CUADERNOS
de
INVESTIGACION GEOGRAFICA

GEOGRAPHICAL RESEARCH LETTERS

Tomo 50 (2) 2024 ISSN: 1697-9540

UNIVERSIDAD DE LA RIOJA
LOGRONO (ESPANA)




CUADERNOS DE INVESTIGACION GEOGRAFICA
GEOGRAPHICAL RESEARCH LETTERS

Editor Principal / Editor-in-Chief

José Arndez (Universidad de La Rioja)

Editores Adjuntos / Associate Editors

Jorge Lorenzo-Lacruz (Universidad de La Rioja)
Amelia Gomez-Villar (Universidad de Ledn)

Noemi Lana-Renault Monreal (Universidad de La Rioja)

Purificacion Ruiz-Flafio (Universidad de La Rioja)

Consejo Editorial / Editorial Board

S. Begueria (Estacion Experimental de Aula Dei, CSIC)
Spatial analysis, Climate change, Water resources
management, Environmental hydrology

E. Cammeraat (Universiteit van Amsterdam, Holanda)
Geomorphology, Soil Science, Soil Conservation

S.R. Fassnacht (Colorado State University, EEUU)
Environmental hydrology, Snow hydrology, Hydro-
logical Modeling

H. Holzmann (Universitit fiir Bodenkultur Wien, Austria)
Hydrological modeling, Surface hydrology, Soil hy-
drology, Snow Hydrology, Climate change

P. Hughes (University of Manchester, Reino Unido)
Glacial and Periglacial Geomorphology, Climate
change

V. Jomelli (Université Paris I, Francia)

Climate change, Climatology, Paleoclimatology,
Glaciology, Periglacial Geomorphology

J.J. Keizer (Universidade de Aveiro, Portugal)
Ecological impact of wildfire, Soil erosion, Wind
erosion

M.A. Lenzi (Universita di Padova, Italia)

Fluvial geomorphology, Natural hazards, Sedimen-
tology

M. Lépez-Vicente (Universidad de Jaén)

Sustainability, Water Resources Management, Soils,
Hydrological modelling

Y. Onda (University of Tsukuba, Jap6n)

Water Quality, Hydrology, Soil Science, Freshwater
Ecology, Soil erosion, Geomorphology

J.L. Pefia (Universidad de Zaragoza)

Geomorphology, Geoarchaeology, Natural hazards,
Holocene

D. Palacios (Universidad Complutense de Madrid)

Palaeoclimatology, Glaciology
J. Poesen (Katholieke Universiteit Leuven, Alemania)

Geomorphology, Soil erosion, Badland geomorpho-

logy, Environmental change
J.B. Ries (Universitét Trier, Alemania)

Water resources management, Soil erosion, Land

degradation
M.A. Romero Diaz (Universidad de Murcia)

Soil erosion, Badland geomorphology, Reforesta-

tion, Piping geomorphology
E. Serrano Cafadas (Universidad de Valladolid)

Geomorphology, Glacial and periglacial environ-

ments, Quaternary
M. Vanmaercke (Katholieke Universiteit Leuven,
Alemania)

Soil erosion, Sediment Transport, Geomorphology
S. Vicente-Serrano (Instituto Pirenaico de Ecologia,
CSIC)

Climatology, Droughts, Climate change, Environ-

mental hydrology, Remote sensing
L. Vazquez Selem (Universidad Nacional Auténoma de
México, México)

Paleoclimatology, Glacial geomorphology, Volca-

noes, Natural Hazards
G-L. Wu (Northwest Agriculture & Forestry University,
Chinese Academy of Sciences, China)

Soil and Water Conservation, Soil erosion, Land

degradation, Desertification

Cuadernos de Investigacion Geografica = Geographical Research Letters (ISSN: 0211-6820) is a scienti-
fic journal that publishes two issues per year. It includes papers on Physical Geography and other related envi-
ronmental sciences (Hydrology, Ecology, Climatology). Interdisciplinary studies with Human Geography are
also welcome. The peer review and publication of articles in Cuadernos de Investigacion Geogrdfica is free of
charge, in agreement with the policy of the journal of making accessible the advances in Physical Geography
to the scientific community. All papers are subject to full peer review.

Since 2015 Cuadernos de Investigacion Geografica = Geographical Research Letters has been included

in the Emerging Sources Citation Index (ESCI) of Clarivate Analytics, a new edition of the Web of Science,
within the subject category of Geography (Physical). The journal is also indexed in SCOPUS and SCIMAGO
Journal & Country Rank within the subject categories of Geography, Planning and Development, Environ-

mental Sciences, and Earth and Planetary Sciences.

Fotografia de portada/Cover photo: Montes Obarenes, La Rioja (Espana) / Obarenes Mountains, La

Rioja (Spain). Autor / Author: J. Arndez



CUADERNOS DE INVESTIGACION GEOGRAFICA
GEOGRAPHICAL RESEARCH LETTERS

ISSN 1697-9540
Tomo 50 (2) 2024

CONTENIDO / CONTENT

Jorge Olcina Cantos. Water Planning and Management in Spain in a Climate Change Context:
Facts and Proposals

Planificacion y gestion del agua en Esparia en el contexto del cambio climatico. Realidades y
DFODUGSTAS ...ttt ettt a et e et e e et e st e st e et en s e e et ens e beeeeenbeebeent e beenteneeneenaeanens

Ernesto Villate Garcia, Guillermo Gutiérrez De Velasco Sanroman, Lemay Entenza
Tilman, Irina Tereshchenko, Julio César Morales Hernandez, Faustino O. Garcia
Concepcion. The Influence of Climate Variability on Risk Assessment of Tropical
Cyclogenesis in The Gulf of Mexico

Influencia de la variabilidad climatica en la evaluacion del riesgo de ciclogénesis tropical en
€l GOIfO dE MEXTCO ..ottt et eve e e eabeeeareaen

David Espin Sanchez, Jorge Olcina Cantos. Changes in the Climate Comfort of the Coast of
Spain (1940-2022)

Cambios en el confort climatico del litoral de Esparia (1940-2022) .........ccccovvevvvevcveencnnannnn.

Joel Mejia Barazarte, José Gonzilez Ramirez, Anderson Albarran Torres. How Does
Climatic Variability Affect the Highland Lagoons of the Venezuelan Andes?

¢ Como afecta la variabilidad climatica a las lagunas altoandinas de los Andes venezolanos? ...

Grethel Garcia Bu Bucogen, Vanesa Y. Bohn, Maria Cintia Piccolo. Analysis of Flood Risk
in the Lower Hydrographic Basin of the Rio Negro (Argentina)

Analisis del riesgo de inundaciones en la cuenca hidrogrdfica inferior del Rio Negro
(AVGENEIAQ) ..ottt ettt ettt bt et e e ettt e et ane s

Mayra Vannessa Lizcano Toledo, Roberto Wagner Lourengo, Darllan Collins Da Cunha
e Silva. Estudio de los usos del suelo para evaluacion de areas elegibles en proyectos MDL:
cuenca hidrografica del rio Sorocabugu, Ibitina-SP (Brasil)

Study of land uses in the Sorocabucu River watershed, Ibiuna-SP, (Brazil) for the evaluation of
eligible areas in MDL PFOJECES ..........c.ccoeeevieiieeieiei ettt ettt ettt ebe s s eseebenes

29

45

69

93



Adonis M. Ramon Puebla, Carlos Troche-Souza, Manuel Bollo Manent. An Integrated
Methodological Approach for The Balance Between Conservation and Traditional Use in a
Protected Area: The Case of The Pico Azul-La Escalera Environmental Protection Zone

Aproximacion metodologica integrada para el balance entre conservacion y uso tradicional
en un drea protegida. el caso de la Zona de Proteccion Ambiental Pico Azul-La Escalera .....

Javier Gomez Maturano, José David Mendoza Santana, Ana Lilia Aguilar-Garcia, Mayra
Serna Hernandez. Remote Sensing of Illegal Dumps through Supervised Classification of Satellite
Images: Application in Oaxaca, Mexico

Teledeteccion de vertederos ilegales mediante clasificacion supervisada de imagenes de
satélite: aplicacion en Oaxac, MEXICO .............ccoccvaviavieeieeieeie ettt

Teodoro Lasanta, Melani Cortijos-Lopez, Estela Nadal-Romero. Pastoreo en la media
montaiia mediterranea para mitigar el cambio climatico: una experiencia en el Sistema Ibérico
noroccidental

Grazing in the Mediterranean Mid-Mountains to Mitigate Climate Change: An Experience in
the Northwestern IDerian SYSEEML ............cccocvevieiieeieeie ettt ettt be et e siaesaaesenes

Cuadernos de Investigacion Geografica, 50 (2), 2024
© Universidad de La Rioja

135

157



Cuadernos de Investigacion Geografica

Geographical Research Letters 2024 N°50 (2) pp- 3-28 EISSN 1697-9540

@ [O) Copyright © 2024, The authors. This work is licensed under

a Creative Commons Attribution 4.0 International License. http://doi.org/10.18172/cig.6453

WATER PLANNING AND MANAGEMENT IN SPAIN IN A CLIMATE
CHANGE CONTEXT: FACTS AND PROPOSALS
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ABSTRACT. Water planning and management in Spain is being affected by the recorded effects of the current
climate change process. The traditional paradigm based on a policy of continuous water supply no longer fits with
the forecasts of decreasing water flows identified by climate and hydrological modelling. The guarantee of water
security, a guiding principle of planning, as indicated by Spanish Climate Change Law (2021), requires the
incorporation of new water resources that allow water management to be less dependent on rainfall. Effective demand
management, the incorporation of regenerated water with a high level of purification, the inclusion of rainwater for
urban and leisure uses and the use of desalinated water in coastal areas to be used mainly for urban water supply are
presented as viable alternatives to the development of large public hydraulic works that prove ineffective in drought
conditions. This paper presents an updated balance of water resources and demands and analyses the increasing
difficulty of hydrological planning in our country within a complex political context that requires cooperation and
governance actions in water matters. A series of recommendations are proposed, from a geographical perspective, for
the necessary adaptation of hydrological planning to the effects of climate change in Spain.

Planificacion y gestion del agua en Esparia en el contexto del cambio climadtico. Realidades
Y propuestas

RESUMEN. La planificacion y gestion del agua en Espafia se estd viendo afectada por los efectos registrados del
proceso actual de cambio climatico. El paradigma tradicional basado en una politica de continua oferta de agua ya
no se ajusta a las previsiones de disminucion de caudales que sefialan la modelizacion climatica e hidrologica. La
garantia de la seguridad hidrica, principio rector de la planificacion, como sefiala la Ley de Cambio Climatico de
2021, requiere de la incorporacion de nuevos recursos hidricos que permitan hacer menos dependiente la propia
gestion del agua de las precipitaciones. La eficaz gestion de la demanda, la incorporacion de aguas regeneradas
con alto nivel de depuracion, la inclusién de las aguas pluviales para usos urbanos y de ocio y el uso de aguas
desaladas en zonas de litoral con finalidad principal de abastecimiento se presentan como alternativas viables
frente al desarrollo de grandes obras publicas hidraulicas que se demuestran ineficaces en condiciones de sequia.
El trabajo muestra un balance actualizado de recursos y demandas de agua y analiza la creciente dificultad de la
planificacion hidroloégica en nuestro pais en un contexto politico complejo que requiere acciones de cooperacion
y gobernanza en materia hidrica. Se presentan una serie de recomendaciones, desde la geografia, para la necesaria
adaptacion de la planificacion hidrolégica a los efectos del cambio climatico en Espaiia.

Keywords: hydrological planning, climate change, water security, governance, demand management.

Palabras clave: Planificacion hidrologica, cambio climatico, seguridad hidrica, gobernanza, gestion de la
demanda.
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1. Introduction

Water is one of the elements of the natural environment that is most sensitive to the effects of
the current global warming process. The changes in rainfall patterns recorded over the last few decades
in many regions of the world (including Spain) are conditioning the future of the planning and
management of this resource, which should adapt to the alterations in the climate elements indicated by
modelling (Caretta ef al., 2022).

Water is an essential element for the development of societies. If water is not controlled,
civilising work cannot take place. This has been the case throughout the history of humankind to the
present day. Water is the cause of development but it also gives rise to conflicts between societies. The
pressure on water resources has been increasing in recent decades (Karamidehkordi et al., 2024).
Populated countries and regions around the world with growing economic activity require an increasing
supply of water. Sometimes, these resources do not exist and generate disputes between territories
(Fernandez-Jauregui et al., 2017; Angelakis et al., 2021). The future perspectives in terms of water
resource management on a global level indicate a greater complexity in the planning of water uses.
Fortunately, in Spain there are no intense conflicts related to water resources, although there is territorial
tension with regard to the use of water. This situation requires decisions to be made in order to guarantee
a water supply in a difficult climate context (Martinez-Fernandez et al. 2020).

There are many studies that analyse the impact of the current climate changes on precipitations,
the volume of water available on the Earth's surface and the differences in each climate region. On a
global level, we can observe an increase in precipitations in the inter-equatorial region, a decrease in the
areas affected by subtropical subsidence, due to the polar expansion of the Hadley cells, and an increase
in mid and high latitudes, due to the greater intensity of the atmospheric readjustment processes with an
increase in meridian circulations. (Mufioz et al., 2020; Cresswell-Clay et al., 2022)

Climate change affects four principal plans in modern society. That is, it obliges specific
mitigation and adaptation actions to be designed to guarantee well-being. The measures to implement
affect the planning processes of economic activities, particularly those most exposed to the
consequences of the change in the climate elements (temperatures and precipitations), such as
agriculture and tourism. Furthermore, the guidelines for territorial planning also need to be adapted. In
other words, the assignment of new uses to the land has, until now, been carried out within a context in
which the climate was unalterable but this is no longer the case. Water planning requires special attention
and should be focused on the management of demand and not so much on a resource supply policy in
view of the irregularity in precipitations. Finally, emergency planning should be adapted due to the
increase in extreme weather events, the increasing prominence of certain climate hazards and the
emergence of new risks within the framework of climate modelling. In short, fundamental planning
changes are required to guarantee the future functioning of a society, driven by the modifications
recorded in climate conditions (Olcina Cantos, 2024).

The twenty-first century is, or should be, the century of the commitment to sustainability in
territorial and economic processes and of the adaptation to climate change. It should be the guiding
principle steering the actions of governments and individuals. The definition of sustainable development
is complex, hence it is preferable to sideline theoretical aspects and address its practical embodiment,
which should be governed by rationality, common sense, ethics, prudence and the acknowledgement of
its transversal and multidisciplinary nature. Sustainable development, understood in this way as a
guideline for action, is a development that is implemented according to the features of the natural
environment in which it takes place; a process that does not seek to surpass the limits imposed by nature
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or, in any case, which contemplates actions that contribute, where possible, to overcoming these limits
(Elorrieta-Sanz and Olcina-Campos, 2021).

In the European context, these principles are set out in two documents that have helped to guide
policies over the last two decades. The European Territorial Strategy (1999) and the Water Framework
Directive (2000). Both of them contain the objectives that territorial planning and water planning should
fulfil, which should be oriented towards the respect for the territory, the reduction of risks and the search
for a social well-being that does not irreversibly alter the features of the environment (Farinds-Dasi,
2021; Navarro-Sousa, 2022). The incorporation of the effects of climate change in territorial and water
policies is a principal action for the European Union (EEA, 2024 a). Moreover, addressing hydrological
extremes is the main focus of policies and promotes the research in the territory of the Union in the
search for adaptation strategies (EEA, 2024 b).

In Spain, we have struggled to incorporate these action guidelines in the sustainable planning
of territories and water; but the evident effects of the current global warming process have fuelled the
implementation of initiatives consisting in public actions aimed at managing natural resources (land, air,
water, coasts) under the principles of protecting them against the unstoppable human desire for a
transforming and continuous economic growth of the environment (Solorzano-Chamorro et al., 2022).
This concept of development based on the continued use of resources, including water, has begun to
experience changes in Spanish society and even in economic sectors, which are perceiving an exhaustion
of these resources and their shortage due to a global climate change process whose effects are visible in
Iberian latitudes (Fundacion BBVA, 2022; CEOE, 2023).

In Spain, traditional water planning has been governed by supply policy (Figure 1). That is, in
response to an existing demand, the State, responsible for large-scale water planning, should cover this
use with its own resources from the river basin or from other basins when its own resources are
insufficient. It is a planning model that is based on the principle that the water existing in Spain is
abundant and sufficient to supply all of the existing demand. And this is true, although with an important
geographical nuance: the unequal regional distribution of precipitations and the uneven distribution of
water resources in the country as a whole. Therefore, the concepts of surpluses and deficits of water
resources arise in the territories (Morote Seguido, 2014; Sotelo Pérez et al. 2021).

Law 7/2021 on climate change proposes an interesting concept as a guiding principle for water
planning within the current context of climate change: water security (art.19). We must understand this
expression from science not politics, given that it runs the risk of being interpreted as the objective that
should be fulfilled with some kind of action, that is, reinforcing the continued water supply policy. Water
security refers to the guarantee of the supply of the demands existing in a territory (prioritised according
to the Water Law). A supply designed from a demand management perspective that respects the
environmental values of the water resources (surface and ground) and avoids conflicts between
territories to achieve this security. This process should be under constant review in relation to climate
evolution at all times (Lopez Gum and Vargas Amelin, 2020).

This study analyses the state of the question of water planning in Spain. It presents an updated
balance of resources and uses and proposes measures for the efficient management of situations of
circumstantial water deficit (droughts) and structural water deficit (aridity) that have an impact that
differs in terms of its diversity and intensity across the Spain territory. It addresses the relationship
between natural limits and political-administrative limits in water planning and management in Spain
which makes this task even more complex, sometimes generating territorial disputes and conflicts. It
calls for a necessary change in the paradigm of water planning in Spain to adapt it to the European policy
determinations on water and, particularly, the effects of current climate change that are generating a
greater irregularity in precipitations, with evident decreasing trends in some of its territories.
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Water planning and management in Spain in a climate change context

2. Method and sources

This study uses data, reports and official documents of government departments (state and
regional) related to water management and planning. Furthermore, in order to analyse local cases,
company reports on the distribution of drinking water and reports of the Spanish Association of Water
Supply and Wastewater (AEAS) have been consulted. Moreover, it also uses the projects applying for
European economic subsidies (Next Generation Funds) processed by the Spanish Government and
projects related to water management, particularly with the promotion of the reuse of treated water.

For references of a climate nature, the most recent publications on the relationship between rain,
climate change and the effects on water resources in Spain published by Spanish research groups have
been used. All of the sources consulted are free to access online, except the local scale projects, which
have been obtained by the author (Table 1).

Table 1. Sources used relating to the planning and management of water in Spain (2024).

Scale of study Sources consulted

- European Water Framework Directive

- European Directive on urban wastewater treatment. Reports on the status of the
compliance with the Directive (European Commission).

- European Floods Directive

- European Drought Observatory (EDO)

- Reports on the status of water in Europe (European Environment Agency, 2024)

- River Basin Plans (1st, 2nd and 3rd planning cycle)

- Drought Management Plans

- Law of the National Hydrological Plan 2001

- Water Law of 2001

- Water Programme 2005

Spain - Portal of the Spanish National Recovery, Transformation and Resilience Plan
(Next Generation Funds). Water Section.

- Meteorological drought monitor

- Reports on the State of the Climate in Spain (AEMET)

- Reports and research articles

- Reports of AEAS, FEDEA, AEDyR, CEOE, Instituto Elcano.

-Wastewater treatment plans

-Plans for the reuse of treated water

- Annual reports on drinking water management

Local scale - Local experiences in the management of droughts and floods (Barcelona,

Alicante, Madrid, Seville)

Europe

Autonomous regions

One of the most noteworthy aspects in the study of water is the lack of transparency in the
information related to water data; in some cases because no precise calculations are made (agricultural
uses) as there are no water measurement systems on the plots of land; in others because there is no record
of the unregistered resources in the urban environment (losses in the supply network); and, in general,
because, traditionally, the consultation of these data has not been facilitated for professionals and experts
of official bodies or private companies in the sector (PWC, 2018). The European Directive on the right
to information on the environment (2003/4/EC) has not been effective in the public dissemination of
water data (Razquin Lizéarraga, 2018). The implementation of the so-called PERTE for the digitalisation
of the water cycle in 2022 as part of the Spain’s National Recovery, Transformation and Resilience Plan
(Government of Spain, 2022), which includes, among other actions, the creation of a Water Management
Observatory in order to improve the governance and management of the digital infrastructure, could
become the great public water databank.

The work method used is the hypothetical-deductive method. It responds to the objectives stated
in the research through the analysis of the data consulted and readings. It is based on the precept that the

Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 3-28 7
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guiding principle of water planning in Spain (continuous supply of water) is incorrect within the current
context of climate change and proposals are presented to implement a change in this paradigm within
the principles of sustainability and adaptation. All of this is backed with data and own analyses and those
of researchers who have studied this topic in recent years.

3. Results
3.1. A climate context of uncertainty: Effects on dry sequences

Water planning based on long-term climate scenarios no longer makes sense in Spain. The
current climate context, which clearly reveals the effects of global warming in the principal climate
elements (temperatures and precipitations), obliges us to periodically review the forecasts and their
effects on the available water resources. In Iberian latitudes, the current climate change is manifested in
an increase in temperatures and an overall loss of thermal comfort, with a more irregular behaviour of
precipitations and the alteration of seasonal rainfall patterns (Cramer et al., 2018; Meseguer-Ruiz and
Olcina Cantos, 2023). In addition, there is a greater intensity and frequency of extreme weather events,
related to temperature and precipitation. The latter is related to the intensification of the global energy
readjustment processes and the warming of the seas that surround the mainland territory, particularly
the Mediterranean sea basin (Olcina Cantos, 2024).

Different studies have analysed the change in the seasonal precipitation patterns in Spain (Ruiz-
Sinoga et al., 2011; Acero et al., 2012; Serrano-Notivoli, 2017; CEDEX, 2021; Senent-Aparicio et al.,
2023), highlighting the “Mediterraneanisation” process of the maximum precipitations towards the west
of the peninsula (Cordillera Ibérica sector) with a main peak in autumn (Gonzalez-Hidalgo et al., 2010).
Recently, Gonzalez-Hidalgo et al. (2023, 2024) have shown the recent trend in rainfall in the Iberian
peninsula with an increase in the amounts in autumn and a reduction in spring (Paredes et al., 2006).
This is particularly important for the planning and management of water resources, given that the
volumes of water that can accumulate in spring are fundamental for guaranteeing the demands of the
summer season, which increase considerably due to the increase in agricultural and tourist uses and the
increase in the real evaporation due to the higher temperature. This trend of a reduction in spring rains
is significant in the southern sector of the Cordillera Ibérica, where the sources of two important rivers
are located (Jucar and Tajo), which serve demand systems (agricultural and urban-tourist) that are highly
valuable to the Spanish economy (Mir6 et al., 2021, 2023).

Drought has become an important study topic for water planning in Spain (Vicente-Serrano,
2021). There is uncertainty as to the duration of droughts which have been occurring since the beginning
of the current century. Contrary to the long sequences that occurred in the second half of the twentieth
century that generated droughts in the Iberian Peninsula (Iberian droughts), with a duration of between
3 and 5 years (calendar year), the droughts occurring in the twenty-first century are more intense, but
with a shorter duration (one or two calendar years) (Gonzalez et al., 2020; Torello-Sentelles et al., 2022;
Trullenque-Blanco et al, 2024). Similarly, the drought sequences display diverse regional
manifestations (droughts in the north-east of the peninsula, south-eastern droughts, Cantabrian droughts)
(Olcina, 2001; Lana et al., 2021), with their own calendars of development and repercussion on the
percentage reduction in precipitation recorded with respect to the annual averages.

The occurrence of shorter and more intense droughts would correspond to the changes in the
overall atmospheric circulation in mid latitudes, with an expansion of the Hadley cell towards the pole
(Xian et al., 2021; Cresswell-Clay et al., 2022), which generates a greater probability of anticyclonic
days each year, with energy readjustment days with the installation of cold air masses in mid and hight
layers of the troposphere, which generate unstable configurations (cold drops) and the possibility of the
occurrence of occasional intense rain events, which, in general, cannot be used to satisfy agricultural
demand (Olcina Cantos, 2024).
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In any case, the shortage of water for agricultural and particularly urban use generated by a
drought situation reveals a failure in water planning and management on a water basin, regional or local
scale. In the dry sequence recorded in Spain during the hydrological years 2021/22 and 2022/23, it is
interesting to observe that the population nuclei that suffered from a shortage of supply and in which
emergency measures had to be applied are small areas in the interior or north of the peninsula, with no
alternative supply sources and which have not optimised their drinking water systems so as to guarantee
the storage of volumes of water for a supply of three months (Fig. 2 a and b).

a)
Drought in Spain: Average rainfall (mm)
Hydrological year 2021-22 in Spain (1671-2000)
Leyend
Tap water restrictions
Restrictions on urban
water uses (parks, street
cleaning, swimming
pools)
In total, 300
municipalities with less
than 20,000 inhabitants.
Seville, in critical
situation . .
R Scarcity Indicators
(September 2022)
b)
Drought in Spain: Average rainfall (mm)
Hydrological year 2022-23 in Spain (1971-2000)

Leyend

Tap water restrictions

Restrictions on urban
water uses (parks, street
cleaning, swimming
pools)

In total, 600
municipalities with
limited water.
consumption

9 million inhabitants
with water
restrictions

Scarcity Indicators
(September 2023)

=

Figure 2. Map of towns affected by an urban water supply shortage. Hydrological year 2021/22(a) of towns
affected by an urban water supply shortage. Hydrological year 2022/23(b). Source: Own elaboration based
on monthly drought reports (Spanish Ministry of Ecological transition and Demographic Challenge) and
regional press news reports.
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In Spain, the risk map, with its integral components (hazard, vulnerability and exposure) reveals
significant regional differences (Fig. 3). Based on the analysis of the effects of the latest droughts
recorded in Spain over the last three decades on water security, it is possible to represent a map of the
hazard, vulnerability and exposure to drought, which shows the need to activate water management
mechanisms for supplying areas with a greater volume of annual precipitation, given that their excessive
dependence on this climate element generates conditions of shortages in supply at times of less rainfall.

e S
L AR, T
L, O,-p’
8- ‘g}% v
ﬂ & . qf:‘ . Greater exposure to
Greater hazard of Py O; { drought in Spain, in
drought in Spain ; &C). order of importance

Greater vulnerability to
drought in Spain

Figure 3. Drought in Spain in terms of risk analysis.

3.2. In a complex political context: Water, State and Autonomous Regions

As a general rule, the local scale of the planning and management of natural resources is the
work unit closest to the citizens. However, the general interests can (usually) clash with individual
(local) interests. Hence, there is a need to establish a hierarchy for the planning and management of
natural resources. The hierarchy of natural resource planning and management in Spain integrates the
global sustainable development goals (SDGs) established by the international bodies to which the
Spanish government belongs; the European scale, which is decisive due to the obligation of member
countries of the European Union to comply with the environmental directive; the State scale, which, in
terms of the environment, is limited to the enactment of general regulations (water, coasts, natural and
protected spaces, climate change) and fundamentally planning and managing the public domain (water,
coast); and the Regional Governments, which are the key actors in environmental management because
this competence has been transferred to them by constitutional mandate.

In recent years, legal disputes have arisen between the regional and state levels due to the interest
of the autonomous regions to control the planning and, most of all, the management of two basic
resources whose public domain belongs to the state (water and coast). Finally, land uses are planned on
a local scale, including the natural environment and its resources; some autonomous regions have been
given the power to establish and manage natural spaces that are protected on a local or supralocal level
with the final approval by the regional government.

The conflicts between administrations, depending on their working scale are resolved by higher
legal entities: regional, state or European. This is because the resources found in the natural environment
are a potential source of revenue, which is desired by the management level closest to the resource (local
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and regional). In Spain, the planning and management of the natural environment and its resources is
regulated in Articles 148 and 149 of the Constitution, which refer to the competencies assumed by the
autonomous regions and those that are the exclusive competence of the State (Romero, 2009, 2017).
The autonomous regions are responsible for territorial and urban planning, housing, the mountains and
forest uses, the management and protection of the environment and construction and exploitation
projects related to water use. The State has the exclusive competence for the legislation, the planning
and concession of resources and water uses and the basic legislation regarding the protection of the
environment (mountains, forest uses and livestock trails), together with the management of the coast
with respect to the Public Domain (Fig. 4).

On paper, the competences of the state and regional governments regarding the environment
and its resources are clear. However, there are misalignments in their planning and management,
particularly when the political party in power is different in the regional and state governments and when
there is no willingness to compromise because a resource is considered as being strategic for a state or
a region. On the contrary, in general, there are no misalignments when the political party in power in
the state and regional governments is the same (or there is a similar ideology) and when the willingness
to compromise of the governments involved is clear (Romero, 2017). In the first scenario, there is a
political utilisation of the natural environment, with actions taken that lead to legal disputes and, in short,
an inefficient planning and management of the natural environment. In the second scenario, planning is
ordered, the governance is effective and the benefit of the government action is collective.

The elements of the natural environment that generate the most conflicts between territories and
between different levels of governments are coasts and water. Article 132.3 of the Spanish Constitution
indicates that they are elements of the state public domain by law, but it states that “the maritime-land
area, beaches, territorial sea and natural resources of the economic area and continental platform” belong
to the state. Therefore, the coast is a public domain because it is indicated as such in the constitutional
text. The waters also belong to the State, but in this case this is determined by a state law. In this case
(water), the State also has the power to elaborate a national hydrological plan and manages the river
basin districts, which are the territorial representation of the state in a water basin. Meanwhile, one of
the competences of the autonomous regions is becoming increasing more prominent in the current
context of climate change: the treatment and reuse of wastewaters. Finally, the local governments are
obliged to guarantee the supply of water in the municipality.

In terms of planning and management, water is a matter of the State. However, there are different
interpretations of this precept. It may be understood that water, as a public domain asset is the property
of all Spaniards. In a situation of conjunctural or structural shortage, it becomes a liquid element able to
be displaced form its natural territory in order to satisfy human demands; in short, water is basically
understood as a resource at the service of economic development and the maintenance of the well-being
of a population. On the other hand, the public domain can understand water as a resource owned by the
territory, as a liquid element that favours the creation of ecosystems, therefore, as a resource that should
first satisfy the needs of the natural environment before the demands of human beings. From this
perspective, water is a resource at the service of the environment. In Spain, the “economic” discourse
has prevailed over the “environmental” discourse when contemplating water planning and management
proposals. It has only been since the enactment of the Water Framework Directive (60/2000) that the
environmental view of water has gained prominence in water planning actions in Spain.
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Water planning and management in Spain in a climate change context

In Spain, there are two river basins whose water planning and management, for different
reasons, are the focus of territorial disputes over water: The Ebro and the Tajo. The Ebro river basin is
a large Iberian river whose whole length runs through Spanish territory. This water basin has been
strongly altered by the needs of urban supply and, particularly, that of agriculture and the defence against
situations of the extraordinary swelling of the river. The prominence given to the River Ebro in the water
transfer proposal to the Mediterranean coast included in the Hydrological Plan of 2001 has generated
debate and controversy from the beginning. First, due to its approval and, on paper, the start of the
works; then, due to the repeal of Article 13 of the Law of the National Hydrological Plan, which rendered
this proposal for an annual macro-transfer of water ineffective. And, since then, due to the repeated
attempts to restart the project by the autonomous regions of Valencia and Murcia under right-wing
governments. The last link, resulting from the drought situation suffered in Catalonia between 2022 and
the spring of 2024, has been the attempt to restart the project to extend the transfer from Tarragona to
Barcelona, which was attempted during the previous drought of 2008. Both then and now, this proposal
was strongly rejected by the population of Les Terres del Ebre.

The Tajo basin has a unique feature in its current water planning and management process. It
has a water transfer infrastructure (Tajo-Segura Transfer) which was built during the final years of
the Franco dictatorship and began operating in 1979 when the first waters arrived in the Segura basin.
It has an international regulation agreement (Albufeira Agreement, 1998), in the review phase in 2024,
which establishes the amount of water that should circulate in Portuguese territory (De Stefano and
Hernadndez Mora, 2019). The first has been a cause of conflict between territories since its
implementation, because the territories of Castilla-La Mancha have demanded water resources from
the upper Tajo basin in order to satisfy different demands (agriculture, urban and environmental).
These demands have been met unsatisfactorily according to the users, who demand more resources
for the territories belonging to the Tajo basin. These demands imply the rejection of the water transfer
to the south-east of the peninsula established by law, although the transfer amounts stipulated in the
regulation have never been covered, nor the annual petitions of the farmers benefiting from the Tajo
waters. The main problem in the management of the resources of the upper Tajo basin is, therefore,
related to the existence of this infrastructure approved in 1968 and in the democratic period, with the
delimitation of the regional limits, whose interests do not coincide with the territory of the river basin.
The effects of climate change on the precipitations in the headwaters of the Tajo have given rise to an
uncertain future for this water transfer, as in recent decades there has been a decreasing trend in the
volumes of potentially transferable water. Furthermore, political decisions have led to the
establishment of minimums in the headwater reservoirs below which transfers are not permitted
(Escudero Gémez and Martin Trigo, 2020; Olcina Cantos, 2024).

