Analysing from a statistical point of view the scientific literature concerning the use of UAVS, it
is possible to note that, to date, there are over 70,000 articles.

In particular, by setting up a series of search filters using keywords such as UAV, Unmanned
Aeria Vehicle, UAS, etc., the publications in the Scopus database were classified and categorised with
respect to a series of fields of application. Fig. 4 below shows the results of this analysis and the
relative percentages with respect to the different fields of application.

10% B Engineering
16%

u Computer Science

= Mathematics
4%
26%

15% Earth Science

B Energy and Material Science

B Social and Decision Science

6%

33% m Other

Fig. 4. Analysis of the different fields of application of UAVs.

In addition, the processing of the point cloud and the transition to a 3D model lend themselves
well to interoperability, for example in BIM design, where it is possible to model with high accuracy
objects characterised by complex geometries, which are difficult to achieve with classic 3D modelling
operations. Certainly, greater detail in the three-dimensional representation of the topographical
surface and the objects and infrastructures present in the observed scene, improves the quality of
analysis and the level of final design.

Finally, thanks to the development of advanced algorithms, tools for the automatic extraction of
features, filters for the classification of data and Avrtificial Intelligence (Al), it will be possible to map
and monitor even in real time the phenomenon under investigation and send the relevant information
and datasets acquired directly to a cloud system for subsequent processing.
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APPENDIX 1

Appendix 1. Design of the cycle path: orthophotos of the bridge elevations (a,b), 2D CAD reconstruction of
the bridge fagade (c), road axis of the cycle path based on orthophotos (d) and final photo insertion (e).
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APPENDIX 2
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Appendix 2. Difference in the reconstruction of the riverbed profile using a DTM from the Apulia Region and
a DTM obtained from a UAV photogrammetric processing. In particular, sections A and B are located
upstream of the bridge while sections C and D are located downstream.

APPENDIX 3
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Appendix 3. Identification of the state of cracking of the road pavement: difference between the orthophoto of
the Apulia Region (a) and the orthophoto produced by photogrammetric processing (b).
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ABSTRACT

The Kharouba watershed, located upstream of the Ouljet Soltane dam, has a crucial importance by
preserving water and soil resources in the area. Belonging to the Beht watershed, this part of the
Morocco's Central Plateau is subject to a relatively high level of soil degradation. In this context, the
present study was conducted to assess the spatio-temporal dynamics of Soil Loss (SL) in the Kharouba
watershed during the period 2001-2023, and to predict SL rate for the future period 2041-2060 (2050s).
The methodological approach integrates the RUSLE model through the dynamic nature of the erosivity
(R) and the vegetation cover (C) factors, and the Google Earth Engine (GEE) platform as a tool for the
computational tasks. The results indicate that 52 to 82% of the Kharouba watershed surface is subject
to intense to severe erosion. Annual Soil Loss varied from 54.29 t/ha in 2011 to 27.38 t/ha in 2023.
The spatial distribution of SL values is mainly controlled by the variability of the topographical factor
(LS) showing a good correlation with SL (R?=0.58). While the temporal variability of SL annual
average is jointly explained by fluctuations in R and C factors, demonstrating R? of 0.35 and 0.23
respectively with SL. Future projections in 2050s show that the average annual Soil Loss is expected
to increase by 14 and 13% in the SSP2-4.5 and SSP5-5.8 scenarios respectively compared to the current
situation. In addition, this study makes it possible to calculate the quantities of lost soil that will cause
silting of the Ouljet Soultane dam located at the downstream end of our watershed, and consequently
to determine the lifespan of the dam.

Key-words: Water erosion dynamics, RUSLE model, GEE platform, Morocco's Central Plateau,
SSP2-4.5, SSP5-5.8.

1. INTRODUCTION

Morocco is located in the north-western part of Africa and the south-western side of the
Mediterranean basin, and has an arid to semi-arid climate over most of its territory with very low
rainfall and limited surface water resources (Aahd et al., 2009; Mekki, 2017). These hydric resources
are conditioned by rainfall, which is highly irregular in time and space, resulting in highly variable
flood flows and a significant water erosion (Dinar, 2024). Indeed, water erosion is caused and
amplified by a number of factors, both natural and anthropogenic, including climatic erosivity,
intensive agriculture, deforestation, over land-exploitation, rough topography and climate change
(Sadiki et al., 2004 ; Dallahi et al., 2020; Kassou et al., 2023), resulting in a deterioration of soil
quality, a loss of soil fertility, a drop in agricultural productivity and a reduction in the storage capacity
of dams (Dionnet et al., 2006).
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Moreover, water erosion is a major constraint for the sustainable development in watersheds
(Mesrar et al., 2015). This process is very frequent and changes dynamically according to the
evolution and spatial variation of the lithological nature of the rocks, the geomorphology of the
landscapes, the geometry of the area and the bioclimatic situation (Zouaoui et al., 2019). This erosion
is the main cause of soil degradation in Morocco. It affects almost all regions of Morocco, with
different intensities. 60% of the cumulative annual SL due to water erosion is deposited in reservoirs
and dams (Debbarh and Badraoui, 2003).

Several studies on water erosion have been carried out in Morocco such as El Garouani et al.
(2008), Sadiki et al. (2009), Driss and Akdim (2018), Ait Yacine et al. (2019), Dallahi et al. (2020),
Lakhili (2021) and Kassou et al. (2023). These studies have focused on both the quantitative and
qualitative aspects of soil loss (SL) assessment, based mainly on the Revised Universal Soil Loss
Equation; RUSLE (Renard et al., 1997) and the PAP-CAR (PAP/CAR., 2000; PAP/CAR., 1998)
methods. However, there is a lack of research about the dynamic evolution of SL and their future
projections. In this context, this study is carried out to assess the spatio-temporal dynamics of Soil
Loss and to project their future evolution in the Kharouba watershed as a case study in the Moroccan’s
Central Plateau. This watershed plays an essential role in water and soil conservation in the area. It is
characterised by primary geological formations with a relatively high specific degradation (Dallahi,
2017). Indeed, the objectives of this study are: (i) assessing the evolution of SL in the Kharouba
watershed in order to analyse the current situation and identify the main factors controlling Soil Loss
dynamics, and (ii) projecting the future situation based on the dynamic nature of R and C factors by
using future data from global climate models (GCMs) under two scenarios of climate change (SSP2-
4.5 and SSP5-8.5).

2.STUDY AREA
The Kharouba watershed is located in the province of Khémisset of Central Plateau (Fig. 1).
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Fig. 1. Location of the Kharouba watershed.
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It covers an area of 19,888.5 hectares (ha) and is located in the central part of Beht watershed.
The area is dominated by Palaeozoic geological formations of shale and sandstone, which were
heavily folded and tectonized during the Hercynian orogeny. In terms of vegetation, this watershed is
dominated by forest formations organised by Tetraclinis articulata and Quercus rotundifolia (Dallahi
et al., 2016, Dallahi et al., 2017) , which cover more than 87% of its total surface area (Fennane et al.,
1987). Regarding the climate, the area is characterised by an arid to semi-arid climate with high spatial
and temporal variability in rainfall.

3. METHODOLOGICAL APPROACH

3.1. Assessment of current SL dynamics

In order to assess the spatial-temporal dynamics of SL in the Kharouba watershed between 2001
and 2023, the Revised Universal Soil Loss Equation (RUSLE) (Wischmeier and Smith, 1978 ; Renard
etal., 1997) was used:

A=RXxKXLSxCxP (imperial: tons/acrel/yr)
where:

R =is the rainfall and runoff factor depending by geographic location

K = is the soil erodibility factor

LS = is the slope length-gradient factor

C =is the vegetation cover used to represent the relative effectiveness of soil and crop
management systems in controlling soil loss

P =is the support for anti-erosive practices, as the ratio of soil loss by a support practice like

cross-slope cultivation, contour farming and strip cropping.

To calculate the R factor, the following formula was used (Singh et al., 1981):
R=79+0.363xP
where: P is the annual precipitation in mm.

To compute the LS factor, the following formula was used (McKague and Eng, 2023; Boussalim
et al., 2022 ; Stone and Hilborn, 2012) :

LS = (0.065 + 0.0456 x S + 0.006541 x S?) ((FlowAcc x 30) + 22.1%5))

where: S is the slope gradient in %;
FlowAcc is the flow accumulation having
30 as spatial resolution of the DTM;
0.5 as constant value used when the dominant slopes in the basin exceed 5%.

To compute the C factor, the following formula was used (Kouli et al., 2009) :
C=exp[- ax NDVI/(p—NDVI)]

where: oo =2 and § = 1 are constants.
NDVI (Normalized Difference Vegetation Index) was calculated by:
NDVI = (NIR - R) / (NIR +R)
NIR: infrared band
R: red band
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We have calculated the K factor by using the correspondence table between soil texture and K,
from Stone and Hilborn (2000). The values obtained were multiplied by 0.1317 (Chadli, 2016) to
convert the values into the international system of units.

The P factor was estimated as a function of slope following Shin (1999) and taking into account
land use types extracted from MODIS data.

The computational operations were performed on the Google Earth Engine (GEE) platform.
CHIRPS data (Funk et al., 2015) were used for the generation of the R-factor using total annual
precipitation. Landsat 7 (from 2001 to 2017) and Landsat 8 (from 2018 to 2023) data were used to
give rise to the vegetation cover C factor. USDA data were used to determine surface soil texture
(Hengl, 2018) to spatialise the K factor. Also, a 30 m resolution digital elevation model (DEM) was
used to calculate the LS factor. The P factor was estimated from MODIS land cover data (Friedl et
al., 2002) and the slope steepness from DEM. SL values resulting from the spatial modelling in
tonnes/hectares/year (t/ha/yr) were classified into five categories (Table 1).

Table 1.
Soil Loss classification applied in the study.
Categories Slight Moderate High Very High Severe
SL (t/halyr) <10 10<SL<20 20<SL<30 30<SL<40 SL>40

A linear regression between the annual averages of Soil Loss and the averages of the two dynamic
factors (R and C) was used to explain the temporal fluctuations of SL. Similarly, the spatial variability
of SL was assessed using a pixel-to-pixel linear regression between SL and the various explanatory
factors (LS, R, C, K and P). The Spearman correlation test was used to evaluate the significance of
the correlation. The significance level (o) was set at 0.05. Also, the strength of the correlation is
assessed by the coefficient of determination (R?).

3.2. Prediction of SL in 2041-2060 (2050s)

To predict average Soil Loss in 2050, projected data were used to estimate the future climatic
erosivity (R factor). These data were downloaded from the WorldClim database with 1 km of
resolution. Precipitations values was bias-corrected and downscaled with the WorldClim version 2.1
data (1970-2000) (Fick and Hijmans, 2017). The average of 3 GCMs was used (ACCESS-CM2, EC-
Earth3-Veg and MIROCS), for two SSP scenarios: SSP2-4.5 (medium scenario) and SSP5-8.5
(pessimistic scenario).

To project the future C factor, we have predicted the NDVI (Normalized Difference Vegetation
Index) for 2050s using MOLUSCE extension (Modules for Land Use Change Evaluation) in QGIS
Desktop 2.16.3 software. Two NDVI rasters were used between two different dates (2013 and 2023)
to detect spatial changes. Indeed, the prediction was made by a logistic regression model based on
changes between the two cited dates. The model showed a "Pseudo R-squared: PR?" of 0.802,
therefore, it was used to anticipate the NDV1 state in 2050s. The assessment of changes between the
two dates, the training of the prediction model and the simulation of the future state were carried out
by NDVI classes since the MOLUSCE extension take into account categorized data. Therefore, six
classes were adopted:

Class 1: NDVI<0

Class 2 : 0<NDVI<0,1

Class 3 : 0,1<NDVI<0,2

Class 4 : 0,2<NDVI<0,3

Class 5 : 0,3<NDVI<0,4

Class 6 : NDVI>0,4

The rainfall erosivity (R) and vegetation cover (C) factors calculated for 2050s were integrated
with the static factors (LS, K and P) to project SL in 2050s. Then, the current and future situations
were compared via SL averages and the proportion of each SL category. For the current situation, the
average of Soil Loss over the period 2001-2023 was considered for the comparison.
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4. RESULTS

4.1. Assessment of the current SL dynamics (2001-2023)

The RUSLE model was used to map the spatial variability of Soil Loss (Fig. 2). Depending on
the interannual fluctuations of rainfall and vegetation dynamics, the Kharouba watershed shows
severe water erosion on 23 to 45% of its surface area. Very intense erosion varies between 15 and
24% and intense erosion between 12 and 19%. Moderate water erosion varies between 7 and 15%,
while low erosion between 10 and 31% (Fig. 3). These results indicate that 52 to 82% of the watershed
surface is subject to intense to severe erosion. This spatial variability is accompanied by a large

spatial-temporal variability in SL, which ranges from 27.38 t/ha in 2023 to 54.29 t/ha in 2011 (Fig.
4).

0 10 20 30 40
\ I
Soil Loss {t/ha) '

Fig. 2. Spatial distribution of SL categories in Kharouba watershed in 2001, 2012 and 2023.
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Fig. 3. Distribution of SL categories in Kharouba watershed in 2001, 2012 and 2023.
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Fig. 4. Evolution of the SL averages between 2001 and 2023 in Kharouba watershed.

The pixel-by-pixel correlation between Soil Loss and the various explanatory variables shows
that the LS factor is the most determinant variable influencing the spatial distribution of SL, with a
coefficient of determination (R?) of 0.58 (Fig. 5, a). The second and third most important variables
are respectively the vegetation cover C factor, with an R2 of 0.18 (Fig. 5, ¢) and the R factor, with an
R? of 0.005 (Fig. 5, b). These three variables show a significant correlation with Soil Loss at 0=0.05.
The K and P variables, on the other hand, showed non-significant correlations to the same a level.

The correlation between annual Soil Loss average and the rainfall erosivity (R) and vegetation
cover (C) factors shows that the temporal variation in SL is jointly controlled by the interannual
variations of R and C, which demonstrated respective R? values of 0.35 and 0.23 (Fig. 6).

A | | rR2=0.5803 B | [rR?=0.0059
Least squares line — Least squares line
Smoothing curve Smoothin
! - gcurve
Smoothing span LS factor Smoothing span R factor
c - Least squares line

Smoothing curve
Smoothing span

R?=0.1812

C factor

Fig. 5. Variables with significant correlation at a=0.05; pixel-to-pixel linear regression between SL and
RUSLE factors.
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Fig. 6. Linear regression between the annual SL averages and dynamic factors of RUSLE: R (a) and C (b).