3.3. Water data in Spain

The real data corresponding to water resources and demands in Spain are unknown. In order to
estimate the resources, annual average precipitation is analysed, together with the calculation of
groundwater volumes with the purpose of calculate the total available resources for hydrological
planning. In Spain, total resources are estimated at 112,000 hm?*/year, of which 82,000 are surface waters
and 30,000 groundwaters. The reservoir capacity, in work project conditions, is calculated at 56,069
hm?, although different studies indicate that this theoretical capacity would be lower, in fact 15-20%
lower due to the accumulation of sediments dragged by the regulated rivers since their implementation.
This aspect has had particular attention in the Ebro river, due to the expectations created for using
“excess” water retained in its reservoirs for the development of water transfers (Ibafiez et al., 1996;
Vericat and Batalla, 2006; Horacio et al., 2018; Vazquez-Tarrio et al., 2023; Goroztiza et al., 2023).

These natural resources are not directly usable by humans, given that the rivers have to fulfil
their ecological function and, most of all, due to the evaporation recorded in Spain, with its regional
differences, and which is very intense in the summer months. This means that the balance between
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precipitation and the evapotranspiration of water in Spain only generates positive values in the
Cantabrian regions, while from the Duero basin to the south of the peninsula the deficit of this indicator
increases until it reaches values of over -600 mm/year in a large part of the south of the peninsula and -
900 mm/year in the south-east of the Iberian peninsula (Marti Ezpeleta et al, 2019). For the economic
uses of water, Spain has 27,400 hm?/year in conventional resources (20,600 of surface water + 6,800 of
groundwater) to which “non-conventional” resources are added (treated water + desalinated water +
rainwater), representing around 1,000 hm?/year more (between 350-500 hm?/year of reused water + 600
hm?/year of desalinated water + 10 hm?/year of rainwater collected in urban nuclei).

Meanwhile, the demands are also estimates, due to the lack of a real calculation of agriculture
consumption. It is estimated that agriculture consumes around 22,500 hm?/year. This figure is basically
obtained from calculating the water needs of the different irrigated crops grown in Spain, given that
there is no effective control of the water used or recording systems (meters), except in certain forms of
irrigation with a high degree of technification (crops grown under plastic, crops with a high commercial
value), which represent only 20% of the volume of water used for irrigation in Spain (Gémez Espin,
2019; Albiac Murillo et al., 2023). Sixty-eight per cent of crops are irrigated with surface water; the rest
with groundwater. And 902,163 use gravity irrigation (24% of the total). The belief that localised
irrigation reduces the cost of water used in irrigation is incorrect. Irrigation with localised irrigation
systems (53% of the total in Spain) is more efficient and favours the productivity of the plant, but it does
not lead to a reduction in the volume of water used (Sanchis-Ibor et al., 2016; Berbel and Espinosa-
Tason, 2020).

Urban demand is calculated at 4,236 hm?/year, of which 3,180 hm?/year is water that has been
invoiced and the rest is an estimate. Meanwhile, industrial water is estimated at 1,264 hm?/year. Urban
and industrial water is the volume of water in Spain whose calculation is the closest to reality. Although
the percentage of losses in the supply network recorded for all Spanish cities should be taken into
account and calculated at 15% (AEAS, 2022) (Table 2).

Table 2. Water resources and demands in Spain (2024).

TOTAL RESOURCES 112,000 hm3/year
RESOURCES (82,000 surface water+ 30,000 groundwater)
Reservoir capacity 56,069hm?>/year
AGRICULTURA USE 22,500 hm?/year
URBAN USE 4,236 hm®/year
DEMANDS (3,180 invoiced+1048 estimated)
INDUSTRIAL USE 1,264 hm3/year
CONVENTIONAL SURFACE AND GROUND 27,400 hm?/year
RESOURCES RESOURCES (20,600 surface water +6,800 groundwater)
NON- TREATED WATER 4,200 hm?/year
CONVENTIONAL REUSED WATER 350-350 hm?/year
RESOURCES DESALINATED WATER 600 hm?/year

Therefore, a priori, in the general accounting of water in Spain, the demands can be met by the
existing resources (conventional and non-conventional) under normal climate conditions. The problem
is the uneven territorial distribution of resources and demands throughout the territory of Spain, which
includes river basins with sufficient resources to guarantee water security (North, Duero, Ebro) and
others where the level of demand notably exceeds that of the conventional resources (Segura, Jucar,
Andalusian Mediterranean, Canarias, Ibiza).
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However, the guarantee of supply is questioned at times of drought, which constitute a defining
feature of the climate conditions in all Spanish climate regions. As previously indicated, up to five types
of drought can be distinguished according to the territory affected in Spain (Olcina Cantos, 2001), being
more frequent in the south-east of the peninsula (south-eastern droughts), which have a structural nature
in the climate features of this geographical space.

The development of a dry sequence leads to the gradual reduction in the volumes of surface and
groundwater due to the insufficient replenishment of the supply systems by rainfall (Fig. 5). In these cases,
the sequence of effects of a drought cause the reduction in water resources, effects on rain-fed crops and
non-stabled livestock farming, the reduction in resources for irrigation and in the most intense periods,
there are effects on the urban supply systems, which can lead to the supply being cut off at extreme
moments of a drought. Long-lasting and intense droughts call into question, therefore, the management of
water if it is exclusively designed for moments of normality or rainfall abundance and if the supply system
does not have non-conventional resources to make up the deficit of rainfall-based resources.

PLUVIOMETRIC HYDROLOGICAL AGRICULTURAL-LIVESTOCK ‘ URBAN

Rainfed crops Irrigated crops

12 —- 22 » 32 » 42 » 52
| I -
> 30
OFFER | | DEMAND
WARNING =——————>  ALERT >  EMERGENCY MEASURES

Figure 5. Phases of a drought sequence and sectors affected.

Within the context of climate change, with more irregular precipitations, the solution of the
water transfers as a mechanism for supplying water in territories affected by conjunctural drought or
structural shortage is not ideal due to environmental, economic and political reasons. We should
remember that in Spain there are forty water transfer pipes for agricultural use and urban supply; of
these, sixteen are large-scale transfers including those of the Tajo-Segura, Tajo-Guadiana, Pas-Besaya,
Alto de Tornos, Zadorra-Arratia, Cerneja-Ordunte, Carol-Ariége, Alzania-Oria, Siurana-Riudecafias,
Ebro-Tarragona, Guadiario-Majaceite, Negratin-Almanzora, Del Condado, Jucar-Turia, Jicar-Vinalopd
and Ter-Llobregat transfers (Molina Giménez, 2010). Together, these large water transfers move an
annual volume (variable depending on rainfall) of 800 hm?/year.

Traditionally, Spain’s water policy has promoted the development of these water transfers from
areas of the country acting as “assignors” as they had volumes of water above their demands and could
transfer their surplus towards “recipients” with conjunctural or structural water deficits. In addition to the
Tajo-Segura transfer, which was considered during the Franco dictatorship, during the democratic era
several interconnections have been developed between nearby river basins or with the same basin.
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Furthermore, hydrological planning has considered water transfers as the principal solution to the water
shortage in territories mainly in the east and south of Spain. Therefore, the proposal of the Hydrological
Plan of 1993 (Plan Borrell, never approved) proposed the interconnection of basins through annual
transfers of 4,000 hm®; meanwhile, the National Hydrological Plan of 2001 considered a single large
transfer from the Ebro of 1,000 hm? to the internal basins of Catalonia, Jicar, Segura and Mediterranean
Andalusia (Almeria). The transfer was abolished in 2004 and the volume of water that would have
theoretically been transferred from the final section of the Ebro to the afore-mentioned territories on the
Mediterranean coast were replaced with non-conventional resources (basically desalination) within the so-
called “AGUA Programme” (Rico Amoro6s, 2010; Morote Seguido, 2014; Albiac Murillo et al., 2023).

Water transfers are not useful for resolving Iberian drought sequences, given that at times of
scarce rainfall the volumes of water reduce considerably in all of the river basins, so surpluses that could
be moved between river basins are not recorded. The Tajo-Segura transfer has mainly been used to
resolve situations of structural scarcity, however, the decrease in precipitations and available volumes
of water recorded in the headwaters of the Tajo have led to a gradual decrease in the flows transferred
since 2000 to the present. In fact, the average flow transferred since 1979 to the present is 330 hm?. We
should remember that this transfer considered a first phase with an annual transferred volume from the
Tajo to the Segura of 600 hm?/year, extendible to 1,000 hm*/year in a second phase. Over the last two
decades, there has been a significant reduction in precipitations in the southern sector of the Cordillera
Ibérica, where the sources of the Tajo and Jucar are located. If we compare the contributions in the
headwaters of the Tajo between 1940-79 and 1980-2018, the reduction is 275 hm?/year (Mir6 et al.,
2021). This reduction could also have been affected by the increase in the forest area in this mountainous
sector, which would generate a greater natural demand for water by the vegetation. For all practical
purposes, the reality is that the headwaters of the Tajo have less available water to transfer than when
the transfer began to operate (Olcina Cantos, 2024).

3.4. The need to incorporate non-conventional resources into the system

Guaranteeing water security in Spain within the context of climate change should involve
increasing the prominence of non-conventional resources. In order of prominence, these are treated
water, rainwater and desalinated water. This requires the provision and improvement of the necessary
infrastructures for generating water resources that would allow a supply that would guarantee the
satisfaction of the existing demands in terms of quantity and quality. In the case of treated water, a
modernisation plan should be elaborated that includes the connection of the treatment stations with the
potential reuse areas; and, for the use of rainwater, the installation of large-capacity tanks that harvest
the waters of the river valley derived from intense rains with the dual objective of reducing the flood
risk and using the collected waters for urban uses. In the case of the desalinated water, the cost of the
water produced will decrease in the coming years if changes are made in the energy supply required by
the desalination plants with the installation of solar energy.

The widespread treatment of water in Spain began after the passing of European Directive
91/271, at the beginning of the 1990s (Rico Amoros et al., 1998). Since then, and in compliance with
the determinations of the afore-mentioned directive, which was subsequently modified, a large number
of treatment stations (EDARs) began to operate in the Spanish regions, although with very diverse paces:
with a more accelerated rhythm in the eastern regions of the peninsula and a very slow pace in the
Cantabrian regions. This directive represented a significant change in urban water management, given
that it made it compulsory to treat the flows used in the city and by industry and to potentially reuse
them. It is true that the objectives of the Directive of 1991 did not include the direct reuse of purified
water for economic uses. The water treatment technology installed in the majority of the EDARs
implemented in Spain over the last three decades limit the potential use of the treated flows as their level
of purification is not high (basically, secondary treatment). The reuse possibilities increase in relation
to the type of treatment. The European Union has recently made a new commitment to wastewater
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treatment and, as a novelty, the reuse of treated waters (Directive 2024 of the European Parliament and
Council on the treatment of urban wastewater, recast version; Gonzalez, 2024). In 2021, the Ministry of
Ecological Transition approved the National Sanitation and Treatment, Efficiency, Savings and Reuse
Plan - the DSEAR Plan - to promote this water resource in different uses, particularly agriculture
(Miterd, 2021). Meanwhile, the Spanish Ministry of Agriculture has launched a sustainable water
management in Spanish irrigation that contemplates the increase in the volume of treated water as an
important resource for agriculture after the updating of the regulations on the reuse of treated water
(Royal Decree 1085/2024).

The reality of water treatment and reuse in Spain provides an important lesson for future water
planning. In Spain, the level of treatment is very high compared to other European countries, particularly
those in the Mediterranean region. But the level of reuse with economic ends (agricultural, urban-tourist
uses) could be vastly improved. Barely 10% of the total volume of treated water is used in urban and
industrial environments in Spain (Fig. 6).

This means that there is a wide margin of water reuse that can mitigate occasional severe
droughts or enable “first use” waters (rivers or aquifers) to be replaced with treated waters in order to
reduce the final consumption of water of urban and agricultural uses. In this way, water management
adapts to the circular economy model, sharing the principles established by Raworth (2012, 2017) in a
proposal for the sustainable management of resources and activities to constitute a principle of action of
the economy.

The promotion of water reuse should include the improvement of wastewater treatment stations
to extend and enhance the purification systems and the development of treated water piping
infrastructures so that it is possible to use these flows in the urban environment and the fields. In this
respect, and within the framework of the European economic recovery policies after the Covid-19
pandemic, Spain is the country that has presented the most projects for treated water reuse in recent
years (Bluefield Research, 2023) (Fig. 7).

There are examples of good practices in the promotion of the use of treated waters in Spain,
such as the implementation of a wastewater network in the city of Alicante for the irrigation of gardens
(public and private) that distributes 1.5 hm? per year for this use. This has involved the installation of a
specific treated water distribution network through the urban fabric that enables the treated flows to
reach the parks or private gardened areas (Aguas de Alicante, 2023). Meanwhile, the government of the
Region of Valencia is developing a project for transferring treated wastewater for agricultural use from
the municipality of Alicante (28 hm?/year of treated waters in its two treatment stations) to the Bajo
Vinalopé (Campo de Elche). This frees up other resources from the River Segura and the wells that can
be used for irrigating the fields of the Bajo Segura. The “Vertido Cero” (Zero Waste) project will be the
first treated water transfer within the same large scale river basin in Spain (Fig. 8).

However, it is necessary to indicate that the reuse of treated waters should be planned in detail.
Direct reuse (agricultural use, urban-tourism use) should be compulsory in those territories with a natural
shortage of water and with mostly dry rivers that do not require an ecological status based on the
existence of a continuous run-of river in its courses. However, in river environments with a continuous
circulation and rich aquatic ecosystems, the treated waters with a high level of treatment should be used
primarily for environmental use to maintain these environments. In the case of the River Tajo, a high
percentage of the flow circulating through Toledo is derived from the treated wastewater of Madrid
(Martin et al., 2024). Therefore, the promotion of reuse should be a principal objective of the water
policy in Spain, but taking into account the needs that these waters could cover in each territory.
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Figure 8. “Vertido Cero” water project for the comprehensive reuse of treated waters of the city of Alicante
for agricultural purposes. Its development will give rise to the implementation of the first “transfer” of
wastewater between districts of the same province in Spain. Source: Generalitat Valenciana. EPSAR.

Desalination provides an “inexhaustible” source of water in coastal areas and large volumes in the
areas far from the coast with saline groundwater resources. Desalinised water enables the state of
emergency to be modified in situations of drought as it provides water that does not depend on the rain
and guarantees supply, particularly in urban nuclei. Spain is the European leader and one of the global
powers in terms of the production capacity of desalinated water (5.6 hm?/day). Since the first desalination
plant was opened in Lanzarote in 1964 until the present day, the desalination capacity, the type of plants
and the production costs have improved continuously. In 2024, the volume of water from the desalination
of marine water and continental brackish water is 600 hm?*/year. The principal use of desalinated water is
urban. The cost of the water produced (€0.70/m?) is high for its use in irrigation, except in the avant-garde
agricultural crops. This is the case even though the cost has decreased considerably over the last three
decades due to the improvement in the productivity of the membranes (inverse osmosis) and the lower
energy cost (Swyngedouw and Williams, 2016). Voutchkov (2016) indicates that the cost of desalinated
seawater will continue to decrease over the coming years from €1.1/m? at the end of the 2020s to €0.3-0.8
€/m? at the end of the 2030s. However, currently, the public administrations (state and regional) are
required to promote support measures in order to reinforce the use of desalinated water in agriculture. In
recent years, within the framework of the Iberian drought 2021-23 and applicable until 2026, the Ministry
of Ecological Transition issued a series of economic grants to subsidise the cost of desalinated water
production in the provinces of Alicante, Murcia and Almeria, establishing a maximum price of €0.40/m’
for the waters produced in the desalination plants in these territories. These subsides were extended with
regional funds in the Region of Valencia, resulting in a final price of desalinated water (Torrevieja plant)
of € 0.24/m> (plus VAT), an amount that is highly competitive with the price established for the use of the
water of the Tajo-Segura transfer (€ 0.18/m?, exempt from VAT).

To the treated wastewater resources we should add the rainwater collected in the urban
environment. This volume of water is small but the implementation of rainwater harvest systems represents
a commitment of the cities to the recovery of a resource that would otherwise cause damage (intense rains)
in the urban fabric and would be lost if a direct human use were not made of them through the sewer
network or collectors in the urban nuclei. Rainwater harvesting recovers the historical tradition dating back
to Roman times, widely disseminated throughout urban nuclei and rural dwellings in the south-east of the
peninsula, which used the rainwater for their drinking water supply in daily life. These systems fell into
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disuse with the implementation of a widespread domestic water supply with the mapping and consolidation
of the suburbs and the contemporary evolution of Spanish cities. At the end of the last century, some cities
on the Mediterranean coast designed modern rainwater harvesting systems in order to reduce the risk of
floods in urban environments. They are municipally managed sustainable urban drainage systems (SUDS),
designed to harvest torrential rainwater and the principal aim is to reduce the risk generated by the
circulation of water in the streets and floods. Barcelona was the first city (1999) to develop a harvesting
system in the suburbs seeking to reduce the water circulating in the streets. This reduces the risk to human
life in the city during intense rain episodes, which are becoming more frequent in Spain, particularly in the
territories of the Mediterranean coast (Arahuetes and Olcina Cantos, 2019). In addition to tanks, floodable
parks have also been designed that capture water in a gardened area and with a recreational everyday use,
while acting as a rainwater storage facility on days of abundant rainfall. The water remains in this tank for
a few days and can be returned to the natural environment (river) or sent to a nearby treatment station to
be reused after treatment. In this respect, we can refer to the floodable parks of Alicante (La Marjal)
(Morote Seguido and Hernandez Hernandez, 2017) and those constructed since 2021 in the Vega Baja del
Segura as an effect of the development of the Vega Renhace Plan after the flood of September 2019
(Generalitat Valenciana, 2020).

As a whole, the rainwater harvesting systems installed in different Spanish cities with a capacity
to be incorporated into the municipal water supply network represent 1% of the volume of urban water
resources. However, it is important to promote their implementation as an example of good practices
for the management of flood risk and the urban commitment to the circular economy of water. The
rainwater tanks or floodable parks do not resolve the problem of a large impact flood; but they enable
the risk in intense rain episodes of between 50 and 100 mm/h to be reduced.

All of these “non-conventional” resources, together with the traditional water sources, should be
managed efficiently; that is, a precise accounting of the expenditure should be made in both the agricultural
and urban environments and water should be supplied avoiding as much as possible losses associated with
the distribution of a liquid in continuous use. In the agricultural environment, the PERTE of water,
approved in 2022, considers the installation of meters on the plots of land in order to practice a real
accounting of the agricultural expenditure. In the cities, 650 hm?*/year are lost in the distribution networks,
which indicates an inadequate accounting of the urban consumption of water (approx. 4,000 hm?/year)
(Fig. 9). To this volume we must add the losses to obtain the real figure of water distributed in the municipal
supply networks and that did not reach the meters in the homes (due to direct losses in the network or non-
invoiced water in the households). The existence of a transparency portal in water management in Spain
is one of the most important tasks that should be undertaken by the State in the coming years. Its
development constitutes a basic piece of water planning in the current context of climate change.

9.4
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Figure 9. Losses of water distributed in the drinking water network in Spanish municipalities Source: AEAS.
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4. Discussion and conclusions: water planning in Spain, future agenda

The planning and management of water in Spain within the context of climate change should be
based on clear principles of action: quality instead of quantity, the improvement of the management of
demand as opposed to a continued resource supply policy and the circular management of water with
the incorporation of all the available resources in a territory in water planning. Hence, according to
scientific-technical criteria, Spain needs a medium-term planning scheme that should be approved in the
next hydrological cycle (4th cycle 2028-33) to be able to integrate a precise modelling of the effects of
climate change on the temperatures and precipitations of our country and, in short, on the volumes of
water available until 2050, updating the report elaborated in 2017 by the Cedex (Cedex, 2017).

The firm commitment to the mobilisation of new water resources that guarantees Spain’s water
security should be based on the reuse of treated waters, which should have a percentage share in the water
resources mix of over 50% for the whole of the country and 80% in the regions and areas with a higher
precariousness of conventional resources (Murcia, Region of Valencia, Balearic Islands, Canary Islands,
Eastern Andalusia). Large population nuclei (>100,000 inhabit.) should become spaces for the production
of regenerated water for its use in nearby agricultural areas and for urban supply (irrigation of parks and
gardens, street cleaning and the irrigation of private green spaces) (Bernabé-Crespo et al., 2023). Within
this urban context, rainwater should be incorporated into the circular water cycle of the city.

Desalination will become a commonly used source of water resources on the Mediterranean
coast. The volumes contributed should replace flows of conventional resources used in the urban nuclei
that can be partly or wholly used for the agricultural activity. The use of desalinated water by agriculture
for irrigation should receive public subsidies to adjust the final price to the income statement of the
agricultural production in each case. The technological improvements will enable the price of
desalinated water to be reduced over the next two decades.

The existing water transfers in Spain will be able to continue operating, although in some cases
they will experience the alterations forecast in precipitations within the context of climate change. The
contemplation of new transfers between water basins does not seem to be feasible due to climate and
political reasons. However, transfers within the same river basin would be possible, particularly when
they are located within the borders of the same autonomous region, provided that there is an agreement
between the users (assignors and recipients). On the contrary, the future is uncertain for the transfers
between different river basins that have their origin in rivers whose headwaters are currently
experiencing a decrease in rainfall contributions and available volumes (Tajo-Segura). In this case, it is
necessary to plan alternative solutions to the volumes transferred each year through other non-
conventional resources if we wish to maintain the current level of agricultural and urban-tourism
development in the receiving territories (Oliva et al., 2022). There is no unanimity with respect to this
option in the scientific-technical community. The continuity of the hydraulic engineering works for the
retention and transfer of water is still a focus of economic (Melgarejo and Lopez Ortiz, 2015) and
engineering (Cabezas, 2002, 2013) studies. Although other studies defend an integrated management of
the basins, in which the structural works (dams, canals) should constitute just one more piece in an
overall plan for a river basin (Grindlay et al., 2007, Magdaleno Mas, 2020).

It will be necessary to activate economic “compensation” systems in terms of water between the
city and the countryside for the use of treated waters in the rural environment; and also between the
coast and the inland territory for the use of desalinated waters in conditions of economic profitability
for agriculture. The agricultural activity should begin to work on adapting to climate change, with the
installation of meters on farms that enable us to determine the real cost of water. Over the coming
decades, there will be improvements in irrigation systems, in crop varieties and changes in cropping
calendars, which will facilitate the adaptation to the new climate conditions being recorded, with higher
temperatures and a greater irregularity of precipitations. Agronomic research will play a prominent role
in restraining the agricultural use of water in Spain. And the hydrological plans of the basin should
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constitute an element of containment and reduction in the aspirations of new agricultural changes,
particularly in regions with a natural shortage of conventional resources.

In any case, water planning, with its different figures (river basin plans, drought plans, flood
risk plans) should take into account regular review calendars in their estimates in accordance with the
improvements that are taking place in climate modelling.

Water planning in Spain should harmonise water resources and demands with territorial planning,
both for agriculture and urban uses of water. From the next hydrological cycle plan (2027), the
implementation of new irrigation techniques should adapt to the rainfall reality in the river basins. Future
hydrological plans for river basins should only approve new irrigation techniques if they use treated waters
or groundwater from aquifers that are not at risk of overexploitation in the medium term (horizon 2050).
An identical procedure should be applied for golf course projects, which, from now on should only be
permitted if they can be maintained with regenerated water. The example of the golf course law of the
Balearic Islands should serve as an example for the rest of the Spanish territories with these kinds of
project, particularly in the Mediterranean coast regions. Urban planning should establish growth indicators
in the housing stock that ensures its future supply with the currently existing resources; and compact city
models should be imposed on dispersed cities that incur a greater urban consumption of water (150
litres/inhabitant/day in the former as opposed to 350-400 litres/inhabitant/day in the latter) and greater
losses in the distribution network. The case of Benidorm, with a drinking water network efficiency of 95%
(one of the greatest in Europe) can serve as an example for the whole of Spain (Rico et al., 2019).

In short, the planning and management of water in Spain should seek to become more
transparent in terms of the data for research purposes. This planning should be based exclusively on
scientific-technical criteria, which means the exclusion of ideological interferences in the elaboration of
water-related action programmes in Spain. In this respect, the geography discipline will play a prominent
role in the future of water in this country due to its comprehensive knowledge in physical and human
aspects in the territory. Hence the importance of the training of geography professionals in order to
prepare them for participating in water planning and management.

Author's note

This paper is a compilation of ideas presented in the closing conference given by the author at
the XVIII Congress of the AGE at the University of La Rioja between 12 and 14 September 2023. The
author expresses his gratitude to the editors of the journal for their professionalism in the editing process
of this paper.
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ABSTRACT. Climate change and climate variability risk assessments are usually focus on tropical cyclones due to
the potential hazard for human society, especially in urban coastal areas such as those along the Gulf of México. The
frequency of this natural phenomenon depends on the confluence of different dynamic (wind divergence and relative
vorticity) and thermodynamic (atmospheric water content and sea surface temperature) factors. Large scale
atmospheric oscillations modulate these factors and influence tropical cyclone (TC) formation and development,
producing important social and economic impacts. This work explores the Maden-Julian Oscillation (MJO) and El
Nifio-South ern Oscillation (ENSO) relationship in regard to the Gulf of México tropical cyclogenesis, using time
series and synoptic case study analyses, in order to contribute to future risk assessments in these coastal zones. Results
indicate MJO and ENSO frequencies are present in wind divergence and relative vorticity, atmospheric water vapor
content, and sea surface temperature. Concurring cold phase ENSO and convective phase MJO conditions benefit
TC formation, while warm phase ENSO conditions inhibit TC formation and affect the MJO cycle. Synoptic case
study analyses show wind divergence and atmospheric water content anomalies dominate TC behavior.

Influencia de la variabilidad climadtica en la evaluacion del riesgo de ciclogénesis tropical en el
Golfo de México

RESUMEN. Las evaluaciones de riesgos del cambio climatico y la variabilidad climatica generalmente se centran
en ciclones tropicales debido al peligro potencial para la sociedad humana, especialmente en areas costeras urbanas
como las que se encuentran a lo largo del Golfo de México. La frecuencia de este fenomeno natural depende de la
confluencia de diferentes factores dindmicos (divergencia del viento y vorticidad relativa) y termodinamicos
(contenido de agua atmosférica y temperatura de la superficie del mar). Las oscilaciones atmosféricas a gran escala
modulan estos factores e influyen en la formacion y el desarrollo de ciclones tropicales (TC), produciendo
importantes impactos sociales y econdmicos. Este trabajo explora la relacion entre la Oscilacion Maden-Julian
(MJO) y El Nifio-Oscilacion del Sur (ENSO) con respecto a la ciclogénesis tropical del Golfo de México,
utilizando series temporales y analisis de estudios de casos sinopticos, con el fin de contribuir a futuras
evaluaciones de riesgos en estas zonas costeras. Los resultados indican que las frecuencias de OMJ y ENSO estan
presentes en la divergencia del viento y la vorticidad relativa, el contenido de vapor de agua atmosférico y la
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temperatura de la superficie del mar. Las condiciones concurrentes de ENOS de fase fria y OMJ de fase convectiva
benefician la formacion de TC, mientras que las condiciones de ENOS de fase célida inhiben la formacion de TC
y afectan el ciclo de OMJ. Los analisis sinopticos de los estudios de caso muestran que la divergencia del viento
y las anomalias en el contenido de agua atmosférica dominan el comportamiento de los TC.

Key words: Tropical cyclogenesis, natural hazard, risk assessment, Madden-Julian Oscillation, El Nifio-Southern
Oscillation, Gulf of México.
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1. Introduction

Tropical cyclogenesis involves several ambient factors acting at multiple time-space scales.
Previous studies evidence the importance of the environmental dynamic and thermodynamic state: low-
level wind vorticity, low and high-level wind divergence, atmospheric water content, sea surface
temperature; for tropical cyclone formation and development (Emanuel, 1986). Large scale atmospheric
and oceanic phenomena, such as the Madden-Julian Oscillation (MJO) and El Nifio-Southern Oscillation
(ENSO), also play an important role in tropical cyclogenesis, modulating these dynamic and
thermodynamic factors and tropical weather patterns.

MJO's first reports date from the early 1970s (Madden and Julian, 1971) evidencing a 30-60
day period atmospheric pressure oscillation at Canton Island, propagating East from the Indian Ocean.
MJO represents the tropical weather, dominant variability mode at intra-seasonal time scales; having
high impact influences on weather patterns around the world, such as monsoon circulations, tornadoes,
cold waves, flooding, forest fires, tropospheric zonal wind anomalies (Kiladis, 2005; Lafleur et al.,
2015). Positive and negative wind divergence regions defined from the 200 hPa wind potential, and
outgoing long-wave radiation, indicating high and low cloud coverage regions are used as main indexes
to monitor MJO.

MIJQO's influence on North Atlantic and North Pacific TC activity has been documented by Barret
and Leslie (2009). MJO modulation of the tropical cyclogenesis on the northeast Pacific and Gulf of
Meéxico during August and September 1995 was studied by Aiyyer and Molinari (2008); Rao et al.
(2017) also studied this modulation in the Indian Ocean.

ENSO represents a coupled large-scale ocean-atmosphere phenomena originating in the
Equatorial Pacific Ocean, impacting global climate variability. During its warm phase (EI Nifio) East
Pacific Sea surface temperature (SST) increase above normal along the coast of America north and south
from the Equator, and trade winds weaken; during its cold phase (La Nifia) East Pacific SST decrease
below normal north and south from the Equator, and trade winds strengthen (Capel, 1999). ENSO is
considered as the most singular and significant teleconnection event (Magafia, 1997) worldwide. Has
been shown that ENSO and TC interactions in the North Atlantic and North Pacific basins are strong at
every TC formation and development stage (Reyes and Troncoso, 1993; Xu and Huang, 2015).

Tropical cyclogenesis changes position in the North Pacific, eastern, and western, during both
cold and warm ENSO stages, shifting to the northwest (Irwin and Davis, 1999). El Nifio events are
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associated with a cyclogenesis decrease west of 160°E; a corresponding cyclogenesis increase from
160°E to the dateline; a tendency for cyclogenesis to increase near the Equator (Pan, 1981; Chan, 1985;
Lander, 1994); an increment of TC activity for the northeastern Pacific towards México, due to higher
SST, without an increase in cyclogenesis (Bell, 2006); and higher TC intensity and duration, with no
changes in TC formation frequency. La Nifia events have, in general, opposite effects (Gray and
Sheaffer, 1991; Whitney and Hobgood, 1997).

During warm-phase ENSO events, TCs in the North Atlantic are less frequent, less intense, and
short-lived, due to the increase vertical wind shear produced by the westerly winds at 200 hPa height
(Gray, 1984; Knaff, 1997; Goldenberg and Shapiro, 1996; Landsea et al., 1999).

Since the discovery of these large-scale oscillations, many results have pointed out their impact
on tropical cyclogenesis. Nevertheless, there still questions to answer regarding their own interactions
and the resulting effects on tropical cyclogenesis, as MJO's main footprint lies in dynamic, while ENSO's
main footprint lies in thermodynamic aspects of atmospheric physics. Furthermore, most studies focus
on large oceanic basins like the North Atlantic and North Pacific oceans, not in regional basins such as
the Gulf of México. A basin with distinct physiographic, atmospheric, and oceanic conditions, having
densely populated human settlements along its coasts, and continuous high-impact economic activities
taking place at its coastal and marine environments.

Tropical cyclones represent one of the major natural hazards on human life and infrastructure
in the Gulf of México region, due to high-intensity winds, storm surges, large volume rainfall, and
flooding. Risk assessment for proper urban development and emergency response highly depends on
accurate TC prognostic models incorporating, as possible, all ambient factors involved. This work aims
to further our understanding of how MJO and ENSO oscillations relate to tropical cyclogenesis in the
Gulf of México. We use correlation and Fourier analyses to study these oscillations inter-relationships
and their signature on dynamic and thermodynamic variables; classify tropical cyclogenesis occurrence
in relation to possible MJO and ENSO state combinations, and review the synoptic ambient conditions
present for two TC sample cases associated to the combination of MJO and ENSO states related to
higher cyclogenesis.

2. Materials and Methods

To monitor MJO convection activity location and intensity we use the RMM (Real-time
Multivariate index described by Wheeler and Halton, 2004), published by the Australian Government's
Bureau of Meteorology (www.bom.gov.au/climate/mjo). RMM index definition uses the two leading
modes resulting from an empirical orthogonal function analysis (EOF). The EOF covariance matrix is
constructed with intra-seasonal anomalies time series in the tropical region of outgoing long wave
radiation, 850hPa zonal wind, and 250hPa zonal wind; normalized respectively by their standard
deviation. RMM index values [<0, 0, >0] indicate no-convective activity, inactivity, and convective
activity respectively. MJO convection intensity is defined, according to RMM index magnitude range
as (Lafleur et al., 2015): inactive [0 - 1], active [1 — 1.5], highly active [1.5 — 2.5], and strongly active
[>2.5].

ENSO description and analysis is done with the Oceanic El Nifio Index (ONI); used by United
States National Oceanic and Atmospheric Administration (NOAA) as the standard to identify warm (EIl
Nifio) and cold (La Nifia) events in the tropical Pacific (http://ggweather.com/enso/oni.htm). ONI values
are calculated as the 3 months running mean of ERSST.v5 SST anomalies in El Nifio 3.4 region (5°N-
5°8, 120°-170°W), based on 30-year base-periods updated every 5 years. A threshold of + 0.5°C for the
ONI values define warm (+) and cold (-) periods. Events (El Nifio/La Nifia) are defined by 5 consecutive
months of ONI values above the threshold; classified as weak, moderated, strong, and very strong for
ONI values in the respective absolute ranges: 0.5 t0 0.9, 1.0to 1.4, 1.5t0 1.9, > 2.0.
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TC data corresponds to NOAA IbTraCs v03r10 database (https://www.ncdc.noaa.gov/ibtracs)
which gathers tropical cyclone best track, distribution, frequency, and intensity worldwide from all US
Regional Specialized Meteorological Centers and other international centers and individuals. In this
work, TC genesis is counted at the time an organism is named, i.e. when it reaches Tropical Storm status.

Atmospheric parameter time series used are from NOAA’s NCEP/NCAR reanalysis database
(Kalnay et al., 1996); while SST time series are from NOAA High-resolution Blended Analysis of Daily
SST and ICE with a 0.25° latitude/longitude resolution.

ENSO and MJO state will be noted further as: -ENSO (no presence); ENSO- (cold pahse);
ENSO+ (warm phase); -MJO (no presence); MJO- (no convective); MJO+ (convective).

The following data analysis was carried out for the time period 1981 to 2019: time series power
spectra of SST, 700hPa relative humidity, 200hPa divergence, and 850hPa vorticity where calculated to
identify their frequency distribution and variability at MJO and ENSO frequencies; daily tropical
cyclogenesis was classified according to 9 different ENSO and MJO state combinations (1 = ENSO+, -
MJO; 2 = ENSO+, MJO-; 3 = ENSO+, MJO+; 4 = ENSO-, -MJO; 5 = ENSO-, MJO-; 6 = ENSO-,
MJO+; 7=-ENSO, -MJO; 8 = -ENSO, MJO-; 9 = -ENSO, MJO+).

The power spectrum is a mathematical representation illustrating how the power of a signal is
distributed across different frequencies, providing a description of the relative contribution of each
frequency to the energy content of that signal. To conduct the research, the initial numerical series was
decomposed into a series of frequencies in order to identify those with the highest energy, as these would
optimally represent the oscillations present in the time series. Subsequently, these dominant frequencies
were compared to the oscillation periods associated with the climatic phenomena ENSO and MJO.

The software utilized to compute the power spectrum is MATrix LABoratory (MATLAB), a
widely recognized tool for signal processing and data analysis. MATLAB provides various functions
and tools specifically designed to calculate power spectra of signals, both in the time domain and in the
frequency domain.

Covariance function was used to determine ENSO, MJO, and tropical cyclogenesis daily time
series relationships; and synoptic conditions anomalies where calculated for two TC case, developed
under the ENSO and MJO state combination with higher cyclogenesis presence. The covariance function
is not directly related to wavelet coherence or cross-wavelet analysis. While these concepts may be
related in time series analysis, the covariance function is a more general measure of the relationship
between two random variables, whereas wavelet coherence and cross-wavelet analysis are specific
techniques used in signal and time series analysis.

3. Results
3.1 Power Spectra

Tropical cyclones, like any natural phenomena, have a multi-factor character were different-scale
variables converge. Predicting tropical cyclogenesis, by analyzing and weighting its different influence
factors behavior, is an undergoing challenge for the scientific community. Large-scale weather oscillations
as MJO and ENSO, whose impact around the globe on several environmental variables are well known,
represent influence factors still open for discussion in some TC formation regions such as the GOM.

To explore MJO and ENSO influence on tropical cyclogenesis, normalized power spectra were
calculated for: daily TC formation, MJO, ONI, SST, 700 hPa relative humidity, 200 hPa wind
divergence, and 850 hPa wind vorticity time series. TC formation time series includes only those
organisms with name, formed within the GOM; SST and 700 hPa relative humidity time series
correspond to averages over the entire GOM region; for 200 hPa divergence and 850 hPa vorticity the
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GOM was divided in four regions (I - northwest, II - southwest, III - northeast, and IV - southeast; Fig.
1), constructing time series for each region’s spatial average.
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Figure 1. Study Area.

In Figure 2, the spectra of low frequency are shown Low (< 1 cycle/year) and high (> 1
cycle/year) frequency spectra for the time series. Shaded areas represent 95% confidence intervals; for
reference, spectral peaks are marked with vertical color lines throughout the plots for, TC formation
(red), MJO (green), and ONI (blue); TC formation spectral peaks corresponding period values are shown
on top the plots.

700 hPa relative humidity and SST spectra show significant variability at 5.6 and 4.2-year
periods respectively indicating ENSO modulation; an expected result, considering SST is the principal
oceanic index to trace ENSO activity. MJO modulation is also evident in 700 hPa relative humidity,
represented by 60 to 40 days period variability; but it is not so clear for SST, showing 70.5 and 62.8 day
periods, out of the Madden and Julian (1971) period range.

200 hPa wind divergence shows the MJO signal presence in all four GOM regions as expected
since it reflects vertical convection, and it is used to monitor MJO activity. GOM regions I, II, and III
present 200 hPa wind divergence variability within the period range 66 to 34 days in which, periods 62,
52, 41, and 34 days are present in all three regions. GOM region IV only has significant 200 hPa wind
divergence variability at periods of 63 and 38 days. Variability within the MJO period range is less
intense on region II, possibly influenced for the continental high relief on the southwest GOM coast. At
low frequencies, 200 hPa wind divergence in GOM regions I and II show significant variability at 6.5
years period while the significant period within the ENSO range in region IV is at 4.5 years. These
results reflect the ENSO atmospheric component modifying circulations like Walker's and the trade
wind strength, with a consequent high troposphere response.
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Figure 2. Frequency spectra of vorticity (VrR), divergence (DvR), relative humidity (Hr), sea surface
temperature (SST), ONI, MJO and tropical cyclones (TCs) time series.

3.2 Phase Configurations

TC formation individual events are associated in this section according to ENSO and MJO phase
configurations at formation time (configurations defined in Section 2 and listed in Table 1). There were
72 TC formation events within the GOM for the period 1981 to 2019.

Table 1. Phase Configurations at TC formation time. -ENSO (no presence); ENSO- (cold phase); ENSO+ (warm
phase); -MJO (no presence); MJO- (no convective); MJO+ (convective).

Phase Configurations

1 ENSO+, -MJO 4 ENSO-, -MJO 7 -ENSO, -MJO
2 ENSO+, MJO- 5 ENSO-, MJO- 8 -ENSO, MJO-
3 ENSO+, MJO+ 6 ENSO-, MJO+ 9 -ENSO, MJO+
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Phase configuration relative frequency, during TC formation, is shown in Figure 3a.
Configuration 7 represents 42% of total cases being the most frequent. This is expected since this is the
most common circumstance during the TC season (ENSO is only present about once every five years
and the MJO convective phase is seldom present during TC season).

Leaving out configurations 7 to 9, representing ENSO absence, the highest relative frequency,
59%, corresponds to Configuration 4 (Fig. 3b), i.e. cold phase ENSO, and no MJO presence. An extra
16% corresponds to cold phase ENSO and MJO presence: 11% with (Case 6), and 5% without active
convection (Case 5). Only 12% correspond to ENOS configuration, lower than the other two states of
ENSO (-ENSO and ENSO-) that were presented before.

To further evaluate these results the number of days corresponding to each configuration, for
the period 1981-2019, are presented in Figure 4. ENSO absence accounts 5663 days; of which 5003
days are also MJO free. Cold and warm ENSO phases are present 3680 and 3806 days respectively.
There is a noteworthy difference of more than 1000 fewer days with MJO presence with configurations
having ENSO cold than with ENSO warm phase, indicating a negative influence on MJO behavior.

.
.
1=+
3¢

Figure 3. Phase Configuration Relative frequency. a) values taking all configurations into account; b) values
taking only configurations I to 6 into account.
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Figure 4. Number of days corresponding to each Phase Configuration for the time period 1981-2016.
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Percentages of TC formation for each configuration (Fig. 5) indicate Configuration 6 (ENSO-,
MJO+) is the most frequent, followed by Configuration 4 (ENSO, -MJO). Configuration 7 (-ENSO, -
MJO), is no longer the dominant one as was for absolute frequencys; it falls to the fifth position in relative
frequency, behind configurations 8 and 9.

Relative frequency of phase configurations
T T T T T 1 T

1.6

1.4

12}

I 2 3 4 5 6 7 8 9
Configurations

Figure 5. Relative frequency of TC formation related to each Phase Configuration and the number of days in
which each configuration is present during the time period 1981-2019.

3.3 ENSO-MJO-TC Correlations

We used the covariance function to explore the statistical relationship between ENSO, MJO,
and TC formation time series. Yearly time series for the period 1981-2019 are formed as follows for
this task: number of TC formed during each season (June 1 to November 30); ENSO phase for the season
(-1, 0, +1); and the number of days of MJO presence during the season.

The normalized time-series covariance matrix is presented in Table 2. There is a significant
negative covariance (-0.55) between TC formation and ENSO phase, confirming a decrease in TC
formation during its warm phase and an increase during its cold phase.

Covariance values also show an inverse relation between TC formation and MJO presence
(- 0.001) but its value is below the 95% confidence threshold. This result may not represent accurately
their interaction; different to ENSO, that establishes an environmental pattern lasting for months, MJO
convective phase travels throughout the region in short periods, so its contribution is limited to a short
time perturbation that could trigger a TC formation event.

ENSO and MJO have a negative but less energetic covariance (-0.25), which indicates that
ENSO alters the periodicity and persistence of MJO along with a decrease in TC formation.

Table 2. ENSO, MJO, TC formation covariance matrix.

36

TC ENSO MJO
TC 1 -0.5522 -0.0014
ENSO -0.5522 1 -0.2488
MJO -0.0014 -0.2488 1
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3.4 Synoptic Environment

In the previous section, it was established which state combinations of ENSO and MJO
oscillations favor TC formation: ENSO presence in both its warm and cold phase, along with MJO
convection. This section discusses, based on two particular TC cases, the synoptic environmental
footprint of the cold phase ENSO and MJO convective phase combination.

On August 31, 1998, Hurricane Earl was named in the southwest GOM as shown in Figure 6a.
On that date, the ONI value (-1.1) indicated the presence of a moderate La Nifa event, while the RRM
index value (1.6) indicating a very active MJO convection. On September 8, 1998, Tropical Storm
Frances was named in the west GOM as shown in Figure 6b. ONI value (-1.3) corresponds to a moderate
La Nifa event and RMM value (2.0) to a very active MJO convection.
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Figure 6. Origin and track of: a) Hurricane Earl, and b) Tropical Storm Frances. National Hurricane Center,
NOAA.
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Synoptic changes will be described using anomalies from the 1981-2019 means of the SST, 700
hPa Relative Humidity, 200 hPa Wind Divergence, and 850 hPa Wind Relative Vorticity fields.

The first field to discuss is SST, a source of energy for tropical cyclogenesis and development.
High temperatures (>26°C as most researchers agree on), as well as a deep mixed ocean layer of at least
50 m, are needed for TC formation. Figure 7 shows the SST anomalies for the two TC formation cases.
August 31, 1998, anomalies (Fig. 7a, case 1) have mainly positive values up to 2°C, even for this summer
date. Nevertheless, there are two negative anomaly centers north of the Yucatan Peninsula with values
less than -1°C.

On September 8, 1998, negative anomalies (Fig. 7b, case 2) have a higher spatial coverage
extending to the south GOM coast, north of Tehuantepec Isthmus, suggesting cold Pacific waters
influence produced by the cold phase ENSO.

SST anomaly time averages for the period June 1 to November 30, 1998, covering the TC season
(Fig. 8a), and for the period August 28 to September 10, 1998, covering the MJO transit over GOM
(Fig. 8b), allow for a different analysis. Average anomalies for the 1998 TC season, under moderate La
Nifia conditions, are positive or close to zero throughout GOM reflecting strengthen in trade winds flow
and westward warm water transport as expected. Average anomalies for the transit period of the MJO
convective phase (August 28 to September 10, 1998) show distinct negative anomaly regions up to -
1°C. These distributions shear light to the fact of why SST anomaly's spatial patterns can be unique for
each TC formation case.
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Figure 7. SST anomalies. a) August 31,1998, b) September 8, 1998.
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Figure 8. Time average SST anomalies over the GOM. a) Period Junel to September 30, 1998 (TC season);
b) Period August 28 to September 10, 1998 (MJO transit over GOM).
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The mid-level relative humidity is another key factor for tropical cyclogenesis and subsequent
TC development. High mid-level water vapor content means high condensation as air rises releasing
latent heat, increasing air temperature, and developing deep convection, ultimately fueling these
meteorological organisms.

On August 31, 1998, 700 hPa relative humidity anomalies are high and positive (up to 40%) in
the central GOM, with small absolute values near the coasts (Fig. 9a). On the second case, corresponding
to September 8, 1998, positive anomalies, with values exceeding 30%, shift towards the western GOM,
and a region of negative anomalies develops centered over the Florida Strait with -10% to -20% values
(Fig. 9b). As shown, relative humidity values in GOM increase above average under de combined effect
of ENSO and MJO oscillations.

200 hPa wind divergence anomalies for August 31, 1998, are positive (above 15x10-6 s-1) over
the central GOM and the Mexican coast (Fig. 10a) and have negative, less intense, values (below -5x10-
6 s-1) over the Yucatan and Florida straits, and Florida east coast. September 8, 1998, positive anomalies
cover the entire GOM (Fig. 10b), having maximum values up to 2x10-6 s-1 over the Campeche Gulf on
the south GOM coast. In both TC cases, Earl and Frances, these maximum positive regions correspond
to their cyclogenesis positions. 200 hPa wind divergence, used also to monitor MJO and influenced by
ENSO atmospheric component, shows changes under the combined presence of these two oscillations,
favorable to tropical cyclogenesis.
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Figure 10. 200hPa wind divergence anomalies. a) August 31, 1998; b) September 8 1998.
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850 hPa wind relative vorticity anomaly patterns are similar over the GOM during both dates
presented, August 31, and September 8, 1998 (Fig. 11). East GOM anomalies are negative, while West
GOM values are positive. Positive anomalies (~ 1.5x10-5 s-1) are present over the Campeche Gulf and
Louisiana-Texas coast on August 31; with negative values up to -2x10-5 s-1 occupying the northeast GOM
region down to the northwest coast of Cuba. September 8 positive anomalies cover the west GOM region
with values around 1x10-5 s-1 from the south coast, up to the USA-Mexico border, and maximum values
over the Campeche Gulf (2x10-5 s-1); negative anomalies are present along the north coast from Texas to
Florida and the East GOM, with minimum values below -3x10-5 s-1 off the Mississippi-Alabama coast.
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Figure 11. 850hPa wind relative vorticity anomalies. a) August 31, 1998, b) September 8 1998.

4. Discussion

The inherent complexity of climate systems, coupled with the challenges associated with long-
term prediction, uncertainty in climate models, and interannual and seasonal variability, underscore the
continued need to improve our understanding of climate variability and its effects on the occurrence of
tropical cyclogenesis in the Gulf of Mexico region. The scope ranges from tropical cyclone prediction
and monitoring to disaster preparedness and policy development for climate change adaptation.

TC formation power spectra show the modulating effect of large-scale phenomena such as MJO
and ENSO. At low frequencies, TC formation power spectra show significant variability over 11-year
periods, corresponding to a multi-decadal oscillation; 6, 4 and 3.5 years, within the limits of the ENSO
periods; and 2.5 years, around the Quasi-Biennial Oscillation. For high frequencies, TC formation shows
significant variability in annual and semi-annual periods; and at different periods within the MJO period
range (70, 60, 45, 40 days).

The origins of MJO and ENSO can be traced back to a variety of oceanic and atmospheric
factors: from changes in the Walker circulation to alterations in equatorial warming; However, they have
a particular imprint on environmental variables such as sea surface temperature, relative humidity, wind
divergence, and vorticity.

A period of 11.6 years in wind vorticity of 850 hPa is present in the southern portion of GOM
(regions II and IV), while in the northern regions (I and III) the decadal to multidecadal periods are
centered on 15.5 and 28 years, respectively. The variability of the ENSO period range is represented in
regions [ and IV by a cycle of 5.6 years, and in regions II and III by a cycle of 3.7 years. The quasi-two-
year cycle of 2.5 years is present in Regions II and III, but is not evident in Regions I and IV.
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Other studies such as those by Philip and Willian, 2008 have analyzed the multidecadal
variability in tropical cyclone activity in the North Atlantic, including the Gulf of Mexico, and its
relationship with climatic factors such as El Nifio and La Nina.

The response of various variables related to tropical cyclones, including activity in the Gulf of
Mexico, to changes in sea surface temperatures, and other global and local climate forcings, such as
ENSO and ENSO- are referenced by (Emanuel & Sobel, 2013).

Variability from 46 to 75 days (related to MJO) is present in the southern and northeast regions
(IL, IV and III) with periods equal to or close to the time series of the MJO index; but being practically
absent in region I (northwest), as in the divergence of 200 hPa.

Periods of intraannual variability (90 to 180 days) are present in all the variables analyzed,
except for the MJO index. The high-frequency variability of MJO time series is limited to the range of
46 to 75 days.

As shown, ENSO and MJO oscillations play an important role in modulating TC formation
within GOM. The ENSO signal dominates for the low frequencies and the MJO signal plays a secondary
role in the high frequencies.

The discussion is related to studies by Emanuel (2005) where he examines the increase in the
intensity and destructiveness of tropical cyclones during the last decades. It discusses how factors such
as El Nifio and La Nifia may be related to this increase in cyclone activity.

These results indicate that cold-phase favors the formation of TCs in the GOM, unlike the
Pacific region where it is warm-phase ENSO that favors it. The influence of MJO is weak in the presence
of ENSO, with only two cases. As warming decreases in the ENSO 3.4 region and negative SST
anomalies increase, the role of MJO becomes important, presenting 5 TC formation events during the
neutral ENSO condition and 6 events during the La Nifa condition.

The results indicate the importance of MJO in favoring TC formation conditions when ENSO
is absent; configurations with warm-phase ENSO are the least favorable for TC formation; CT formation
during the presence of MJO is greater than CT formation without ENSO and MJO.

Maloney and Hartmann (2001) have also examined the relationship between the Madden-Julian
Oscillation and tropical cyclone formation in several regions, including the Gulf of Mexico, and provide
insights into how MJO may influence tropical cyclone genesis.

Tropical cyclone dynamics is a complex topic, even with some aspects lacking definition, which
presents many obstacles to the prediction of tropical cyclogenesis. In this regard, the divergence of high-
level winds plays a crucial role; It provides an escape route at altitude for the excess mass provided by
vertical convection, allowing the ascent of free air with the consequent increase in heat available by true
condensation.

The influence of climate variability on the assessment of tropical cyclogenesis risk in the Gulf
of Mexico is closely related to phenomena such as ENSO, ENSO- and the Madden-Julian Oscillation
(MJO). During ENSO events, oceanic and atmospheric conditions change significantly, which can
increase the likelihood of tropical cyclone formation in the Gulf of Mexico. The presence of warm
waters in the equatorial Pacific during ENSO may create conditions conducive to the intensification of
tropical storms and hurricanes in this region.

On the other hand, during La Nifia events, warm waters are concentrated in the western Pacific,
which can reduce the likelihood of tropical cyclone formation in the Gulf of Mexico. During these periods,
atmospheric conditions may be less favorable for the development of storms and hurricanes in this area.

As for the Madden-Julian Oscillation (MJO), this large-scale weather pattern may have a
significant impact on tropical cyclogenesis activity in the Gulf of Mexico. During the active phases of

Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 29-44 41



Villate et al.

the MJO, conditions conducive to the formation and strengthening of tropical systems in this region may
be generated, while during the inactive phases, tropical cyclogenesis activity may decrease.

Taken together, the interplay between climate variability, represented by ENSO, ENSO- and
MIJO, plays an important role in assessing the risk of tropical cyclogenesis in the Gulf of Mexico.
Understanding how these phenomena influence atmospheric and oceanic conditions in this region is
critical to improving the ability to forecast and manage the risk associated with tropical cyclones.

5. Conclusions

In this work, we explored the ENSO and MJO oscillations influence on tropical cyclogenesis
within the Gulf of Mexico.

ENSO and MJO oscillation periods are present in different environmental parameters
variability, like sea surface temperature, mid-level relative humidity, high-level wind divergence, and
low-level wind relative vorticity, as well as tropical cyclone activity, within the Gulf of Mexico. ENSO
low-frequency signal dominates TC activity variability, with MJO low-frequency signal playing a
secondary role.

Cold phase ENSO (La Nifia) in combination with the MJO convective phase constituted the best
conditions for tropical cyclogenesis within the GOM. Warm phase ENSO (EI Nifio) is associated with
low tropical cyclogenesis. MJO convective phase is associated with increased tropical cyclogenesis in
presence of ENSO (cold or warm phase).

Results indicate combined effects on SST spatial distribution of, positive ENSO, negative MJO,
and negative cold Pacific water influence at the Tehuantepec Isthmus limit the usefulness of this variable
to determine or predict tropical cyclogenesis. Low-level relative vorticity anomalies spatial distribution
depicts no clear evidence of the combined effect of ENSO and MJO oscillations; nevertheless, positive
values present over the Campeche Gulf during both dates, along with high-level wind divergence values,
constitute favorable conditions for deep convection and tropical cyclogenesis. Mid-level relative
humidity and high-level divergence spatial distribution proved the best indicators of combined ENSO-
MJO conditions favorable to tropical cyclogenesis.
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ABSTRACT. The Spanish coastal regions register specific climatic conditions due to the combination of mild
temperatures with little variation throughout the year, high relative humidity and the influence of maritime storms.
In summer, the climatic comfort conditions are excessively hot, especially on the Mediterranean coast of Spain.
Understanding these conditions and analysing the temporal evolution of recent decades, as well as regional
differences, is fundamental for future summer tourism planning in the coming decades. This study analyses the
principal 37 coastal tourist hubs of Spain grouped into 10 large regions (the Atlantic, Cantabrian, Mediterranean
coasts, and the two archipelagos of the Balearic and Canary Islands). Daily data drawn from the ERA-5
(Copernicus) atmospheric reanalysis from 1940 to 2022 have been used (mean air temperature, mean relative
humidity, and mean wind speed), with which the Climate Comfort Index has been calculated (CCI) by Gonzalez
(1998). The results show a significant reduction of the CCI in all the coastal areas analyzed, being more relevant
in winter (-0.10 decade). The decrease in the index implies a decrease in cold thresholds and an expansion of
comfort throughout the study area, especially in the central Mediterranean and Cantabrian Sea. For its part, in
summer, the most important decreases (-0.07 and -0.08 / decade) show an increase in the most important climatic
discomfort on the Cantabrian Coast — Euskal Kostaldea and on the Costa Brava-El Garraf, with a significant
intensification and expansion temporary thermal sensation of heat. In other coastal sectors, in recent years, the
climatic thresholds of heat and extreme heat have been reached for the first time.

Cambios en el confort climdtico del litoral de Espaiia (1940-2022)

RESUMEN. Las regiones costeras espafolas registran condiciones climaticas especificas por la combinacion de
temperaturas suaves y poco contrastadas durante todo el afio, humedad relativa elevada, e influencia de temporales
maritimos. En verano, las condiciones de confort climatico son de calor excesivo, especialmente en el litoral
mediterraneo de Espafia. Comprender estas condiciones y analizar la evolucion temporal de las tltimas décadas, asi
como las diferencias regionales, es clave para la futura planificacion turistica estival en las proximas décadas. Este
estudio analiza los principales 37 ejes turisticos litorales de Espafia agrupados en 10 grandes regiones costeras (litoral
atlantico, cantabrico, mediterraneo, asi como los dos archipié¢lagos de las Islas Baleares y Canarias). Se han utilizado
datos diarios de reanalisis atmosférico ERA-5 (Copernicus) de 1940 a 2022 (temperatura media del aire, humedad
relativa media del aire, y velocidad media del viento), con los que se ha calculado el indice Climate Comfort Index
(CCI) de Gonzalez (1998). Los resultados muestran una importante reduccion del CCI en todos los ambitos costeros
analizados, siendo mas relevantes en invierno (-0.10 década). El descenso del indice implica una disminucion de
umbrales frios y una expansion del confort en la totalidad del area de estudio, especialmente en el Mediterraneo
central y Cantébrico. Por su parte, en verano, los descensos mas importantes (-0.07 y -0.08 / década) muestran un
aumento del disconfort climatico mas importante en la Costa Cantabra — Euskal Kostaldea y en la Costa Brava — El
Garraf, con una importante intensificacion y expansion temporal de la sensacion térmica de calor. En otros sectores
litorales durante los ltimos afios se alcanzan por primera vez los umbrales climaticos de calor y mucho calor.
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1. Introduction

The analysis of thermal comfort (TC) has gained great scientific significance in recent years due
to the close relationships existing between climate, health and certain economic activities related to the
human enjoyment of the outdoors, such as tourism. TC is the condition of mind that expresses
satisfaction with the thermal environment, as defined by the ASHRAE (1996) or Persons (2014). In
recent years, many model indices have been designed that incorporate climate variables such as air
temperature, relative humidity, wind speed and direction or solar radiation, which has given rise to
climate comfort indices, such as Effective Temperature Comfort (ET) proposed by Missenard (1937);
the Discomfort Index (DI) by Thom (1959), the Heat Index (Steadman, 1984), the Tourism Climatic
Index (ICTI) by Mieczkowski (1985), the Comfort Index (IC) by Gonzalez (1998), the Equivalent
Temperature Index (Quayle and Steadman, 1998), the Universal Thermal Climate Index (UTCI) (Brode
et al. 2011), or more recently the Actual Sensation Vote (ASV) thermal comfort index proposed by
Nikolopoulou and Steemers (2003).

The coastal regions are home to an increasing percentage of the global population, with
approximately half of the planet's inhabitants (3.6 billion people) living within a radius of 200 km from
the coast (Crossland, 2006). Furthermore, they continue to constitute spaces with a significant tourism
impact, particularly in the summer season. Since its beginnings in the 1990s, the field of study of
Tourism Climatology has evolved from addressing the climate-tourism bionomial to analysing the
limiting factors for the practice of tourism today (Besancenot, 1991; Millan Lopez, 2016; de Freitas,
2017; Tanana et al., 2021). The majority of studies on this topic identify it as being a priority in future
ecological planning (Cetin and Sevik 2016a, 2016b).

Studies have been conducted that apply comfort indices to the tourism activity, due to its high
degree of exposure to climate conditions and the high impact that it has on the GDP of the regions and
destinations engaged in this economic activity. Hence, the effect that the current climate change process
could have on the future evolution of the tourism activity, particularly the sun and beach model, is
concerning. Therefore, in recent years, the comfort conditions in different parts of the planet with a clear
tourism vocation or significant tourism potential have been analysed so as to be used in planning and
decision-making at different scales.

According to Arabadzhyan et al., (2020), the priority given to the analysis of climate comfort
in coastal areas is due to two reasons: the tourism activity is mainly based on the 3Ss (sea, sun and sand),
possibly the largest tourism segment on a global level and second, due to the environmental fragility of
the ecosystems, particularly on islands. For example, more frequent and severe heatwaves or the
reduction in the availability of beaches due to the rising sea level influence the value of the recreational
experience in the destination, affecting the demand and tourist expenditure. In this respect, different
studies have confirmed the loss of thermal comfort recorded due to the considerable increase in “tropical
nights” over the last few decades in different regions of the world, with a notable incidence in the coastal
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areas of the Mediterranean basin, related to the warming of the seawater (Olcina et al, 2019). The current
context of change and global warming forebodes a greater frequency of hot days throughout the year,
giving rise to increasingly severe summers in tropical and sub-tropical countries, leading to a loss of
thermal comfort for visitors (de Freitas, 2003). This aspect could be particularly relevant in the city
climate, where bioclimatic urbanism attempts to adapt to the new realities (Nikolopoulou, 2004).

In this respect, the impact of Climate Change (CC) on coastal tourism has been extensively
analysed, but as it is a multidisciplinary topic, researchers from different fields propose their conceptual
models for studying the vulnerability and adaptation of tourism to CC. According to Nilsson and
Gossling, (2013), the changes occurring in the climate characteristics of the coastal spaces can give rise
to the propagation of invasive marine species, with the resulting danger generated for tourists. To this
we should add the future trend in the reduction of the size of the beaches due to the rising sea level and
the greater frequency of extreme heat events. These aspects are some of the most important indirect
environmental effects generated by climate change. So much so that the reduction in the area of the
beach has a negative impact on the destination's image, leading to a decrease in arrivals and tourist
revenue (Raybould et al., 2013).

The objective of this study is to analyse the evolution and distribution of climatic comfort on
the Spanish coast. To do this, previous research on the topic conducted for the selected area of study has
been analysed and based on the knowledge of the evidence of climate change, which is being recorded
in the Spanish Mediterranean region, the following objectives have been established:

- To conduct a comparative analysis of the characteristics of climate comfort between the
different coastal sectors of Spain, with the purpose of identifying regional differences and the
changes registered over the last few decades.

- To study the temporal evolution of the Climate Comfort Index (CCI) and the changes
experienced by the different climate comfort thresholds in recent decades (1940-2022).

- To identify changes in the seasonal distribution of the different climate comfort thresholds in the
coastal regions analysed, with a view to establishing more favourable tourist seasons in the future.

2. Materials and methods
2.1. Study area

The area of study covers 7,905 km of Spain's coast, including the Iberian Peninsula and the
Canary Islands and Balearic Islands (Fig. 1). A total of 37 coastal stretches corresponding to the most
relevant Spanish coastal municipalities from a tourism point of view have been defined (tourist
accommodation places), according to the Atlas de contribution municipal del turismo en Espana
(Exceltur, 2023). The coastal stretches have been defined by proximity and geographical similarity
(Table 1) and all of the official coastal municipalities of Spain are represented.

The 37 coastal tourist areas have been grouped into 10 regions or clusters, in order to simplify
the results obtained. The regionalisation or clusterisation process had been conducted by way of a
hierarchical clustering, following the Fuclidean distance method, recommendable for this study as it
uses homogeneous variables in similar units (Table 2). The regionalisation process determines two large
Cantabrian regions (the most westerly of the Rias Gallegas — Costa Verde, and the most easterly of the
Cantabrian Coast — Euskal Kostaldea). There are six large regions on the Mediterranean coast, from the
northernmost part (Costa Brava - El Garraf) to the southernmost region (Costa del Sol - Tropical). The
Costa Calida in the Region of Murcia has been divided between the eastern part (next to the Costa
Blanca) and the southern part (next to the coast of Almeria). Then there is the archipelago of the Balearic
Islands. Finally, on the Atlantic coast there are the regions of the south-west of the Iberian Peninsula
(Costa de la Luz) and the Canary archipelago.
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The data analysed for calculating the Climate Comfort Index (CCI) have been obtained through
the atmospheric reanalysis of the Copernicus Project, formerly known as Global Monitoring for
Environment and Security (GMES) programme of the European Union (EU) for establishing a European
capacity for observing the Earth. The data have been downloaded from the ERA-5 reanalysis in the
climate change service section. ERA-5 is the reanalysis of the fifth generation of the global
meteorological model of the Furopean Centre for Medium-Range Weather Forecasts (ECMWF) for
global climate over the last eight decades. The data are available from 1940 to the present day. ERAS
provides hourly estimates of atmospheric variables with a horizontal resolution of 31 km and at 137
levels from the surface to 1 Pa (around 80 km) (Hersbach et al., 2020).

Daily data have been downloaded corresponding to the average air temperature (°C), the average
relative air humidity (%), and average wind speed (m/s) from 01/01/1940 to 31/12/2022 through
multidimensional files (NetCDF) for each of the 37 tourist areas.

—C1

— C3
—C4

— C6
—CT
— C8
- C9
— 10

7, . A

TA36 0 100 200 km

Figure 1. Coastal tourist areas (TA) grouped into clusters (characteristics in Tables 1 and 2)
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Table 1. Principal coastal tourist areas in Spain analysed.

1D NAME / MUNICIPALITIES ID NAME / MUNICIPALITIES
TA1 RIAS BAIXAS TA20 BALEARIC I. - MENORCA
(Sansenxo, O Grove, Vigo) (Ciutadella, Mahon)
TA2 RIAS ALTAS TA21 COSTA BLANCA N.
(A Coruia — Foz) (Denia, Javea, Calpe)
TA3 COSTA VERDE W. TA22 COSTA BLANCA C.
(Cudillero, Gijon) (Benidorm, San Juan, Alicante)
TA4 COSTA VERDEE. TA23 COSTA BLANCA S.
(Ribadesella, Llanes, Villaviciosa) (Santa Pola, Torrevieja)
TAS CANTABRIAN COAST W. TA24 COSTA BLANCA S. - CALIDAE.
(Santillana, Suances, Santander) (Orihuela, San Javier, Cartagena)
TA6 CANTABRIAN COAST E. TA25 | COSTA CALIDA S. - EASTERN COAST
(Noja, Laredo, Castro Urdiales) OF ALMERIA N.
(Mazarrén, Vera, Mojacar)
TA7 EUSKAL KOSTALDEA W. TA26 EASTERN COAST OF ALMERIA S.
(Bilbao, Bermeo) (San José, Las Negras)
TAS8 EUSKAL KOSTALDEA E. TA27 WESTERN COAST OF ALMERIA
(Mutriku, Zarautz, San Sebastian) (Almeria, Roquetas de Mar)
TA9 COSTA BRAVA N. TA28 COSTA TROPICAL
(Roses, Cadaqués, Port de la Selva) (Almuiécar, Motril, Nerja)
TA10 COSTA BRAVA C. TA29 COSTA DEL SOL E.
(Platja D’ Aro, Calonge) (Malaga, Torremolinos, Fuengirola)
TAll COSTA BRAVA S. TA30 COSTA DEL SOL W.
(Tossa, Lloret de Mar, Blanes) (Marbella, Estepona)
TA12 COSTA EL GARRAF TA31 COSTA DE LA LUZ SE.
(Barcelona, Sitges) (Tarifa, Barbate, Conil)
TA13 COSTA DORADA TA32 COSTA DE LA LUZ C.
(Salou, Cambrils, Tarragona) (Cadiz, Sanlicar de Barrameda, Dofiana).
TA14 COSTA AZAHAR N. TA33 COSTA DE LA LUZ NW.
(Vinaros, Benicarlo, Pefiiscola) (Isla Cristina — Punta Umbria)
TAI1S5 COSTA AZAHAR C. TA34 CANARY ISLANDS W.
(Oropesa, Benicassim, Castellon) (Brena Baja, Llanos de Aridane — Valle
Gran Rey)
TA16 COSTA AZAHAR S. TA35 CANARY ISLANDS — TENERIFE
(Valencia, Cullera, Gandia) (Adeje — Arona)
TA17 | BALEARICI. - IBIZA /FORMENTERA | TA36 | CANARY ISLANDS — GRAN CANARIAS
(Sant Josep de Sa Talaia - Sta. Eulalia del (San Bartolomé de Tirajana — Mogan)
Rio)
TA18 | BALEARICI. - MALLORCA W. (Calvia, | TA37 CANARY ISLANDS E.
Palma de Mallorca) (Tias — P4jara)
TA19 | BALEARICI. - MALLORCA E. (Alcudia
— Pollenga)

Table 2. Regionalisation of the different coastal tourist areas analysed.