4.2. SL projections in 2050s

The NDVI compared between 2013, 2023 and projected for 2050s shows a regressive vegetation
dynamic over time, with a decrease in areas with high NDVI values and an increase in those with low
NDVI values (Fig. 7). Comparison of NDVI classes between 2013 and 2023 showed that 33% of
areas with NDVI>0.3 were converted to areas with NDVI<0.3. Furthermore, the future NDVI
projection in 2050s shows that 15% of areas with NDVI1>0.2 should be converted to areas with
NDVI<0.2 compared to 2023 (Table 2).

-1 0 0.1 02 0.3 0.4 1

I \ \ I
' - NDVI ‘ ‘

Fig. 7. Spatial changes in NDVI between 2013 and 2023, and prediction result for 2050s.
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Comparison between classes of NDVI between 2013, 2023 and the predicted situation 2051(-)6;[.)Ie :
Area and change 2013 (ha) | 2023 (ha) From 2?;3)'[0 2023 2050 (ha) From 2(()02/(‘?)'[0 2050

NDVI<0 1,53 38,25 +0,16 50,04 +0,05
0<NDVI<0,1 65,79 553,41 +2,20 892,71 +1,53

0,1<NDVI<0,2 2954,16 7005,96 + 18,31 10084,14 + 13,91
0,2<NDVI<0,3 5760,63 8586,81 +12,77 6540,57 -9,24
0,3<NDVI<0,4 6449,58 4699,53 -7,90 4363,47 -1,51
0,4<NDVI<1 6893,55 1241,28 -25,54 194,31 -4,73

Future rainfall and NDVI projections were used to map the rainfall erosivity R and vegetation
cover C factors for 2050s in order to anticipate Soil Loss status (Fig. 8). Comparison of the average
SL obtained for the period 2001-2023 with the average projected for 2050s shows an increase in SL
rate by 14% for SSP2-4.5 and 13% for SSP5-5.8 (Table 3).

Rainfall erosivity is expected to be less important in 2050s with an average decrease of 1.5% in
the SSP2-4.5 scenario. This reduction is around 2.2% in the SSP5-8.5 scenario. Thus, the C Factor is
intended to increase by +16% by 2050s (Table 3). The assumed increase in the rate of water erosion
in 2050s is the result of an increase in areas with severe erosion to the detriment of areas with low
erosion (Fig. 9). The distribution of the other categories of Soil Loss is projected to be relatively
constant in space.

2050 SSP2-4.5 2050 SSP5-5.8

Soil Loss (t/ha)
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Fig. 8. Projected SL for 2050s: SSP2-4.5 and SSP5-8.5 Scenarios.
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Table 3.
Means of R, C and soil loss calculated for the reference period 2001-2023 compared to projected
means for 2050.

Period 2001-2023 2050s under SSP2-4.5 2050s under SSP5-8.5
R value (Mgj.mm/ha.h.yr) 260,79 256,65 255
C value 0,42 0,49 0,49
Mean of Soil Loss (t/ha) 37,29 42,54 42,27
301
Period/Time
§ 20+ 2001-2023
2 2050_SSP245
. 2050_SSP585
10+ I
0
Sli:;.]ht Modérate Hi:_:]h \/erylHigh Seulrere

Soil Loss classes

Fig. 9. Comparison of the averages soil loss by categories between 2001-2023
and the predicted situation in 2050.

5. DISCUSSION

The significance of the spatial-temporal dynamics of Soil Loss in the Kharouba watershed was
evaluated by this study. The variability of the topographical factor, which demonstrated a
determination coefficient of 0.58 with Soil Loss, primarily controls the spatial dynamics of SL. The
slope influences water erosion mainly through its inclination and length; both parameters considered
in the RUSLE model. The slope affects erosion in two ways: by transferring the ejected particles
downstream, after the raindrops have hit the ground; and by imparting energy to runoff water along
the slope, when large quantities of water are on the ground, run-off occurs more quickly, preventing
the water from infiltrating the soil. Thus contributing to the uprooting and transport of soil particles
(Sadiki, 2005).

In the western Meseta, including the area of the central plateau where the studied watershed is
located, the topographical factor is the most determinant variable influencing water erosion, with a
relatively greater effect than the other factors in the RUSLE model (Lamane et al., 2022). In the same
geographical area, the correlation between SL and the various explanatory factors in the Oued Cherrat
watershed also shows the dominance of the topographical factor over the other RUSLE variables,
demonstrating a correlation coefficient of 0.67 (R?=0.45) with Soil Loss (Boussalim et al., 2022).
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On the other hand, our results show that Soil Loss at basin level are characterised by significant
inter-annual temporal variability over the study period, with a minimum in 2023 and a maximum in
2011. This spatial variability is controlled by the dynamic factors in the equation.

The erosivity of rainfall has a greater impact on this variability than fluctuations in vegetation
cover (R?=0.35). This is essentially explained by the high inter-annual and intra-annual rainfall
variability characterizing Morocco (Sebbar, 2013). These fluctuations in rainfall input are the main
cause of the temporal variability of SL in Kharouba watershed. Indeed, fluctuations in NDVI,
reflecting vegetation dynamics, contribute also significantly to the interannual variability of SL
(R?=0.23). The quality of the vegetation cover can considerably reduce or accentuate the effects of
climatic erosivity. A dense vegetation can slow run-off, facilitate infiltration and decrease the
intensity of erosion.

Our results show also that rainfall erosivity (R) and vegetation cover (C) factors have a weak but
significant impact on the spatial variability of SL. This is explained by the fact that these two factors
do not show great variability in their spatial distribution. Rainfall distribution is homogeneous
throughout the watershed with low spatial fluctuations. Similarly for land use, which 87% of the
watershed’s area is occupied by Tetraclinis articulata and holm oak forests (Dallahi, 2017). The
results also indicate that the two factors, soil erodibility (K) and anti-erosion practices (P) have no
significant effect on the spatial distribution of Soil Loss. For the K factor, this result can be explained
by the homogeneity of the edaphic substratum : more than 90% of crude mineral soils on schist
substratum (Dallahi, 2017). Thus, P factor was mainly estimated on the basis of land use, which is
more or less homogeneous as already explained (see above).

In the same watershed and using the PAP/CAR method, (Dallahi et al., 2020) showed that water
erosion was intensified between 1986 and 2008 and that surfaces that are vulnerable to water erosion
were increased by 6% between these two reference dates. The main cause was the regression of
vegetation (Dallahi et al., 2023). According to HCEFLCD (2007), analysis of erosion maps
demonstrated that erosion is active and apparent over more than 75% of the total surface area of the
watershed. This result is similar to our findings, which showed that 52% to 82% of the watershed is
subject to intense to severe erosion. Our results are therefore close to those obtained for the large
Oued Beht watershed, which Kharouba is part of. The authors of the study concluded that potential
erosion has been greatly accelerated in the Oued Beht watershed due to the low vegetation cover
observed over 70% of its territory (HCEFLCD, 2007). Also, the study carried out by Lakhili (2021)
in the Beht watershed showed that 76% of the area is exposed to moderate to severe erosion.

The results obtained show that the C factor will increase in 2050s because of the decrease in
NDVI according to the projections made. Thus, climatic erosivity will decrease in 2050s, which
directly translates into a reduction in annual precipitation in this period, since the equation for
calculating the R factor only takes into account total annual rainfall in an equation where the two
factors (climatic erosivity and annual precipitation) are positively correlated (see methodology
section). As a result, the projected decrease in NDVI in 2050s can be attributed to this reduction in
rainfall; the only future variable element in the soil loss quantification model used. However, the
NDVI modelling process was not carried out in a multifactorial manner. As a result, other factors
were not taken into account, such as temperature and stochastic forces (fires, etc.). Few of the existing
models for the future projection of factor C take these into account, due to the nature and complexity
of modelling these phenomena.

Our results show also that water erosion rate will rise in the watershed in 2050s with an increase
in average Soil Loss by 14% and 13% in the SSP2-4.5 and SSP5-5.8 scenarios respectively. In
Morocco, few studies have focused on SL future projections. Our study appears to be the first for the
central Moroccan plateau. The finding of other studies are consistent with our result regarding the
Moroccan context. A study conducted by (Jazouli et al., 2019) in the upper basin of the Oum Er Rbia
river demonstrated that the average annual SL will go up in 2030 compared to year 2003. In the Haouz
plain, for instance, (Bammou, et al., 2024) was projected SL in the future situations using SSP
scenarios. The findings also show that water erosion will grow in this region in 2040s compared to
the current situation.
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6. CONCLUSIONS

The RUSLE dynamic approach was used to quantify Soil Loss in the Kharouba watershed and to
make projections in the future situation. Our results highlight that the erosion is intense to severe in
the Kharouba watershed and the regression of vegetation will be responsible in the future in an
increase of Soil Loss rates in the Moroccan’s Central Plateau. This will certainly lead to the silting up
of the Ouljet Soultane dam located downstream of the watershed affecting also the limited water
resources of the area. Anti-erosion practices are needed, particularly in the context of a rapid global
warming to ensure soil protection and conservation and to preserve the ecosystems, avoiding therefore
the Ouljat Soltane dam siltation.

Soil erosion and the effects of global warming are a vast and multidisciplinary area of research.
To develop and improve soil management practices, we can develop a more advanced climate model
to predict the effects of climate change on soil erosion rates in different regions, and develop sensors
and networks to continuously monitor soil parameters. These research orientations can help to better
understand the underlying mechanisms of soil erosion and to develop innovative and effective
solutions to preserve soils and ecosystems in the face of the challenges posed by climate change.
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ABSTRACT

Knowing the spatiality and temporality of the air ionization levels in different Romanian tourist resorts
is necessary for the real appreciation of their climatotherapeutic potential. This study captures
sequences of the air ionization process in two tourist resorts in the Subcarpathians of Moloava, in
correlation with the values of meteorological elements (temperature, humidity, cloudiness and wind).
Measurements were carried out during three consecutive days for each resort in January, April, July
and October 2022, in the time interval 7.00h - 21.00h. The concentration of negative and positive air
ions was recorded hourly, at a characteristic point for each resort. The annual air ionization regime
showed a maximum in July, a minimum in January and higher values in October than in April. The
average air ionization values ranged from 787 air ions cm at Baltatesti to 821 air ions cm™ at Targu
Neamt, and the unipolarity coefficient (k), from a minimum of 0.78 at Tg. Neamt to 0.90 at Baltatesti.
Air ionization variability was positively correlated with air temperature, relative humidity and wind
speed. The average values of air ionization in April - July, when k ranged between 0.6 and 1.2,
demonstrate that the atmosphere of Biltatesti and Targu Neamt resorts can be therapeutically exploited
by aeroionotherapy, in the summer season.

Key-words: air ionization, aeroionotherapy, unipolarity coefficient, balneoclimatic tourism

1. INTRODUCTION

Air ionization is a dynamic, continuous and variable process naturally generated by cosmic
radiation, atmospheric electrical discharges, meteorological processes (Tang et al., 2011), water falls,
spontaneous vegetation, etc. and strongly influenced by human activities (Mihaila, 2014). The air we
breathe contains atmospheric ions, which can influence both our mood and health (Enache, 2017). In
1751, Franklin made the first observations of atmospheric electricity, while Lemonier (1752)
demonstrated that an electric charge could appear in the atmosphere, even under clear skies. Lemonier
was also the first to discuss the possible effects of atmospheric electricity on humans and plants (cf.
Licht, 1964).

The positive role of air ionization on humans has been researched since 1910 by Steffens (cf.
Licht, 1964). In the 1930s, Ladenburg and Pantheinier continued these studies, which were deepened
by Bricard in the 1950s. Subsequent studies (Winsor and Beckett, 1958; Krueger and Reed, 1976)
confirmed the benefits of negative air ions in reducing the spread of viruses and bacteria, as well as
in the complementary treatment of some medical conditions.

Subsequent research (Minth, 1963; Tromp, 1974; Kruger, 1976 si 1985; Gates, 1980; Breton,
1994; Daniels, 2002; Hairong, 2005; Ji, 2007; Li, 2011; Mao, 2014; Hui, 2020; Mihaila, 2023) has
validated the connection between the phenomenon of air ionization and its multiple biological effects
on organisms.
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Lately, research has begun to explore air ionization in connection with tourist activity (Jianwu
si Jiayuan, 2002; Wang, 2003; Yao, 2005; Wu, 2006; Song, 2008; Tan, 2010; Deng, 2019), with a
particular focus on air ionization in spa resorts, which have become focal points for aerometric
analysis and bioclimatic assessments. These researches have highlighted the connection between the
presence of air ions and the level of pollution, as well as the negative impact of the lack of negative
air ions on health (Enache, 2017; Deng, 2019). Today, air ions are recognized as essential components
of good air quality, and are a significant therapeutic natural resource with importance in health tourism
and ecological assessments (Ling, 2019). However, research on the regime and spatiality of air ions
is punctual, brief, both at the international level and in Romania.

Air ionization research in different cities or places of attraction for tourists started in our country
relatively late (Deleanu and Elges, 1967) and then continued sporadically (Deleanu and Mozes-
Lorincz, 1975; Teodoreanu et al., 1984) until the revolution in December 1989, which allowed
Romanian research in the field to open up to new perspectives. After 1990 studies on air ionization in
different tourist resorts or cities were few and were carried out by Enache 1990, 1999, 2005, 2017,
Prisacariu et al., 2023; Mihaila et al., 2023. For the territory of Romania, many aeroionometric studies
are needed to be able to cover the existing gaps in the current research in this field. However, there
are limitations in research related to the equipment, the available human resources and the fact that
this kind of research is time-consuming, budget-consuming and often does not provide the expected
spectacular results.

Starting from the foundation of previous research on atmospheric air ionization, this study brings
the first results in the history of observations regarding the temporal coordinates of air ionization in
the resorts of Baltitesti and Targu Neamt. It is a study that, for the first time, places the air ionization
from the two stations on the air ionization map in Romania which is still under construction. The main
aim of the study is to identify the most favorable conditions during a day and a year for the practice
of aeroionotherapy in the two resorts.

The research objectives of this study are 3: i) to evaluate the meteorological conditions on the
days when aeroionometric measurements were carried out, in order to determine the role played by
meteorological elements on air ionization, ii) to determine the minimum, average, maximum levels
of negative and positive air ions in the most representative months of the year (January, April, July
and October), and the average levels of k, in order to determine if, and when, during one year,
aeroionotherapy can be practiced in the researched resorts and iii) to highlight the diurnal regime
(hourly interval 07:00h— 9:00h) of air ionization and k, in order to identify the hourly intervals with
the most favorable conditions to benefit from the aeroionotherapy properties of the atmosphere, by
tourists who come for relaxation, cure and treatment in Baltitesti and Targu Neamt resorts.