Cluster Region Name ID (TA)
Cl Rias Gallegas — Costa Verde T1, T2, T3, T4
C2 Cantabrian Coast — Euskal Kostaldea T5,T6,T7, T8
C3 Costa Brava — Costa El Garraf T9, TA10, TA11, TAI2
C4 Costa Dorada — Costa Azahar TA13, TA14, TA15, TA16
C5 Balearic Islands TA17, TA18, TA19, TA20
C6 Costa Blanca — Costa Calida (east) TA21, TA22, TA23, TA24
C7 Coast of Almeria — Costa Célida (south) | TA25, TA26, TA27
C8 Costa Tropical — Costa del Sol TA28, TA29, TA39
C9 Costa de la Luz TA31, TA32, TA33
C10 Canary Islands TA34, TA35, TA36, TA37
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2.2. Climate Comfort Index (CCI)

This study analyses climate comfort through the use of the CCI. The indices described below
have been subjected to a time trend analysis for each of the 37 coastal tourist areas, divided into ten
different regions using a clustering process (Table 2).

The CCI proposed by Gonzalez is adapted and adjusted from the Cooling Power of Leonardo
Hill and Morikofer-Davos (IDEAM, 1998) with some modifications: first, a comfort index IC is
obtained instead of a cooling power; second, the humidity parameter is included and third, the base
values for each of the parameters are modified so that the results are more appropriate for our conditions,
taking into account the change in temperature with altitude, as the relief in the country is an important
factor (Table 3).

Table 3. Classification of thermal comfort according to climate comfort indices (CCls).

Comfort Thermal CCI Ranks
Classification
Cold 13 -14
Cool-Cold 12 -13
Cool 11-12
Cool-Comfort 10 -11
Comfort 8-10
Comfort-Warm 7 -8
Warm 6 -7
Warm-Heat 5-6
Heat 4-5

The CCl is a function of the air temperature, relative humidity and wind speed measured at 10
m. In this case, the geographical coordinates of each weather station influence the results. Therefore,
there are three variants of each of the formulas, depending on the altitude of the place: one for those
with altitudes of under 1000 metres, another for those at altitudes of between 1000 and 2000 and a final
one for those higher than 2000 metres.

All the mean ERAS grid boxes centroids used in the analysis are located at an altitude of less

than 1000 m, as they are coastal areas (Table 1).

CCI =(36.5-TM) (0.05+0.04\NWS10+HR250)
TM= Average daily temperature (%); WS10= Average daily wind speed (%); RH250= Average daily
relative humidity (%).

The excessive heat (<4) and excessive cold (>14) thresholds have been omitted as they have
not been recorded in any of the areas analysed (Table 3).

2.3. Trend Analysis

The time trend analysis was calculated using the Mann—Kendall test (MKT) (Mann, 1945;
Kendall, 1975). In order to quantify the rate of temporal change, a trend line slope and Theil-Sen
analysis (TSE) has been used (Theil, 1950; Sen, 1968). All trends were evaluated at a statistical
significance of 0.05 (confidence level of 95%).

The MKT statistic S is that which has a mean of zero and a variance computed by Equation (3).
It is calculated using Equations (1) and (2) and is asymptotically normal:

S=>k=1n—-1)j=k+ Insgn (xj — xk) (1)
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sgn(xj — xk) = {+1 if (xj — xk) > 00 if (xj — xk) = 0 — 1 if (xj — xk)< O} )
Var(S) = [n(n — 1)(2n + 5) — Yi = Im ti(ti — 1)(2ti + 5)]18 3)

where S is the number of positive differences less the number of negative differences, n is the number
of data points, m is the number of tied groups (a tied group is a set of sample data having the same
value), and ti is the number of data points in the group. In cases where the sample size n > 10, the
standard normal variable Z is computed by using Equation (4).

Z={S— 1Var(S)if $ > 00 if S = 0S + 1Var(S)if S < 0} (4)

Positive values of Z indicate positive trends, while negative values of Z show negative trends.
When testing either increasing or decreasing monotonic trends at an a significance level, the null
hypothesis was rejected for an absolute value of Z greater than Z1—a/2, obtained from the standard
normal cumulative distribution tables.

The TSE model for the trend magnitude is conducted by calculating the slopes of all possible
combinations of data pairs (Equation 5).

n n(n-1)
()=

The final slope is then defined as the median of all slopes (Equation (6)):

. ~ ~ bij j—yi . . . .
ﬁl=medlan{B},B={b—;}=ﬁ,xl¢x],1 <i<j<n (6)
Because the TSE computes the trend line’s slope alone, the model intercept can be given by

(Equation (7):

BO = Ymedian — "1 x Xmedian (7

where Xmedian and Ymedian are the medians of the measurements and of the response variables,
correspondingly.

3. Results
3.1. General characteristics of the CCI index

The Spanish coast displays a wide climatic diversity throughout the year, between the northern
Atlantic and Cantabrian coasts (C1 and C2) with cool and cold climate thresholds during the winter
season and comfortable summers and the Mediterranean coast from the Costa Brava of Gerona (C3) to
the Costa de la Luz of Cadiz and Huelva (C9) with cool and comfortable winters and hot summers. With
different dynamics due to their subtropical location, the Canary Islands (C10) exhibit lesser annual
oscillations, with a comfortable end of winter and spring and a warm CCI threshold at the beginning of
autumn (Fig. 2).

Over the last eight decades (1940-2022), significant changes have taken place in the annual
evolution of the CCI in the different coastal regions analysed. On the Cantabrian Coast (C1 and C2), a
highly significant change is recorded during the coldest period of the year, with cold thresholds from
mid-December to the end of February (1941-1970 and 1951-1980) to cool-cold thresholds in the more
recent periods of reference. Even during the month of February, the values are close to 12.0 (cool). One
of the most remarkable changes has occurred during the first half of March, from values close to 13.0
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(cool-cold) to records of average values of 11.3-11.2 (very close to comfort-cool). This is the moment
in the year with the greatest reduction in the CCI. The months of December, January and February
register the greatest reductions from -0.10 to -0.12 / decade, being statistically significant (Table 4). In
general, the largest CCI decreases are concentrated between the second half of December and the first
half of January. During the summer, despite the fall in the CCI the value recorded is one of the lowest
in the year, with significant changes registered, particularly during the month of August, reaching the
warm-comfort threshold in the Rias Gallegas and the Costa Verde (C1) for the first time during the last
periods of reference.

CClindex

Cold

Cool-Comfort
Comfort

Warm-Comfort
— CH

— C9

Warm

Warm-Heat

Heat

Very hot
0 100 200 300
Day of year

Figure 2. Annual average evolution of the CCI in the different regions of analysis (1991-2020).

Table 4. Monthly and seasonal trends in the CCI in the different regions of analysis (by decade). Values in bold

are statistically significant (p value <0.01).

Cl C2 C3 C4 Cs C6 C7 C8 C9 C10 Spain

Jan -0.10 | -0.11 | -0.10 | -0.17 | -0.10 | -0.14 | -0.11 | -0.09 | -0.08 | -0.05 | -0.11
Feb -0.11 | -0.09 | -0.10 | -0.15S | -0.08 | -0.09 | -0.09 | -0.07 | -0.07 | -0.02 | -0.09
Mar | -0.09 | -0.05 | -0.09 | -0.14 | -0.05 | -0.06 | -0.06 | -0.08 | -0.10 0.00 -0.07
Apr | -0.06 | -0.07 | -0.06 | -0.08 | -0.04 | -0.05 | -0.04 | -0.03 | -0.01 -0.02 | -0.05
May | -0.09 | -0.07 | -0.07 | -0.08 | -0.05 | -0.05 | -0.07 | -0.07 | -0.07 | -0.03 -0.06
Jun -0.05 | -0.06 -0.08 | -0.08 | -0.07 | -0.07 | -0.06 | -0.05 | -0.03 | -0.03 -0.06
Jul -0.05 | -0.06 | -0.07 | -0.05 | -0.06 | -0.05 | -0.04 | -0.02 | -0.01 -0.02 | -0.04
Aug | -0.06 | -0.08 | -0.08 | -0.07 | -0.06 | -0.06 | -0.06 | -0.04 | -0.02 | -0.03 -0.06
Sept | -0.06 | -0.05 | -0.05 | -0.06 | -0.05 | -0.06 | -0.04 | -0.02 | -0.02 | -0.03 -0.05
Oct -0.07 | -0.10 | -0.07 | -0.12 | -0.08 | -0.10 | -0.09 | -0.07 | -0.06 | -0.04 | -0.08
Nov | -0.06 | -0.05 | -0.06 | -0.11 | -0.04 | -0.09 | -0.09 | -0.06 | -0.05 | -0.04 | -0.06
Dec | -0.13 | -0.14 | -0.10 | -0.13 | -0.09 | -0.11 | -0.10 | -0.08 | -0.07 | -0.04 | -0.10
Win | -0.11 | -0.12 | -0.10 | -0.15 | -0.09 | -0.11 | -0.10 | -0.08 | -0.07 | -0.04 | -0.10
Spr -0.08 | -0.06 | -0.07 | -0.10 | -0.05 | -0.05 | -0.06 | -0.06 | -0.06 | -0.02 | -0.06
Sum | -0.05 | -0.07 | -0.08 | -0.07 | -0.07 | -0.06 | -0.05 | -0.03 | -0.02 | -0.03 -0.05
Aut -0.06 | -0.07 | -0.06 | -0.10 | -0.06 | -0.08 | -0.07 | -0.05 | -0.04 | -0.04 | -0.06
Year | -0.08 | -0.08 | -0.08 | -0.10 | -0.06 | -0.08 | -0.07 | -0.06 | -0.05 | -0.03 -0.07
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Again, the most significant changes in the CCI in the C3 and C4 regions (Costa Brava — El
Garraf and Costa Dorada — Azahar) were recorded during the winter season, with the difference that
they extend to the month of March. In this coldest period of the year, the CCI thresholds have shifted
from being cool-cold to cool, even reaching values of 11 (cool-comfort) on the Costa Dorada-Azahar.
The summer season records the principal changes during the month of August, with C3 (Dorada-El
Garraf) close to the heat threshold. The same is the case for C4 (Costa Dorada — Azahar) with a very hot
threshold during the final reference periods. This coastal area is where the greatest decreases in the CCI
are recorded for the whole of the Spanish coastline (-0.17 / decade in January and 0.15 / decade in the
winter as a whole) (Table 4).

The coastal area C5 (Balearic Islands) registers the greatest decreases in the CCI during the
second half of December and the first half of January, with rates that are lower than those of the
Cantabrian regions and the northern Mediterranean area. The data corresponding to the winter season
shift from cool conditions during the first periods of reference (1941-1970 and 1951-1980) towards the
comfort-cool threshold during the later years. This is where the greatest decreases (statistically
significant) are recorded, with values 0of-0.10 / decade in January and -0.09 / decade in December (Table
4). In the summer period (JJA), the second half of August is particularly noteworthy. There is a change
in the thresholds from warm-hot in the first decades of the study to the hot threshold during the second
half of the time period analysed.

The coastal area of the south-east of the Iberian Peninsula (C6 and C7), comprising the Costa
Blanca in the Region of Valencia, the Costa Calida in the Region of Murcia and the Coast of Almeria
also register the highest rates of decreases in the CCI during the winter season. This is particularly the
case during the second half of December and the month of January. In the case of the Coast of Almeria,
the decrease is greater and lasts until the first half of March. One of the most notable cases is on the
Costa Blanca-Calida (east) where the cool conditions prevailing during the first periods of reference
change to comfort conditions during the winter months in 1991-2020 (Fig. 3). This is where the greatest
statistically significant decrease rates are recorded during the month of January (-0.14 / decade and -
0.11 / decade in December). In the summer season, the second half of August in C6 and the first half of
August in C7 with a statistically significant decrease of between -0.05 and -0.06 / decade stand out. In
the last period of reference (1991-2020), the summer records are close to the very hot threshold (4) on
the Almeria coast and the southern part of the Costa Calida.

The southernmost coast of the Iberian Peninsula, the Mediterranean area of the Costa Tropical and
the Costa del Sol (C8) and the Atlantic with the Costa de la Luz (C9) register the most significant changes
during the winter and the first half of spring, specifically from the second half of December until the second
half of March. In December, January and March statistically significant decreases are recorded of between
-0.07 and -0.10 / decade (Table 4). In the case of the thresholds, the change is evident, with a shift from
cool characteristics to comfort-cool characteristics (Fig. 3). Meanwhile, the lowest variations in all the
coastal areas analysed are recorded in the summer season, with slight reductions of between -0.04 and -
0.01 / decade. The thermal thresholds have not changed particularly in the last few decades and, despite a
less significant decrease being recorded than in the rest of the Iberian Peninsula, in the last periods of
reference (particularly 1991-2020) the hot threshold was reached in the Costa Tropical — Costa del Sol
(C8). Furthermore, the Costa de la Luz (9) recorded the hottest summer thresholds and during the last
period of reference values very close to the very hot threshold (4).

Finally, the Canary Islands (C10) experienced the greatest changes during the autumn (between
the second half of October and the first half of November) and the central part of winter (between the
second half of December and the first half of January). With regard to the change in the CCI index,
January and December stand out (-0.04 and -0.05 / decade) as the only months with statistically
significant reductions (Table 4). During the last periods of reference, the CCI values during the winter
remained within the comfort threshold, although increasingly further away from the cool-comfort
threshold. Meanwhile, during the summer season, there has also been an increase in temperatures over
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the last few decades increasing from a comfort-warm threshold to a hot threshold for the first time during
the two last reference periods (1981-2010 and 1991-2020) (Fig. 3).
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Figure 3. Space-time distribution of the CCI index trend for the different months of the year.
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3.2. Seasonal changes in the CCI index (1940-2022)

Figure 4 shows the space-time evolution of the different thresholds of the CCI index, according
to the different reference periods used. Combined with Table 5, we can observe the changes at the start,
end and the total number of days per threshold. Therefore, Table 5 groups the different thresholds into
three large blocks: warm, comfortable and cold conditions. Warm conditions have not been detected on
the Cantabrian strip (C1 and C2) during the last few decades, but comfort-warm conditions have been
recorded. The cold threshold disappears as from the reference period 1981-2010, with a reduction in the
number of days of the cold group from 198 to 179 days in C1 (-29 days) and from 192 to 169 in C2 (- 23
days). Meanwhile, the comfort threshold increased in terms of the number of days from 167 to 186 (19

days) in C1 and from 173 to 196 in C2 (23 days).
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Figure 4. Weekly CCI thresholds during the year in the regions of study (according to periods of reference).
Legend: Pink (heat), red (heat-warm), orange (warm), Pink (warm-comfort), green (comfort), light blue
(cool-comfort), blue (cool), dark blue (cool-cold) and dark purple (cold).

Table 5. Changes in the number of days of the different climate threshold groups of the CCI for the regions of
study and reference periods.

Cl | C2 | C3 | C4 | C5 ] C6 | C7T | C8 | C9 | cC10
41-70 0 0 89 | 114 | 120 | 121 | 116 | 107 | 138 4
51-80 0 0 81 108 | 115 | 117 | 112 | 101 | 128 0
Warm Heat 61-90 0 0 80 | 110 | 117 | 122 | 115 | 100 | 127 1
71 -00 0 0 79 | 111 | 116 | 123 | 119 | 101 | 132 10
81-10 0 0 94 | 122 | 123 | 130 | 127 | 109 | 137 | 28
91-20 0 0 99 | 130 | 133 | 138 | 134 | 115 | 144 | 54
Variation | 0 0 18 22 18 21 22 15 17 54
41-70 169 | 176 | 144 | 151 | 179 | 220 | 195 | 177 | 187 | 36l
51-80 167 | 173 | 150 | 168 | 192 | 230 | 209 | 188 | 194 | 365
Comfort 61-90 172 | 182 | 151 | 170 | 206 | 229 | 219 | 201 | 205 | 364
71 -00 175 | 186 | 156 | 190 | 220 | 239 | 237 | 217 | 218 | 355
81-10 183 | 195 | 155 | 180 | 220 | 235 | 237 | 222 | 222 | 337
91-20 186 | 196 | 166 | 198 | 222 | 227 | 230 | 237 | 219 | 311
Variation | 19 23 22 47 43 7 35 60 32 -50
41-70 196 | 189 | 132 | 100 | 66 24 54 81 40 0
51-80 198 | 192 | 134 | &9 58 18 44 76 43 0
Cool Cold 61-90 193 | 183 | 134 | &5 42 14 31 64 33 0
71 -00 190 | 179 | 130 | 64 29 3 9 47 15 0
81-10 182 | 170 | 116 | 63 22 0 1 34 6 0
91-20 179 | 169 | 100 | 37 10 0 1 13 2 0
Variation | -21 | -33 | -34 | -63 | -56 | -24 | -53 | -68 | -41 0

Cuadernos de Investigacion Geogrdfica, 50 (2), 2024. pp. 45-67 55



Espin Sanchez and Olcina Cantos.

On the Costa Brava — El Garraf (C3) a notable prolongation of the warm-heat threshold can be
observed during the months of July and August. In the last reference period (1991-2020), this applies to
the whole of both of these months, while in the reference period 1951-1980 it is recorded for the last week
of July and the first week of August. The increase in the number of days of the heat grouping is
considerable from 79 to 99 days (20 days). The cool-cold threshold disappears as from the reference period
1991-2020, with the number of cold days reducing from 134 to 100 (-34 days). Finally, an increase in the
number of comfortable days can be observed, rising from 144 to 166 days (22 days) (Table 5).

The cold CCI thresholds of coastal region C4 (Costa Dorada — Costa Azahar) have decreased
notably, with the elimination of the cold-cool characteristic in January as from the reference period
1970-2000 and with a very large decrease in the number of days, from 100 to 37 (-63 days). This
decrease has been partly compensated by the comfort threshold with an increase from 151 to 198 days
(47 days) and, on the other hand, by the increase from 108 to 130 days of the warm thresholds (22 days).
The heat CCI threshold appears during the last reference period 1991-2020 throughout the last three
weeks of July and the whole of the month of August (Fig. 4).

The Balearic Islands (C5) follows the same pattern as the rest of the area of study. There is a
clear reduction in the cold CCI thresholds; in the last reference period the cool threshold was present
only in the last week of January. The number of cold days reduced from 66 to 10 days (-56 days).
Similarly to the rest of the regions, an increase in the comfortable days throughout the year may be
observed, rising from 179 to 222 (43 days). Finally, during the last few decades, there has been an
expansion of the warm thresholds, with an increase from 115 to 133 days (17 days). The heat CCI
threshold appears during the last reference period 1991-2020, during the second half of July and the
whole of the month of August (Fig. 4).

The cold thresholds have practically disappeared from the Mediterranean regions in the south-
east of the peninsula (C6 and C7) represented by the Costa Blanca, the Costa Calida and the Coast of
Almeria over the last few decades. Specifically, the cool CCI threshold has disappeared since the
reference period 1971-2000 to the present day, from 24 days to 0 days in C6 (-24 days) and from 54 to
1 days in C7 (-53 days). The loss of the cold winter has been replaced with more comfortable conditions.
There has been an increase from 195 to 230 days in C7 (35 days). On the other hand, in region C6, a
greater change in the increase in the warm thresholds can be observed, with an evolution from 117 to
138 days (21 days). The change is also evident in C7, with an increase from 112 to 134 days over the
last few decades (22 days). In both regions, the heat threshold appears during the last reference period
1991-2020, throughout the last three weeks of July and the whole of the month of August (Fig. 4).

The southern coast of Spain, represented by C8 and C9 (Costa Tropical, del Sol and Costa de
La Luz) has experienced a drastic reduction in the cold thresholds during the winter, to the point where
the decrease is particularly notable in C8 (from 81 to 13 days) and in C9 (from 40 to 2), with reductions
of 68 and 38 days, respectively. There has also been a major time extension of the comfort threshold,
with the period starting earlier from the third week of March and ending between the second and third
week of November. In total, the increase in the number of days reached 60 days in C8 and 32 in C9.
Finally, the warm conditions lasted longer during the last decades of the period of study, with an increase
from 15 to 17 days, respectively. After several reference periods, the hot threshold appears in C9 during
1991-2020 from the third week of July to the first week of August (Fig. 4).

Finally, the Canary Islands (C10) have experienced the expansion of the warm-comfort
threshold and the warm threshold appeared for the first time (reference period 1991-2020) between the
second week of August and the whole month of September. The CCI comfort group experienced a
notable decrease (-50 days) in detriment to the warm group (54 days).

A greater decrease in the CCI is recorded in the winter trimester (DJF) throughout the whole of
Spain (-0.10 / decade). This is a significant reduction. Of the different areas analysed, the Costa Dorada —
Azahar (C4) particularly stands out with the greatest recorded decrease (-0.15 / decade) (Fig. 5). In general,
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and with the exception of the Costa de la Luz (C9) and the Canary Islands (C10), the decreases have been
homogeneous from the 1940s to the present day. In the latter two cases, there was a cooler period during
the 1960s and 1970s. Furthermore, in recent years, the reduction of the CCI has accelerated in certain
coastal sectors, particularly the Costa Dorada — Azahar (C4) and Costa Blanca — Célida (C6). During the
last winters of the time period, milder CCI values were registered, particularly in 2022. Therefore, there
has been a clear increase in winter thermal comfort on the Spanish coast in recent years, except in the Rias
Gallegas-Costa Verde (C1), where the CCI has not followed this trend over the last two decades.

No significant changes have been observed in the spring (MAM) during the last few decades,
at least in the full-time trend from 1940 to the present day (-0.06 / decade). The decreases on the Costa
Dorada — Azahar (C4), in the Rias Bajas of Galicia (C1) and the Costa Brava — El Garraf (C3) are
notable, with statistically significant values between -0.10 and -0.07 / decade. On the other hand, the
Canary Islands (C10) record the smallest decrease with -0.02 / decade. Figure 7 shows the evolution of
the CCI in the different coastal regions, with the coolest values during the 1970s and 1980s particularly
standing out (in the Mediterranean regions). After the decrease that occurred mainly in the 1990s and
part of the 2000s, without trend can be observed in several coastal regions in recent years, such as the
north Atlantic strip and Cantabria (C1 and C2), the Balearic Islands (C5) or the Costa Tropical-Sol (C8).
There has even been a slight recovery (cooler springs) in the coastal areas of the south-east of the
peninsula (C6 and C7) and the Costa de la Luz (C9).

Summer (JJA) is the season with the lowest decrease of the year in Spain as a whole (-0.05 /
decade), mainly due to the fact that the CCI already establishes low values (heat thresholds). Even so,
the decrease is evident in all of the regions in the study, but particularly in eastern Cantabria (C2) and
the northernmost Mediterranean coast (C3) with statistically significant values between -0.07 and -0.08 /
decade, respectively. The sector in the north-east of the peninsula is where the summers are becoming
increasingly hotter. Meanwhile, the smallest decreases are recorded in the southern Mediterranean coast
(Costa Tropical -Sol) and the south-west Atlantic coast (Costa de la Luz) with -0.02 and -0.03 / decade.
In the same way, the Canary Islands register a decrease of -0.03 / decade. The areas between TA10 and
TA15 (central and southern Costa Brava, El Garraf, Costa Dorada, and northern and central Costa
Azahar) with a decrease of between -0.09 and -0.08 / decade).

Figure 6 shows the time evolution of the CCI during the summer season. We can observe that
the 1970s was the least warm decade of the period of study (1940-2022). From then, there has been a
constant decrease in all of the regions of study, but with spatial differences. In this respect, during the
last years of the study there was an evident decrease in the CCI in the majority of the areas studied (from
C3 to C8), that is, the Mediterranean coast of the peninsula from the Costa Brava in Gerona to the Costa
del Sol in Mdlaga. Therefore, it should be pointed out that the summer of 2022 was the hottest since
1940 in C3, C4, C6, C7 and C8, that is, the Mediterranean coast on the peninsula, from the Costa Brava
to the Costa del Sol. On the other hand, the east of Cantabria (C2) and the Canary Islands (C10)
experienced a slight decrease. Meanwhile, the two Atlantic coastal regions displayed a dynamic that
was different to the rest of the regions. The Costa de la Luz (C9) experienced very little changes during
the last years of the study period and the Rias Gallegas and the Costa Verde in Asturias even experienced
a slight increase in the CCI (less hot) in the last two decades.

Finally, in the analysis of the autumn (SON), there was a national decrease of -0.06 / decade
(statistically significant) but more homogeneous than the rest of the seasons. With the exception of the
Costa Dorada-Azahar (C4), which recorded a greater decrease of -0.10 / decade, the rest of the
Mediterranean coast (C3 to C7) experienced reductions of between -0.06 and -0.08 / decade. In this
regard, it is necessary to point out that the southern coast on the peninsula (C8 and C9) and the Canary
Islands registered the smallest decreases (-0.04 to -0.05 / decade). Figure 8 shows the evolution of the
CCI during the autumn season, which indicates that the coolest CCI rates were recorded during the
1970s. From then until the present day, there has been a homogeneous and generalised decrease in all
of the regions of study, with the exception of the Canary Islands, which recorded a trend with a few
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changes during the last years. A coastal warming in the autumn season has been manifested in recent
years, particularly in 2022. The lowest average values were recorded in C3, C5, C6, C7 and C8, that is,
on the majority of the Mediterranean coast of the peninsula from the Costa Brava and the Costa del Sol.
In many cases, the figures display a wide margin of difference, constituting, to date, the hottest autumn
in the Mediterranean region since 1940.
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C1 - Rias Gallegas - Costa Verde C2 - Costa Cantabra - Euskal Kostaldea

C3 - Costa Brava - El Garraf

C5 - Islas Baleares C6 - Costa Blanca - Costa Calida

C7 - Costa Calida - Costa Almeriense C8 - Costa Tropical - Costa del Sol

C9 - Costa de la Luz C10 - Islas Canarias

Figure 5. Time evolution of the CCI in the winter season (DJF) in the different regions (1940-2022).
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Figure 6. Time evolution of the CCI in the summer season (JJA) in the different regions (1940-2022)
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Figure 7. Time evolution of the CCI in the spring season (MAM) in the different regions (1940-2022).
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Figure 8. Time evolution of the CCI in the autumn season (SON) in the different regions (1940-2022).
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4. Discussion

The Spanish coastline has been facing a new climate reality in recent years, particularly
significant during the summer season with the increase in the duration and intensity of climate
discomfort. The different coastal regions of Spain, particularly the Costa Blanca (Benidorm), the Costa
Dorada (Salou), the coast of the Balearic Islands (Calvid), the Costa del Sol (Marbella) or the Canary
Islands (Adeje), are regional leaders in sun and beach holidays in Europe, based on a Ford (mass) tourism
model and characterised by high seasonality and environmental pressure. Therefore, analysing the
current conditions and the evolution of the last few years is fundamental for evaluating the future tourism
potential of the different coastal regions of Spain. According to Bafaluy et al., (2013), the climate
conditions will continue to deteriorate during the peak period of tourist visits, while they will improve
in spring and autumn. Thus, future efforts to understand tourists' destination decision-making in the
context of climate change should consider climate change-induced cognition-affective aspects as part of
knowledge-centered models connecting destination choice with perceived risks (Lin and Wang, 2023).

In the final years of the study period, the relationship between climate, tourism and water has
been analysed and it has been found that there is a clear relationship between the increase in temperatures
and the reduction in rainfall on the Mediterranean coast of the Iberian Peninsula, which has caused
severe droughts with major economic losses (Martinez Ibarra, 2015). Moreover, beach tourism requires
relatively high temperatures for it to be attractive to tourists, and relatively modest changes have been
observed in the tourist flows in recent years. As concluded by March et al., (2014), tourists do not seem
to be so worried by climate change on the coast, but more so in winter tourist destinations (ski resorts).

It is likely that the Mediterranean will continue to constitute Europe's leading beach tourist
destination in the summer for at least the next 50 years (Moreno and Amelung, 2009), although the
extreme climate discomfort values, which have been increasingly recurrent in recent years, could modify
the time distribution, with a greater occupancy in the months prior to and after the summer. According
to Gomez-Martin (2006), in recent years, the beginning and the end of the summer are the best times for
tourism. However, currently the visitor rates at these times are low considering how ideal the conditions
are. The repercussions of climate change on the Spanish tourism sector will require an adaptation of the
activity to the new calendars, either to create new tourism products or to take advantage of the new
climate characteristics (Gomez-Martin, 2017). The studies also show that the loss of attractiveness of
coastal tourist destinations can lead to changes in the flow and behaviour of tourists (Perry, 2005),
generating a carry-over effect on other elements of the system.

According to the Bl scenario (CGCM2 model) developed by Flato and Boer (2001), the
provinces in the south of Spain are those that would experience a greater reduction in the frequency of
visits. The study by Bujosa and Rossell6 (2013) finds that Malaga and Tarragona would be the provinces
with the greatest loss of tourism (-5.4% and -5.1%, respectively), although other provinces with a high
tourism weight, such as Almeria or Barcelona would lose -3.6% and -3.1%, respectively. The greatest
gains, on the other hand, would be seen in Gerona and Valencia (5.6 and 4.6%). The authors conclude
that the coastal provinces that will lose most tourists are those located in the south of Spain (particularly
Huelva, Cadiz, Mélaga and Almeria), while the coastal provinces of the north (A Corufia, Cantabria,
Guipuzcoa and Girona) will experience a major increase in their probabilities to be chosen as
destinations. At the same time, the impact on the eastern provinces of Spain (Murcia, Alicante, Valencia,
Castellon, Tarragona and Barcelona) would be lesser but there would be a greater variability from one
province to another.

Contrary to the flows and variations in tourists that will occur in the coming years, the data
analysed in this study show that the Mediterranean coastal regions with a greater thermal discomfort are
those in the north. This analysis reveals a clear gradient in the time trend of the CCI from the northern
regions to the southernmost Mediterranean regions. From the summer decrease of -0.08 / decade of the
Costa Brava to the -0.02 / decade of the Costa de la Luz.
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The practice of mass sun and beach tourism cannot be understood without the conditions of sun
and heat, and authors such as Besancenot (1985, 1989), Goémez-Martin (2005), Batista and Matos
(2004), and De Freitas et al. (2008) coincide in giving greater importance to sunny and hot types of
climate. Martinez Ibarra (2011) analysed the influence that thermal comfort, solar radiation,
precipitation and wind speed have on the tourists who visit the beach on the east coast (Benidorm,
Alicante), one with the greatest occupancy in Spain and with a lower deseasonalisation throughout the
year. The results showed that the tourists most visited the beach with a wind speed of less than 8 m/s,
with no rain and with thermal sensations or PET values (Physiological equivalent temperature) of
between 35 and 41 (heat threshold). When a PET value of 41 (very hot) is reached or exceeded, the
percentage of cases reduced considerably (25%).

According to Hein et al. (2009), the best conditions for practising sun and beach tourism
(excellent) are found in the countries of the Europe Mediterranean Riviera, with large areas in Spain.
According to the climate forecasts of the HadCM3-A1 (2051-2080) scenario, Spain would have
favourable conditions on the Mediterranean coast and very good conditions on the Cantabrian coast.
Excellent conditions would prevail on the French Brittany coast, the coasts of Germany and Denmark
and the southern coast of the Baltic Sea. The conditions would be most favourable during the spring and
autumn with good, very good and excellent categories. Finally, Jacob et al., (2018) conclude that
between June and August, future negative impacts are forecast for the tourism activity in the south and
east of Spain, with a potential reduction of between 2% and 8%, although this could be compensated by
a probable increase in tourism on the northern coast of Spain. Furthermore, sea-level rise is a long-term,
intractable problem during which costly, large-scale inundation could occur in many countries; hence,
tourism development should take this matter into account because ecology and biodiversity are the
fundamentals underpinning tourism performance (Yong, 2021).

5. Conclusions

The greatest CCI decreases throughout the year are recorded in the winter season (-0.11/decade)
and are particularly relevant on the Costa Dorada - Azahar (0.14/decade). Here the reduction
experienced by the northern part of the Costa Azahar (TA14) in the municipalities of Vinards, Benicarlo
and Peiiiscola during January (-0.20/decade) particularly stands out as it is the largest of the tourist areas
analysed. This decrease has led to the change of cold conditions between 1941-1990 to cool-cold
thresholds between 1971 and 2020 on the Atlantic coast of Galicia and Cantabria (C1 and C2). Currently,
cool climate thresholds are registered in C3 and C4 (northern Mediterranean coast) and comfortable-
cool on the rest of the Mediterranean coast. The number of days of cold climate thresholds has reduced
considerably in recent decades, with decreases of up to 69 days on the Costa del Sol — Tropical (C8) or
63 days on the Costa Dorada — Azahar (C4). The trend of increasingly milder winters would be a very
positive aspect for winter tourism, especially in Mediterranean coastal areas.

The changes experienced by the equinoctial seasons are also relevant, with reductions in the
CCI of -0.06 in spring and -0.06 in autumn in the country as a whole. Particularly in the Mediterranean
coastal sectors there has been a notable prolongation of the comfortable climate threshold, with an
increase of up to 60 days on the Costa del Sol (C8) or 47 on the Costa Dorada — Azahar. For example,
in the latter region, the comfort climate threshold has evolved from beginning in the second week of
April in the time period 1941-1970 to beginning in the second week of March in that of 1991-2020. In
other words, it starts one month earlier. This aspect is also tremendously positive for the tourist season
outside of summer, with increasingly favourable weather conditions in the equinoctial months.

Summer is the season with the lowest decrease (-0.05), although it is statistically significant on
the Cantabrian Coast — Euskal Kostaldea - C2 (-0.07), Costa Brava — El Garraf - C3 (-0.08) and Costa
Célida — Coast of Almeria - C7 (-0.05). The greatest decreases (-0.09 to -0.10) are observed on the
eastern part of the Costa Verde (TA4) in the municipalities of Ribadesella, Llanes or Villaviciosa). There
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is a clear gradient from a greater to lesser decrease from the Costa Brava — El Garraf (C3) to the Costa
de la Luz (-0.02). As latitudes decrease along the peninsula Mediterranean coast until the Andalusian
Atlantic coast, the CCI reduction becomes lower. Despite this, the changes experienced by the number
of days with warm and heat climate thresholds is highly relevant, with increases of up to 54 days in the
Canary Islands (C10). The increase in the number of hot days in the Canary Islands should be taken into
account in future summer tourism planning for the coming years. The decrease in the CCI is mainly due
to the increase in the average temperature in recent decades (0.02°C / decade) as relative humidity and
the average wind speed have hardly changed.

Finally, the analysis of the heat climate threshold shows a considerable expansion in terms of is
duration through the year in the different coastal regions analysed (with the exception of the two northern
coastal regions (C1 and C2) and the Canary Islands (C10)). In some coastal regions such as the Costa
Dorada — Azahar (C4) the period has lengthened by 42.8 days, with the beginning of the heat threshold
starting 12 days earlier (from 19 to 7 July) and the end date finishing 31 days later (from 2 August to 2
September). Without a doubt, the expansion of the warmest period of the year is one of the main
conclusions of the analysis carried out, which should be taken into account for the coming years,
especially with the increase in extreme thermal sensations of heat in the Mediterranean and the
progressive comfort summer climate on the Galician and Cantabrian coasts.

References

Moreno, A., Amelung, B., 2009. Climate Change and Tourist Comfort on Europe's Beaches in Summer: A
Reassessment. Coastal Management 37 (6), 550-568. https://doi.org/10.1080/08920750903054997

Arabadzhyan, A., Figini, P., Garcia Galindo, C., Gonzalez Hernandez, M.M., Lam-Gonzalez, Y .E., Le6n, C.J.,
2020. Climate change impact chains across the environment and the economy in coastal and marine
destinations. Universitat Politécnica de Catalunya. http://hdl.handle.net/10553/112687

Bafaluy, D., Amengual, A., Romero, R., 2014. Present and future climate resources for various types of tourism
in the Bay of Palma, Spain. Reg Environ Change 14, 1995-2006. https://doi.org/10.1007/s10113-013-
0450-6

Batista Tamayo L.M., Matos Pupo F., 2004. La aptitud climatica del destino turistico Jardines del Rey (Cuba). Los
tipos de tiempo. In: C. Diego Liafio, J.C. Garcia Codrén, D.F. Rasilla Alvarez, P. Fernandez de Arrdyabe
Herndez, C. Garmendia Pedraja (Ed). El clima entre el mar y la montaria. Asociacion Espariola de
Climatologia, pp. 561-570, Santander.

Besancenot J.P., 1985. Climat et tourisme estival sur les cotes de la péninsule ibérique. Geogr Pyren Sud-Ouest
56(4), 427-451.

Besancenot J.P., 1989. Clima et turismes. Masson, Paris
Besancenot, J.P., 1991. Clima y Turismo; Masson, Barcelona.

Brode, P., Kriiger, E., Rossi, F., 2011. Assessment of urban outdoor thermal comfort by the Universal Thermal
Climate Index UTCI. In: Proceedings of the 14th International Conference on Environmental
Ergonomics, Nafplio, Greece.

Bujosa, A., Rosselld, J., 2013. Climate change and summer mass tourism: the case of Spanish domestic tourism.
Climatic Change 117, 363-375. https://doi.org/10.1007/s10584-012-0554-x

Cetin, M., Sevik, H., 2016a. Measuring the Impact of Selected Plants on Indoor CO, Concentrations. Polish
Journal of Environmental Studies 25(3), 973-979. https://doi.org/10.15244/pjoes/61744

Cetin, M., Sevik, H., 2016b. Evaluating the recreation potential of Ilgaz mountain national park in Turkey.
Environmental monitoring and assessment 188, 1-10. https://doi.org/10.1007/s10661-015-5064-7

Crossland, D.R., 2006. Defining a forest reference condition for Kouchibouguac National Park and adjacent
landscape in eastern New Brumswick using four reconstructive approaches (Doctoral dissertation).
University of New Brunswick, Faculty of Forestry and Environmental Management.

64 Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 45-67


https://doi.org/10.1080/08920750903054997
http://hdl.handle.net/10553/112687
https://doi.org/10.1007/s10113-013-0450-6
https://doi.org/10.1007/s10113-013-0450-6
https://doi.org/10.1007/s10584-012-0554-x
https://doi.org/10.15244/pjoes/61744
https://doi.org/10.1007/s10661-015-5064-7

Changes in the climate comfort of the coast of Spain

De Freitas, C.R., 2003. Tourism climatology: evaluating environmental information for decision making and
business planning in the recreation and tourism sector. Int. J. Biometeorol. 48, 45-54.
https://doi.org/10.1007/s00484-003-0177-z

De Freitas C.R., Scott D, McBoyle G., 2008. A second generation climate index for tourism (CIT): specification
and verification. Int. J. Biometeorol. 5, 399-407. https://doi.org/doi:10.1007/s00484-007-0134-3

De Freitas, C.R. Grigorieva, E.A., 2017. A comparison and appraisal of a comprehensive range of human thermal
climate indices. Int. J. Biometeorol. 61, 487-512. https://doi.org/10.1007/s00484-016-1228-6

Flato, G.M., Boer, G.J., 2001. Warming asymmetry in climate change simulations. Geophysical Research Letters
28(1), 195-198. https://doi.org/10.1029/2000GL012121

Gomez-Martin M.B., 2005. Weather, climate and tourism. A geographical perspective. Ann. Tour. Res. 32(3),
571-591. https://doi.org/doi:10.1016/j.annals.2004.08.004

Gomez-Martin, M.B., 2006. Climate potential and tourist demand in Catalonia (Spain) during the summer season.
Climate Research 32(1), 75-87. https://doi.org/10.3354/cr032075

Gomez Martin, M.B., 2017. Retos del turismo espafiol ante el cambio climatico. Investigaciones Geogrdficas 67,
31-47. https://doi.org/10.14198/INGEO2017.67.02

Gonzalez, O.C., 1998. Metodologia Para el Cdalculo del Confort Climdtico en Colombia. IDEAM-Instituto de
Hidrologia, Meteorologia y Estudios Ambientales (Santa Fe de Bogotd, Colombia). Available online:
http://documentacion.ideam.gov.co/openbiblio/bvirtual/007574/Metodologiaconfort.pdf

Hein, L., Metzger, M. J., Moreno, A., 2009. Potential impacts of climate change on tourism; a case study for Spain.
Current Opinion in Environmental Sustainability 1(2), 170-178. https://doi.org/10.1016/j.cosust.2009.10.011

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu,
R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G.,
Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming,
J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R.J., H6lm, E., Janiskova, M.,
Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F.,
Villaume, S., Jean-Noél, Thépaut, J.N., 2020. The ERAS5 global reanalysis. Quarterly Journal of the Royal
Meteorological Society 146 (730), 1999-2049. https://doi.org/10.1002/qj.3803

Instituto de Hidrologia, Meteorologia y Estudios Ambientales (IDEAM) (1998). Metodologia para el Calculo del
Confort Climatico en Colombia. Ministerio de Medio Ambiente y Desarrollo Sostenible. Available online:
http://documentacion.ideam.gov.co/openbiblio/bvirtual/007574/Metodologiaconfort.pdf

Jacob, D., Kotova, L., Teichmann, C., Sobolowski, S. P., Vautard, R., Donnelly, C., Koutroulis, A.G., Grillakis,
M.G., Tsanis, I.LK., Damm, A., Sakalli, A., van Vliet. M.T.H., 2018. Climate impacts in Europe under
+1.5°C global warming. Earth's Future 6(2), 264-285. https://doi.org/10.1002/2017EF000710

Kendall, M.G., 1975. Rank Correlation Methods, 4th ed.; Charles Griffin: London, UK.

Lin, C.H., Wang, W.C., 2023. Impacts of climate change knowledge on coastal tourists” destination decision-
making and revisit intentions. Journal of Hospitality and Tourism Management 56, 322-335.
https://doi.org/10.1016/j.jhtm.2023.07.005

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13,245-259. https://doi.org/10.2307/1907187

March, H., Sauri, D. Llurdés, J.C., 2014. Perception of the effects of climate change in winter and summer tourist
areas: the Pyrenees and the Catalan and Balearic coasts, Spain. Reg. Environ. Change 14, 1189-1201.
https://doi.org/10.1007/s10113-013-0561-0

Martinez Ibarra, E.M., 2011. The use of webcam images to determine tourist—climate aptitude: favourable weather
types for sun and beach tourism on the Alicante coast (Spain). Int. J. Biometeorol. 55, 373-385.
https://doi.org/10.1007/s00484-010-0347-8

Martinez Ibarra, E.M., 2015. Climate, water and tourism: causes and effects of droughts associated with urban
development and tourism in Benidorm (Spain). [Int. J. Biometeorol. 59, 487-501.
https://doi.org/10.1007/s00484-014-0851-3

Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 45-67 65


https://doi.org/10.1007/s00484-003-0177-z
https://doi.org/doi:10.1007/s00484-007-0134-3
https://doi.org/10.1007/s00484-016-1228-6
https://doi.org/10.1029/2000GL012121
https://doi.org/doi:10.1016/j.annals.2004.08.004
https://doi.org/10.3354/cr032075
https://doi.org/10.14198/INGEO2017.67.02
http://documentacion.ideam.gov.co/openbiblio/bvirtual/007574/Metodologiaconfort.pdf
https://doi.org/10.1016/j.cosust.2009.10.011
https://doi.org/10.1002/qj.3803
http://documentacion.ideam.gov.co/openbiblio/bvirtual/007574/Metodologiaconfort.pdf
https://doi.org/10.1002/2017EF000710
https://doi.org/10.1016/j.jhtm.2023.07.005
https://doi.org/10.2307/1907187
https://doi.org/10.1007/s10113-013-0561-0
https://doi.org/10.1007/s00484-010-0347-8
https://doi.org/10.1007/s00484-014-0851-3

Espin Sanchez and Olcina Cantos.

Mieczkowski, Z., 1985. The tourism climatic index: A method of evaluating world climates for tourism. Can.
Geogr. 29, 220-233. http://doi.org/10.1111/j.1541-0064.1985.tb00365.x.

Missenard, A., 1937. Warmth and Comfort. Journal of the Institution of Heating and Ventilating Engineers 4, 602-606.

Nikolopoulou, M., 2004. Designing Open Spaces in the Urban Environment: A Bioclimatic Approach. Centre for
Renewable Energy Sources, EESD, FP5: Bath, UK.

Nikolopoulou, M., Steemers, K., 2003. Thermal comfort and psychological adaptation as a guide for designing
urban spaces. Energy and Buildings 35, 95-101. https://doi.org/10.1016/S0378-7788(02)00084-1

Nilsson, J.H., Gossling, S., 2013. Tourist responses to extreme environmental events: The case of Baltic Sea algal
blooms. Tourism Planning & Development 10(1), 32-44. https://doi.org/10.1080/21568316.2012.723037

Olcina Cantos, J., Serrano-Notivoli, R., Mird, J., Meseguer-Ruiz, O., 2019. Tropical nights on the Spanish
Mediterranean coast, 1950—2014. Clim. Res. 78, 225-236. https://doi.org/10.3354/cr01569

Quayle, R.G., Steadman, R.G., 1998. The Steadman wind chill: An improvement over present scale. Weather.
Forecast 13, 1187-1193. https://doi.org/10.1175/1520-0434(1998)013<1187:TSWCAI>2.0.CO;2

Perry, A., 2005. The Mediterranean: how can the world’s most popular and successful tourist destination adapt to
a changing climate? In: C. M. Hall, J. Higham (Ed.). Tourism, recreation and climate change, pp. 86-96,
Channel View Publications.

Raybould, M., Anning, D., Ware, D., Lazarow, N., 2013. Beach and surf tourism and recreation in Australia:
Vulnerability and adaptation. Robina, QLD, Australia: Bond University.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. Am. Stat. Assoc. 63, 1379-1389.

Steadman, R.G., 1984. A universal scale of apparent temperature. J. Appl. Meteorol. Climatol. 23, 1674—-1687.
https://doi.org/10.1175/1520-0450(1984)023<1674:AUSOAT>2.0.CO;2

Tanana, A.B., Ramos, M.B., Gil, V., Campo, A.M., 2021. Confort climatico y turismo. Estudio aplicado a
diferentes niveles de resolucion temporal en Puerto Iguazt, Argentina. Estudios Geogrdficos 82, e064.
https://doi.org/10.3989/estgeogr.202076.076

Theil, H., 1950. A Rank-Invariant Method of Linear and Polynomial Regression Analysis. Indag. Math. 12, 173.
Thom, E.C., 1959. The discomfort index. Weatherwise 12, 57-61. https://doi.org/10.1080/00431672.1959.9926960.

Yong, E.L., 2021. Understanding the economic impacts of sea level rise on tourism prosperity: Conceptualization
and panel data evidence. Advances in Climate Change Research 12(2), 240-253.
https://doi.org/10.1016/j.accre.2021.03.009

66 Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 45-67


http://doi.org/10.1111/j.1541-0064.1985.tb00365.x
https://doi.org/10.1016/S0378-7788(02)00084-1
https://doi.org/10.1080/21568316.2012.723037
https://doi.org/10.3354/cr01569
https://doi.org/10.1175/1520-0434(1998)013%3C1187:TSWCAI%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023%3C1674:AUSOAT%3E2.0.CO;2
https://doi.org/10.3989/estgeogr.202076.076
https://doi.org/10.1080/00431672.1959.9926960
https://doi.org/10.1016/j.accre.2021.03.009

Annex

Changes in the climate comfort of the coast of Spain

Time trend of the tourist areas (TA) analysed in the period 1940-2022. Values in bold are statistically significant
(p value <0.01).

ENE | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEPT | OCT | NOV | DEC
TA1 -0.08 | -0.10 | -0.11 | -0.03 | -0.09 | -0.03 | 0.00 | -0.01 -0.04 -0.01 -0.03 -0.09
TA2 -0.10 | -0.13 | -0.09 | -0.07 | -0.09 | -0.05 | -0.04 | -0.05 | -0.05 -0.07 | -0.07 | -0.14
TA3 -0.10 | -0.09 | -0.05 | -0.05 | -0.06 | -0.05 | -0.05 | -0.06 | -0.05 -0.09 | -0.05 | -0.12
TA4 -0.14 | -0.13 | -0.10 | -0.11 | -0.10 | -0.09 | -0.09 | -0.10 | -0.09 -0.12 -0.08 | -0.17
TAS -0.12 | -0.11 | -0.06 | -0.08 | -0.07 | -0.06 | -0.06 | -0.08 | -0.05 -0.11 -0.06 | -0.16
TA6 -0.12 | -0.11 | -0.07 | -0.08 | -0.08 | -0.07 | -0.06 | -0.09 | -0.06 -0.11 -0.06 | -0.16
TA7 -0.08 | -0.05 | -0.03 | -0.05 | -0.05 | -0.05 | -0.05 | -0.07 | -0.05 -0.09 -0.03 -0.11
TAS8 -0.11 | -0.10 | -0.06 | -0.07 | -0.07 | -0.07 | -0.06 | -0.08 | -0.05 -0.09 -0.05 -0.14
TA9 -0.09 | -0.06 | -0.06 | -0.03 | -0.05 | -0.06 | -0.06 | -0.06 | -0.05 -0.05 -0.03 -0.09
TA10 | -0.10 | -0.10 | -0.08 | -0.05 | -0.08 | -0.08 | -0.07 | -0.08 | -0.05 -0.07 | -0.06 | -0.10
TA11 | -0.12 | -0.13 | -0.12 | -0.07 | -0.09 | -0.09 | -0.07 | -0.09 | -0.05 -0.09 | -0.08 | -0.12
TA12 | -0.11 | -0.10 | -0.10 | -0.07 | -0.08 | -0.09 | -0.07 | -0.08 | -0.05 -0.06 | -0.07 | -0.10
TA13 | -0.15 | -0.14 | -0.15 | -0.08 | -0.09 | -0.09 | -0.05 | -0.08 | -0.06 -0.11 -0.08 | -0.13
TA14 | -0.20 | -0.16 | -0.17 | -0.08 | -0.09 | -0.09 | -0.05 | -0.08 | -0.08 -0.12 -0.10 | -0.14
TA15 | -0.15 | -0.14 | -0.14 | -0.09 | -0.09 | -0.09 | -0.05 | -0.09 | -0.07 -0.12 -0.12 -0.12
TA16 | -0.17 | -0.15 | -0.11 | -0.08 | -0.06 | -0.06 | -0.04 | -0.05 | -0.05 -0.12 -0.12 -0.14
TA17 | -0.12 | -0.09 | -0.07 | -0.03 | -0.06 | -0.07 | -0.07 | -0.07 | -0.07 -0.09 | -0.05 | -0.10
TA18 | -0.10 | -0.07 | -0.06 | -0.04 | -0.06 | -0.08 | -0.07 | -0.07 | -0.05 -0.08 -0.04 | -0.08
TA19 | -0.11 | -0.10 | -0.07 | -0.06 | -0.05 | -0.06 | -0.05 | -0.06 | -0.04 -0.10 | -0.06 | -0.11
TA20 | -0.06 | -0.05 | -0.02 | -0.03 | -0.05 | -0.07 | -0.07 | -0.06 | -0.04 -0.06 -0.01 -0.07
TA21 | -0.10 | -0.07 | -0.05 | -0.04 | -0.04 | -0.06 | -0.06 | -0.06 | -0.05 -0.07 | -0.06 | -0.08
TA22 | -0.16 | -0.12 | -0.09 | -0.06 | -0.05 | -0.07 | -0.04 | -0.06 | -0.05 -0.12 -0.09 | -0.13
TA23 | -0.17 | -0.11 | -0.06 | -0.06 | -0.05 | -0.07 | -0.06 | -0.07 | -0.07 -0.12 -0.10 | -0.12
TA24 | -0.13 | -0.08 | -0.04 | -0.04 | -0.05 | -0.06 | -0.06 | -0.07 | -0.06 -0.08 | -0.09 | -0.09
TA25 | -0.12 | -0.08 | -0.06 | -0.05 | -0.06 | -0.06 | -0.05 | -0.06 | -0.05 -0.09 | -0.10 | -0.10
TA26 | -0.09 | -0.09 | -0.06 | -0.03 | -0.08 | -0.06 | -0.04 | -0.06 | -0.05 -0.09 | -0.08 | -0.09
TA27 | -0.11 | -0.11 | -0.07 | -0.04 | -0.08 | -0.07 | -0.04 | -0.05 | -0.04 -0.09 | -0.08 | -0.10
TA28 | -0.09 | -0.08 | -0.08 | -0.04 | -0.08 | -0.06 | -0.02 | -0.05 -0.02 -0.08 | -0.05 | -0.08
TA29 | -0.10 | -0.07 | -0.09 | -0.04 | -0.06 | -0.05 | -0.01 | -0.03 -0.02 -0.07 | -0.07 | -0.09
TA30 | -0.09 | -0.06 | -0.08 | -0.02 | -0.06 | -0.05 | -0.01 | -0.03 -0.02 -0.07 | -0.05 | -0.08
TA31 | -0.09 | -0.05 | -0.08 | -0.02 | -0.07 | -0.05 | -0.01 | -0.04 | -0.03 -0.06 | -0.06 | -0.08
TA32 | -0.08 | -0.08 | -0.11 | -0.02 | -0.08 | -0.03 | -0.02 | -0.02 | -0.03 -0.07 | -0.05 | -0.07
TA33 | -0.10 | -0.07 | -0.05 | -0.04 | -0.04 | -0.06 | -0.06 | -0.06 | -0.05 -0.07 | -0.06 | -0.08
TA34 | -0.04 | -0.02 | 0.00 | -0.04 | -0.05 | -0.04 | -0.02 | -0.03 | -0.06 -0.04 | -0.05 | -0.05
TA35 | -0.08 | -0.04 | -0.03 | -0.01 | -0.04 | -0.04 | -0.01 | -0.02 | -0.01 -0.06 | -0.07 | -0.06
TA36 | -0.04 | 0.00 0.01 0.01 -0.01 | -0.02 | -0.03 | -0.04 | -0.01 -0.01 -0.02 -0.03
TA37 | -0.03 | -0.01 0.01 -0.03 | -0.02 | -0.04 | -0.02 | -0.03 | -0.05 -0.04 | -0.03 -0.04
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HOW DOES CLIMATIC VARIABILITY AFFECT THE HIGHLAND
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ABSTRACT. The influence of climate variability in the highland headwater lagoons of the Miguagu6 watershed
- Venezuela was evaluated from an initially defined time series of 46 years, climatologically classified by the
Oceanic Nino Index (ONI). 18 climatologically different sample years were selected with the availability of
Landsat imagery to evaluate the degree of surface water extent fluctuation using the Normalized Water Index
(NDWI). The NDWI values were then statistically compared with the ONI and with local climate parameters, and
the percentage deviations of the anomalies from the averaged neutral years were estimated. The results showed
that the surface water extent of the lagoons is affected by the combination of ENSO, anti-ENSO anomalies and
neutral years, although the effect is different depending on the location of the lagoons in the landscape, biophysical
conditions and the intensity of the anomalies. Mapire, La Burra and Masiegal lagoons showed “severe” impact,
with deviations from the surface water extent in neutral years ranging from 20 to 70%. On the other hand, the
impact on the Miguaguo lagoon was mostly “slight”, with deviations ranging from 0 to 10%. Positive deviations
derived from anti-ENSO events and neutral conditions were generally dominant, except for La Burra lagoon, where
the opposite trend was observed. Although the results were clear and conclusive, they have a limited spatial and
temporal scope due to the complexity of the processes involved. Therefore, additional research is needed to
complete the understanding of the climatic and atmospheric relationships in the processes governing the highlands
of the tropics.

cComo afecta la variabilidad climadtica a las lagunas altoandinas de los Andes venezolanos?

RESUMEN. Se evalu6 la influencia de la variabilidad climatica en las lagunas altoandinas de la microcuenca
Miguagud — Venezuela, para lo cual se defini6 una serie de tiempo inicial de 46 afios, que fue climatoldégicamente
tipificada a partir del indice del Nifio Oce4nico (ONI). Se seleccionaron 18 afios muestrales climatologicamente
distintos con disponibilidad de imagenes Landsat, para evaluar el grado de fluctuacion del espejo de agua de las
lagunas a través del Indice Diferencial de Agua Normalizado (NDWI). Los valores de NDWI fueron
estadisticamente comparados con el ONI y con indicadores climaticos locales, y se estimaron las desviaciones
porcentuales de las anomalias respecto al promedio de los afios neutrales. Los resultados mostraron que la
extension superficial del espejo de agua de las lagunas estd influenciada por la combinaciéon de anomalias ENOS,
anti-ENOS vy afios neutrales, aunque la afectacion es diferencial, dependiendo de la localizacion de las lagunas en
el paisaje, de las condiciones biofisicas del entorno y de la intensidad de las anomalias. Las lagunas: Mapire, La
Burra y Masiegal mostraron un impacto “severo”, con desviaciones en la extension del espejo de agua que
oscilaron entre el 20 y el 70% respecto a los afios neutrales. Por otro lado, el impacto en la laguna de Miguaguo
fue mayoritariamente “leve”, con desviaciones que oscilaron entre el 0 y el 10%. Las desviaciones positivas
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derivadas de eventos anti-ENOS y condiciones neutrales fueron en general dominantes, excepto en la laguna de
La Burra, donde se observd la tendencia opuesta. Se concluye que, si bien los resultados fueron claros y
contundentes, tienen un alcance espacial y temporal limitado, y los procesos estudiados son extremadamente
complejos, por lo que se requieren investigaciones adicionales que complementen la comprension objetiva de las
relaciones climaticas y atmosféricas en los procesos hidricos de la alta montafia tropical.
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1. Introduction

The Andean highland wetlands are a specific type of ecosystem located above 3000 m.a.s.1.
along the Andes in the bioregions of Paramo, Jalca and Puna Plateau; they form a diversity of aquatic
and semi-aquatic environments that have been classified by the International Convention on RAMSAR
Wetlands (2005) into the following categories: Andean high lagoons, swamps, marshes, peatlands,
marshlands and wet grasses or meadows.

Both the topography and morphology of the Andean highlands above this altitude are largely
dominated by the inherited glacial landforms (Franco et al., 2013), creating the conditions for the
formation of commonly interconnected aquatic ecosystems, usually forming a wetland complex (Ortiz,
2016) (Quintero, 2019); this complex represents the headwaters of the Andean River systems. According
to Hofstede et al. (2014), highland ecosystems are the leading suppliers of freshwater in the northern
Andes due to their capacity to regulate water, which is due to glacial and periglacial geomorphology
that facilitates the accumulation of flow, the high regulatory capability of the paramo as an ecosystem,
the particular soil conditions of the highlands, and favourable climatic regimes (abundant rainfall, high
relative humidity, and low evapotranspiration rates).

Water regulation is the leading ecosystem service that provides value to high Andean wetlands
and plays an essential role in the fluvial dynamics of river basins (Franco et al., 2013; Valencia and
Figueroa, 2015; Ortiz, 2016; Quesada-Roman and Mora-Vega, 2017; Caceres, 2019; Quintero, 2019;
Lopez-Moreno et al., 2022). Its functionality goes even further, providing humans with other
environmental services that have direct and indirect use value: habitat for endemic flora and fauna,
carbon storage, source of fresh water for consumption, and local traditional productive activities, mainly
agriculture and livestock (Hernandez, 2005). Similarly, wetlands provide other environmental services
such as fisheries, aquaculture, wood production, fodder, and energy resources such as peat, as well as
opportunities for tourism and recreation (Stolk et al., 2006; Franco et al., 2013; Valencia and Figueroa,
2015; Uribe et al., 2017; Quintero, 2019).

There is no doubt about the biophysical, economic and cultural value of the high Andean
wetlands to local and regional populations. Paradoxically, some anthropogenic activities have caused
changes in the structure and functionality of the wetlands, increasing their vulnerability to climate
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variability and change, two processes that can produce various positive and negative effects and
feedbacks at different scales in the Earth system.

According to Quesada-Roman and Mora-Vega (2017), wetlands tend to have low ecological
resilience to anthropogenic actions such as drainage, agricultural expansion, or changes in land use/land
cover in their surroundings, which can lead to drastic changes in the ecosystem given the complex and
intricate level of hydrological connectivity already aforementioned. In fact, Andean highland wetlands
have been identified by the International Convention on RAMSAR Wetlands (2005) as fragile ecosystems,
vulnerable to modification by external factors such as climate change and landscape alteration due to land
use/land cover change, with negative impact on the intrinsic environmental status. They are among the
most threatened ecosystems worldwide in the last 50 years (Betancur-Vargas et al., 2017).

Andean highland ecosystems are highly vulnerable to climate change, especially climate
variability, as argued by various authors (Franco et al., 2013; De la Torre, 2014; Valencia and Figueroa,
2015; Céceres, 2019). Wetlands are particularly sensitive to climate-induced hydrological changes:
changes in precipitation significantly affect soil moisture, affecting vegetation growth and health, while
increasing temperatures accelerate evaporation and ETP, affecting biodiversity and altering oxygen
levels in water (Hangnan ef al., 2018).

The main source of climate variability in the northern Andes is the El Nifio-Southern Oscillation
(ENSO) phenomenon, which is characterized by the occurrence of warm (EI Nifio) and cold (La Niiia,
also referred to as anti-ENSO (Holden, 2017) phases. Both anomalies affect the temporal and spatial
distribution of precipitation in South America and are the cause of extreme droughts and heavy rainfall
in different geographical regions of the planet. In the northern Andes, El Nifio events are associated with
below-normal precipitation, while the opposite occurs during La Nifia events (Herzog et al., 2010).

However, the processes that dynamize the changes that occur in wetlands are usually complex,
highly dynamic, stochastic, following a nonlinear path. This makes it difficult to set predictions about
the transitions that can occur in wetlands after the occurrence of disturbances (Alibakhshi et al., 2017).
Quintero (2019) considers it very difficult to delineate the real influence of climate change in the Andean
region, because it is accelerated by different anthropogenic activities, so it is difficult to separate the real
influence of both processes.

The incidence of climate in any biophysical environment is limited to demonstrate and difficult
to verify because it requires observations of high frequency and spatial density on the variables involved,
as well as field data with high spatial and temporal resolution (Alibakhshi et al., 2017). In the Andes,
the scarcity of observations and monitoring add uncertainty when assessing the impact of land use
change and climate change on ecosystem condition and health (Hofstede et al., 2014; Uribe et al., 2017).

In this sense, remote sensing has gained relevance and usefulness in recent years as a viable
long-term spatial and temporal alternative for deriving indicators that allow the detection and monitoring
of the status or condition of hydro-ecosystems, allowing the analysis of remote areas (Adam ef al., 2010;
Middleton and Souter, 2016; Dos Santos et al., 2019). As vegetation stress is a primary indicator of the
degree of alteration of a wetland, it can be easily estimated and monitored with a reasonable degree of
accuracy through the derivation and interpretation of vegetation indices, which are dimensionless
radiometric metrics that serve as indicators of the relative abundance and activity of green vegetation
and moisture condition (Dos Santos et al., 2019). Indices such as the Normalized Difference Water
Index (NDWI) allow for efficient indirect estimation of soil and vegetation moisture available and open
water features.

Such methods are potentially relevant in our region. De la Torre (2012) claimed for rigorous
scientific research on the issue of water resources and climate change in south American mountain
ecosystems, as a basis for making relevant decisions in land planning and management. To date, research
has been carried out in the local context, analysing the impact or occurrence of climate change in high
Andean ecosystems and wetlands: Colombia (Franco ef al., 2013; Valencia and Figueroa, 2015; Ortiz,

Cuadernos de Investigacion Geografica, 50 (2), 2024. pp. 69-91 71



Mejia Barazarte et al.

2016; Caceres, 2019; and Quintero, 2019); Ecuador (Guerra, 2018); Chile (Uribe et al., 2017); and in
Venezuela (Moncada et al., 2010; Paredes et al., 2020). Research on the effects of climate variability on
wetland integrity and behaviour is more recent, with few examples to date: Mexico (Castro, 2019), Costa
Rica (Quesada-Roman and Mora-Vega, 2017; Esquivel, 2018), Colombia (Pinilla et al., 2012), Ecuador
(Ramirez and Vallejo, 2018), Chile (Meza and Diaz, 2014), and Venezuela (Gonzalez, 2018). However,
research evaluating the effects of climate variability in the headwater systems in which the wetlands are
located is remarkable scarce, and the existing experiences like: Vergara er al. (2010), Mejia (2012),
Gonzalez-Zeas et al. (2019) and Escanilla-Minchel et al. (2020), were developed on the basis of GCM
(Global Circulation Models) and IPCC scenarios. Only Mejia et al. (2022) and Carilla et al. (2023) have
directly included the effect of the ENSO and A-ENSO events in the hydro ecological conditions of the
highlands in Venezuela and Chile, respectively. Certainly, even more research in this topic is needed.

The relevance of this issue deserves greater attention, more research and monitoring processes
on the incidence of climate change and climate variability in the increasing vulnerability of high Andean
ecosystems, which facilitates the design of effective strategies to guarantee its conservation.

In this context, the main goal of this paper was to analyse the occurrence of climate variability
through the combination of ENSO and anti-ENSO anomalies in the degree of surface water extent
fluctuation of high Andean lagoons in a watershed of the Venezuelan Andes, through the interpretation
of a moisture available index derived from Landsat images, calibrated with a reliable indicator of ENSO
anomalies. The results provide a first approach to the problem in the local context, which will serve as
a basis for further research about this topic.