2. MATERIALS AND METHODS

2.1. Study area

Baltatesti and Targu Neamt are two balneoclimatic resorts located in the northeast of Romania,
in the subcarpathian region. The specific landscape is wooded hills and mountains. The resorts are
located in the Neamt Depression and belong to the Bison Land, a tourist region known for its natural
and cultural heritage: parks and nature reserves, salt springs, monasteries, memorial houses, museums
(Fig. 1).

Balatesti resort is located at an altitude of 457 m on the contact between the Stinisoara
Mountains (700 - 800 m), well wooded, to the west and the Moldavian Subcarpathians (400-500 m),
covered with deciduous forests and orchards, to the east. The resort has mineral waters (chlorinated,
sulfated, iodized, brominated with a high concentration of salts) with curative and therapeutic
qualities in the treatment of locomotor disorders, neurological disorders, related disorders,
gynecological diseases. The average annual temperature is 8.2°C, the atmospheric circulation is
moderate and marked by the presence of foehn processes, the bioclimate is optimal, and the medicinal
salt of Baltatesti is appreciated in the treatment of many rheumatic and gynecological diseases.
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The resort has a treatment base, the balneophysiotherapy and medical recovery sanatorium "Dr.
Dimitrie Cantemir" which is equipped with modern installations for electrotherapy, showers,
massages, aerosols, gynecological treatment, medical physical culture and recuperation,
hydrokinetotherapy pool. The resort has an accommodation capacity of 354 beds and was visited by
5.630 tourists in 2022 (http://statistici.insse.ro/, accessed 2023).

The Targu Neamt resort is located in the northern part of the Neamt Depression, in the Ozana
valley, at an altitude of 365 m. The resort town is guarded by hilly heights with altitudes of 400 - 500
m. In Culmea Plesului the altitude reaches 623 m. The hilly peaks are covered with deciduous and
coniferous forests. Targu Neamt is a destination with important tourist attractions: Neamt Citadel, Ion
Creanga Memorial House, Agapia, Filioara and Neamt monasteries. The tourist resort has 36
accommodation structures, which provide an accommodation capacity of 700 beds. In 2022, 21.446
arrivals and 21.521 overnight stays were recorded in the resort town of Targu Neamt.
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The locations where we carried out aeroionometric measurements in the two resorts were chosen
according to the principle of their representativeness, from the point of view of our monitoring:
absolute altitude (421 m in Baltatesti, respectively 376 m in Targu Neamt), absence of water courses,
and tourist and recreational relevance (both points were located in parks near tourist attractions: the
Sanatorium "D. Cantemir" in Baltatesti and the Neamt Fortress in Targu Neamt), thus ensuring a
comprehensive and representative approach for these measurements.
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2.2. Methods and means

Aeroionometric measurements were carried out with the PC Connectable Highly Accurate Air
lon Counter Tester COM-3200 PRO II, which is equipped to record air temperature (with an accuracy
of +/-1 %,) and relative humidity, with an accuracy of +/- 5 %, in addition to air ion levels. The data
obtained were then downloaded, processed and analyzed using Microsoft Excel software. The device
used has a certificate attesting to the metrological verification by its manufacturer.

Measuring and analyzing air ionization is difficult because the atmosphere is not an electrically
uniform environment, but is constantly changing. Moreover, air ionization is susceptible to rapid
value changes, due to variations in local weather conditions as a consequence of atmospheric
circulation (Enache, 2017).

For precision measurements of air temperature and relative humidity at the 1.5 m level, we used
the CEM DT-171 data logger sensor and the Windmaster 2 anemometer for wind speed determination.
The cloudiness was visually assessed and expressed in oktas.

The analysis of Pearson correlation coefficient values between data series of aeroion levels
(negative / positive) and determined meteorological elements, highlighted the role of some of them
in the air ionization process.

In order to further investigate the interaction between meteorological elements and air ionization
levels, we used the principal component analysis (PCA).

2.3. Data obtained

At each observation site in the two resorts, we obtained 45 hourly values of air ionization for
January, April, July and October. Average values were calculated and minimum/maximum values of
air ionization (negative n- and positive n+ ions) were extracted, as well as air temperature, relative
humidity, cloudiness and average wind speed.

2.4 Research methodology

In order to determine the aeroelectric properties of Baltitesti and Targu Neamt, we carried out
measurements in each season, taking January, April, July and October as reference months.
Observations were carried out for three days in each resort, hourly from 7:00h to 21:00h. Hourly
determinations were carried out as follows: up to the 15th minute of each hour, we measured n-, and
up to the 30th minute of each hour, we measured n+. Practically, on each time interval, in each resort,
for each category of ions (n- / n+), 225 minutes of determinations were carried out, and cumulatively
(inthe 12 days of the 4 months considered), for each resort and category of air ions, each 2700 minutes
of determinations. Due to the existence of only one air ion monitor, the measurements at the two
resorts were asynchronous. By choosing in the determinations only days with stable weather,
anticyclonic, without precipitation, with moderate cloudiness and with reduced atmospheric
dynamics, we obtained, even in the conditions of asynchronous determinations, levels of ionization
that can be analyzed comparatively for the two resorts.

3. RESULTS

3.1. Meteorological and micrometeorological conditions under which observations were made.
Influence of weather on air ionization

3.1.1. Correlation between air ion levels and meteorological elements for the entire observation
period based on their correlation analysis

During 2022, while the observations were being carried out, the weather was changeable in the
two resorts.
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The air temperature showed a high variability during the whole period analyzed (between -1.0°C
and 22.8°C). Although the variability of this element was high, the average temperature differences
between the two resorts were small (the average temperature value was 11.4°C in Targu Neamt and
11.6°C in Biltatesti). Relative humidity was higher in both resorts in January and October (over 70%),
and significantly lower in July (50%). It is worth mentioning that the average relative humidity value
during the whole period was higher in Baltétesti (63.4%) than in Targu Neamt (54.1%). The average
hourly cloudiness fluctuated during the 12 days of observations made between 2.5 and 4.2 oktas in
Baltatesti and between 2.5 and 3.5 oktas in Targu Neamt. The wind had close average values between
the two resorts, its speed varying between 2.5 and 3.5 m s (Fig. 2). These meteorological
differentiations are due to the geographical setting at the microscale, which is different for the two
monitoring points, and which had the ability to introduce these differentiations. They can be produced
in the case of visual observations for cloudiness by a certain degree of subjectivity induced by the
observer's attention, by his experience, or in the case of observations with sensors or other devices,
by the asynchrony of the observations.

The geographical location of the two resorts in the same Subcarpathian depression, influenced
both the local topoclimate and the level of air ionization. The analysis of Pearson correlation
coefficient values, between the data series of (negative/positive) air ion levels and air temperature,
revealed the importance of temperature in the air ionization process. Thus, in the two resorts, negative
air ionization levels showed significant positive correlations with air temperature, the Pearson
correlation coefficients between negative air ionization and air temperature being 0.55. Positive air
ionization levels also correlated positively with air temperature, the Pearson correlation coefficients
between positive air ionization levels and air temperature being 0.5.

3.1.2. Correlation between air ion levels and meteorological elements for the whole observation
period, based on Principal Component Analysis (PCA)

In Baltatesti resort, the analysis of the main meteorological elements reveals that they contribute
66.3% to the total variation of air ionization (Fig. 3a).
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Fig. 3. Principal Components Analysis (PCA) between the levels of air ionization and meteorological
elements in the tourist resorts of Baltatesti (a) and Targu Neamt (b)

A positive association is observed between air ionization and air temperature, but also between
air ionization and wind speed. Air temperature is more strongly correlated with negative air ionization,
while the relationship with positive air ionization is less pronounced. A fluctuating but positive
correlation in strength between air ionization and wind, is evident. Cloudiness and humidity show
correlations of varying strength, but of negative sign with negative and positive air ionization.

In Targu Neamt the influence of meteorological elements on air ionization is 63.4% (Fig. 3b).
Also, in this resort temperature has a direct, stronger correlation with negative air ionization (weaker
with positive air ionization), and wind and cloudiness were inversely correlated in value with negative
and positive air ion levels. Between humidity and the air ionization process, as in Baltatesti, we note
negative correlations for both air ion categories.

3.2. Air ion concentration in the air of the investigated resorts

3.2.1. Annual average values of negative and positive air ion levels, total air ionization and
unipolarity coefficient

The data obtained from the two resorts show similarities in air ionization values, indicating a
relatively similar natural environment. However, the slight differences observed between these two
sites can be attributed to specific local factors, such as altitude and relative location to the forest (at
Téargu Neamt, approx. 100 m), which, although subtle, may influence differently the air ionization
processes and thus, the measurement results. The average values of total air ionization (n-+n+), during
the 4 months of measurements, were 821.3 air ions cm at Targu Neamt and 786.6 air ions cm™ at
Baltatesti (Fig. 4). Total air ionization (n- + n+) was higher in Targu Neamt than in Baltatesti, on
average by 34.7 air ions cm™,
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Fig. 4. Negative, positive and total air inization levels for the whole observation period
from 2022 at Baltatesti and Targu Neamt.
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Negative (n-) air ionization was higher at Targu Neamt than at Biltitesti (by 46.3 air ions cm™),
and positive (n+) air ionization was higher at Biltitesti than at TArgu Neamt (by 11.6 air ions cm®).

These data indicate that the atmosphere in Targu Neamt resort had a higher average negative air
ionization, while Baltatesti resort had a higher average positive air ionization. However, the total air
ionization is higher in Targu Neamt.
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Fig. 5. Analysis of the variability of the number of negative, positive and their total number in Béltatesti
and Targu Neamt resorts during 2022

From the boxplots represented in Figure 5, it can be observed the whole range of air ionization
values in the investigated resorts and also that the distributions of air ionization levels in Béltatesti
and Targu Neamt are almost identical. This approximate similarity of the air ionization levels is
explained by the fact that the genetic and geographic determinants of air ionization are similar in the
two resorts. The consequence in terms of air ionization is that local factors have a relatively similar
impact on air ionization in the two studied resorts. Some differences related to the positions of 0
percentiles, lower quartiles, median quartiles, upper quartiles, 100 percentiles, outliers of positive and
negative air ionization levels in the two resorts exist. The similarities, however, prevail and the
differences are of nuance, rather than consistency and relevance.

3.2.2. The air ion levels in the median months of the four seasons indicate a minimum of 532 air
ions cm3 at Baltitesti and 418.8 air ions cm™ at Targu Neamt in January, and a maximum of 1205.8
air ions cm at Baltatesti and 1121.2 air ions cm™ at Targu Neamt in July. Air ionization was higher
in October (757.5 air ions cm™ at Biltitesti, and 1054.8 air ions cm™ at Targu Neamt), than in April
at both resorts (651.1 air ions cm at Baltitesti and 690.3 air ions cm™ at Targu Neamt) (Fig. 6). In
October, in the Subcarpathians of Moldova, there are still many warm summer days, with more active
air ionization processes in the atmosphere than in April.
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Fig. 6. Air ion levels (cm™) in the median months of the 4 seasons at Biltitesti and Targu Neamt

The monthly values of the unipolarity coefficient k, ranged from 0.6 to 3.1 in Béltatesti, and from
0.5 to 1.5 in Targu Neamt. The subunit values were recorded in July in Baltatesti, and in January and
October in Targu Neamt (Fig. 7).
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Fig. 7. Monthly values of the unipolarity coefficient k at Baltatesti and Tg. Neamt by months, in the two
investigated resorts, in 2022.

A more detailed view of the distribution of air ion levels and k coefficient in the two resorts,
during 2022, for the median months of each season in this year, can be followed with the boxplots
(Fig. 8 and 9).
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Fig. 8. Analysis of the variability of air ion levels (cm) in Targu Neamt and Biltatesti resorts, during the
year 2022, in January, April, July, October.
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Fig. 9. Boxplot charts showing the full value spectrum of the unipolarity coefficient k, by month in the
two resorts studied in 2022

The carefully analyzed Figures 8 show the annual air ionization regime, peaking during the
summer months. Negative air ionization was more intense and more variable as a process, in the
atmosphere of Targu Neamt resort, and positive in the atmosphere of Baltatesti resort. The total air
ionization was very similar in the two resorts during the days of January, April and July, but, during
the days of October in Targu Neamt, it was more intense, compared to Baltatesti. From Figure 9, we
can notice that the values of the unipolarity coefficients indicate a dominance of negative air ions
during the summer months, making it favorable to practice aeroionotherapy in the two resorts. During
the days of the cold season, the values of the unipolarity coefficients varied more, as can be seen from
the boxplot for Baltatesti resort for January, or the one for Targu Neamt resort for October (Fig. 9).

3.2.3. Daytime regime of negative, positive air ion levels, total number and unipolarity coefficient
k at Baltatesti and Tg. Neamt during the whole monitoring period in 2022

The daytime fluctuations of the averaged air ion levels and the k-coefficient for all days
analyzed, can be seen in figure 10. We observe that air ion levels tend to reach higher values in the
morning and towards midday (9:00 AM - 10:00 AM at Baltatesti, respectively 11:00h-12:00h at Targu
Neamt), when the statistics shown in the graph indicate a more pronounced maximum value. Then
follows a slight decrease in the rate of the air ionization process around 14.00h, a slight increase in
the rate of the process at 15:00h - 16:00h, after which the air ionization process decreases slightly,
gradually towards the evening hours (20.00h — 21:00h). Also, we notice a more uniform distribution
of the k coefficient during the day in Targu Neamt, against a background of subunit hourly values
(with a minimum around 17:00h— 18:00 h), while in Baltatesti for the first hours of the morning
(7:00h-10.00h) and for 16:00h, superunit values of the k coefficient were determined.

The diurnal regime of air ionization is carried out on similar value coordinates imposed by the
quasi-similarities between the factors participating in the generation of air ions in the atmosphere of
the two resorts, and the differences are most likely given by the level of shading, shielding in relation
to the solar rays of the horizon, at the monitoring points, the differences in the factors generating the
local topoclimatic framework, the dynamics of the weather on the days of observations, which was
not synchronous, but asynchronous, because several air ion counters were not available during the
monitoring.