2. Methods
2.1. The study Area

A headwater watershed located in the central section of the Cordillera de Mérida was selected
as a case of study. The Miguagud watershed is located northeast of Mérida state, between the
coordinates: 8°42'20.59”- 8°42'20.90” N, and 70°52'41.33”- 70°53'44.80” W. It has a surface area of
375.07 ha, with a length of 3.5 km and an average width between 0.9 and 1.5 km (Fig. 1). The watershed
is located in the high Andean Mountain range, whose altitude gradient ranges from 3460 to 4060 m.a.s.l.
The relief is mountainous and dissected, with a morphology dominated by periglacial and fluvioglacial
dynamics during the Quaternary; therefore, periglacial landforms are the most important, representing
about 90% of the surface area; this is evidenced by forms such as glacial cirques, glacial steps, muddy
rocks, lateral and terminal moraines, and large rock outcrops (Gonzalez, 2018).

The lithology is largely dominated by Sierra Nevada Association (Iglesias Group) materials,
mainly: schists, gneisses, and highly metamorphosed feldspathic quartz (Sandoval, 2015). The gradient
is highly variable (from 0% to more than 60%), with a spatial predominance of the 30-60% range in
41.2% of the area (Fig. 1).

The area is characterized by a predominantly high-mountain humid climate, with an average
annual rainfall of 1170 mm and average annual temperatures ranging from 9°C in the lower part to 2°C
in the upper part (Cordoba, 2014). Solar radiation is intense (1200 w m™), especially during the dry
season; consequently, the contrasts between minimum night temperatures and maximum day
temperatures are quite marked.

The lagoons in the Miguagu6 headwaters watershed form an interconnected wetland system that
is the hydrological structural source for the Miguaguo stream. Figure 2 shows an individual view of
each lagoon in its local environment. La Burra Lagoon (Fig. 2a) is located in the upper part or head of
the watershed, being the source and starting point of the drainage network (Fig. 1). Masiegal and
Miguaguo are intra network lagoons (Fig. 2b and 2c¢) located in the middle sector of the watershed,
completely connected by the main vector of the Miguagu6 stream. On the other hand, Mapire Lagoon
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(Fig. 2d) is a semi-independent entity located at the beginning of a secondary drainage in the middle
part of the watershed that, after a short distance, joins the main stream vector (Fig. 1).
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Figure 1. Location of the Miguaguo watershed. (Image: Landsat 8- Copernicus, Google Earth Pro).

(c)

Figure 2. Watershed Lagoons: (a) La Burra; (b) Masiegal; (c) Miguaguo, (d) Mapire. (Pics. taken by
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2.2. Data Acquisition

The base map layer was created from a 1:25000 analog topographic map produced by
Cartografia Nacional (1974), which had been previously digitized. It was rasterized using GIS software
and the watershed was then delineated. The topological information was updated using aerial
photographs corresponding to the flight mission 10408 (1989).

Climate data (precipitation and temperature) were collected from six rain gauges and climatic
stations adjacent to the watershed, summarized in Table 1. The raw data were obtained from the Ministry
of Environment and Water (MINEA) and the Institute of Agricultural Research (INIA). Since INIA-
Mucuchies has the longest and most complete historical record, it was selected as the reference station.

The data had to be preprocessed to estimate surrogate daily and monthly data (pseudo data),
data distortion, and correction of anomalous records using the normal ratio and linear regression
methods (Kashani and Dinpashoh, 2012; Guevara, 2013). Once the time series was completed, a
common time series was defined for the comparative analysis: 1971 - 2022, considering the historical
record of aerial photographs and satellite images available.

Table 1. Rain gauges and climatic stations used in the research.

Gauging station Gauging Type Coordinates Elevation | Distance to the Serie lenght
number Latitude Longitude (m a.s.l.) wa;le(lr‘lsll)led
INIA-Mucuchies 7901 Cl 084600 705400 3100 4 1971-2015
Mucubaji 3072 PR 084810 704922 3560 11 1971-2003
Mucurubi 3029 C3 084222 705933 2320 12 1971-1983
Los Plantios 3161 PR 084911 704705 3878 15 1971-2003
Piramo Pico El Aguila 3112 PR 085100 704937 4126 15 1971-1998
Piaramo Mucuchies 3111 PR 085105 705019 3685 14 1971-1993

2.3. Climatological classification of the data series according to Oceanic Nifio Index - ONI

The climatological classification of the years was done based on the criteria of climate
variability, due to the remarkable influence of ENSO and anti-ENSO events on the convective processes
and climate dynamics of Venezuela (Pulwarty et al., 1998); (Andressen et al., 2000). One of the most
commonly used indicators for monitoring ENSO and anti-ENSO anomalies is the Oceanic Nifio Index
— ONI, which is defined as the three-month moving average of the sea surface temperature anomalies
that occur in the Nifio 3.4 region (Bedoya et al., 2010). Therefore, a review of the historical behaviour
of the ONI on the National Oceanic and Atmospheric Administration (NOAA) website was made to
identify the years affected by the ENSO phenomenon, anti-ENSO years, and neutral or no event years.
Using this index, it was possible to define the occurrence of ENSO from a 0.5 °C anomaly in surface
sea temperature (SST) with respect to the historical average according to NOAA, with a positive sign
indicating the occurrence of the warm phase (El Nifio) and a negative sign indicating the occurrence of
the cold phase (La Nifia). Those years with anomalies between 0 and 0.4 °C, both negative and positive,
were considered as no event or neutral years in this study.

Using this index, it was also possible to classify the anomalies according to the intensity of their
occurrence: weak (between 0.5 and 0.9 °C); moderate (between 1 and 1.4 °C); strong (between 1.5 and
2°C) and very strong (greater than 2 °C), as shown in Table 2. In this sense, all the years corresponding
to the selected historical series were climatologically classified.

Once the years were classified, a compilation of Landsat satellite images was performed to observe
the spectral behavior of the wetlands in the study area during the historical period. Landsat images were
chosen because of their higher temporal resolution compared to others, and also because of their high
accessibility and availability. These images are widely used in multi-temporal studies related to vegetation
and water due to their radiometric and spatial precision characteristics (Lunneta and Balogh, 1999).
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Table 2. Historical ONI anomalies in the Nifio 3.4 region, that occurred between August and March, during the
selected historical series.

A-ENSO ENSO NO EVENT

Period ONI(°C) Level Period ONI(°C) Level Period ONI(°C) Level
1971-1972 -0.8 Weak 1972-1973 1.8 Strong 1978-1979 -0.1
1973-1974 -1.7 Strong 1976-1977 0.7 Weak 1980-1981 -0.1
1974-1975 -0.6 Weak 1977-1978 0.7 Weak 1981-1982 -0.1
1975-1976 -1.4 Moderate | 1979-1980 0.5 Weak 1985-1986 -0.4
1983-1984 -0.7 Weak 1982-1983 2.0 Very strong | 1989-1990 -0.1
1984-1985 -0.8 Weak 1986-1987 1.1 Moderate 1990-1991 0.4
1988-1989 -1.6 Strong 1987-1988 1.1 Moderate 1992-1993 0.1 Neutral
1995-1996 -0.9 Weak 1991-1992 1.2 Moderate 1993-1994 0.1
1998-1999 -14 Moderate | 1994-1995 0.9 Weak 1996-1997 -0.4
1999-2000 -1.5 Strong 1997-1998 2.2 Very strong | 2001-2002 -0.2
2000-2001 -0.6 Weak 2002-2003 1.0 Moderate 2003-2004 0.4
2005-2006 -0.6 Weak 2004-2005 0.7 Weak 2012-2013 -0.1
2007-2008 -1.4 Moderate | 2006-2007 0.7 Weak 2013-2014 -0.3
2008-2009 -0.6 Weak 2009-2010 1.2 Moderate
2010-2011 -1.5 Strong 2014-2015 0.5 Weak
2011-2012 -0.9 Weak 2015-2016 2.4 Very strong
2016-2017 -0.5 Weak 2018-2019 0.68 Weak
2017-2018 -0.79 Weak
2019-2020 0.20 Neutral
2020-2021 -0.91 Weak
2021-2022 -0.89 Weak

Source: web: http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml del National Climate

Prediction Center-NOAA.

Images were extracted from the EarthExplorer server of the United States Geological Survey
(USGS) being selected according to the following criteria: (1) homogeneous spatial resolution with
bands corresponding to the visible, near-infrared, and mid-infrared spectral ranges to ensure
comparability; (2) date of scene acquisition corresponding to the dry season in Venezuela (December-
March), a period when the wetlands could be more affected climatologically and hydrologically; and
(3) minimal cloud cover in the useful area of interpretation. From a total of 50 initially preselected
Landsat scenes, 18 images identified in Table 3 were finally selected for analysis. These images
correspond to climatologically different years, hereafter referred to as "sample years".

Table 3. Images selected to monitor the dry period for the sample years.

Satélite / Sensor Scene identifier Date Event Level of intensity
LANDSAT 5 TM LT50060541985051AAA06 20/02/1985 A-ENSO Weak
LANDSAT 5TM LT50060541986054XXX03 23/02/1986 S/E Neutral
LANDSAT 4 TM LT40060541988084XXX01 24/02/1988 ENSO Moderate
Aerial Photo M-10408 04/02/1989 A-ENSO Strong
LANDSAT 5 TM LT50060541991036AAA02 05/02/1991 S/E Neutral
LANDSAT 5 TM LT50060541998055CPEOO 24/02/1998 ENSO Very strong
LANDSAT 5 TM LT50060541999090CPE01 31/03/1999 A-ENSO Moderate
LANDSAT 7 ETM+ LE70060542000037AGS01 06/02/2000 A-ENSO Strong
LANDSAT 7 ETM+ LE70060542001055EDCO01 24/02/2001 A-ENSO Weak
LANDSAT 7 ETM+ LE70060542003045AGS00 14/02/2003 ENSO Moderate
LANDSAT 5 TM LT50060542011091CHMO00 01/04/2011 A-ENSO Strong
LANDSAT 8 OLI LC80060542014051LGNOO 20/02/2014 S/E Neutral
LANDSAT 8 OLI LC80060542015054LGNOO 23/02/2015 ENSO Weak
LANDSAT 8 OLI LC80060542016041LGNO0 10/02/2016 ENSO Very strong
LANDSAT 8 OLI LC80060542017075LGNOO 16/03/2017 A-ENSO Weak
LANDSAT 8 OLI LC80060542019033LGNOO 02/02/2019 ENSO Weak
LANDSAT 8 OLI LC80060542020132LGN0OO 05/05/2020 S/E Neutral
LANDSAT 8 OLI LC80060542021134LGNOO 14/05/2021 A-ENSO Weak
LANDSAT 8 OLI LC80060542022025LGNO0 25/01/2022 A-ENSO Weak

Source: EarthExplorer website (https://earthexplorer.usgs.gov/). Colors: ENSO (red), A-ENSO (blue), Neutral (green).
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The images had to be preprocessed to make radiometric and atmospheric adjustments using the
semi-automatic classification plug-in (SCP) method and geometrically using both the nearest neighbor
and root mean square (RMS) methods (Olaya, 2016).

2.4. Image processing and NDWI estimation

The wetlands were identified and delineated from the interpretation of the Landsat 8 OLI image
of February 20, 2014, with RGB combination to false color 542 (Fig. 3a), combining the mid-infrared,
near-infrared, and green bands to identify the lagoons with sufficient accuracy. Since Landsat imagery
have a middle resolution, the delineation process was calibrated using an aerial photograph of the area
(flight mission 10408, 1989) to achieve greater accuracy (Fig. 3b). In post-processing, the results of the
interpretation were verified and validated in situ. Eight (8) wetlands were identified: (4) swamps and (4)
high Andean lagoons located in the valley bottom of the watershed.

Figure 3. Identification of highland Andean lagoons in the Miguaguo watershed: (a): LANDSAT image in
false color (542) of 02/20/2014, (b): lagoons delineated from aerial photo (Flight Mission 10408, 1989).

We considered the Normalized Difference Water Index (NDWI) as an indicator to evaluate
perimetral water level fluctuation for the lagoons during the sample years. The degree of water extent
fluctuation is considered one of the core indicators in the assessment of wetlands conditions (Fennessy
et al., 2004). The NDWI was developed to delineate open water features and enhance their presence in
remotely sensed digital imagery. The index uses reflected near-infrared radiation and visible green light
to enhance the presence of such features while eliminating the presence of soil and terrestrial vegetation
features (McFeeters, 1996). For a good performance in its use, a validation process of the thresholds
used to delineate water table is always required. NDWI has been widely used to identify wetlands and
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water bodies, and also to delineate the surface characteristics of water (Ji et al., 2009) and glaciers
(Lopez-Moreno et al., 2020, 2022). It is derived from the difference between the green and near-infrared
bands divided by the sum of these bands by equation (1):

NDWI = (PGREEN—PNIR) [1]

(PGREEN*PNIR)

where:

Pereen Y Pnir correspond to the visible (green) and near-infrared reflectivity, respectively, of each
NDWI image in the historical series.

NDWI values range from -1 to 1, with zero being the threshold. The cover category is water if NDWI
>0 and non-water if NDWI < 0.

To compare the water level oscillation for each lagoon, a vector layer was used to delineate the
reference area (using aerial photographs from 1989) to identify the pixels that the NDWI counts as
"WATER", and thus observe the changes in the water surface area of the lagoons from one year to
another. The NDWI was derived in each selected image and the metrics and zonal statistics
corresponding to the spectral index were estimated.

2.5. Statistical relationship between NDWI and ONI index

Since the SST anomalies indicate the occurrence of the ENSO phenomenon through the ONI
index, the Pearson linear correlation coefficient between these anomalies and the NDWI indices was
calculated for each sample year. The average NDWI values extracted from the vector polygons of the
four lagoons were used to study the relationship between the oscillation of the wetlands and the possible
influence of the ENSO phenomenon in the hydroperiod.

From the average NDWTI values, the change or anomaly in the state of the lagoons was
calculated by comparing the water surface extent in a sample year with the averaged neutral years,
using equation (2):

ANDWI (%) = <(M) « 100) — 100 2]

NDWlyeferencial
Where:
ANDWI (%): anomalies in percentage values
Reference NDWI: value corresponding to the NDWI for the averaged neutral years
NDWI year n: NDWI value for year n

According to Jiménez (2010), the percentage of variation (ANDWI) expresses the degree of
anomaly (impact or recovery) experienced by each of the lagoons (water surface extent) quantified with
respect to a reference value, and the variations are categorized as follows:

- Recovery or improvement: the value has increased compared to the averaged neutral years.
- Slight impact: the anomaly is greater than 0 and less than 10%.
- Moderate impact: the anomaly is between 10-20%.

- Severe impact: the anomaly is greater than 20%.
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Thus, positive anomalies indicate an excess of rainfall resulting in a very humid rainy season,
while negative anomalies indicate a deficit or low rainfall regimes with a dry season longer or more
intense than usual. The purpose of calculating these anomalies was to observe the behavioral deviation
of the hydroperiod respect to the neutral years, which can indicate the level of elasticity and resilience
of the lentic systems due the influence of the inter annual Pacific Oscillation.

The statistical relationship between the fluctuations of the lagoons and the influence of ENSO
and anti-ENSO was also evaluated by the Pearson linear correlation coefficient, comparing the average
values of the NDWI of each lentic system with the values of the sea surface temperature anomalies in
the Nifio region 3.4.

2.6. Relationship between NDWI and local climatology

Considering the spatial dynamics of the occurrence of ENSO anomalies and the notable scarcity
of climatic data recorded in the region, the degree of influence or correspondence between the surface
water extent fluctuation of the lagoons and the local climatology was analyzed by comparing the
normalized NDWI values observed in the sample years with the historical precipitation recorded at the
INIA-Mucuchies station (the reference station). In this case, the accumulated precipitation during the
period between August - March of each year (the second half period of the rainy season plus the dry
season) recorded in the reference station (1971-2015) was considered, because this period showed the
best statistical performance between the surface water extent area of the lagoons and the rainfall regime.

3. Results

3.1. Chronological relationship of ENSO/anti-ENSO episodes during the time series and
sample years

During the period initially considered, the temporal relationship between ENSO and anti-ENSO
anomalies was heterogeneous, showing variable sequences between them according to their own
episodic dynamics (Fig. 4a). In this sequential dynamic, the frequency of anti-ENSO episodes (21) was
slightly higher than ENSO episodes (17), while the number of years classified as no event occurrence
or neutral was lower (13). Regarding the intensity of the anomalies, a relative dominance of “weak” and
“moderate” intensity events was observed, while the episodes of "strong" and "very strong" intensity
seem to show a certain temporal recurrence, oscillating between 10 and 18 years for ENSO episodes
and between 10 and 14 years for anti-ENSO episodes. Another trend can also be observed between the
two anomalies in terms of the dynamics of their occurrence in Figure 4a, since the anti-ENSO anomalies
tend to manifest themselves sequentially or successively in two (2) or three (3) years, which seems to
be less frequent for the ENSO anomalies.

The sample years series chosen for the subsequent analysis (Fig. 4b) appears to adequately
reproduce the temporal trend of the general period. In the sample years series were included: 9 events
classified as anti-ENSO, 6 events classified as ENSO and 4 years classified as no event or neutral years.

Of the 9 anti-ENSO episodes, those of 1989, 2000 and 2011 were classified as "strong", with
ONI values equal to or less than -1.5 °C. In the remaining years: 1985, 2001, 2017, 2021 and 2022, the
anomalies were of "weak" intensity (between -0.5 and -1). Meanwhile, all the intensity levels are
represented for ENSO episodes, since in 1998 and 2016 there were anomalies of "very strong" intensity
with a positive temperature deviation > 2 °C; the episodes of 1988 and 2003 were of "moderate"
intensity, while in 2015 and 2019 there were events of "weak" intensity. Finally, the neutral or no event
years were temporally dispersed (Fig. 4b).
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Figure 4. Chronological relationship of the occurrence of ENSO and anti-ENSO anomalies according to the
Oceanic Niiio Index - ONI during the initial period (a), and during the selected sample years (b).

Figure 5 shows the interannual variability of precipitation at the reference station. In the period
1971-2015, precipitation showed a high variability in occurrence (CV = 29.4%), with wet periods
alternating with relatively dry periods. Between 1976 and 1990, precipitation was above the historical
average, while the first decade of the 21st century was characterized by a dry period in which
precipitation was significantly below the historical average (except in 2003) (Fig. 5). A maximum peak
of pp occurred in 2011, coinciding with a "strong" anti-ENSO episode (Fig. 4b). On the other hand,
1992 was the driest year recorded, coinciding with an ENSO episode of "moderate" intensity (Fig. 4a).
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Figure 5. Total annual precipitation for the INIA-Mucuchies weather station.
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A further comparison showed, that for the 20 years with precipitation below the historical
average, 8 coincided with anti-ENSO events, 2 coincided with ENSO events, while the remaining 8
were classified as no event or typologically neutral years. Meanwhile, 25 years showed precipitation
values above the historical average, of which 10 coincided with ENSO events, 11 occurred during anti-
ENSO events, and 4 were no event or neutral years.

3.2. Lagoon water surface extent dynamics according to NDWI results.

Figure 6 show the degree of water level fluctuation for the lagoons during the sample years
classified according to ONI. The Miguagu6 Lagoon has the largest surface area with 8.24 ha, followed
by Masiegal Lagoon with 1.75 ha; Mapire Lagoon with 0.82 ha, meanwhile La Burra Lagoon is the
smallest with only 0.57 ha.

As shown in Figure 6, the water surface extent for the four lagoons reflect a differential elastic
hydrological behavior during the sample years, whose surface oscillations seemed to follow the
oscillation of the climate through the relationship or combination between ENSO, anti-ENSO episodes
and neutral years.

The hydrological oscillation of the water surface extent was highly dynamic among the sample
years, with noticeable differences between the lagoons (Fig. 6). The CV of La Burra (45%) and Mapire
(33%) lagoons clearly showed that both lentic systems had a substantial variability in their water surface
extent and, therefore, the most elastic hydrological behaviour.
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Both lagoons are perimeter headwaters entities located downslope of a small concave "zero-
order area" (see Fig. 1), so that atmospheric water reaching the rocky surface is easily concentrated
there. Thus, both lagoons are highly dependent on atmospheric discharges as the primary water input,
since the surface draining area is remarkably narrow and the bedrock is found at a very shallow depth,
thus inhibiting subsurface inflow.

The Masiegal (CV=24%) and Miguagué (CV=9%) lagoons showed a less variable and elastic
statistical behavior, suggesting a lower or less evident dependence on atmospheric processes. These intra
network lagoons are connected to the main channel vector of the stream, and their location in the
geomorphic landscape guarantees water confinement with constant lateral subsurface flux.

As shown in Figure 6, the oscillations of the lagoons showed sensitivity to the historical
alternation of the episodes of climate variability, since during the ENSO years: 1988, 1998, 2003, 2015
and 2019, the water surface level retreated and showed values below the observed mean. The greatest
reduction occurred in 1998, coinciding with a "very strong" ENSO episode (see Table 2, Fig. 4b), which,
according to Corporacion Andina de Fomento [CAF] (2000), caused a rainfall deficit throughout the
country. The episodes of 1988 and 2003 were of "moderate" intensity and the intra network lagoons
(Masiegal and Miguaguo6) did not show a significant oscillation (Fig. 6); meanwhile, the 2015 and 2019
episodes were of "weak" intensity (see Table 2, Fig. 4a and 4b).

The opposite trend occurred during the anti-ENSO years: 1989, 2000, 2011, 2021 y 2022, when
the lagoons showed a significant increase in the water surface level, particularly in 2000, when a "strong"
Nifia event was recorded, preceded by a "moderate" one (see Table 2, Fig. 4a). During this anti-ENSO
event, exceptional seasonal rainfall occurred, causing the most devastating natural disaster of the 20th
century in Venezuela (Jiménez, 2007) (Cordova and Lopez, 2015). In line with this, Artigas and Vicufia
(2011) argued that the extreme rainfall that occurred in the last months of 1999 and early 2000 was a
consequence of the cold phase of ENSO (La Nifa), which dumped heavy rainfall on the country above the
observed average. The anomalies that occurred in 1989 and 2011 were also classified as "strong" intensity
events; meanwhile, “weak” anomalies occurred in 2017, 2021 and 2022 (Table 2, Fig. 4a and 4b).

For the "neutral" years, the behavioral trend of the surface water extent was less predictable,
particularly for both La Burra and Mapire lagoons, which are the base of the hydrological system,
showing an erratic oscillation during the sample years. On the other hand, Masiegal and Miguaguo
lagoons showed a slightly decreasing trend in surface water extent (Fig. 6).

The results clearly indicate that these lagoon systems seem to be sensitive and at the same time
dependent on the input of atmospheric water within the watershed, necessary to stimulate the processes
of hydrological partitioning and conduction at surface and subsurface levels in the high Andean
hydrological landscapes.

3.3. Statistical relationship between NDWI and ONI index

Fluctuations in water surface area and ONI are statistically inversely proportional, as can be
seen from the scatter plots in Figure 7. Although the data show an adequate linear fit, the strength of this
relationship is not essentially homogeneous between the lagoons. Miguagud lagoon is the one that shows
the best fit and relationship between the variables, suggesting that 50% of the variation in lagoon area
can be explained by the oscillation in the occurrence of ENSO/anti-ENSO episodes. In La Burra and
Mapire lagoons, the level of agreement decreases slightly to 46 and 43% respectively; finally, Masiegal
lagoon is the one that shows the lowest level of fit between the variables (25%).

The statistical relationship between the two variables is more clearly reflected by the results of
the Pearson correlation coefficient. The results of the "r" considering all the sample years evaluated
showed a "high" negative correlation for Miguagué Lagoon, Mapire and La Burra lagoons and a
“moderate” correlation for Masiegal lagoon, indicating that the episodes of ENSO anti-ENSO can affect
the lagoons differently (Table 4).
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Table 4. Pearson linear correlation coefficient (r)between NDWI and ONI index for the sample years.

EEONHSSIO({ e;:;gég;gtl%l:uﬁzf)s r considering ENSO and anti-ENSO years only
NDWI / ONI NDWI / ONI
Mapire -0.65 Mapire -0.69
Miguagud -0.71 Miguagud -0.77
Masiegal -0.50 Masiegal -0.63
La Burra -0.68 La Burra -0.73

Source: calculations based on the ONI index provided by the NOAA Climate Agency and water surface area as a result of the NDWI for the
temporal items under study.

n.n

The resulting "r" values considering only ENSO and anti-ENSO years showed a better
performance in the correlation, as a high negative correlation between the ONI and the surface water
extent exist in all lagoons. This suggest that the oscillations occurred during neutral years are stochastic,
introducing uncertainty to the strong relationship between the two processes.

3.4. Level of deviation of the surface water extent during ENSO / anti-ENSO episodes

Figure 8 shows the temporal variation of the percentage deviation of the NDWI (ANDWI) with
respect to the mean accounted for the neutral years. It is clearly observed that the surface water extent
of lagoons experienced a highly dynamic behaviour during the sample years, with different trends
among them. La Burra and Mapire lagoons had the most elastic behaviour and higher amplitude in their
surface water extent fluctuations, defining a similar temporal trend in which both lagoons show positive
and negative deviations on their surfaces due to the alternation of ENSO and anti-ENSO episodes. La
Burra showed the most extreme percentage of deviation, ranging from 56% for positive anomalies (anti-
ENSO) to -72% for negative anomalies (ENSO). For Mapire lagoon the magnitude of the deviation is
slightly lower, ranging from 54% to -55% (See Fig. 8).
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Figure 8. Percentage of variation-anomalies ANDWI being compared with the averaged neutral years.
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The Miguagud Lagoon showed a less elastic and more resilient behaviour during the period,
with mostly positive deviations, suggesting that its surface water extent experienced relative stability
during the sample period. The amplitude of the deviations with respect to the neutral years is remarkably
small (between 21% and -10%), with an apparent dominance of positive deviations in its surface water
extent. For the Masiegal Lagoon, the amplitude of the deviations is greater than the previous one, with
values ranging between 54% and -30%.

Thus, la Burra and Mapire lagoons have the highest level of severity in anomalies related with
the occurrence of ENSO and anti-ENSO events, followed by Masiegal L.agoon, meanwhile in Miguaguo
Lagoon predominate the slight intensity anomalies. For La Burra Lagoon, the dominance of “severe
impact” for anomalies occurred during the sample period is evident, since in 13 of the 18 sample years
the surface water extent had a severe level of deviation respect to the averaged neutral years; 8 anomalies
were negative, which suggests that the lagoon tends to be more prone to negative anomalies produced
by ENSO. The Mapire Lagoon showed anomalies of "severe impact" intensity in 11 sample years,
meanwhile Masiegal Lagoon showed this condition in 10 sample years. In Miguagu6é Lagoon, a
dominance of anomalies of "slight impact" intensity level was observed, thus being the lentic system
that denotes high stability against the disturbances generated by the El Nifio South Pacific Oscillation.

3.5. Relationship between the surface water extent and the local climatology

Figure 9 shows the relationship between the interannual precipitation recorded at the reference
gauging station (INIA Mucuchies) and the surface water extent (normalized values) of the four lagoons.
Previous statistical analysis suggested that the rainfall occurring at the end of the rainy season have an
important impact on the water level fluctuation of the lagoons during the dry season.

The relationship shown in Figure 9 clearly suggests that the variation in the surface water extent
of the four lagoons is virtually conditioned by the direct input of atmospheric water, with La Burra and
Mapire lagoons being the entities that show a more sensitive reaction to the interannual rainfall
variability. The relative location of both lagoons within the hydrological landscape system, as already
mentioned, seems to play an important role in this level of sensitivity.
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Figure 9. Ratio of accumulated precipitation between the months of August to March in the INIA-Mucuchies
reference gauge station and the surface water extent of the lagoons, according to the NDWI.
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On the other hand, the Miguaguo6 and Masiegal lagoons showed a less evident variability of the
surface water extent with respect to precipitation, which suggests that in both lentic systems the
incoming runoff may be more complex and heterogeneous than in the other two lagoons, so that the
hydroperiod is conditioned by the strategies of partitioning and transfer of water within the hydrological
landscape.

4. Discussion

Our results clearly show that the high Andean lagoons and the headwaters of the Venezuelan
Andes have a spatial and temporal dynamic that is strongly influenced by processes derived from the
interannual variability of precipitation, in which the El Nifio Southern Oscillation plays an important
role. The results also show that climatic variability has a direct impact on the oscillation of water level
of lagoons, which depends on the magnitude of the anomaly, the temporal sequence of the lagoons and
the location of the lagoons in the landscape. From the results it can be concluded that the lagoons have
different levels of atmospheric dependence.

4.1. El Nifio Southern Oscillation and Climate Variability in the High Andes of Venezuela

The influence of ENSO/anti-ENSO on the climate of northern South America is well known,
although the region is also climatically influenced by the Pacific Decadal Oscillation (PDO) on a decadal
or interdecadal scale (Schoolmeester et al., 2016), and there are even links or feedbacks between the
two processes, as pointed out by Martinez et al. (2011). However, the impact of the PDO on the climate
of the region has been poorly studied. On the other hand, other factors seem to modulate the climate of
the region and act in close relation with ENSO (especially in its warm phase), such as changes in
atmospheric pressure in the Caribbean and tropical Atlantic (Aceituno, 1988), and even the North
Atlantic Oscillation exhibits an interesting coupling with the hydrometeorology of tropical South
America (Poveda and Mesa, 1997).

These factors could help to explain the historical variations in precipitation observed at the
reference station, which are inconsistent with the ENSO/anti-ENSO alternation. Due to the size and
complexity of the Andean Mountain range, climatic processes exhibit important latitudinal differences,
so that even the influence of ENSO/anti-ENSO on local climatology often shows different patterns and
intensities.

4.2. Climate variability and its impact on high Andean lagoons

The relationship between ENSO/anti-ENSO events and their alternation with neutral years has
a direct impact on the hydroperiod of the high Andean lagoons, which is directly reflected in the
oscillations observed in their surface water extent. The location of these wetlands at the altitudinal base
of the regional hydrological cycle makes them highly dependent on atmospheric dynamics, so that the
hydrological response and the hydroperiod are directly related. Similar results have been obtained by
Dangles ef al. (2017) in the Cordillera Real of Bolivia, by De la Fuente et al. (2021) in the Chilean
Andes, and recently by Carilla ef al. (2023) in the Argentine Andes. In all these cases, the direct impact
of climate variability on the wetlands studied was clearly evident, although with temporal variations
imposed by latitude and climate regime.

The type of anomaly, as well as its magnitude, intensity and sequential relationship, also have
an effect on the magnitude of the surface water extent in the high Andean lagoons. It is well known that
anti-ENSO anomalies have more pronounced effects on the climate and hydrology of the continent than
the opposite anomaly, and authors such as Poveda and Mesa (1997), Mejia (2012), Dangles et al. (2017),
De la Fuente et al. (2021), Mejia et al. (2022) and Carilla et al. (2023), confirmed this. On the other
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hand, the frequency of episodes is usually variable in temporal scale, and the biophysical conditions of
the environment, as well as the location of lagoons in the landscape and the configuration of the drainage
network, influence their hydrological response to atmospheric processes. De la Fuente et al. (2021)
found differences in the hydroperiod of lagoons depending on the size of the wetland. Similarly, the
authors previously studied the Miguagu6 swamps and found differential behaviors among them respect
to the climate variability, probably explained by their location in the hydrological landscape.

4.3. Influence of the hydrological landscape

Due to its topographic and hydrological position in the high Andes, the Miguagud watershed
consists of a system of wetlands (lagoons and swamps) which are directly and permanently connected
to the drainage network that forms the Miguagu6 stream. Conceptually, and according to Rains et al.
(2016), it is a hydrologic landscape in which the wetlands act as nodes that receive, store, and release
water to the main transmission vector of drainage flow. For Winter (2001), the hydrologic landscape
with glacial landforms is perhaps the most complex to describe, since the complex topography, in
addition to the type and distribution of unconsolidated geologic material in glacial terrain, can result in
a wide scalar typology of hydrologic landscapes, from micro-depressions to entire moraine complexes.

These landscapes have complex surface and subsurface water flow systems, in which drainages
can have very different interactions with groundwater depending on whether they cross moraine till, till
plains, or pure alluvial plains. In the case of the Miguagué watershed, the soils are basically moraine
and fluvioglacial deposits, so the transmissivity of the subsurface water is probably high due to the
glacial morphology.

The differences in trends observed between the lagoons may be due to their location at the
landscape level and, more specifically, to their relative position in the local hydrological network. As
can be seen in Figure 1, La Burra Lagoon is located in the upper zone of the watershed and channel
network, specifically in the so-called transition zone between the zero-order and first-order channels
(Benda et al., 2005). The lagoon has a very small draining area, with very shallow soils and bedrock
very close to the surface; this means that its water regulation capacity is likely limited -as suggested by
Franco et al. (2013)- so that the hydroperiod of the lagoon is essentially controlled by atmospheric water
input, rather than surface runoff.