For a more detailed analysis of the diurnal regime of the air ionization process, we selected July
as a case study, because it allows us to focus the observation results on the period of the year with the
most intense tourist movement, and with the most important effects on the air ionization treatments
they can benefit from.
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Fig. 10. Diurnal regime of negative, positive air ion concentration, total air ion number and unipolarity
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The month of July corresponds to the highest average values of air ionization: 1400 air ions
cm at Biltitesti and 1200 air ions cm™® at Targu Neamt (Fig. 11). The maximum values of total air
ionization were reached in the evening (18.00h) at Baltatesti and in the afternoon (15.00h) at Targu
Neamt.
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Fig. 11. The diurnal regime of the concentration of negative and positive air ions, the total number of air
ions and the unipolarity coefficient k at Baltatesti and Tg. Ocna in the days of July 2022 when the
monitoring was carried out.

Negative air ionization was maintained in the two resorts at values between 600 and 800 / 900
air ions cm3, throughout the observation hours. Positive air ionization ranged from 300 to 600 / 700
air ions cm. We noted higher variability of air ionization at Baltatesti this month: average air
ionization values ranged from 900 to over 1400 air ions cm3, compared to Targu Neamt: 900-1200
air ions cm. At Biltitesti, the total air ionization regime during the day, in July, was very clear (a
minimum during 11.00h and a maximum during 18.00h), but at Targu Neamt we did not notice a clear
diurnal air ionization regime for this month.

The unipolarity coefficient, k, was subunit in the two resorts, in most of the observation hours,
indicating a clean, sanogenous, aeroionized, predominantly negative air, suitable for balneotherapy
but also for a wide range of outdoor tourist activities (Fig. 11).
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3.2.4. Extreme values of air ion levels. Their analysis with reference to average levels

The extreme values of air ionization reached high values in both resorts (in April in Baltatesti,
and in July in Targu Neamt - Tables 1 and 2).

At Biltitesti negative air ionization reached a maximum of 1720 air ions cm= in April, and at
Targu Neamt 1800 air ions cm in July. At Baltatesti, this value was reached against the background
of an intensification of the wind speed (5 m/s) from the western sector, which favoured the advection
of air rich in air ions from the surrounding wooded areas. In Targu Neamt, the maximum level of
negative air ionization can be attributed to the high temperature (26°C) and low humidity (55%),
conditions favourable for the production and dispersion of air ions.

Table 1.
Parameters of air aeroionization in the tourist resort of Biltatesti, determined from
observations made in January, April, July and October 2022.

o January April July October
Baltatesti

n- n+ n- n+ n- n+ n- n+
Minimum with the lowest value 0 0 0 0 20 0 0 0
Averages of minimums 60 115 | 136,7 134 589,8 315 96 70
Average 210 323 260 335 746 459,8| 351,2| 3984
Median 228 253 296 244 773,3 454 388 | 421
Average maxima 434 536 550 562 889 685 480 619
Maximum with the highest value 1050 | 1050 | 1720 2020 1540 1100 860 | 1002

Table 2.
Air ionization parameters in the tourist resort of Targu Neamt, determined from
observations made in January, April, July and October 2022.

Térgu Neamt January April July October

n- n+ n- n+ n- n+ n- n+
Minimum with the lowest value 0 0 0 0 0 0 0 0
Averages of minimums 70,1 95,5 123,7 | 140,4 | 2835 | 115,6 138 203
Average 290 169 360 416 678 470 483 557
Median 281 217 | 349,2 | 3432 | 683 403 | 548,3 | 518
Average maxima 4331 5594 | 744 6958 | 9125 | 6441 | 6169 | 716
Maximum with the highest value 1300 1030 | 1090 1360 | 1800 | 2100 | 1200 | 1200

Positive air ionization reached a maximum of 2020 air ions cm™ at Baltitesti, and 2100 air ions
cm3 at Targu Neamt. At Biltatesti, the maximum value was recorded on the same day and at the same
time as the maximum negative air ionisation. For Targu Neamt, the peak of positive air ionization
occurred on the same day as the peak of negative air ionization, but a few hours later, in the evening,
in a context characterized by high temperatures (23°C) and wind speed exceeding 4 m/s. The
minimum values were below 0 air ion (n- and n+) in both stations in almost all the months we
monitored.

The Baltatesti resort is located 92 m higher than Tg. Neamt and it would have been expected that
the air ionization levels would be higher in Baltatesti. However, it appears that in the higher levels of
air ionization from Tg. Neamt the presence of the hydrographic axis of the Ozana river which favors
an easy and constant gravitational drainage of air volumes coming from the west, from the Stanisoarei
peaks to the east-southeast, along the axis of the valley, somewhat less cloudiness, combined with a
longer duration of the Sun's brilliance, make the process of air ion production to be somewhat more
intense at Tg, Neamt. This occurs despite the fact that the socio-economic activities (consumers of
especially negative air ions, through the generated atmospheric pollutants) from Tg. Neamt are more
intense than in Baltatesti.
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4. DISCUSSION
4.1. Influences of meteorological factors on air ionisation

Regarding the relationship between air ionisation and air temperature, our study showed that an
increase in air temperature usually leads to an intensification of the air ionisation process. Thus, the
highest air ionisation values were recorded in the warmest month (July). These correlations are also
highlighted in other researches (Creteanu and Frimescu, 1961, 1963), which indicate an
intensification of the number of small ions with increasing temperature. Also, Wang et al. (2004) find
a positive correlation of air ionization with air temperature in the range 5-40°C at 35% humidity, but
did not observe a significant influence of humidity. Wang finds that with increasing temperature, the
kinetic energy of molecules or atoms increases, and the ability of oxygen to be ionized increases. Hui
et al. (2020) observes different correlations between seasons: positive in spring and negative in
summer and autumn. On divergent positions are Tingting et al. (2014) and Pengfei et al. (2015), who
identify an inverse correlation between air ionization and air temperature.

We found that relative humidity with high values induces a decrease in the air ionization process.
Humid air does not favour the dispersion of air ions in the atmosphere, leading to a lower
concentration of negative or positive ions. The negative correlation between air ionisation and
humidity has been shown by earlier studies (Geekel, Simpson cited by Schweidler and Kohlrausch,
1923), which observed a decrease in air ion concentrations with increasing air humidity. Deleanu
(1986) also identifies an inverse dependence of ionization on humidity, but a moderate one, and
Enache (2017) concludes that under high humidity conditions, the number of negative air ions
decreases, but the number of positive air ions increases.

We note that cloudiness can affect the distribution and dispersion of ions in the atmosphere. In
general, a clear sky day allows for better air ionisation, as high solar radiation helps to boost the air
ionisation process. In contrast, on days with dense clouds or haze, air ionisation was lower. Similar
results have been obtained in other studies (Wu et al., 2006; Ji, 2007; Tang et al., 2011; Lietal., 2011;
Mao et al., 2014).

Wind can influence the distribution of ions in air. Strong wind can disperse ions and promote
pulsating air ionization, depending on its structure. Lack of wind or weak wind can lead to the
accumulation and concentration of ions in a confined space. In our study, at Béltatesti, the maximum
values of air ion concentrations coincided with the highest wind speeds (5 ms™). The positive
correlation between air ionization and wind has been confirmed by other research (Wang et. al., 1991;
Ye et al., 2000; Qi et al., 2011; Si et al., 2014). Wind origin is also important in the process of air
ionization: wind blowing from forest or natural environments (meadows, waters) generates increasing
air ionization (Wu, 1996; Enache, 2017).

4.2. Practicability of aeroionetherapy in the researched resorts

The significantly high values of total air ionization in July in Baltitesti and Targu Neamt resorts
(over 1000 air ions cm®), correlated with subunit values of the unipolarity coefficient k, favour the
practicability of aeroionotherapy in these resorts, in association with other climatotherapeutic
procedures (air cure, ground cure, air bath, heliotherapy, hydrothermotherapy etc.) (Laza, 2000;
Amiranashvili et. al., 2013).

According to other studies (Lazzerini, 2018, cited by Shu-Ye et al., 2018), the concentration
exceeding 1000 negative air ions cm was considered as threshold value for stimulating the human
immune system. The effects of aeroionetherapy, demonstrated by extensive studies, have highlighted
its role on the cardiovascular and respiratory system (lwama et. al., 2002; Ryushi et. al., 1998; Ju et
al., 1997; Wiszniewski, 2014). This reconfirms the climatotherapeutic potential of the local
atmosphere, providing a valuable opportunity for those who wish to benefit from the positive role of
air ionization in the process of prophylaxis, restoration of physical and intellectual capacity or healing
of some diseases (Deng, 2019).
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4.3. Diurnal regime of air ionisation

The maximum air ionisation values are recorded in the first part of the day, between sunrise and
midday. This may be due to several factors, such as the increasing solar radiation during this period
and the photosynthesis process of plants, which contributes to the release of negative ions into the
atmosphere. The lowest values of air ionisation are observed in the midday (January and April) and
evening (July and October). The U-shaped pattern with high air ionization values in the early morning
and evening hours, has also been observed in other studies (Wu, 2001; Wang, 2003; Xu, 2004; Zhao,
2007; Hui et al., 2020).

4.4. Comparisons with other studies

Data from the most recent study on air ionization in the region at the Carpathian - Suceava Plateau
contact carried out for the resorts of Solca, Cacica and Gura Humorului in July 2022 (Mihaila, 2023)
show a number of differences, but also similarities with the average values of air ionization in the
resorts of Béltitesti and Targu Neamt.

The average values of total air ionization are higher at Baltatesti and Targu Neamt (1121.2 air
ions cm® and 1205.8 air ions cm3, respectively), than at Solca and Gura Humorului (1052 air ions
cm3 and 1068.2 air ions cm’3, respectively), but lower than at Cacica (1467.4 air ions cm™3).

Negative air ionization is similar in Baltatesti and Cacica (746 air ions cm3, respectively 771 air
ions cm-3), with lower values in Targu Neamt (695.4 air ions cm), Solca and Gura Humorului (612
air ions cm3, respectively 540.2 air ions cm).

Positive air ionization has comparable values at Targu Neamt, Béltatesti, Solca and Gura
Humorului (values between 425 and 528 air ions cm) and higher values at Cacica (696 air ions
cm3). Enache (2016) mentions average air ionization values of 1050 air ions cm™ and a unipolarity
coefficient of 0.88 at Biltitesti, and at Soveja, another subcarpathian resort, 1200 air ions cm,
respectively a k of 0.9. total air ionization.

Other studies carried out in the relatively recent past in balneoclimatic resorts in Romania have
shown quantitative and qualitative differences between balneoclimatic floors: at Sinaia total values
of 800 air ions cm™3 were recorded (Frimescu, 1964), at Sovata they exceeded 1100 air ions cm3, at
Vatra Dornei the concentration of air ions varied between 951 and 1615 (Pascu and Stefanescu, 1969),
at Biile Herculane the total ionization exceeded 1000-2000 air ions cm3 (Brinza, 1974), and on the
Black Sea coast, the values of air ionization varied between 980 ions cm-3 at Sf. Gheorghe, and 1180
ions cm at Sulina (Enache, 1978). Typically, in regions located at average altitudes of about 1000
m, a uniformity of data is observed, with values between 900 and 1300 air ions cm™ (Enache, 2017).

4.5. Limitations and future research directions

This study is based on asynchronous measurements carried out at Baltatesti and Targu Neamt
over a limited period of time, consisting of three consecutive days in January, April, July and October
2022. The study was not synchronous in the two resorts, due to the limitation induced by the existence
of only one air ion counter used in the monitoring. In our analysis, we analyzed the local air ionization
process in correlation and under the influence of four meteorological elements: temperature, relative
humidity, cloudiness and wind.

In order to get a more comprehensive view and to show the annual and diurnal course of air
ionization, it is necessary in the future to extend the measurement period, including the addition of
additional days and months of the year (i.e. hours of the day) to analyze this process. The impact of
air pollution on air ion concentrations, and the influence of air ionisation, its prophylactic and
therapeutic effects, in the surveyed resorts, on tourists could also be investigated through
questionnaires / surveys focused on this issue.

There are studies and reports in this regard showing that smoke and dust caused by human activity
increase the likelihood that positive and negative ions annihilate each other, which reduces the
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concentration of negative ions (Deng, 2019), that the level of negative air ions depends on the degree
of air pollution (Amiranashvili, 2013), and that negative air ions can reduce the number of respirable
and inhalable dust particles (Tanaka, 1996; Lazzerini, 2018). The high efficiency of negative air ions
in removing PM1o and PM2s has been confirmed in others research (Daniels, 2002; Lee et al., 2004;
Grinshpun et al., 2005).

By combining air ionization and air quality data, we will obtain a more detailed picture of the
valence of the local air environment, whose peculiarities result from the interactions between
determining factors (Shu-Ye, 2018). This approach would provide a solid basis for identifying air
quality protection and improvement measures to optimize the therapeutic benefits of air ion therapy
(Lazzerini, 2018; Hui, 2020).

5. CONCLUSIONS

Measurements carried out in Baltatesti and Targu Neamt resorts during January, April, July and
October 2022, focused on environmental and weather conditions as factors determining the air
ionization process. Measurements of air ion levels in the 4 months aimed to determine the major
features of the annual regime of air ionization, and the hourly measurements aimed to outline the
features of the daytime regime of this process.

Weather conditions during the observation period had an impact on the air ionisation process.
Thus, the influence of the meteorological factors taken into account (temperature, humidity,
cloudiness and wind speed), on air ionization was 66.3% at Baltatesti and 63.4% at Targu Neamt. Air
temperature was the element with the most pronounced impact on air ionisation. The highest values
of air ionization were reached in the context of high thermal values, the Pearson coefficient indicating
a positive correlation (0.5) between the process of air ionization and temperature. Wind speed was
another meteorological element with a direct, positive influence on air ionisation. The maximum air
ionisation values recorded overlapped with periods of wind intensification (wind speeds above 4-5
ms1), while humidity and cloudiness were negatively correlated with air ionisation with little impact
on air ionisation.

Over a year, summer is the season with the highest degree of air ionisation. Average air ion levels
in the atmosphere rose in July to 1100 - 1200 air ions cm™ at Targu Neamt and Biltitesti. These
values highlight the most favourable time of the year for air ionisation therapy. In extenso, in the
warm season of the year, the maximum values of air ionization generated negative air ion levels
reaching 1720 air ions cm™ at Biltitesti, 1800 air ions cm™ at Targu Neamt, and positive air ion levels
reaching 1720 air ions cm at Baltitesti and 1800 air ions cm™ at Targu Neamt. Annually, k values
are lowest, even subunit, on days in the warm season months (especially summer), increasing on cold
season days (especially winter).

The daytime air ionization regime averaged over the 4 months of observations, shows that the
periods with the lowest total air ionization values at Baltatesti and Tg. Neamt correspond to the
afternoon, to evening hours. In the morning, the air ionization values are also lower. The diurnal
maxima of air ionization are positioned during the day, but precise temporal positioning with relevant
statistical assurance would require longer periods of observations on the order of months and even
years, not days. In this way, some random, disturbing meteorological events would be removed from
the influence on the diurnal regime of some minor, local, long-term influencing factors, but which, in
the short term, can impose abrupt increases or significant decreases, thus a certain air ionisation
regime, difficult to sustain with plausible, stable explanations. When observations at two or more
stations are asynchronous, the analysis becomes more complicated and the results are even more
difficult to reconcile. During the daytime, k values were lowest (with some exceptions) in the midday
and afternoon hours, and highest in the morning and evening. The 4-month averaged daytime regime
of k at Baltatesti and Tg. Neamt revealed hours with predominantly subunit k. The daytime regime in
July revealed an even longer range with sub-unit values (8.00-21.00h in Baltatesti and 9.00-21.00h in
Téargu Neamt) of the k-index.
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The geographic location in the Neamt Depression of the Moldavian Subcarpathians, in an optimal
bioclimate, with mixed vegetation and active air ionization processes make the tourist resorts of
Baltatesti and Targu Neamt, attractive climatic-touristic destinations with high potential for practicing
aeroionetherapy. These resorts can meet the requirements of tourists all year round. The warm season
is favourable for all tourist activities. In summer there are no restrictions for tourism. The most
favourable month for aeroionetherapy is July when air ionisation values exceed 1000 air ions cm™3 in
both resorts. In Targu Neamt, also October records high air ion levels (1040 air ions cm). The
recommended times of the day for aeroionetherapy are morning and afternoon in both resorts. The
results obtained in this study encourage the effective use of aeroionetherapy for prophylactic and
therapeutic purposes in Baltatesti and Targu Neamt resorts.
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ABSTRACT

The geoid serves as a critical reference surface for precise mapping applications, particularly in the
context of satellite-based positioning systems like the Global Navigation Satellite System (GNSS).
While GNSS offers efficient positioning solutions, it relies on an ellipsoidal surface that lacks physical
meaning for vertical reference, highlighting the need for accurate geoid height models. A precise geoid
model is essential for converting geodetic heights into orthometric heights, which are crucial for
practical applications. This study investigates potential discrepancies among geoid models derived
from different methods, focusing on the Stokes-Helmert (SH), remove-compute-restore (RCR), and
Kungl Tekniska Hogskolan (KTH) methods. The primary differences among these methods lie in their
approaches to modifying the Stokes formula and their reduction schemes. Conducted in the central part
of Java lIsland, Indonesia, this study uses terrestrial gravity observations to model the geoid and
GNSS/leveling data for validating the geoid models. The RCR method demonstrated the highest
accuracy, with an RMS error of 8.4 cm, outperforming the KTH method (9.2 cm) and the SH method
(10.7 cm). Discrepancies between SH and RCR models were less pronounced, with differences around
30 cm, compared to over 1 meter between KTH and the other methods. The comparison with the global
EGM2008 model showed that the gravimetric geoid models were more accurate, with RMS differences
reaching up to 10 cm, primarily due to systematic differences with the EGM2008 model. Statistical
analysis using t-tests with 95% confidence intervals indicated that the differences among SH, RCR,
and KTH methodologies were not statistically significant. Despite the RCR method's apparent superior
performance, these differences did not achieve statistical significance. The study notes the limitations
of using a relatively limited terrestrial gravity dataset and emphasizes the need for incorporating
additional gravity data, such as recent airborne gravity datasets, to improve geoid model performance.
Future research should also aim for denser GNSS/leveling observations with stricter measurement
requirements to provide a more robust absolute assessment of gravimetric geoid models.

Key-words: geoid, Stokes-Helmert, remove-compute-restore, KTH.

1. INTRODUCTION

Geoid is an equipotential surface, that best approximates the mean sea level in the ocean under
an ideal condition and mainly serves as a vertical reference system (Sideris, 2021). The availability
of a precise geoid height (undulation) model, defining the deviation between the geoid and ellipsoidal
surfaces is important in precise mapping applications, particularly in the era of satellite-based
positioning systems, i.e. using Global Navigation Satellite System (GNSS). The accuracy of
instantaneous position estimates from GNSS observations reaches several centimeters (Gumilar et al.,
2023; Krzyzek & Kudrys, 2022). Therefore, GNSS helps users to improve the productivity of large-
scale maps compared when using conventional terrestrial methods, such as mapping using a total
station as it provides positioning estimates in real-time and requires less labor (Kizil & Tisor, 2011).
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Although GNSS offers efficient yet accurate positioning solutions, it also comes with a major
drawback. The height estimate from GNSS position solutions is defined at the geodetic height system,
i.e., using ellipsoidal surface as the vertical reference surface. Ellipsoidal surface is a simplified
mathematical approximation of the geoid (Hofmann-Wellenhof et al., 2008). Consequently, the
positioning estimates from GNSS observations do not have any physical meaning, i.e., cannot be used
for determining the flow water direction. Therefore, to obtain physical height estimates (orthometric
height) on the Earth surface using GNSS observations, the information related to the geoid height
must be available accurately. Specifically for future large-scale mapping applications, it is essential
to have a geoid model with high accuracy.

Having geodetic height estimates from GNSS observations and precise geoid height model, one
can easily convert the geodetic height into orthometric height using the following equation:

H=h-N 1)

where H is the orthometric height or the height difference between the geoid surface and the point on
the Earth’s surface, h is the geodetic height, defining the height on the Earth’s surface referring to the
ellipsoidal surface, and N is the geoid height undulating between the geoid and ellipsoid surfaces. It
should be noted that geoid height can be positive or negative. It is positive when geoid surface lies
above the ellipsoidal surface and vice versa. In simple, the relationship between Earth’s topography,

ellipsoidal and geoid surfaces is shown in Fig. 1.
P //_\‘

o Earth’s surface

Geoid

o e e !

——————

———— Ellipsoid

Fig. 1. A simplified diagram showing the relationship among the ellipsoid, geoid, and surface of the Earth.

The geoid height can be modeled based on geometric and gravimetric approaches. The geoid
height modeled using the geometric approach relies on the combination of GNSS and leveling
observations, providing heights that refer to ellipsoid and geoid surfaces. In principle, the geoid height
can be then derived by calculating the difference between geodetic height from GNSS observation
and orthometric height from leveling observation. While it seems that the computation of geometric
geoid height is simple, the measurement is much more challenging and time-consuming (Erol & Erol,
2021). Therefore, the gravimetric approach is preferable as the technical aspects, e.g., measurement,
are much more undemanding but a comprehensive understanding of gravimetric geoid height
modeling is needed.

To model the geoid, there are many methods available such as the Stokes-Helmert (SH; Abbak
et al., 2024; Ellmann & Vanicek, 2007; Lestari et al., 2023; Vanicek et al., 2013), Remove-Compute-
Restore (RCR; Schwarz et al., 1990; Wu et al., 2020; Yildiz et al., 2012a), and Kungl Tekniska
Hogskolan (KTH; Sjoberg, 2003, 2020) methods. Each method has its own computational
methodology, including procedures for handling terrain effects, mathematical models to continue
gravity data and terrain effects, etc. Consequently, the geoid height estimates might vary depending
on the selection of the methodology used regardless of the same gravity data used.
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Consequently, ongoing research is crucial to develop a geoid model that achieves superior
accuracy tailored to the specific conditions of our region, Indonesia, which includes varying
topography with archipelagic situations. The three methods employed for comparison SH, RCR, and
KTH represent the best practices currently available. Continued evaluation and refinement of these
methods will be necessary to address the unique challenges posed by our geographic conditions and
ensure the highest quality geoid modeling. Therefore, this paper aims to assess the geoid height
estimates from different methods, i.e., the SH, RCR, and KTH methods, and investigates whether a
significant discrepancy exists among the derived geoid models. For this purpose, we selected the
central part of Java Island, Indonesia, as our test case as the relatively dense terrestrial gravity
observations are available. In addition, GNSS/leveling observations that can be used to validate the
resulting geoid height model are also available.

The remainder of this paper is described as follows: Section 2 describes the methodologies and
data used to compute the geoid height model, Section 3 presents the results and discusses the findings,
and finally, Section 4 presents the conclusion of the study and provides the direction for future
research.

2. METHODS AND DATA
2.1. Stokes - Helmert Method

The Stokes-Helmert method is a method for geoid modeling that utilizes Stokes's Integral to
convert gravity anomaly into geoid height, while Helmert's 2™ condensation serves as the reduction
scheme. The calculation of geoid height using the Stokes method requires integration over the entire
Earth with continuous gravity anomalies. The disturbing potential must obey to the Laplace equation
above the geoid, ensuring that there is no mass above the surface where the gravity anomaly is situated
(Hoffman-Wellenhof & Moritz, 2006; Jekeli et al., 2013). However, since gravity measurements
using gravimeters are typically limited to the study area, the computations need to be supplemented
with a lower-degree gravity field, such as the global geopotential model (GGM; Hoffman-Wellenhof
& Moritz, 2006). The formula for calculating residual geoid height can be expressed as follows
(Abbak et al., 2012):

R
Npg = m[f AgreaS(W)do @

g
where N is the geoid height, Ag,..q is the reduced Faye gravity anomaly that is defined as Ag,.q =
Agrs — Ageem — Agy, With Agg, is the free-air gravity anomaly, Aggqy i the long-wavelength
component from GGM, and Agy, is the topographic gravity effect, y is normal gravity, R is the mean
of Earth’s radius, and S() is the Stokes’ kernel can be written as:

sw=Y LR cosy) @

27’1_1

where 1 is spherical distances between data points and computation points, B,(cos) is Legendre
function, and n is degree.

The Helmert's 2" condensation reduction scheme serves as a method to satisfy the requirements
of Stokes's formula, which mandates the absence of masses above the geoid, and that the gravity
anomaly must be referenced to the geoid (Heck, 2003a). This reduction involves several steps,
initially, it involves calculating the direct topographical effect on gravity to replace the impact of
surface masses on gravity with the effect of the mass layer on the geoid (Heiskanen & Moritz, 1967;
Sideris & Forsberg, 1991; Vanicek & Kleusberg, 1987). Then, a downward continuation is applied to
determine the gravity anomaly at the geoid by estimating the actual gravity anomaly at the geoid from
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observation at the Earth’s surface. Stokes' formula is then applied to the gravity anomalies at co-
geoid. Finally, the computation of the indirect topographical effect is performed to complete the final
geoid model, yields (Martinec et al., 1993):

N = Nga + Nag,,y + Ning )

where Ng¢y, 1S the long-wavelength geoid contribution from GGM and N;,,4 is the indirect effect on
the geoid height for Helmert’s 2" condensation.

2.2. RCR Method

The Remove-Compute-Restore (RCR) method, like the Stokes-Helmert method, uses Stokes’
Integral but with a different reduction scheme. In this method, the computation involves the use of a
quasigeoid for the approximation surface, which is done by using the RTM reduction scheme. The
RCR method is commonly used in regional gravimetric geoid modeling, which aims to separate the
long-, medium-, and short-wavelength geoid/gravity components (Schwarz et al., 1987, 1990; Sideris,
2013). Geoid modeling, when using the RCR technique, focuses on residual gravity anomaly data to
streamline the calculation process (Hoffman-Wellenhof & Moritz, 2006). During the removal stage,
the long-wavelength components (as derived from the global model) and short-wavelengths (as
computed from the topographic model) are removed from the gravity data. Subsequently, in the
computation stage, the band-pass filtered gravity anomalies are converted into either quasigeoid
height or height anomaly using Stokes’ formula. Once the computational stage is completed, the long-
wavelengths and short-wavelengths are restored to obtain the complete quasigeoid height (Yildiz et
al., 2012b). Fig. 2 illustrates the contribution of each component: long-wavelengths (from the global
model), medium-wavelengths (from gravity data), and short-wavelengths (from the topographic
model).

In the RTM scheme, the reduction performed is not an isostatic topography reduction but
produces anomalies similar to an isostatic topography anomaly. This scheme is often used for terrain
reduction in quasigeoid modeling (Forsberg, 1984). This scheme involves the use of a reference
surface (an average elevation surface) determined by introducing the low pass filter to the precise
topographical model, obtaining a smoother elevation surface. This reduction technique requires the
removal of the topographic mass above the reference surface and filling the mass below it (refer to
Fig. 3; Bajracharya & Sideris, 2005; Yang et al., 2022).

Ceem T 4ng

Ceem +Cng + S

Ellipsoid

/_ \

Fig. 2. lllustration of the contribution from various wavelength components to the quasigeoid
height. {s6um is the height anomaly of the long wavelength component, {4 is the height anomaly of the
residual component, and y is the height anomaly of the short wavelength component.
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Fig. 3. An illustration showing the RTM configuration. The red-shaded area shows the region where more
masses occur above the mean elevation surface, while the green-shaded area shows the region with a lack of
masses below the mean elevation surface.

The method of utilizing geoid heights to depict the Earth's physical shape has a limitation: it
necessitates knowledge of the mass density above the reference surface or requires certain
assumptions to address this issue. To circumvent this limitation, an alternative approach is adopted,
allowing for the formulation of the height anomaly as follows (Vu et al., 2019):

R
¢ ={qeem + HJ] AGresSW)do + pry ®)
o

where Ag,.., is the residual gravity anomaly defined as Ag,es = Agra — Agcem — AGrrm, With
Agrruy 1S the corresponding RTM gravity effect, (), is the height anomaly from GGM, and (s iS
the RTM height anomaly. The height anomaly values are subsequently transformed into geoid height
values using a formula that we call quasigeoid to geoid separation (QGS), expressed as follows
(Heiskanen & Moritz, 1967):
Agga (6)

where Agjgis the Bouguer gravity anomaly, y is normal gravity, and H is the orthometric height. The
Bouguer gravity anomaly, using a Bouguer plate approximation, can be mathematically defined as:

Agpa = Agra — 0.1119H. (7

2.3. KTH Method

The KTH method, developed by Kungl Tekniska Hogskolan or KTH Royal Institute of
Technology, utilizes the Modification Stokes by Sjoberg’s technique to calculate the approximation
of geoid height. By taking advantage of the orthogonality of spherical harmonics over the sphere, this
method's equation can be represented as, with two sets of modification parameters s,, and b,, (Sjoberg,
1984; Sjoberg, 1991, 2003):

M
N= iff St(WY)Agra do + EZ b,Ageem ®)
4ty o0 2y ]
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where SL(y) is the modified Stokes’ function, L is the selected maximum degree of the arbitrary
parameters s,, of the modification, and M is the upper limit of the GGM used. The modified Stokes’
function can be formulated as:

L © 2n+1 L 2n+1 (9)
S =) S R(cos) = ) T SuP(cos)
n=2 n—1 n=2 2
Then, modification parameter s,, can be expressed by:
’ (10)
hk :Z AxnSn, k = 2,3,....,L
n=2

where hy, is the element of the observable vector and ay,, is the element of design matrix.