The Masiegal and Miguagud are intra network lagoons located in the central part of the
watershed, just in the middle section of the channel network, being nodal points of surface flow
convergence, thus having a higher level of hydrological connectivity and perennial inflow. The presence
of glacial cirques in this sector has resulted in a predominantly concave topography, facilitating the
concentration of flow at the bottom of the valley. The two well-developed lateral moraine channels on
either side of the stream, surrounded by moraine and fluvioglacial deposits, suggest a complex dynamic
of diffuse, laminar, and especially lateral subsurface flow towards the two lagoons. This greatly
diversifies the water input, thus favoring the hydroperiod of both lentic systems, which is additionally
favored by a local morphology containing coarse-textured soils with high organic matter content that
facilitates hydric confinement. According to Hofstede et al. (2014), the soils of the paramo usually have
low bulk density, high porosity and high organic matter content, making them highly suitable to retain
water for long periods and to release it slowly and constantly. In addition, the shallow bedrock inhibits
the vertical transmissivity of water, thus guaranteeing its persistence at the surface.

The conditions described above also apply to the Mapire Lagoon, located in the middle part of
the watershed, although it is a headwater lentic system that functions as a spring being connected to the
network by a single low-volume stream. Its relative location in the lower part of the watershed, very
close to the abstraction of water for consumption, irrigation and extensive cattle grazing, suggests that
this lagoon could be under anthropogenic pressure that could be affecting its hydroperiod. Both
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topography and land use variables has been remarked by Vanderhoof et al. (2017) as determining the
surface-water connectivity across the landscape.

For Franco et al. (2013), the diversity of inputs sources of water leads to greater opportunities
to maintain the quantity and quality of water, thus favoring the hydroperiod of the lentic systems; this
can explain the distinctive behavior of the lagoons based on the NDWTI for the sample years considered.

4.4. Scope of the results in the context of the region

As mentioned above, the size and complexity of the Andes, its large latitudinal gradient and its
complex climatic and biogeographical structure mean that the processes and factors that control and
modulate climate at regional and local scales often vary from one region to another; similarly,
ENSO/anti-ENSO episodes have different effects at spatial and temporal scales within the whole Andes
range. Therefore, the results obtained may have a reduced spatial scope in their potential for spatial
correlation at the regional scale. In addition, the notable scarcity of climatic records in much of the
Andes and the limited access to the recorded data may in many cases affect the predictive reliability of
the results. These considerations must be taken into account when studying the links between climatic
variability and local hydrological or ecological processes in the Andes.

5. Conclusions

The results showed that there is a clear influence of climatic variability, specifically on the
anomalies derived from ENSO and anti-ENSO events in the local climate, and on the dynamics and
behaviour of the lagoons of the Miguagu6 headwater watershed. The spatio-temporal behavior of the
NDWI during the sample years, the statistical relationship with the Oceanic Nifio Index (ONI), and its
agreement with the local climatological records have helped to demonstrate this fact.

The climate variability has a different level of incidence in the surface water extent fluctuation
of the lagoons. Differences are explained by: the spatial hydrological configuration, the relative position
of each lagoon in the hydrological landscape, the topographic conditions, the morphology of the
landforms and the soil characteristics of the environment. Similarly, the level of intensity and temporal
frequency of each event also condition the dynamics of the hydroperiod of the lagoons.

The headwater lagoons showed greater hydrological elasticity and greater sensitivity to climatic
anomalies, suggesting that their hydroperiod is highly dependent on atmospheric processes; the intra
network lagoons appear to have greater resilience and stability to ENSO and anti-ENSO events,
suggesting that their hydroperiod is structurally more complex and heterogeneous, presumably
dependent on elements of the hydrological landscape.

The research demonstrated the advantage and remarkable potential usefulness of remote sensing
tools and their derived indicators, such as the NDWI, in understanding the dynamics of lentic systems
at different scales: spatial, temporal and climatic. Similarly, the Oceanic Nifio Index seems to be a very
useful indicator to be able to quantitatively and accurately delimit ENSO and anti-ENSO events, having
comparability and relationship with other climatological and hydrological indicators.

Although the results of this research are clear and convincing, they are also spatially and
temporally scale limited because the processes involved are inherently complex. For these reasons,
additional research is needed to facilitate and complement the understanding of the climatic and
atmospheric relationships in water processes typical of mountainous areas in the tropics.
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ABSTRACT. The recurrent floods in the lower hydrographic basin of the Rio Negro (RN), documented since
1899, have caused significant damage to the resident population settled in flood-prone areas, whose socioeconomic
condition is unfavorable. The aim of this study was to analyze the risk associated with flood occurrences in this
area by integrating the flood susceptibility level (hazard) of the study area and the vulnerability of the population.
The risk analysis was derived from the algebraic overlay of hazard and vulnerability maps, developed according
to criteria published by Renda et al. (2017). In the study area, floods are primarily caused by intense rainfall and
winds, upstream water discharges from the Limay and Neuquén rivers, and interactions between increased
upstream flow from the lower hydrographic basin of the RN and extreme meteorological events known as
Sudestadas. Every certain period, such as every 2 years for winds exceeding 75 km/h and precipitation exceeding
37 mm in 24 hours, as well as every 100 years for flows exceeding 4,000 m3s™1, the occurrence of floods in the
lower basin of the RN is expected to be derived from these events. Based on terrain characteristics and topography,
41.7% of the lower RN basin area showed moderate to high susceptibility to flooding. INDEC data (2010)
indicated that 51.0% of the population in the study area was vulnerable to floods due to unfavorable socioeconomic
conditions. According to hazard and vulnerability analyses, 43.2% of residents in the lower RN basin lived in high-
risk areas, with homes located near the riverbank and on the outskirts of the Viedma-Carmen de Patagones urban
conglomerate, hence being the most vulnerable. The results obtained in this research showed the influence of the
natural and anthropogenic factors on the occurrence of flood-related disasters in the lower hydrographic basin of
the RN. In addition, they served as a preliminary study that will enable decision-makers to create better prevention
and mitigation plans contributing to improving the quality of life of its inhabitants.

Analisis del riesgo de inundaciones en la cuenca hidrogrdfica inferior del Rio Negro
(Argentina)

RESUMEN. Las recurrentes inundaciones en la cuenca hidrografica inferior del Rio Negro (RN), documentadas
desde 1899, han causado dafios significativos a la poblacion residente asentada en areas propensas a inundaciones,
cuya condicion socioecondmica es desfavorable. Por lo tanto, el objetivo de este trabajo fue analizar el riesgo
asociado a la ocurrencia de inundaciones en esta area a través de la integracion del nivel de propension ante
inundaciones (amenaza) del area de estudio y la vulnerabilidad de sus habitantes. El anélisis de riesgo se obtuvo a
partir de la superposicion algebraica de los mapas de amenaza y vulnerabilidad, elaborados segiin criterios
publicados por Renda et al. (2017). En el area de estudio, las inundaciones son principalmente causadas por
intensas lluvias y vientos, descargas de agua aguas arriba de los rios Limay y Neuquén, y la interaccion entre el
aumento del flujo aguas arriba de la cuenca hidrografica inferior del RN y eventos meteorologicos extremos
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conocidos como Sudestadas. Cada cierto periodo, tales como cada 2 afios para vientos que superan los 75 km/h y
precipitaciones que exceden los 37 mm en 24 horas, asi como cada 100 afios para caudales que sobrepasan los
4.000 m3 s™1, se espera la ocurrencia de inundaciones en la cuenca inferior del RN derivadas de estos eventos.
Segun las caracteristicas del terreno y la topografia, el 41,7 % del area de la cuenca baja del RN mostr6 una
susceptibilidad de moderada a alta a inundaciones. Los datos del INDEC (2010) indicaron que el 51,0 % de la
poblacién en el area de estudio era vulnerable a inundaciones debido a condiciones socioecondémicas
desfavorables. De acuerdo con los analisis de amenaza y vulnerabilidad, el 43,2 % de los residentes en la cuenca
inferior del RN habitaban en areas de alto riesgo, en cercanias de la ribera del rio y en las afueras del conglomerado
urbano Viedma-Carmen de Patagones, siendo, por lo tanto, los mas vulnerables. Los resultados obtenidos en esta
investigacion muestran que los factores naturales y antropogénicos favorecen la ocurrencia de desastres
relacionados con inundaciones en la cuenca hidrografica inferior del RN. Constituyen, también, este estudio
preliminar que permitird a los tomadores de decisiones crear mejores planes de prevencion y mitigacion que
contribuyan a mejorar la calidad de vida de sus habitantes.
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1. Introduction

According to OEA (1993) and Lavell (2001), a disaster represents the tangible outcome of risk,
which is defined as the likelihood of a hazardous event capable of causing social and economic losses
to society (Moreno and Munera, 2000). In this order, risk evaluation as an useful tool to estimate the
level of danger associated with potential hazards and prevailing vulnerability conditions (Rojas Vilches
and Martinez Reyes, 2011). This assessment includes the estimation of components of risks such as
hazard, exposure, and vulnerability (Olcina and Ayala-Carcedo, 2002).

A hazard is recognized as a potential threat related to adverse phenomena, whether natural or
human-induced. It can damage to society since a material and social point of view (Unesco, 2014; Renda
et al., 2017). Natural events (earthquakes, floods, hurricanes, volcanic eruptions) or human-made
incidents (poor flood management, dam breaches, technological origin, and pollution) become hazards
when they affect populated regions (Aneas de Castro, 2000). Research about hazards includes different
stages, as following (Renda ef al., 2017):

1. Definition of the area affected by the hazard (neighborhood, district, municipality or region).
2. Identification of the origin of the hazard.

3. Definition of the magnitude of the hazard, its manifestations and return periods.

4

Physical and natural description of the affected area. This characterization includes a spatial
study of the factors, which determine the susceptibility to the hazard in the study area (Liendro
Moncada and Ojeda, 2018). The floods susceptibility level is expressed through a relative scale
index, generated by the weighted sum of conditioning factors, ultimately classified into different
levels (Ilow, medium, and high) (SIGMA, 2023).
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Vulnerability analysis are based on the social, economic, cultural, institutional, and
infrastructural circumstances existing before a disaster, which render a population susceptible to a
hazard (Fenoglio, 2019). The disaster occurrence and its magnitude are defined by the hazard and by
the precarious conditions, respectively (Unesco, 2014). Vulnerability assessments involves various
dimensions (Renda et al., 2017), although frequently, the exposure variable is integrated with social
vulnerability in risk analysis (Rojas Vilches and Martinez Reyes, 2011):

1. Physical vulnerability (exposure): refers to the location of human settlements and physical
deficiencies in structures (buildings and infrastructure).

2. Social vulnerability: is related to overall living conditions and it includes situations related to
possibilities for education, health, social equity, and safety.

Globally, floods present a recurring challenge, due to the frequent occurrence of extreme
hydrometeorological events and because of historical practices in settling flood-prone areas (Renda et
al., 2017). The development of urban areas near rivers and flood-prone zones often exposes the resident
population to vulnerability and increased risk (Viand and Gonzalez, 2012). Moreover, the presence of
infrastructures such as canals, culverts, dams, and embankments creates a false sense of security, causing
the population to underestimate, neglect, or overlook the flood risk in those regions (AIC, 2020).

The risk analysis depends on both hazard occurrence and the society's vulnerability to it. For
this reason, an integrated approach to both analyses is necessary (Renda et al., 2017). Globally, risk
studies have become in a relevant tool for the decision makers. For example, research conducted by Liu
et al. (2021), along the Dianbao River in Kaohsiung City (southern Taiwan), enabled the identification
of areas with higher flood risks. Based on these results, the authors proposed various mitigation
strategies to decision-makers. In Marrickville (Australia), a new flood vulnerability index, that combine
high-resolution hydrological and hydraulic models with socioeconomic indicators, enabled the
implementation of updated flood adaptation policies (El Zein et al., 2021).

In Argentina, approximately one in three inhabitants resides in flood-prone areas (Foro
Ambiental, 2017). Several studies at a national scale have focused on delineating high-risk flood areas,
taking into account hazard and vulnerability maps (Angheben, 2012; Herrero et al., 2018). A recent
study revealed that floods in the Rio de La Plata river and its tributaries contribute to vulnerability in
more exposed areas in metropolitan area of Buenos Aires (Rotger et al., 2018). The extreme
hydrometeorological events occurrence and scarce prevention and mitigation measures implementation
showed a 22% of Santa Fe's population vulnerable to floods in 2019 (Cardoso, 2019). Moreover, the
residents of Coronel Suarez (Buenos Aires province) underestimate, according to studies, the real flood
risk of the town (Moretto and Gentili, 2021).

In the NE of Argentinean Patagonia, the recurrent Rio Negro (RN) and the EI Juncal lagoon
(non-permanent water body) overflows have historically impeded economic development and
population growth in the lower hydrographic basin of the RN (Pérez Morando, 2005; Marizza et al.,
2010; Brailovsky, 2012; Zabala et al., 2021). Specifically, the lower sector of this basin has been
affected on numerous times by river floods (AIC, 2020; Brailovsky, 2012; DesInventar, 2021; Diario
Rio Negro, 2021). The impact of floods has harmed economic growth in the lower RN valley, a major
area for fruit and vegetable production of Argentina (Mazzulla, 1974). Floods in this region damage
infrastructure like roads, railways, and irrigation networks, reduce agricultural potential through soil
erosion and crop destruction, and affect nearby urban areas (AIC, 2020). The city of Viedma, located in
the lower part of the RN flood valley between 3.5 and 4.5 meters above sea level (Merg and Petri, 1998),
has been the most exposed to river overflow (Brailovsky, 2012).

Since the XIX century, flood mitigation measures have been undertaken by residents in response
to frequent floods in the lower hydrographic basin of the RN, including building embankments and
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reforesting the riverbank to shield the coast from fluvial erosion and mitigate damage during floods
(Reverter et al., 2005). Following the catastrophic flood of July 1899 (Brailovsky, 2012; AIC, 2020),
interventions such as artificial channels, embankments, and drainage of the El Juncal lagoon were
implemented to reduce the impacts of RN floods (Rey et al., 1981). Dams located along the Limay and
Neuquén rivers have regulated river flow since 1970, while anthropogenic actions stabilized riverbanks
in Viedma and Carmen de Patagones during the 1970s and 1980s (Reverter et al., 2005). In 2012, the
government, through the Departamento Provincial de Aguas de RN, decided to regulate land use along
the riverbank lines for flood evacuation caused by high tides and Sudestadas (Southeast wind associated
with low-pressure systems. It persists for hours, bringing rain and strong winds that counteract river
drainage, leading to an increase in water levels, SMN, 2021). Additionally, in 2018, the municipality of
Viedma announced filling and construction works of a slope to protect against river floods, with a
maximum height of 4.5 meters above the river level at low tide (ADN, 2018). Despite these actions, the
lower hydrographic basin of the RN continues to be affected by river floods (D'Onoftio et al., 2010;
Brailovsky, 2012; AIC, 2020; DesInventar, 2021; Diario Rio Negro, 2021).

According to Municipalidad de Carmen de Patagones (2019), high intensity of winds from SE
are the main cause of the floods. Additionally, the increase of the flow of the tributaries (Limay and
Neuquén rivers) (UNL-DPA Rio Negro, 2004; Romero et al., 2014), during storm pass and high tide,
propitiate the flooding (D'Onofrio et al., 2010). Historically, the floods that exceeds the 2700
m3s~! have been recurrent every decade, showing a high probability of floods (UNL-DPA Rio Negro,
2004). About the floods susceptibility areal extension and location, the coastal area of the lower
hydrographic basin of RN was identified as vulnerable to sea-level rise (Kokot ef al., 2004). According
to a SSRH-INA(2002) proposal, the 46.7% of the lower RN Valley area exhibited susceptibility to river
floods medium to high (Garcia Bu Bucogen et al., 2021). Despite some previous studies on flooding
risk in Carmen de Patagones, there is still limited research that has analyzed the flood risk of the RN in
this area. This study aims to provide a flood risk map in this area, to contribute with the knowledge for
the development of facilitating decision-making and of preventive and mitigation decisions in the region.

2. Study area

The lower hydrographic basin of RN belongs to the hydrographic system composed of the
Neuquén, Limay, and Negro rivers (AIC, 2022) (Fig. 1a). According to Soldano (1947) and the Atlas
de Cuencas y Regiones Hidricas Superficiales de la Republica Argentina (SSRH, 2010), the sector is
extended from Segunda Angostura to the RN mouth (into the Atlantic Ocean) (Fig. 1b), at 40°- 41°S
and 63°- 64°W, in the NE of Argentine Patagonia (Fig. 1c). The hydrographic basin shows NO-SE
orientation, and it covers around 3,000 km?. RN have a hydrological anastomosed pattern (Pereyra,
2003) without tributary watercourses. It is characterized by the presence of islands, non-permanent
lagoons, and secondary branches, some of them correspond to paleochannels, which are activated during
exceptional floods (Prates et al., 2019). The average streamflow of the NR is 1020 m3s~! (Gianola
Otamendi, 2019). The hydrological cycle of the river starts in March (Romero and Gonzalez, 2016) and
show two annual maximum flows: autumn-winter and during the spring (Gianola Otamendi, 2019).

In the study area, structural plains, river terraces and flat forms at the south represent the landforms
(Fabregat, 2010). Regarding the geomorphological processes, there are noted effects of fluvial erosion
(Pereyra, 2003). The landscape is characterized by plains, which shows the presence of depressions,
palaeochannels and non permament shallow lakes. At the river's mouth in the Atlantic Ocean, banks are
formed, giving rise to an open reflux delta (Piccolo and Perillo, 1999; Longo et al., 2018). The most
developed soil orders, according to the taxonomic classification of Soil Taxonomy (2006), are Aridisols
and Entisols, characterized by moderate to poor drainage (Panigatti, 2010). Prominent pedogenetic features
reflect a previous cycle of soil formation, with more humid climatic conditions that allowed for
argiluviation (Pereyra, 2003). Due to topographic characteristics, permeability, surface runoff, vegetation
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cover, and precipitation, the edaphic features in lower hydrographic basin of the RN are prone to water
and wind erosion, as well as degradation due to overgrazing (Panigatti, 2010).

Attantic Ocean

! Delimitation of the lower basin of the Negro River (Soldano, 1947, SSRH, 2010)

v basin (SSRH. 2010; AIC, 2022)
aaaaa of Argentina (IGN, 2017)
and bodies of water (Ponial de Hidrografia y Oceanografia IGN, 2018)

al, 2007)

References

0200 500 1000 1500 1800 23 Administrative Boundaries (IGN, 2017)
Population by Localty (inhabitants) (INDEC, 2010)
25.262
262 - 638
@ 638-768
768 - 11622 \ -
: 11622 - 54184 [} study area

Figure 1. Study area: a) hydrographic basin of the Rio Negro, b) lower hydrographic basin of the Rio Negro,
¢) relative location of the study area in the bicontinental Argentinean Map (elaborated by Centro de
Documentacion Cartografico Laboratorio de Cartografia Digital. Departamento de Geografia y Turismo,
Universidad Nacional del Sur). Other cartographic data sources: Soldano (1947), Farr et al. (2007), SSRH
(2010), INDEC (2010), and IGN (2018 and 2022).

According to Kdppen-Geiger climatic classification (Chen and Chen, 2013), the study area is
semi-arid temperate with dry summers. Seasonal climatological variability is defined by atmospheric
circulation, topography, and proximity to the sea (Prohaska, 1976; Coronato ef al., 2017), with simple
and persistent atmospheric patterns derived from the movement of high and low-pressure centers
(Prohaska, 1976; Paruelo et al., 1998; Coronato et al., 2017). Annual precipitation is around 400
mm year~! (Bianchi, 2016). During summer, the movement of high-pressure systems generates arid
conditions with sporadic convective precipitations (Gentile et al., 2020). During winter, cold fronts and
low pressures cause precipitation, while moist winds from the east, during South Atlantic blocking
events, favor winter and spring rains (Gentile ef al., 2020). The annual temperature ranges between 14
and 16°C, with maximum and minimum values in January and July, respectively (Coronato et al., 2017).
The latitudinal position of the South Atlantic anticyclone determines the prevailing wind regime in the
sector, moving southward in summer, with northeast and east winds prevailing (Musi Saluj, 2018). In
winter, it moves northward, with west winds predominating (Frumento, 2017). Occasionally, the
combination of high Atlantic pressure and cyclogenesis produces "Sudestadas" with strong south winds
associated with a temperature decrease and precipitation. Sometimes, the described conditions cause
severe flooding (UNL-DPA Rio Negro, 2004).

The study area is located between Adolfo Alsina (Buenos Aires province) and Conesa (Rio
Negro province) districts. Some localities and cities are Loteo Costa de Rio, El Juncal, San Javier,
Guardia Mitre, Viedma and Carmen de Patagones cities (Table 1) (INDEC, 2010). Additionally, there
are several rural settlements, such as Villa 7 de marzo, La Boca, El Paso, General Nicolas H. Palacios,
Zanjon de Oyuela, Cubanea, La Matilde, Monte Bagual and Sauce Chico (Fig. 1b). According to the
2010 Census, the total population of the study area was 77,910 inhabitants (INDEC, 2010). Historically,
the Viedma-Carmen de Patagones region show an increasing population (Table 1) (INDEC, 2001; 2010;
2022). The relevant economic activity in the area focuses on intensive agriculture under irrigation and
livestock farming (Brailovsky, 2012).
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Table 1. Demographics of the localities located in the study area (period 1960 - 2022). Based on data from
INDEC (2001, 2010, and 2022)

. Inhabitants
Census/locality Census 2001 Census 2010 Census 2022
Viedma 46,948 52,789 62,000
Patagones 18,189 20,532 -
'Viedma-Carmen de Patagones 65,137 73,322 92,914
El Juncal 61 83 -
San Javier 392 530 -
Guardia Mitre 582 856 -

3. Data and methods

A risk mapping was elaborated considering the geographical framework where the hazard and
the vulnerable population interact (Ayala-Carcedo, 2000; Ribas and Sauri, 2006; Rios and Natenzon,
2015; Renda et al., 2017; Zapperi and Olcina, 2021). The risk level was estimated following the
methodology proposed by Renda ef al. (2017) and its estimation was organized into three analyses:
hazard, vulnerability, and risk (Fig. 2).

Threat analysis Vulnerability analysis
What is the study area? What are the exposed elements in the Risk analysis
How does the threat originate? + territory? = How do vulnerability levels overlap with
What is the measurement parameter? How is the vulnerability of a society IR EpE=EE a;'z‘:l::r;:ec:;e”t of a threat

How does the threat manifest? determined in the face of a realized

Where is the impact zone located?? threat?
Threat map Vulnerability map Risk map

Geographic delimitation of the area Spatial or geographic distribution of the Overlap of socially vulnerable areas with

the areas affected by the threat.

affected by socio-natural phenomena that physical, economic, political, and social

*

pose a threat to people, property, predisposition (vulnerability) that a

infrastructure, and economic activities. community has when being affected by Risk levels:

the manifestation of a threat. Null - Medium -

Figure 2. Methodological diagram employed for the mapping of flood risk in the study area. Based on the
methodology proposed by Renda et al. (2017).

3.1 Hazard Analysis

In the context of hazard analysis, various stages were undertaken following the Renda et al.
(2017) guidelines. A literature review related to the occurrence of floods and its main causes in the study
area, was done. The main source of information was the DesInventar database (DesInventar, 2022) and
press articles (Petri, 1992; Rio Negro Online, 2001; Rio Negro Online, 2003; La Nueva, 2006; Diario la
Palabra, 2009; D’Onoftio ef al., 2010; Brailovsky, 2012; Diario Rio Negro, 2014; Diario Rio Negro,
2018a; Diario Rio Negro, 2018b; ADN, 2019; Diario Rio Negro, 2019; Noticias Rio Negro, 2019; Red
de Alerta de sudestadas, 2020; Diario Rio Negro, 2021; Livigni, 2022).

As the most common factor leading to floods is the occurrence of intense winds and
precipitation, and extraordinary increases in river flow (D’Onoftio et al., 2010), the Gumbel distribution
was calculated to model the distribution of maximum values and their return periods (Gumbel, 1941).
Wind speed and precipitation data were obtained from the Servicio Meteoroldgico National (SMN,
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2021) database, Viedma Aero station (40°52°00°” S and 63°00°00°° W). The study of RN floods was
based on streamflow data analysis from the Primera Angostura (PA) station (SNIH, 2021). The function
was defined according to the methodology published by USACE (2006), and Mayo and Mitrani (2022)

(Eq. 1):
F(x) = exp [exp [%] (1)

where the coefficients are defined as follows: A = 0.779s and B = x — 0.45s. In this case, x is the mean
value. The return period (Pr) is calculated according to the following expression (USACE, 2006) (Eq. 2):

P, = (2)

where P, and P, are the return period in years and the cumulative probability.

The delimitation of the affected area by flooding was carried out through a Multicriteria
Evaluation (MCE). This approach involved the precise delineation of the flood-prone area, using spatial
assessments of factors that determine the susceptibility of the area to the phenomena occurrence (Olivera
Acosta et al., 2011; Carrascal et al., 2018; Garcia Bu Bucogen et al., 2021). As the main limitation for
the MCE estimation was the accessibility to historical flood maps, the Maximum Extent of Water
Coverage (MEWC) was delineated. MEWC’s estimation was done using extremely humid periods and
for this purpose, the Standardized Precipitation and Evapotranspiration Index (SPEI) data (spei.csic.es)
(Vicente-Serrano et al., 2010) was employed. The SPEI time series acquisition was performed
specifically for the geographic coordinates 40°45'00" S and 63°15'00" W (the available grid close to
Viedma). For the areal analysis of the water coverage, satellite data were analysed during the periods in
which the SPEI indicated extremely wet (SPEI > 2.00) and very wet (1.99 > SPEI > 1.50) conditions
(Vicente-Serrano et al., 2010). The satellite data, corresponding to Landsat 8 OLI/TIRS Level 2 product
(freely accessible), were provided by the United States Geological Survey (USGS)
(https://earthexplorer.usgs.gov) (USGS, 2021) (Fig. 3). Satellite images with cloud coverage of less than
10% were utilized from 1998 to 2021, with a spatial resolution of 30 meters.

The Normalized Difference Water Index (NDWI) was employed to delineate water bodies and
flows from satellite images corresponding to very and extremely wet periods, using the near-infrared
and shortwave bands of the Landsat 8 OLI/TIRS product through the SNAP software (Fig. 3). The
digital processing was performed considering NDWI values greater than 0.0 in the QGIS GIS, an open-
source tool (QGIS, 2024) (https://qgis.org/es/site/). Subsequently, a reclassification was done to assign
the weights for every variable in the MCE. The assigned values were from 10 (areas covered by water)
to 1 (areas with absence of water coverage).

Also, MCE using geographic, geomorphological and geospatial characteristics from freely
accessible repositories of official organizations (SAGyP-INTA, 1990; Volante et al., 2009; SSRH, 2010).
Geomorphological features, drainage, and soil texture were derived from soil maps (Scale 1: 250,000)
(Carta de suelos de la Republica Argentina, SAGyP-INTA, 1990). The digital cartography of land cover
was elaborated based on the Mapa de Cobertura del Suelo de la Reptblica Argentina (Volante et al. 2009).
The delimitation of the lower hydrographic basin of RN was according the criteria published by Soldano
(1947) and the Atlas de Cuencas y Regiones de Aguas Superficiales de Argentina (SSRH, 2010).
Subsequently, the assignment of weights, the prioritization of variables, and the mapping of the flood-
affected area were based on previous research (Olivera Acosta et al., 2011; Carrascal et al., 2018; Garcia
Bu Bucogen et al., 2021). Based on the results obtained, subzones were delineated according to estimated
level of susceptibility to the flood hazard, as following: non susceptible, low, medium, and high.
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Satellite image acquisition.(USGS, 2021) (earthexplorer.usgs.gov).

Landsat 8 OLI/TIRS

Source and characteristics: Landsat Collection 2 Level 2 product
package (level 2 is atmospherically corrected).
Spatial Resolution 30 m; Path: 227, Row: 088
*Selected scenes have <10% cloud cover.

Processing in SNAP software
(Sentinel Application Platform)

Reprojection of satellite images to the EPSG 4326 Coordinate Reference
System.

Calculation of the NDWI (Normalized Difference Water Index)
according to Gao (1996) for the final detection of water coverages.

NDWI = (NIR-SWIR)/(NIR+SWIR)
where NIR: Near Infrared band.
SWIR: Shortwave Infrared band.

Classification and reassignment
of NDWI values for the creation of
the MEWC (GIS QGIS))

Classification of NDWI values according to Gao (1996):
1.0 > NDWI > 0.2 - Surface with water

0.2 > NDWI > 0.0 - Flooded, waterlogged, or wet surface
0.0 > NDWI > -1.0 - Surface without water

Reassignment of values for Multicriteria Evaluation (ME):

1.0 > NDWI > 0.0 - Surface with water presence (1)
0.0 > NDWI > -1.0 - Surface without water presence (0)

Figure 3. Methodological framework to delineate the Maximum Extent of Water Coverage.

3.2 Vulnerability Analysis

Data on demographics, public service infrastructure, housing construction quality, population
overcrowding, individuals with private health coverage (social security), and illiteracy were sourced
from the 2010 Population Census provided by the Instituto Nacional de Estadistica y Censos (INDEC)
of Argentina and compiled by AEROTERRA (2022) (https://datosabiertos.aeroterra.com). The results
were based on the 2010 Census data due to the unavailability of socio-economic indicators—such as the
percentage of the population with unmet basic needs, housing condition, overcrowding, and
unemployment—necessary for vulnerability studies. Additionally, information on streets and roads was
obtained from the IGN Transport Portal (2022). The analysis was conducted at the
department/municipality level for most indicators, while literacy data were analyzed at the census zone
level.
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The vulnerability analysis involved evaluating structural poverty conditions (structural poverty
refers to entrenched and persistent poverty conditions deeply rooted in the socio-economic structure of
a society, often characterized by a lack of access to basic resources such as education, healthcare,
adequate housing, decent employment, and economic opportunities). To estimate the vulnerability, the
physical, social, and organizational indicators were analyzed according to the Renda et al. (2017). The
Unsatisfied Basic Needs Index (in Spanish, NBI) was used to map vulnerability to floods, considering
households with at least one of the five essential deprivations described in INDEC (2013). Additionally,
following the criteria of Renda et al. (2017), other vulnerability indicators summarized in Table 2 were
considered. The classification of indicators was done by assigning values of 0 and 1, where 0 represented
non-vulnerable conditions and 1 indicated high vulnerability. To analyze the population vulnerability
associated to the access to the road network were utilized Daga et al. (2015) criteria.

Table 2. Criteria used to calculate the degree of vulnerability. Based on the criteria published by Renda et al.

(2017)
Indicator Analysis Unit Categories Source
Population 0: Moderately populated areas.
p . Census zone 1: Densely populated areas and sparsely INDEC (2010)
concentration
populated areas.
Access to road Department / 0: Distance to road network less than 300 m. Portal Transporte
network municipality 1: Distance to road network greater than 300 m. IGN (2022)

0: Low percentage of households with access

. to public services.
Access to basic P

. Census zone 1: High percentage of households with INDEC (2010)
services . o . . .
inaccessibility or deficiency in access to public
services.
. 0: Limited number of houses with construction
Housmg deficiencies
consstt;llfsnon Census zone 1: High number of houses with construction INDEC (2010)
deficiencies.

0: High percentage of population aged between

Population age 14 years <= age <= 65 years.

structure Census zone 1: High percentage of population aged <=14 INDEC (2010)
years and >= 65 years.
0: Low percentage of households with critical
. overcrowding.
Overcrowding Census zone 1: High percentage of households with critical INDEC (2010)
overcrowding.
Access to ?HSI;J?;; é)eercentage of population without health
ggsggale Census zone 1: High percentage of population without INDEC (2010)
g health insurance.
0: Low percentage of population over 10 years
Literacy level Departament / old who are illiterate INDEC (2010)

Municipality 1: High percentage of population over 10 years
old who are illiterate

Population concentration is considered when analyzing vulnerability to floods, as densely
populated areas can result in a greater number of people being affected by these events, while in sparsely
populated areas, such as dispersed rural areas, rescue and assistance efforts may be more difficult due
to limited accessibility. Access to road networks influences the population's mobility capacity.
Inaccessibility or lack of access to basic services, along with precarious housing conditions, play a
significant role in vulnerability to floods as they hinder the population's ability to cope with and recover
from the impacts of these events. The population whose age is lower than 14 years old and highest than
65 years old is considered more vulnerable to floods effects than the other age’s stages. Overcrowding
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is a condition of fragility that provides crucial information for effective evacuations. Additionally, it
was found that the population without medical coverage is highly exposed to suffering from diseases
after floods. High levels of illiteracy due to their impact on job opportunities, economic conditions, and
access to housing can increase the population's vulnerability in disaster situations.

Vulnerability map was generated by a map algebra for the criteria mentioned in Table 2 and
QGIS GIS (QGIS.org) software. Vulnerability subzoning was defined using Delménico et al. (2018)
classification criteria, where non-vulnerable areas have only one high indicator, while sectors with at
least two, four, and five indicators are classified as low, medium, and high vulnerability, respectively.

3.3 Risk Analysis

After conducting the hazard and vulnerability analyses and obtaining their respective maps, the
subzoning of the study area according to its flood risk levels was delimited according the methodological
steps shown at the Figure 2 and QGIS GIS functions. The resulting layer was obtained by sum of
variables of the affected area (HM) and vulnerability (MV). The risk map (RM) was obtained according
to the criteria identified in Table 3.

The number of housecholds and inhabitants residing in high and medium-risk areas in 2010 was
identified using INDEC (2010) data. The sensitivity of the results found in the risk analysis was
evaluated qualitatively, comparing the results obtained in the RM with flood records provided by
Desinventar database (2021) and several newspapers.