Furthermore, the KTH method incorporates several additive corrections: the combined
topographic correction (6Nf;’,flb) represents the combined direct and indirect topographical effects on
the geoid, the combined atmospheric correction (§N&™,) accounts for the combined direct and
indirect atmospheric effects, and the ellipsoidal correction (6N,;) adjusts for the spherical
approximation of the geoid in Stokes’ formula to the ellipsoidal reference surface. Thus, the geoid

height can be expressed as (Sjéberg, 2003):

N=N+ 8NP, + SN™ + 6N, (11)

comb

2.4. Validation

The resulting gravimetric geoid models will be further validated against the geometric geoid
model derived from GNSS/leveling observations (see Eq. 1). This validation process is referred to as
absolute validation, where the discrepancy between gravimetric and geometric geoids is being
assessed. This discrepancy reads:

AN = N9ra — ygeo (12)

where N97¢ is the gravimetric geoid and N9°° is the geometric geoid.

To thoroughly evaluate the effectiveness of a geoid model using GNSS/leveling data, a relative
validation method is further employed. This involves calculating the differences between the
differential geoid heights of both the gravimetric and geometric models across various baselines
derived from GNSS/levelling benchmarks. These discrepancies are then expressed in relative terms,
measured in m/km, reads (Abbak & Ustun, 2015):

N o R 0] )

where AN;; is relative value and d;; is spherical distance from i to ;.

2.5. Summary of Methodology for Each Method

The summary of the methodology of the Stokes-Helmert, RCR, and KTH methods is shown in
Fig. 4. The variation between these three methods is mainly due to differences in their reduction
schemes and how they handle the Stokes integration when transforming gravity values into geoid
heights. The SH method employs co-geoid as an approximate surface for the geoid.
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Fig. 4. Summary of the methodologies used in this study.

The reduction process utilizes 2" Helmert’s Condensation involves redistributing mass back to
the geoid itself. Topographic mass is reallocated based on the local condensation procedure, which
involves compressing the topographic column onto the condensation surface (Heck, 2003b). Then,
the RCR method calculates residual gravity anomalies by incorporating short-wavelengths
topographical gravity effects from RTM scheme. Consequently, the estimates read as height
anomalies instead of geoid height. Therefore, further calculations are required to convert the height
anomaly values into geoid heights, as previously mentioned (Omang & Forsberg, 2000). Finally, the
KTH method does not use any reduction scheme, the calculation is carried out directly on the
topographic surface. Instead, an additive correction (see eg. 11) is applied after the geoid
approximation value is obtained.

A key difference among the methods compared, particularly noticeable in the KTH method, lies
in the modification of the Stokes kernel used for geoid calculations (see eq. 8 and eq. 9). For the case
of SH and RCR methods, a slightly different Stokes’ modification is further introduced. Specifically,
we applied the Wong-Gore modification to the Stokes function. The modified Stokes function for SH
and RCR methods is defined as follows (Forsberg & Tscherning, 2008; Wong & Gore, 1969):

- 2n+1
Smoa @) = S@) = ) €W == P, (W) =
1 for 2<n<M,
M, —n (15)

for M{<n<M, n=2.,M
1
0 for My=n<M,
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where M; and M, represent the lower and upper degree of spheroidal modification for the kernel
integration. To obtain the appropriate spherical caps, M;, and M,, a trial-and-error evaluation is
conducted to achieve the best results.

2.6. DATA
2.6.1. GNSS/Leveling

The GNSS/leveling data utilized in this study were surveyed and processed by the Geospatial
Information Agency (Badan Informasi Geospasial, BIG) at 186 points, spanning from north to south
between Semarang and Yogyakarta (refer to Fig. 5¢). The GNSS observations were conducted using
the relative differential method, tied to the nearby CORS (Continuously Operating Reference System)
within the research area. Additionally, leveling was performed with respect to the tidal benchmark
(BM) in the research area. The geoid heights derived from the GNSS/leveling measurements serve as
validation values against the geoid model generated using the gravimetric method as described in
Section 2.4.

2.6.2 Terrestrial Gravity Data

The terrestrial gravity data was gathered by BIG in 2019. A total of 264 data points were
collected, covering the central area of Java Island that were mostly clustered in Semarang and
Yogyakarta. These measurements were conducted at 5-kilometer intervals using the Scintrex CG-5
relative gravimeters (refer to Fig. 5a).

2.6.3. Digital Elevation Model

The Digital Elevation Model (DEM) serves as the short-wavelength component and is essential
for computing terrain correction, indirect effect, and generating the residual terrain model (RTM). We
utilized SRTM 1” (SRTM, 2015) data for land areas and SRTM 157+ (Tozer et al., 2019) for oceanic
regions (refer to Fig. 5d). These data were further combined and resampled to 1”, obtaining a
consistent grid resolution. To derive parameters from the RTM, we employed the TGF software (Yang
et al., 2020). Otherwise, an in-house program package is used to calculate the remaining parameters.

2.6.4. Global Geopotential Model

To address the scarcity of terrestrial gravity data, we incorporated a global geopotential model
(GGM) to fill the gaps and enhance the quality of the gravimetric geoid. Additionally, GGM includes
a long-wavelength component as it requires integration across the entire Earth due to the use of
Stokes’ integral. Specifically, we utilized the Earth Gravitational Model 2008 (EGM2008) with
degrees and orders of 2190, which is known to have a resolution of approximately 5 arc minutes or
roughly 9.13 kilometers (Pavlis et al., 2012).

2.6.5. Fill-in Gravity Data

The process of calculating a local gravimetric geoid model involves integrating terrestrial gravity
data within a specific area. To ensure accuracy and precision, it's essential to address any gaps in
gravity information by incorporating data from alternative sources (Matsuo & Kuroishi, 2020). In this
study, we added the gravity data by combining EGM2008 with a degree and order of 2190 and RTM
obtained from SRTM 1” for land areas, and SRTM 15"+ for oceanic regions (refer to Fig. 5b).



Kosasih PRIJATNA, Rahayu LESTARI, Brian BRAMANTO, Arisauna Maulidyan PAHLEVI and Dudy ... 132

a,
6.5°S @ \__/ 6.5°S
\_%/ 150
7°S 28 7°S
N

7.5°S

7.5°8

8°S \\L‘N‘ o N
-50 )

8.5°S 8.5°8
110°E  110.5°E 111°E

Agfa [mGal]

(c)

6.5°S \‘/ 6.5°S
\_/\/ o7

7°S 7°S

, 26.5
7.5°S \

. 26
8°S 8°S
25.5

8.5°S 8.5°S
110°E  110.5°E 111°E 110°E  110.5°E 111°E

Fig. 5. Free-air gravity anomalies from terrestrial gravity data (a) and fill-in gravity data (b). Panel (c) and

(d) show the distribution of geoidal height from GNSS/leveling and topography from the combination between
SRTM1” and SRTM 157+ models, respectively.
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3. RESULT AND DISCUSSION

The investigation involved the computation of three local gravimeters model using different
methodologies: Stokes-Helmert (SH), Remove-Compute-Restore (RCR), and Kungl Tekniska
Hogskolan (KTH). The primary differences among these methods lie in their reduction schemes and
how they handle the computational aspects of the Stokes formula. The SH method uses a reduction
scheme based on the co-geoid surface, while RCR operates on the quasigeoid. The KTH method
directly utilizes the geoid surface. In terms of the Stokes formula, the SH and RCR methods adjust
the gravity anomaly, whereas KTH modifies the Stokes kernel. Computationally, both SH and RCR
employ the multiband spherical Fast Fourier Transform (FFT), while KTH uses ordinary numerical
integration. Geoid modeling performed using the SH and RCR methods was based on in-house
programs package, while the KTH method utilized the LSMSSOFT software (Abbak & Ustun, 2015).

Despite these differences, all three approaches share common procedures during computation,
including utilizing spherical caps of 1.28° and the application of bias correction on the resulting geoid
models. Bias correction was obtained by calculating the average difference between the gravimetric
geoid model and validation data. The variations observed among the three geoid models (refer to Fig.
6) are relatively minor. However, regions with elevated topography exhibit more distinct color
contrasts in the KTH model compared to the SH and RCR models. According to the statistical data
(refer to Table 1), the average geoid height within the study area (110°-111° E and 6.5°-8° S) for the
SH, RCR, and KTH methods are 26.620 m, 26.593 m, and 26.605 m, respectively, representing a
difference of approximately 3 cm. When considering the highest and lowest geoid height values
within the study area, both SH and RCR methods demonstrate similar ranges, spanning from 24.347
m to 28.836 m for SH and 24.323 m to 28.766 m for RCR. In contrast, the KTH method exhibits a
notable disparity in the minimum geoid height value within the study area, differing by 40 cm
compared to the other methods. The range of geoid model values utilizing the KTH method extends
from 23.938 m to 28.816 m.
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Fig. 6. Geoid models obtained when implementing SH (a), RCR (b), and KTH (c) methodologies.

Table 1.
Statistics of the geoid models when using different methodologies.
Geoid Min [m] Max[m] Mean[m]
SH 24.347 28.836 26.620
RCR 24.323 28.766 26.593
KTH 23.938 28.816 26.605

Fig. 7 illustrates the discrepancies among each model, presenting the differences between the SH
method and the RCR method (see Fig. 7a), between the SH method and the KTH method (Fig. 7b),
and between the RCR model and the KTH model (Fig. 7¢). The disparity between the SH and RCR
models is relatively insignificant compared to the disparity between the KTH model and both the SH
and RCR models. Particularly noticeable differences are observed between the KTH model and the
other two models, notably in the northern and central mountainous regions, as well as in the southern
areas. These variations are further elucidated by the statistical data presented in Table 2. The
differences between the SH and RCR models range from -9.8 cm to 28.4 cm, while the disparity
between the SH and KTH models spans from -4.5 cm to 70.8 cm. Similarly, the difference between
the RCR and KTH models ranges from -47.2 cm to -62.9 cm. As previously outlined, the variation
between the SH and RCR methods is relatively minor, with mean, root mean square (RMS), and
standard deviation (STD) values of 2.7 cm, 4.4 cm, and 3.5 cm, respectively. In contrast, the disparity
between the SH and KTH models yields mean, RMS, and STD values of 1.5 cm, 12.7 cm, and 12.7
cm, respectively. Meanwhile, the difference between the RCR and KTH models results in mean,
RMS, and STD values of -1.2 cm, 11.7 cm, and 11.6 cm, respectively.
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Fig. 7. Geoid differences between SH and RCR methods (a); SH and KTH methods (b); RCR and KTH
methods (c).
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Table 2
Statistics of the differences between the geoid models across different methodologies.
. - Mean RMS
Geoid Min [m Max [m STD [m
[m] Ml m [m]
SH - RCR -0.098 0.284 0.027 0.044 0.035
SH - KTH -0.451 0.708 0.015 0.127 0.127
RCR — KTH -0.472 0.629 -0.012 0.117 0.116

Following the reduction of the geoid model by its bias value relative to the gravimetric geoid
model produced by GNSS/leveling, validation procedures are undertaken. Notably, the shape of the
geoid surface in the validation area exhibits minimal discrepancies (refer to Fig. 8). We also
incorporated EGM2008 into the validation process to assess the extent to which the global model
(EGM2008) deviates from our gravimetric model. Based on the values from the figure, it appears that
the difference between the EGM2008 geoid model and our gravimetric model, when compared to the
validation geoid, is primarily due to a significant shift of about 15 cm.

The three models demonstrate standard deviation and RMS differences of only approximately 1-
2 cm (refer to Table 3), with the RCR method yielding the most favorable outcomes compared to the
others. Specifically, the standard deviation and RMS values for the SH, RCR, KTH, and EGM2008
models are 10.7 cm, 8.4 cm, 9.2 cm, and 10.2 c¢cm, respectively. This table shows that each model
exhibits disparities with the validation data (GNSS/leveling), ranging from -50.2 cm to 25.3 cm for
the SH method, -46.9 cm to 19 cm for the RCR method, -41.5 cm to 22.6 cm for the KTH method,
and -66.5 cm to 3.7 cm for the EGM2008. In addition, the relative assessment demonstrates good
overall precision of about 0.006 m/km or corresponds to an error of 6 mm for every one kilometer,
making it suitable for most practical applications.
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Fig. 8. The comparison between geometric and gravimetric geoid models. Light blue lines
display the differences between geometric and gravimetric geoid models.
Note the difference in scale.
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Table 3
Statistics from the validation of the SH, RCR, and KTH method geoid models.
Absolute assessment Relative assessment
Geoid ; Mean RMS Min Max Mean
Min [m] | Max[m] | o [m] STOIM | 1mykm] | [mikm] | [m/km]
SH -0.521 0.253 0.000 0.107 0.107 0.000 1.390 0.006
RCR -0.469 0.190 0.000 0.084 0.084 0.000 1.389 0.005
KTH -0.415 0.226 0.000 0.092 0.092 0.000 1.409 0.007
EGM2008 | -0.665 0.037 -0.156 0.186 0.102 0.000 1.399 0.006

Looking closer at Fig. 8 and Table 3, the discrepancy between geometric and gravimetric geoid
models seems to be prominent at several points of validation. This affects the corresponding
maximum and minimum discrepancy in absolute and relative assessments. Particularly for the
absolute assessment, the absolute minimum discrepancy is larger than twice the standard deviation
value (corresponds to 95% confidence intervals). At the same time, the maximum values for the
relative assessment are significantly different compared to the mean values. This highlights possible
outliers that are likely due to the errors in GNSS/leveling measurements. Lestari et al. (2023) stated
that the leveling measurements underwent relatively strict measurement requirements, including the
difference of height difference between forward and backward leveling was less than 8+/K mm, with
K being the distance of the leveling section in kilometer units. Hence, another possible error is likely
caused by the GNSS measurements. The GNSS observations were set up using tripods, making it
prone to error in measuring the height of the antenna.

In this study, modeling the geoid using RCR methodology seems to be better than those other
methodologies, including the SH and KTH methods. Hence, we further conducted a statistical analysis
to investigate whether the accuracy performance across methodologies is statistically significant or
not, using a t-test analysis with 95% confidence intervals based on the results of the absolute
assessment. The t-values across the geoid models computed in this study fell below the critical t-
value, suggesting that the differences in geoid models generated by the SH, RCR, and KTH
methodologies are not statistically significant despite the apparent superiority of the RCR method.
This finding is consistent with previous research conducted by, e.g., Wang et al. (2021), which also
observed minimal differences in the results of geoid models derived from various methodologies
made by different agencies using a similar dataset. This further supports the robustness of different
geoid modeling techniques.

4. CONCLUSIONS

Geoid modeling was conducted for the central part of Java Island using terrestrial gravity data
and three different methodologies: Stokes-Helmert (SH), Remove-Compute-Restore (RCR), and
KTH. The primary differences among these methods are in their approaches to the Stokes formula
and reduction scheme. Among the methods, the RCR method emerged as the most effective in terms
of geoid model accuracy, with an RMS of 8.4 cm, outperforming the KTH method at 9.2 cm and the
SH method at 10.7 cm. At the same time. the discrepancies in the geoid surface between the SH and
RCR methods were less pronounced compared to those observed with the KTH method. This is
evident from the range of difference values generated, where the disparity between the surfaces of the
SH and RCR method models spans around 30 cm, while the difference between the KTH method and
both the SH and RCR methods exceeds 1 meter. Further comparison with the global model of
EGM2008 indicates that the resulting gravimetric geoid models are better with the different in RMS
reaches up to 10 cm. This discrepancy is primarily due to a systematic difference between the
EGM2008 geoid model and our gravimetric geoid models.

Given the observed differences in geoid models, we conducted a t-test analysis with 95%
confidence intervals to determine if these differences were statistically significant. The results
revealed that the t-values were below the critical threshold, implying that the variations between the
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SH, RCR, and KTH methodologies are not statistically significant. Despite the RCR method
demonstrating apparent superior performance, these differences do not reach statistical significance.

We stress that this study is made with a relatively limited gravity dataset, where only terrestrial
gravity dataset is used. Future studies should be incorporating more gravity datasets, e.g., recent
airborne gravity dataset (Bramanto et al., 2021), covering the gaps in in-situ gravity observations.
This effort could potentially improve the performance of geoid models as suggested by Bjelotomi¢
Orguli¢ et al., (2020). In addition, we acknowledge that only one profile line of GNSS/leveling
observations is available, making it challenging to make a robust external absolute assessment of the
resulting gravimetric geoid models. Denser GNSS/leveling observations with stricter measurement
requirements are essential for future work.
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ABSTRACT

The rangelands form a precious heritage of an ancient agro-pastoral system in Saudi Arabia, known
for its livestock based on camel. The extensive rangelands in the Tihama alluvial plain are facing a
deterioration in climatic conditions. In the past, the monitoring of these rangelands, in general, was
done by direct vegetation surveys in the field. Currently, researchers have greatly benefited from the
contribution of remote sensing, especially with the eighth generation of Landsat satellite images,
making it possible to provide values relating to the thermal emissivity of the ground surface, obtained
in the two bands 10 and 11. This method allows the calculation of algorithms and the creation of
advanced models. The creation of a multi-source database established on the exploitation of the
Geographic Information System and remote sensing was necessary to identify the local conditions that
have favored the resilience of the plant cover, and the identification of multiple intervention methods
appropriate to each sector according to its state of resilience. The results revealed a reduction in soil
temperature average, increasing from 29.5 - 42.5°C in 2013 to 38.2 - 25.3°C in 2022. These changes
are accompanied by a significant expansion of the vegetation cover, estimated at 26% over the same
period despite the substantial climate changes the region has experienced. In the Tihama plain the LST
index is significantly influenced by the type of deposit, soil salinity, soil moisture, as well as the density
of soil benches. On the adjacent eastern and north-eastern slopes, the values are much lower due to the
altitude, the sheltered position, the inclination of the angle of incidence of the sun's rays and the
disparity in the colours of the rocky outcrops.

Key-words: LST index, NDVI index, thermal comfort, plant resilience, rangelands, surface humidity.
1. INTRODUCTION

In the present study, attention will be focused on the alluvial plain of the Hili and Yabbah wadis,
which has undergone complex geomorphological dynamics in which forms of hydric origin mingle
with those of eolian origin to give rise to a green space in an arid zone, despite the climatic changes
that are in vigour. Although the scientific communities agree on the role of the mountains as the
driving force behind the major local climatic constraints, certain disparities are sometimes noted in
the plains, where local climatic and edaphic conditions are very favourable for the rehabilitation of
natural plant cover. In the same perspective, the Tihama plain constitutes a real experimental
laboratory to identify the different facets of landscape changes that have occurred during the last
decade. The study area has special morphoclimatic characteristics due to its position between the sea
and the Sarawat mountain range, which have largely conditioned a geomorphological dynamic
controlled by the combined effects of water flow and wind. In order to enhance our understanding of
these recent vegetation dynamics, it was necessary to accurately identify the contribution of the
associated geomorphological forms and the role of different natural and anthropogenic factors in
enhancing the state of the vegetation cover. Thus, a number of remote sensing indices were developed
by multidisciplinary researchers to determine the behaviour of the soil related to hydro-climatic and
human factors. The two most widely used indices are the Normalized Difference Vegetation Index
(NDVI) and the Normalized Difference Water Index (NDWI).
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Recently, several studies have been carried out investigating the identification of the LST
parameter, which is mainly used in the estimation of thermal comfort in urban and peri-urban areas,
in the delimitation of urban land and in the determination of the role of vegetation cover in the
restoration of living conditions in large cities (Sobrino et al., 2004; Tahouri et al., 2017). Many others
fields of investigation are particularly relevant to LST index as a crucial input parameter, such as
drought, forestry, pasture monitoring, climate comfort studies, urban heat islands and so on (lvan and
Benedek, (2017), Roy and Bari, 2022; Varamesh et al., 2022; Degefu et al. 2023). There for, many
researchers have explored this research area and they have provided valuable insights into the LST
index and how it affects pasture conditions (Gleyce et al., 2019). Guha and Govil (2020) have
revealed an inverse relationship between LST and NDVI values using the principal components
statistics method. They have also shown that the LST index is strictly controlled by surface
characteristics and seasonal changes. The accuracy of this key parameter was judged in order to
achieve an optimum improvement in the results, so (Garcia-Santos et al., 2018) tried to test a
correction algorithm on band 11 of Landsat 8 satellite images to reduce the error caused by stray light.

Three algorithms (mono-window algorithm, split window algorithm (SWA) and single-channel
(SC)), were tested to extract the LST map from the Landsat 8. The results showed that the split
window algorithm (SWA) was the least sensitive to error (Gerace and Montanaro, 2017; Jiang and
Lin, 2021). In the present research, this index will be used to understand the causes of the increase in
humidity and the proliferation of usable water reserves in the soil, despite the decrease in rainfall in
terms of quantity and seasonal distribution. Moreover, the alluvial plain of wadis Hili and Yabbah
has not been the subject of detailed scientific reflection using similar techniques.

720000 750000
1 1

Khamis Harb

El Kounaa

|
El Kouz *

Barak

El Morjane

2080000
1
T
2080000

Hili Bam

El Koudoua I El Kafirah

Muhay!
Red Sea Assir

Saida Al Swaleha

e

. T T
720000 750000

Fig. 1. Location map of the study area.
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2. STUDY AREA

The study area extends over a 50 km long and 30 km wide strip in the west of Saudi Arabia. It
lies between the El Gonnaa-El Msherif sector in the north, the Saida Soualha plain in the south,
Khamis Harb in the north-west and the Wadi Hili dam in the south-west. Its altitudes range from 0 m
in the west to 210 m in the east. It is characterized by a variable climate throughout the year (Fig. 1).

It is hot and moist in summer, hot and dry in winter, and winter rains are rare. Dusty winds are
very frequent in autumn. With no topographical obstacles on the seaside, the alluvial plain is widely
open to the prevailing winds blowing from the west-southwest with a speed between 10 and
20km/hour (Meteoblue, 2022). The sand and fine alluvium are constantly swept over short distances
by a modest, almost monodirectional wind.

Several studies that are interested in wind activity show that gusty winds seem to be very rare
in the region. Thus, microbursts and calm winds were the most frequent winds with 26 occurrences
for wind blowing from 5 to 10 km/hour and 9 occurrences for 15 to 20 km/hour on an annual scale
(Yu et al, 2015; Albugami et al, 2019). A detailed study of wind in Saudi Arabia over a long period
(1978-2013 series), shows a trend towards a noticeable decrease in wind speed (Fig. 2).
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Fig. 2. Annual change in dust storm frequency (number of events/year) (b) and wind speed (a) over Saudi
Arabia between 2000/2017. (Source: Saudi Meteorological Authority and Meteoblue, 2022).

For the sake of conciseness, this study is based on the above results, insofar as it took into
consideration the winds measured near the ground, which can have a direct effect on the mobilisation
of medium to coarse sand. Indeed, this study found almost consistent results with another study
conducted on the annual evolution of dust storms. The negative relationship observed between light
and gusty winds implies that sand winds have become increasingly weaker especially during spring
and summer due to the increased humidity caused by the high evaporation in the Red Sea. The
situation is closely related to seasonal maximum temperatures occurring between July and September
which coincide with a reduction in precipitation, yet dust storms remain less frequent over the western
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coastal strip of Saudi Arabia due to the high humidity (Albugami et al, 2019). Dust clouds can only
be generated by microbursts or by adiabatic upwelling of dry continental air. All these facts explain
a certain stabilization of the dunes, especially those close to the sea, promoting the growth of a basic
vegetation that has adapted very quickly to give rise to a vegetation cover with a great pastoral
potential. In contrast to this western wind dynamic, the study area is constantly confronted with a
hydric dynamic, which becomes apparent in rainy years (Shi, 2014; Azaiez, 2021).

The inhabitants are prepared for untimely floods and are called upon to manage huge quantities
of water from temporary torrents. These torrents flow down the mountain in deep valleys to the
alluvial plain in the form of a large pool (Shi, 2014). The flood waters are diverted from the main
channel and then directed towards the farming plots and rangelands by a system of benches which
favours the storage of water in the soil. (Mollard et al, 2008). By slanting ditches oriented upstream
diagonally with the channel, the farmers seek to create a counter-slope of the water upstream to favor
a maximum lateral submersion of the land located on both sides of the watercourse, sometimes, quite
far from it. The diagonal shape of the dikes avoids any direct position with the main flow that could
cause their breach. On the upstream limits, several shallow channels guide the slow-moving water
towards the various cultivated plots and rangelands. The main problem lies in the unpredictability of
the magnitude of the floods. When they are strong, they wash away the dikes of the closest plots but
properly submerge the more distant ones. By contrast, a weak flood correctly irrigates the upstream
plots, close to the waterway, but plots located further downstream are deprived of water. In fact, the
choice of water mobilization in the spreading plain would not be without consequences because of
the sporadic character of the floods. The farming practices in the study area depend on rainfall and
the distribution of fertile clay soils, or slightly sandy soils. (Shi, 2014).

3. METHODOLOGY AND TOOLS

There are many options for studying changes in rangelands landscapes. Remote sensing indices
are a complementary tool to the traditional prospective method based on fieldwork. They have made
a useful contribution to monitoring soil surface temperature since the appearance of the new
generation of high-resolution Landsat (8 and 9) satellite images (Oguz, 2013; Bindajam et al, 2020).
These images make it possible to study the functioning of the Soil-Atmosphere-Vegetation system
and to focus on salinisation processes in relation to a new environmental trend and attempts by local
populations to benefit from flood spreading. To explain the improvement in pastoral conditions in the
Tihama plain, a multi-source approach based on remote sensing, statistical analysis and cartographic
method was used. As a result, the two red and near infrared bands (5 and 4) were used to calculate
NDVI and soil moisture indices. Bands 10 and 11 were used to estimate the LST index.The maps
produced represent changes in thermal conditions and, consequently, variations in vegetation cover
in terms of quantity and quality. The analysis was based on a diachronic approach with reference to
Landsat 8-9 OLI/TIRS C2 L2 images of 2013 and 2022. Three parameters (LST, NDVI and soil
moisture index) were calculated to obtain a more reliable estimations of the rangeland’s aspects.

3.1. Land Surface Temperature changes between 2013-2022 depending on the NDVI index

The Land Surface Temperature (LST) index is considered a parameter of paramount importance.
The good results have aroused great interest for geographers. Amongst others, it allows us to identify
changes in land use and to improve our knowledge of the water status of the soil before and after the
installation of embankments and flood control channels. The objective is to develop flexible solutions
and to think about the possibility of generalizing this experiment to regions with similar
environmental conditions (Oguz, 2013; Bindajam et al, 2020; Mallick et al, 2020). As a first step, two
satellite images 2013 and 2022, taken during the spring, were selected. Then geoprocessing is
performed in Arc GIS, starting with a composition of the bands under the "raster processing" tool. It
should also be noted that both images have undergone an atmospheric correction to get rid of the
potential effects of the different atmospheric components (cloudiness, aerosols...).
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-Top of Atmosphere Radiance TOA (L) = ML * Qcal + AL 1)

with:

Qcal = quantized and calibrated standard product pixel values;

ML= Band-specific multiplicative rescaling factor from the metadata (Reflectance_Mult_Band_X);
Al = Band-specific additive rescaling factor from the metadata (Reflectance_Add_Band_X).

Brightness Temperature (BT) defined as a radiation luminance and was transformed in (°C),
using the following equation:

K2

T "mEL/ DD 273.15 (2)

(Band 5 - Band 4)

-Normalized Difference Vegetation Index (DVI) = (Band 5 + Band 4) 3)
. . _ ((NDVI - NDVImin)
-Portion Vegetation (PV) = (NDVImax - NDVImin) 4
With Surface Emissivity Retrieval (¢) = 0.004 * Pv + 0.986 5)
. BT
-Land Surface Temperature (LST) index = (17 (000115 - BT/ 1.4388) » Ln(e))) (6)
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Fig. 3. Normalized difference vegetation index (NDVI) maps at the southern part of the alluvial plain of
Tihama in 2013 (A) and 2022 (B). (Source: Landsat 8-9 satellite images).

The detailed mapping of this parameter reveals that LST values differ significantly according to
land use patterns. The highest value was found in the bare land and the lowest LST was in pasture
areas. The modelling of two parameters, the LST and NDVI indices, illustrates that they are closely
related.
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The (LST) values are inversely proportional to the NDVI values for the year 2013 as for the year
2022. Good soil cover results in lower soil surface temperature. The NDV|1 values are higher in 2022,
although spring 2013 was wetter (Fig. 3). This situation clearly confirms the improvement in soil
moisture conditions.

3.2. Land use changes between 2013 and 2022

One of the main observations obtained from the modeling is the proliferation of vegetation
covering, which contrasts with the regional aridity. An increase of 26% in the planted area occurred
in less than 10 years (Fig. 4). These are the coastal plains and the alluvial plain of the wadi Hili which
have benefited the most from this new situation. A second highly localized proliferation in the
intermediate sectors has accompanied the reforestation programs. Detailed mapping on a more
accurate scale will undoubtedly be interesting for identifying the relationship between the ground
temperature index (GTI), salinization and the changes in the vegetation cover. The surface skin
temperature of the soil is of primary importance. It conditions the rhythm of heat and water exchanges
with the atmosphere and determines the length of the vegetation season and the water balance in the
soil. However, the involvement of other geographical and atmospheric factors should not be
overlooked. The bay's position allows for more pronounced warming of the water, which causes
additional evaporation along the shoreline. Thus, a sea breeze loaded with moisture can travel several
kilometers inland during the day through the bay ElI Morjane and that of Saida Swaleha. In bad
weather, this breeze can contribute to the onset of rains and thunderstorms in the hinterland in the
plain of El Kouz-el Koudoua (spreading plain of Hili and Yabbah). Through earth levees and benches,
farmers were able to create a traditional system of conducting water from the wadis Hili and Yabbah
coming from the high mountain peaks of Sarawt and crossing extremely steep slopes to reach a
depressed plain, where the flow was slow and difficult, due to the low slope and the presence of
alluvial fans. The wind deflation causes a strong mobility of the dunes that are repeatedly carried
away by an active wind. Almost all the rangelands of the Tihama plain are exposed to the combination
of two phenomena that are likely to produce devastating effects.
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Fig. 4. Vegetation Change between 2013-2022. (Source: Landsat 8-9 satellite images (2013/2022).
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Dust storms and sandstorms on the one hand and occasional floods on the other. Thus, some
rainfall events are difficult to manage because of the peculiarity of the study area and the
unpredictability of floods, although ordinary floods have been beneficial for the most part. The study
area has recorded dust storms respectively between land 2 in spring and winter and autumn and
between 4 and 5 storms in summer between 2000 and 2017 (Albugami et al, 2019). These recorded
values are among the lowest recorded in the country since the year 2000. This clear decrease is closely
related to low wind speeds. The prevailing wind is essentially from the west-southwest. It follows a
maritime trajectory which is the source of the high humidity. The most dust storms occurring during
the summer season come from the Sudano-Egyptian desert. The influence of these dust storms
increases on the western shore of the Red Sea and gradually fades on the eastern coast (Fig. 5).

The notable decrease in wind speed and the number of dust storm days may be the reason for
the recent stability of the dunes and the rehabilitation of the natural vegetation cover that acted as a
windbreaker. Indeed, these results underline the community efforts to manage water resources and
combat desertification. In the same perspective, Saudi Arabia is distinguished by its commitment in
an ambitious program to improve rangeland and dune fixation in two pilot areas (Douassir and El
Quenfudah).

Based on the available water resources, coming from the wadis, the local authorities with the
help of farmers, have been able to set up an adequate drainage system based on ridges and benches
allowing a more balanced redistribution of water availability based on the spreading of flood waters,
by helping the vegetation cover to develop in areas formerly subject to a very strong wind deflation.
Thus, a fixation of dunes can be established in the short and medium terms.
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Fig. 5. Direction of dust storms spread from the Sudan-Egyptian desert towards Saudi Arabia for some key
dates selected. (Source: These top images were acquired by the Moderate Resolution Imaging
Spectroradiometer (MODIS) on NASA’s Terra satellite at 11:10 a.m. The lower image is from the MODIS
sensor on NASA’s Aqua satellite, acquired at 2:20 p.m.).

4. RESULTS AND DISCUSSION

According to the comparative study of natural vegetation cover through the modelling of certain
remote sensing parameters, it was found that a resilience of vegetation cover is confirmed, despite the
deterioration in climatic conditions and the increase in the frequency of extreme climatic events
during the last decades globally and locally. The direct interpretation of the (LST) maps from the
modeling reveals two gradients. A first main latitudinal gradient ascending south-north that follows
in accordance with the increase in the incidence angle of solar radiation and the duration of sunshine
with a gradient starting from 34 °C to 38.5 °C in 2022 (Fig. 6).
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Fig. 6. The Land surface temperature (LST) maps of the study area in 2013 (A) and 2022 (B).
(Source: Landsat 8-9 OLI/TIRS C2 L2 images of 2013).

A second altitudinal gradient ascending from east to west from 25.3°C in the mountain sectors
to 38.5 °C at the coastal plain for the same year. A meticulous interpretation of the research results
carried out at a finer scale in the Tihama plain, showed that the LST index is significantly influenced
by the type of deposit (alluvial or aeolian), the salinity of the soil, its humidity, as well as the density
of the soil benches and ridges (Azaiez, 2021). However, the hottest sectors are in the intermediate
zone between two spreading cones, considered the zone least supplied with runoff water. A clear drop
in temperature occurred on the outskirts of the spreading plain with the establishment of plant cover,
under the effect of shading and partial absorption of the sun's rays during the operation of
photosynthesis. This decrease is illustrated by the trend curve of 3 simulated indices (Fig. 7).

On the adjacent slopes on the east and northeast side, the values are much lower due to the
altitude, the sheltered position of some slopes, the inclination of the angle of incidence of solar
radiation and the disparity of colors of the rocky outcrops.
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The typical vegetation cover of the study area is characterized by trees with a broad and very
branched framework, which provide permanent shade and continuous storage of moisture in the soil
over a long period, which explains the persistence of the vegetation cover and its proliferation.
However, the beneficial effect of some windbreakers formed by Salvadora persica and Gasuarina
should not be overlooked. Their implementation comes as a state response to the specific requirements
of windbreaks to fight against desertification. This state intervention has been limited to sectors in
intermediate positions in relation to the two alluvial plains of the wadis Hili and Yabbah. In these
sectors, the wind dynamics are even more active because the soil lacks moisture, which gives a more
free and devastating wind action. Since 2004, the implementation of a single windbreak curtain
arranged in a zigzag pattern over 1.5 km in the Al Konnaa plain to limit the effect of wind blowing
from the west and west-southwest, has shown encouraging results and exceeded expectations within
a decade. In the Al Konnaa plain, the vegetation cover increased to 92.5% within a decade (Fig. 8).
Farmers responded by developing stepped sills along the Hili and Yabbah streams to slow the flow
and by raising multi-directional soil ridges on both sides of the streams to counteract the adverse
effects of flooding and to ensure a more balanced distribution of floodwaters among the different
agricultural plots and rangelands.

Fig. 8. Proliferation of vegetation cover following reforestation efforts in the Kounaa sand dunes between
1985-2022. (Source: Image Google Earth Pro).

A survey of some farmers confirms a significant increase in soil water potential and a
stabilization of moisture in fine-textured soils during periods of low water. A new vegetation has
developed spontaneously to give rise to small livestock in the village settlements around the El
Quenfudah area. The improvement in environmental conditions is attributable to the serious
commitment of the state to a strategy of collaborative efforts with local communities to combat
desertification. This is indeed a very ambitious program that meets the medium and long-term
objectives of local communities in the field of agriculture and livestock farming in the region of El
Quenfudah and its surroundings. In addition, the problem of water scarcity is expected to be
aggravated with the increasing pressures on water resources, especially in the context of conflict
between domestic, tourism, and agricultural uses. The program requires additional monitoring and
more detailed data collection on soil moisture variation. The normalized humidity difference
modeling shows a close relationship between humidity and canopy density, with a slight difference
between the alluvial plain of Hili and that of yabbah. The latter showed less moisture retention,
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although wadi Hili is blocked by a dam located 10 km upstream of the plain. (Figs 4 and 8). Indeed,
the seasonal monitoring of soil moisture is a key parameter in identifying periods of water stress.
These regions are home to a significant portion of Saudi Arabia's rangelands. A comparison between
the two situations of 2013 and that of 2022 shows an improvement in soil moisture and NDVI index
in terms of value and distribution (Figs 3,7 and 9).
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Fig. 9. Maps of the surface soil moisture distribution for the month of April, estimated from the Landsat 8-9
satellite images 2013 (A) and 2022 (B). (Source: Landsat 8-9 satellite images).

The sediments are deposited in separate spreading cones, having partially coalesced towards the
extreme west of the Tihama plain. These outwash plains are characterized by varied deposits
representative of former, sometimes contradictory, climatic periods. This conical arrangement allows
an equitable distribution of humidity between the different compartments of the alluvial plain thanks
to the good circulation of water in the surface horizon of the soil in the alluvial plain. Within this
framework, special attention must be paid to the dunes for two reasons that are deemed fundamental
(Azizov and Atbayev 1987) The first is the importance of dunes in terms of extension. They are the
main component of the geomorphological landscape of the region of El Kouz and El Koudoua. The
second is related to the exploitation of their possible water potential in the region. Thus, there is still
work to be done to develop our knowledge on the distribution of the vegetation cover according to
the vertical and lateral variation of the soil surface moisture (Guerf and Amriche, 2015). The
monitoring of percolation, internal circulation and storage of flood water should be done sequentially
and seasonally with a step of 30cm to a depth of 3.5m to 4m to better estimate its distribution and
optimize the use of available water resources, choosing plants that adapt more easily with the local
conditions of the region (Zribi et al, 2014; El Garouani et al., 2021). The correlation between
vegetation and soil water conditions is also demonstrated by statistical analysis based on 500 random
points, resulting in a positive correlation between the NDVI and moisture indices. However, the
correlation is inverse between (LST) and NDVI values (Tab. 1). The evaluation of existing plant
species remains a concern, especially for species that are favored by livestock. This study must be
accompanied by a proposal of a wide range of plant species capable of establishing a better adaptation
to the edaphic conditions and to overcome the climatic accidents that limit their growth. In many
areas, the problem of degradation is essentially related to the distribution of livestock, in terms of the
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number and type of livestock and the type of breeding practiced, as well as the grazing behaviour of
the livestock. The consideration of all these aspects will allow the development of adequate strategies
for the improvement and preservation of these rangelands. Thus, the creation of a working team
involving young multidisciplinary researchers is a vital element to achieve the objectives of Saudi
Arabia’'s 2030 vision in terms of biodiversity conservation and rehabilitation of fragile natural
environments that are sensitive to climate change (Getachew, 2017).

Tab. 1.
Relationship between LST, NDVI and Soil Moisture indices.
Variables LST index moisture index NDVI index
LST index 1
moisture index -0.71 1
NDVI index -0.679 0.899 1

The carrying out of a survey among farmers in pilot areas remains a very good method to know
their habits in the rangelands and to highlight other facts acting on the evolution of the landscape.
This is a crucial step to take decisive environmental actions in these rangelands that are recovering,
but it is not yet at a perfect pace. Through multiple comparisons with other study areas, we can
estimate the regional representativeness of the results to follow a rational intervention that respects
the local and regional characteristics of each geographical unit in Saudi Arabia. Experimental results
conducted at the College of Engineering in Saoud University showed a clear improvement in the
engineering properties of sand dunes and their geotechnical properties after treating it from the surface
by adding bentonite mineral, which made the treated dunes not move unless the wind speed exceeded
100 km/h.

The importance of this research comes from the specific nature of the Tihama coastal plain
which constitutes a typical morphogenic system formed by coalescing alluvial fans in the north and
individual ones in the south, where the accumulations are rapidly redistributed and reshaped by the
different floods and rearranged by the wind. Another comparison of the LST index in the middle part
of two alluvial plains showed lower LST values in the Wadi Hili plain than in the Wadi Yabbah plain.
This variation is attributed to the phenomenon of bleaching of the surface soil horizon, which leads
to a reflection of solar radiation and a reduced radiation balance. This different dynamic between the
two plains is related to the large volumes of water drained and a specific mineralogical evolution in
the plain of Wadi Hili, which deserves to be better analyzed in detail. The results in terms of tracing
salinity have shown a concentration of salinity increasingly accentuated at the outlet of Wadi Hili
compared to that of Yabbah.

In addition, the paper offers a useful information on environmental monitoring through a
judicious mix of methods such as GIS and RS (Gomes and Caracristi, 2021; Hussain et al., 2023).
New insights into the effectiveness, combination and implementation of the tools used for the novelty
of rangeland monitoring in the context presented and this is provided by the detailed information
offered on rangeland monitoring. It would be advantageous to extend the study area and incorporate
a wider range of indices to provide more conclusive results and a more provide a more comprehensive
perspective.

5. CONCLUSION

At the end of this research, monitoring the evolution of rangeland vegetation by evaluating the
values of the (LST) and (NDV]1) indices revealed a spatial variation in the distribution of plant cover
that is closely linked to surface temperature variations. Obtaining LST values by using algorithms
based on the integration of biophysical parameters and the exploitation of multispectral images is
only one step among others. It has opened new paths of research that were previously uncommon and
used for very strictly limited purposes.
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The climatic index (LST) compared to a plant physiology index (NDVI) has shown the cooling
effect of the vegetation cover and the shading effect in reducing evaporation. This fact is largely
favored by water bodies, soil moisture and vegetation. However, the improvement of the water reserve
in the alluvial plain still depends on the implementation of soft hydraulic techniques. The remote
sensing makes a valuable contribution to the knowledge of the natural environment. The results
showed very variable values of the LST index even within the vegetated sectors. The (LST) values
are inversely proportional to the (NDVI) values and the density of the vegetation cover. Thus, with
increasing (NDVI) values, the LST index decreased considerably to its lowest values in the alluvial
plains that have dense vegetation cover, high humidity and intense agricultural activity.

The different vegetation composition probably influences the radiation balance of rangelands
and agricultural plots (Gleyce et al., 2019). Vegetated areas with grass, bushes and trees do not
necessarily have the same (LST) value because the rate of water consumption differs in accordance
with the structure of the plant itself. The choice of the spring season of 2013 and 2022, is justified by
similar climatic characteristics. Without denying the importance and validity of remote sensing, it
does have its flaws. It is necessary to test the model several times, considering the season and time of
acquisition of satellite images, because soil moisture and temperature are closely related to the solar
radiation, water circulation, water exchanges between the water table and the topsoil and the speed
and direction of wind.

The detailed study of these different elements of the natural environment and the comparison of
the results will make it possible to partially overcome the shortcomings of the modeling and the
algorithms obtained. Other studies have shown a strict relationship between the decrease of the LST
value in the intermediate sector between two alluvial plains and the lowering of the water table each
time we move away from the wadi axes. This hypothesis remains to be verified in the study area. The
results may be improved by studying the vegetative cycle of annual plants, which are considered an
additional source of fodder.
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