Table 3. Applied criteria to calculate the level of flooding risk

Hazard’s level Vulnerability’s level Risk’s level
High or High / Medium High or Medio/ High High
Medium or Medium /Non susceptible Medium or Low/ Medium Medium
Low or Low /Non susceptible Low or Non vulnerablel/ Low Low
Non susceptible Non vulnerable Null

4. Results
4.1. Floods: recurrence and causes

Between 1899 and 2021, a total of 32 floods were reported by several sources (Table 4). These
reports showed that 50% of the cases were triggered by the combination of intense rainfall and winds.
Additionally, upstream water discharges from the Limay and Neuquén rivers (Fig. 1a) were responsible
of 25% of the floods. Finally, the remaining 25% occurred resulting of the interaction between increased
upstream flow from the lower hydrographic basin of the RN and the occurrence of extreme
meteorological events.

The recurrence of intense winds, precipitation, and high flows was calculated using the Gumbel
statistical distribution at a 95% confidence level, taking into account that floods in the lower RN basin are
caused by strong south winds, intense precipitation, and increased upstream flow (Table 4). The results
showed that, over a period of 100 years, there is a 1% probability of wind speeds exceeding 120 km/h,
while winds exceeding 95 km/h have a 10% probability, and winds exceeding 75 km/h have a 50%
probability (Fig. 4a). In terms of precipitation, events surpassing 37 mm in 24 hours have a 50% probability
of occurring within a 2-year return period (Fig. 4b). Furthermore, for return periods of 20 and 50 years,
the maximum precipitation can exceed 70 mm and 84 mm. The analysis of extreme values reveals that,
over a period of 100 years, there is a 1% probability of floods with flows exceeding 4000 m?/s, while
events with flows greater than 2800 m®/s and 2415 m?/s have 10% and 20% probabilities, respectively
(Fig. 4c).
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Table 4. Reports of floods and waterlogging events in the lower Rio Negro basin (1829-2021). In the 'Flooding
Causes' column, a "*' indicates that the cause of the flood was not found referenced in the literature.”

Date Flooding causes Affected localities Source of data
1829 Strong winds and intense precipitation Viedma Rey et al., (1981)
1870 * Viedma Rey et al., (1981)
19 -22/07/ 1899 upstream flow increases San Javier, Guardia Brailovsky (2012)
(9,000 m3s~1) Mitre, Zanjon de Livigni (2022)
Ovyuela and Viedma
1904 Viedma Brailovsky (2012)
1914 Viedma and San Brailovsky (2012)
Javier
1922 * Viedma Brailovsky (2012)
1930 Increase in upstream flow Viedma Brailovsky (2012)
Rey et al., (1981)
1932 * Viedma Brailovsky (2012)
1937 Viedma Brailovsky (2012)
1940 Viedma Brailovsky (2012)
1945 Increase in upstream flow Viedma Brailovsky (2012)
(6,500 m3s™1)
1949 * Viedma Brailovsky (2012)
1951 Viedma Brailovsky (2012)
1958 Viedma and Guardia Brailovsky (2012)
Mitre Rio Negro (2001)
1974 * Viedma Brailovsky, 2012
2/02/1976 Intense precipitation Viedma DesInventar (2021)
27/09/1976 Intense precipitation (30 mm) and Viedma DesInventar (2021)
strong winds
8/10/1977 Intense precipitation Viedma DesInventar (2021)
03/1992 * Viedma Petri (1992)
D’Onofrio et al.
(2010)
6/08/2001 upstream flow increases and intense Guardia Mitre Rio Negro (2001)
precipitation (50 mm)
20/02/2003 Extraordinary tides associated with Viedma Diario Rio Negro
permanent S winds (2003)
10/07/2003 Intense SE winds Viedma Rio Negro Online
(2003)
29/07/2006 Release of water flow from dams Viedma La Nueva (2006)
located on the Limay and Neuquén
rivers in conjunction with strong south
winds (60 km/h) and high tide
22/07/2009 Strong S winds Viedma and Carmen Diario la Palabra
de Patagones (2009)
22/02/2010 Intense precipitation Carmen de Patagones | DeslInventar (2021)
4/01/2014 Conjunction of extraordinary tides and Viedma Diario Rio Negro
SE winds (2014)
21/06/2018 Release of 600 m? of water from dams | Viedma and Carmen Diario Rio Negro
on the Limay and Neuquén rivers de Patagones (2018a)
24/06/2018 Strong winds (Sudestada) Viedma Diario Rio Negro
(2018b)
23/02/2019 Increase in river flow combined with From RN mouth to ADN (2019)
an extraordinary tide and strong San Javier Diario Rio Negro
southerly winds (2019)
3-4/09/2019 Strong winds (Sudestada) Viedma Noticias Rio Negro
(2019)
4/07/2020 Release of upstream flow in interaction Viedma Red de Alerta de
with high tide sudestadas (2020)
26-27/05/2021 Increase in flow rates in conjunction Viedma and Carmen Diario Rio Negro
with high tide and southerly winds. de Patagones (2021)
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Figure 4. Recurrence of events capable of favor floods through by Gumbel Distribution (1981 - 2020): a)
wind speed, b) precipitation, c) streamflow. Based on SMN (2021) and SNIH (2021) data.

4.2. Delimitation of the area affected by floods: hazard map

During 2015, the SPEI (12-month scale) categorized the period of January to August as
extremely humid whereas the period from September to December was defined as very humid. For this
reason, for the delineation of the maximum area affected by floods, the MEWC was defined according
to the climatic conditions of 2015. Satellite data corresponding to the following dates: January, 18th;
March, 23rd; July, 13rd and October, 17th, were selected for the analysis. MEWC was delineated by
NDWI calculation for the previously mentioned images. Finally, the satellite images were averaged to
obtain the representative value of MEWC for the period 1998-2021.

After obtaining the MEWC, the weights were assigned to the geographical, geomorphological,
and geospatial shapes according to the criteria published by Garcia Bu Bucogen et al. (2021). Finally,
the MCE was completed. In this step, the study area was classified based on its flood susceptibility
levels (Table 5), using the criteria adapted from Montecelos Zamora (2010) for this investigation.

High and medium levels of susceptibility were observed in a large portion of the northern area
(Fig. 5), with 44.7% of the study area exhibiting these susceptibility levels to floods (Fig. 6). The subzones
with medium levels covered 1,396.5 km?, representing 41.7% of the study area's surface. Areas with high
hazard levels were extended over 101.2 km? (3.0%). Finally, the subzones with low susceptibility and
non-susceptibility to the occurrence covered 1,847.3 km? (55.3% of the total study area).
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Table 5. Hazard'’s levels obtained from Multicriteria Evaluation. Based and adapted from Montecelos Zamora

(2010) criteria
Hazard’s levels Values range
Non susceptible 0-3
Low 31-5
Medium 5.1-8
High >8.1
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Figure 5. Subzones of flooding susceptibility in the lower hydrographic basin of the Rio Negro.
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Figure 6. Areal extension (%) of the estimated susceptibility classes in the lower hydrographic basin of the
Rio Negro.
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4.3. Vulnerability analysis

The vulnerability classes were estimated based on the 2010 Population Census data and
evaluation criteria proposed by Daga et al. (2015), Renda et al. (2017) and Delménico et al. (2018). In
this case, the objective was determining the magnitude of the vulnerability of the local population. The
final map showed a spatial resolution of 122 x 149 meters.

The spatial distribution of vulnerability levels showed (Fig. 7) high vulnerability in areas close
to the banks of the RN. The peripheral zones of the urban conglomerate Viedma - Carmen de Patagones
were identified as high vulnerability areas. Carmen de Patagones town exhibited a low to medium
vulnerability level. The area close to the riverbank showed a medium to high vulnerability level.
Moderate vulnerability levels were detected in the SW and NW of the study area.
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Figure 7. Vulnerability map of the occurrence of riverine floods in the study area.

According to INDEC data (2010), the 51.0% (~ 33,636 inhabitants) of the population in the study
area was classified with medium and high vulnerability to RN overfloods (Fig. 8). The 49.0% (~ 44,274
inhabitants) of the total population was included at the low or non-vulnerable levels of vulnerability.
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Figure 8. Percentage of inhabitants who lived in vulnerable areas. Based on INDEC data (2010).

4.4. Risk analysis

After conducting hazard and vulnerability analyses, the algebraic sum of both maps allowed the
mapping of the risk of flooding occurrences (Renda et al., 2017). The RM showed a spatial resolution
of 136x176 m, and risk levels were classified according to the criteria identified in Table 3. High-risk
zones for flooding were detected on the banks and mouth of the RN (Fig. 9). Additionally, areas with a
medium level of risk were located on the outskirts of Viedma. The risk derived from RN floods was
medium on the Viedma riverbank, while the risk was low for the rest of the city. The risk distribution in
Carmen de Patagones town was heterogeneous.
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Figure 9. Flood risk map in the study area.
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In 2010, 43.2% of the total population of the study area was located in areas categorized as high
and medium-risk levels (Fig. 10). The population who lives in high-risk areas were quantified at 1,239
people, while 32,397 residents (41.6% of the total population of the study area) lived in areas with a
medium level of risk. The high-risk conditions reported in the lower basin of the RN were due to the
location of homes in areas with high levels of susceptibility to flooding (Fig. 5) and unfavorable
socioeconomic conditions (Fig. 8). Viedma, Carmen de Patagones, and Guardia Mitre towns showed
medium and high-risk levels.

1.6 %

41,6 % 476 %

B Null Low Medium HHigh

Figure 10. Percentage of inhabitants who lived in flooding risk areas in the lower basin of the Rio Negro
River in areas with no risk, low, medium and high risk. Developed based on INDEC data (2010).

5. Discussion

Floods are extreme events that have devastating consequences, especially in areas where the
vulnerability of the population is high. In the lower basin of the RN, historical floods have caused
devastating effects (Petri, 1992; Rio Negro, 2002; La Nueva, 2006; D'Onofrio et al., 2010; Brailovsky,
2012). Despite ongoing efforts to regulate floods in the study area (Reverter et al., 2005), the danger
persists, as the risk of river overflow cannot be completely mitigated (AIC, 2020).

The complexity of these events requires a holistic understanding that not only considers
environmental and geophysical factors but also the social and economic components that influence the
vulnerability of communities. This integrated approach allows for a more comprehensive risk
assessment and facilitates the design of more effective and equitable mitigation strategies. By
simultaneously addressing the physical dimensions of the phenomenon and the socioeconomic
conditions, a more accurate view of high-risk areas is obtained, and the most vulnerable populations are
better identified, which is essential for disaster planning and management.

Internationally, several authors have conducted risk studies that combine extreme events with
social, economic, and physical indicators to estimate risk levels (Birkmann et al., 2013; Godfrey et al.,
2015). For example, in Germany, the use of this conceptual framework allowed the observation that
low-income populations near the Rhine, Elbe, and Danube rivers are especially vulnerable to flooding
(Fekete, 2010). In the USA, it was found that residents of mobile homes and racial minorities are more
vulnerable to these phenomena (Tate et al., 2021). In Kaohsiung (Taiwan), mitigation strategies were
proposed following an urban flood risk assessment (Liu et al., 2021). In Marrickville (Australia), flood
emergency policy and service planning were improved after estimating a vulnerability index that
combines hydrological models with socioeconomic indicators (El Zein ef al., 2021).

In Argentina, risk indicators have been established that relate adverse phenomena to physical
and social vulnerability (Angheben, 2012; Herrero et al., 2018). An example of this, embedded in the
study area, was the study conducted by the Municipalidad de Carmen de Patagones (2019), which
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identified high and medium vulnerability levels in the peripheral areas of the urban core. On the other
hand, in the town center and most of the eastern bank of the RN, vulnerability was low, except for the
western bank of the river, where vulnerability was high. The risk of flooding was high in peripheral
sectors of the city. Studies more focused on the susceptibility analysis of flood occurrence showed that
the coastal sector presents moderate to high vulnerability to sea level rise (Kokot et al., 2004), while
approximately 46.7% of the lower valley shows medium to high susceptibility to flooding (Garcia Bu
Bucogen et al., 2021). Finally, adverse meteorological conditions, such as storms and heavy rains, can
trigger floods in the study area (Table 4).

In this study, a conceptual framework was established to understand the area's susceptibility to
hazards and the vulnerability of its inhabitants, allowing for a flood risk study. The subsequent
development of flood risk maps identified areas with a higher probability of disaster events. The findings
of this study regarding the vulnerability of the peripheral sector and the western sector of the Rio Negro
bank for Carmen de Patagones are consistent with the results of the Municipalidad de Carmen de
Patagones (2019) study, although they differ with the vulnerability detected on the eastern bank of the
river, which was indicated as medium-high. The detected differences may be attributable to variations
of indicators, scales, or data used. Furthermore, differences in data spatial resolution, information
availability, and analysis methods may contribute to the observed variations. The Gumbel distribution
analysis shows a 50% probability of floods due to strong winds (return period of 2 years) and a 10%
probability of floods due to heavy rainfall (return period of 10 years). Additionally, it was estimated that
floods associated with flows exceeding 2800 m?/s in Primera Angostura have a 10% probability of
occurrence (return period of 10 years), surpassing the flood susceptibility threshold (2700 m?/s)
established by UNL-DPA Rio Negro (2004).

The main limitation of this study was the use of outdated data (INDEC, 2022). Although data
from the 2010 National Population and Housing Census (INDEC, 2010) were used, the population's
vulnerability may have changed since then. However, the results obtained are a valuable precedent for
studying flood risk in this area. With the population growth reported by the 2022 Census (INDEC, 2022)
in the urban conglomerate of Viedma-Carmen de Patagones (Table 1), the number of vulnerable
individuals has likely increased. Therefore, the methodology used remains relevant and can be applied
in the future after the final publication of the 2022 Census data.

The areas of highest flood risk in the study area are coincident with the zones where the most
flood occurrences were reported (Table 4), demonstrating that the methodology used provides an
accurate representation of the areas at greatest flood risk. This suggests that it can be a useful tool for
decision-makers in disaster risk management. However, it is important to note that risk validation is an
ongoing process that requires constant monitoring to ensure the accuracy and relevance of the results.

6. Conclusions

Despite significant efforts in constructing various defensive structures that have mitigated flood-
related damages in the RN region, the level of risk remains considerable. The analysis results showed
that 43.2% of the population in the study area was residing in medium and high-risk zones in 2010. Of
this total, 1.6% of the inhabitants were in high-risk areas, with their homes located near the riverbank
and on the outskirts of the Viedma-Carmen de Patagones region.

The susceptibility of areas near the river is due to geomorphological characteristics, including
a natural propensity for flooding and river flow dynamics. This risk is exacerbated by social factors such
as population density, infrastructure quality, and socioeconomic conditions. These results highlight the
need for a comprehensive and multidimensional flood risk assessment that integrates both physical and
social aspects. Such integration will enhance understanding of risk factors and support the development
of more effective mitigation strategies. Risk management policies and urban development plans should
incorporate these findings to address flood preparedness and response deficiencies.
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The study's information can guide future research and the implementation of measures to reduce
risk in vulnerable areas. Collaboration among local authorities, urban planners, and the community is
essential for designing and implementing solutions that improve resilience to flooding. Continuous
monitoring and adjustment of strategies are also crucial as new data emerges and local conditions evolve.
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RESUMEN. El constante crecimiento de poblacion que demanda recursos naturales pone bajo presion la
capacidad que tienen los bosques para capturar CO», entre otros beneficios. Surge asi la necesidad de implementar
medidas de monitorizaciéon y conservacion. Considerando lo anterior, el objetivo de este estudio fue identificar
areas degradadas que sean elegibles para el desarrollo de proyectos de MDL (Mecanismo de Desarrollo Limpio)
en la cuenca hidrografica del Rio Sorocabugu, localizada en el estado de Sdo Paulo, Brasil. Para esto, se clasifico
el uso del suelo para los afios 2000 y 2020 a través del uso de redes neuronales del tipo multicapa. Estas fueron
evaluadas a partir de una matriz de confusién e indice Kappa, en donde las mencionadas clasificaciones realizadas
permitieron la obtencion del potencial de transicion utilizando la herramienta LCM (Land Change modeler). Junto
con calculo del NDVI (indice de Vegetacion de Diferencia Normalizada), la metodologia permiti6 la
determinacion de las areas elegibles para la implementacion de proyectos MDL a través de un sistema Fuzzy. En
la clasificacion de usos del suelo se identific6 una pérdida de areas de vegetacion natural, indicando el NDVI que
no hay presencia de areas con vegetacion que se encuentre en la categoria de extremamente saludable. Para el
potencial de transicion, se determind que el area de estudio presenta mayormente un potencial bajo; no obstante,
existen areas que presentan un alto potencial. Finalmente, se determind que el drea de estudio comprende un 1,38%
de areas degradadas con alta elegibilidad para la implementacion de proyectos MDL.

Study of land uses in the Sorocabucu River watershed, Ibiiina-SP, (Brazil) for the evaluation
of eligible areas in MDL projects

ABSTRACT. The constant population growth along with the demand for natural resources put pressure on forests'
capacity to capture CO,, among other benefits, thus arising the need to implement monitoring and conservation
measures. Considering the above, the objective of this study was to identify degraded areas eligible for the
development of CDM projects in the Sorocabugu River watershed, Brazil. To achieve this, land use was classified
for the years 2000 and 2020 using Multi-layer Perceptron neural networks, which were evaluated using a confusion
matrix and Kappa index. These classifications allowed the determination of transition potential using the LCM
tool, which, along with NDVI calculation, enabled the identification of areas eligible for CDM project
implementation through a Fuzzy system. In the land use classification, a loss of natural vegetation areas was
identified, while the NDVI indicated the absence of areas with vegetation in the extremely healthy category. As
for transition potential, it was determined that the study area mostly exhibits low potential; however, there are
areas with high potential. Finally, it was found that the study area comprises 1.38% degraded areas with high
eligibility for CDM project implementation.

Palabras clave: Geoprocesamiento, bosque atlantico, Modelacion ambiental, indice de vegetacion.
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1. Introduccion

Los bosques, que constituyen el 31% de la superficie terrestre, son ecosistemas fundamentales
para el secuestro de didxido de carbono y equilibrio climatico e hidrolégico, lo que mejora la calidad de
vida. Sin embargo, la desforestacion ha afectado estos beneficios, con consecuencias graves para la
biodiversidad y la salud publica. Esto subraya la importancia de mitigar las emisiones de gases de efecto
invernadero (GEI) para limitar el aumento de la temperatura. Las actividades humanas han provocado
un incremento exponencial en la concentracion de estos gases, generando preocupacion en la comunidad
cientifica (Attia et al., 2019; Ugas Pérez et al., 2022).

Algunos estudios abordan la pérdida de servicios ecosistémicos debido a actividades humanas
como la mineria y la deforestacion. Xiang et al. (2021) encontraron una disminucion en servicios de
regulacion y suministro, como la retencion de agua y la produccidn de alimentos en areas mineras. Por
otro lado, Bera et al. (2022) observaron una reduccion en el suministro de servicios ecosistémicos,
especialmente en la disponibilidad de plantas medicinales y materiales de construccion, debido a la
deforestacion entre 2006 y 2020. Estos cambios tienen efectos significativos en las cuencas
hidrograficas, ya que los bosques desempefian un papel crucial en la prevencion de la erosion y la
sedimentacion en los rios, asi como en la regulacion de la evapotranspiracion del agua. Ademas, la
pérdida de cobertura vegetal contribuye al aumento de la temperatura global, lo que afecta la
conservacion de la biodiversidad (FAO, 2000).

Hay que mencionar que el crecimiento y desarrollo poblacional han causado una alta demanda
de recursos naturales, lo que genero, a lo largo de los afios, aumento en las tasas de deforestacion; en el
periodo entre 1990 y 2020, la pérdida de superficie vegetal en el mundo disminuy6 en un total de 178
millones de hectareas; de igual manera, el Panel Intergubernamental sobre Cambio Climatico (IPCC),
que realiza evaluaciones sobre el cambio climatico, estim6 que la variacion climatica causada por
acciones antropicas desde 2000 es de aproximadamente 0,8°C a 1,2°C, lo que representa un aumento
del 20%. Esto se debe, mayormente, al aumento de la concentracion de CO; en el ambiente; en 2015 era
de 400 ppm, mientras que en junio de 2022 era de 417 ppm (FAO y PNUMA, 2020; IPCC, 2020).

Dada la importancia de los bosques en el secuestro de carbono y la gestion hidrica en las cuencas
hidrograficas, es crucial desarrollar modelos que optimicen los esfuerzos e inversiones econdmicas para
estudiar su potencial de secuestro de carbono. Estos bosques son vitales para monitorear los cambios en
el uso del suelo, que afectan el ciclo climatico e hidrologico, especialmente en el balance de energia y
la variabilidad del flujo de carbono (Lefebvre et al., 2019; Samaniego et al., 2022).

Existen acuerdos que tienen como objetivo la promocion de alternativas de reduccion de
emisiones, entre ellos el mecanismo de desarrollo limpio (MDL), propuesto en el protocolo de Kyoto
en 1997, que entré en vigor en 2004 con el objetivo de implementar proyectos que permitan la reduccion
de emisiones de gases efecto invernadero (Kiessling, 2021).
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Brasil es uno de los paises con mayor biodiversidad del mundo, poseedor de mas del 20% del
total de especies del planeta, segun el Ministerio del Medio Ambiente (MMA, 2020); ademas, el pais
lidera la lista en términos de biodiversidad de mamiferos y peces de agua dulce; en cuanto a las florestas
del pais, tienen una capacidad de absorcion de carbono de 3,05 Mg C ha'! afio!, pero esa capacidad ha
sido afectada por la deforestacion a lo largo de los anos (Silva et al., 2020; UNESCO, 2019).

En el periodo entre 1985 y 2018, hubo una reduccion del 12% en la cobertura vegetal en el pais;
sin embargo, en 2016, Brasil firmo el Acuerdo de Paris, comprometiéndose a reducir sus emisiones en
un 43% hasta 2025, en comparacion con las emisiones de 2005. Para cumplir con esta meta, se
establecieron objetivos de reforestacion (Silva et al., 2020; UNESCO, 2019). No obstante, la seleccion
de areas que posean potencial para este tipo de proyectos representa la principal problematica debido a
la expansion de areas urbanas y agricolas, entre otras actividades que ponen en riesgo la inversion
efectuada. Se exige, pues, el desarrollo de metodologias que evaliien el potencial de captura de carbono
de los bosques, permitiendo la eficiencia y eficacia de dichos proyectos a largo plazo (Meza y Rodriguez,
2021; Wei et al., 2012).

A partir de lo sefialado anteriormente, el presente estudio plantea como objetivo identificar areas
elegibles para el desarrollo de proyectos que contribuyan al mecanismo de desarrollo limpio, con ayuda
de técnicas de geoprocesamiento e inteligencia artificial (IA).

2. Materiales y métodos
2.1. Area de estudio

El estudio, como se observa en la Figura 1, fue realizado en la cuenca hidrografica del Rio
Sorocabugu (BHRS), que se encuentra dentro del area de preservacion ambiental de Itupararanga,
localizada en el municipio de Ibitina, en el estado de Sdo Paulo, Brasil. La BHRS esta conformada por
los rios Sorocabucu, Sorocamirim y Una, siendo utilizada para el abastecimiento del recurso hidrico y
generacion de energia eléctrica (Maia y Lourengo, 2020).
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Figura 1. Cuenca hidrografica del Rio Sorocabugu.
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La BHRS ocupa un area de 202,67 km?, lo que representa el 19% del territorio del municipio de
Ibitina, que cuenta con 79479 habitantes y cuya economia se basa en actividades agricolas, industrias
procesadoras de madera y produccion horticola y fruticola (Maia y Lourengo, 2020; Vasques et al., 2021).

En cuanto a sus condiciones climaticas, la zona se caracteriza por un clima templado de
montafia, con invierno seco (Cwb) segun la clasificacion de Koppen-Geiger (1928); con precipitacion
media anual de 1330 mm, variacion de temperatura entre 14,2 °Cy 21,3 °C y humedad relativa del 84%;
los suelos predominantes en la region son latosoles rojo amarillo - orto y podzolicos con guijarros (Maia
y Lourengo, 2020; Vasques et al., 2021).

Por otro lado, en lo que respecta a la vegetacion, el area de estudio se encuentra en el bioma
mata atlantica, que comprende el 20% del sistema costero del pais, caracterizado por cadenas
montafiosas, mesetas, valles y llanuras. Ademas de bosques ombrofilos (asociados a clima calido y
himedo), debido a los altos indices de humedad relativa y luz, predominan varias familias vegetales
como Myrtaceae, Caesalpiniaceae, Fabaceae, Mimosaceae, Rutaceae, Lauraceae, Meliaceae,
Apocinaceae y Arecaceae (Andreoti, 2012; IBGE, 2019).

2.2. Elaboracion de los mapas de la clasificacion del uso del suelo

Los datos utilizados fueron adquiridos del Servicio Geologico de los Estados Unidos (USGS),
obteniéndose imagenes de satélite con resolucion de 30 metros, para los afios 2000 y 2020 de Landsat 5
y Landsat, respectivamente. La zona de interés corresponde a la 6rbita 219 con puntos 076 y 077.

El primer procedimiento realizado fue una correccion radiométrica y atmosférica que permitio
el tratamiento de los pixeles para la obtencion de valores con intensidad homogénea, corrigiendo las
perturbaciones atmosféricas, removiendo los efectos de dispersion y absorcion de la atmosfera.

Como método de clasificacion se utilizo el algoritmo Redes Neuronales artificiales (RNA),
basado en IA. Este procedimiento, junto con el sensoramiento remoto, es una alternativa para obtener
informacion precisa y fiable ante la clara necesidad de desarrollar una metodologia que permita integrar
diferentes fuentes de entrada de datos para la misma salida, y que realice el ajuste de manera
automatizada (Izadkhah, 2022).

El tipo de red neuronal artificial utilizada fue de tipo MLP (Multi-layer Perceptron), disponible
en el software TerrSet, donde las clases de uso de suelo empleadas se establecieron en base a la
clasificacion definida en el Manual Técnico del Uso de la Tierra del IBGE (2013) de nivel I, visualizadas
en la Tabla 1 (Meneses y Almeida, 2012; Defige et al., 2018).

Tabla 1. Descripcion de las clases de uso del suelo.

N° USO DEL SUELO DESCRIPCION
1 Agua Caracterizada por la presencia de aguas continentales y costeras.
2 Areas de vegetacion natural Representa areas forestales y campestres.
3 Areas antropicas agricolas Corresponde a areas de culturas temporales, permanentes, pastos
y silvicultura.
4 Areas antropicas no agricolas | Areas urbanizadas y areas destinadas a actividades mineras.
5 Otras areas Representa aquellas areas que no poseen cobertura vegetal.

Fuente: Modificado de IBGE (2013).

Para la clasificacion del uso del suelo se emplearon siete capas de neuronas, seis de las cuales
estaban ocultas, con una muestra minima de 1000 pixeles y 10000 interacciones para el entrenamiento
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del sistema. Se utilizaron muestras de las clases establecidas para el uso del suelo, y se realizaron
diversas composiciones de bandas para mejorar la identificacion de las clases, lo que facilitd el muestreo
y aumento la precision en la clasificacion.

La calidad y precision de los resultados de las clasificaciones generadas por la RNA fueron
evaluados de manera cuantitativa a través de una matriz de confusion, la cual consiste en una tabla cuya
cantidad de filas y columnas depende de las clases evaluadas. Esto permite una mejor apreciacion del
desempefio de la clasificacion a partir del registro de la clasificacion de cada pixel, donde la clasificacion
erronea de un pixel puede ser categorizada como error de comision (ErroC) o error de omision (ErroO)
(Cozo, 2022; Jaramillo y Antunes, 2018).

En relacion con los tipos de errores, el ErroC representa aquellos datos catalogados a una clase
a la que no pertenecen, mientras que el ErroO representa aquellos valores que fueron omitidos por el
algoritmo (Verma et al., 2020). Finalmente, a partir de la matriz de confusion, se calculo el indice Kappa
(k) (1960), que permite conocer la exactitud global de la clasificacion, contando con cuatro clases (Tabla
2) definidas por Landis y Koch (1997). Estas métricas permiten la comparacion de la precision de dos
clasificaciones diferentes en un area de estudio considerandose que los dos poseen el mismo coeficiente
de precision (k1 =k2), determinandose cual clasificador presenta una mayor precision (Mosca, 2017).

Una vez obtenidas las clasificaciones, fue ejecutada una reclasificacion de areas en funcion de
su potencial para contribuir al MDL. Dividiéndose en tres categorias: areas restringidas (AR), areas de
interés (Al) y areas estabilizadas (AE). Las areas restringidas tienen bajo potencial para proyectos de
desarrollo limpio, ya que estan caracterizadas por la presencia de centros urbanos y actividades mineras;
las areas de interés necesitan ser recuperadas para contribuir a la captura de carbono y ser aptas para el
desarrollo sostenible y las areas estabilizadas tienen alta densidad forestal y ya contribuyen a la captura
de carbono, por lo que no necesitan recuperacion y son aptas para el desarrollo sostenible.

Tabla 2. Interpretacion del indice Kappa.

VALOR DE KAPPA CONCORDANCIA
<0 Pésima
0-0,2 Mala
0,2-0,4 Razonable
0,4-0,6 Buena
0,6-0,8 Muy buena
0,8-1 Excelente

Fuente: Landis y Koch (1997).

2.3. Determinacion y categorizacion del indice de vegetacion por diferencia normalizada

Fue realizado el calculo del NDVI utilizando las bandas correspondientes al rojo e infrarrojo
proximo, del satélite Landsat 8 para el afio 2020, cuyos resultados fueron clasificados (Tabla 3) y
utilizados para la identificacion de areas potenciales para la implementacion de proyectos MDL. Cabe
resaltar que, debido a la alta cobertura de nubes en el area, fueron utilizadas imagenes de satélite de los
afios 2019 y 2021 para los meses de febrero, noviembre y diciembre en lugar de utilizar la metodologia
propuesta por Pauleto ef al. (2019), que consiste en la media del NDVI a lo largo de un afio.

Una vez obtenidos los valores del NDVI, estos fueron clasificados y denominados NDVIclass,
con valores negativos que indican areas sin cobertura vegetal y valores positivos que indican vegetacion
fotosintéticamente activa. La clasificacioén fue adaptada de Menezes et al. (2019) y se agreg6 el potencial
para la aplicacion del MDL para cada clase presentada.
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Tabla 3. Clasificacion del NDVI.

CLASES DE COBERTURA INTERVALO POTENCIAL
VEGETAL
Sin cobertura <0 Potencial bajo
Vegetacion no saludable >0-0,33 Potencial medio
Vegetacion poco saludable >0,33-0,66 Potencial alto
Vegetacion saludable >0,66-1 Potencial altisimo

Fuente: Menezes et al. (2019).

2.4. Modelacion de los escenarios viables

El potencial de transicion se calculd utilizando la herramienta LCM (Land Change Modeler),
que se basa en submodelos de transicion evaluados empiricamente. Se emple6 el método MLP para el
calculo. Los mapas resultantes del potencial de transicion se generaron utilizando variables como altitud,
pendiente, Evidence Likelihood y distancia a vias principales, centros urbanos y cuerpos de agua. Estas
variables se obtuvieron de bases de datos gubernamentales o se calcularon a partir de clasificaciones
previas del uso del suelo, lo que mejord la precision de la prediccion del modelo de transicion.

Hay que mencionar que existen diversas variables que pueden ser utilizadas para mejorar el
rendimiento y precision de los potenciales de transicidn, sin embargo, el estudio realizado por Wang et
al. (2021) argumenta como las variables de tipo natural (Altitud, Pendiente, entre otras) tienen influencia
elevada para el incremento de la precision.

Las variables potenciadoras fueron evaluadas utilizando el Test Cramer’s V (1750), que
determina la fuerza de relacion de estas variables con el submodelo de transicion. Los valores cercanos
a 1 indican una relacion significativamente mejor para el modelo, pero es importante destacar que un
valor alto no garantiza un alto rendimiento del modelo (Ronald Eastman, 2006; Sankarrao et al., 2021).

Se generaron mapas que representan el potencial de transicion de Al para AR y AE en un rango
de 0 a 1. Estos resultados se combinaron en un mapa final de potencial de transicién con un rango de -
1 a 1, luego se normalizaron a valores entre 0 y 1 para obtener el mapa de transicion final normalizado
(PTFn). Este mapa se reclasifico (Tabla 4) en cinco categorias de igual amplitud, mostrando el potencial
de las areas para convertirse en zonas adecuadas para la aplicacion del MDL, con el objetivo de
fortalecer territorios con una gran cobertura vegetal.

Tabla 4. Potencial de consolidacion

CLASES INTERVALO
Potencial de consolidacién altisimo 0,8-1
Potencial de consolidacion alto 0,8-0,6
Potencial de consolidacion medio 0,6-0,4
Potencial de consolidacion bajo 0,4-0,2
Potencial de consolidacion bajisimo 0,2-0

Se utilizé un sistema Fuzzy (Zadeh, 1965) para identificar las areas elegibles, utilizando las
variables lingiiisticas de NDVIclass y PTFn (Fig. 2 A y Fig. 2 B) como entradas, y generando una
variable de salida que indica la elegibilidad de las areas (Fig. 2 C). Esta variable se clasifico en un rango
de 0 a1 (Tabla 5), segtn el potencial de recuperacion de la vegetacion y, por lo tanto, la viabilidad para
el desarrollo de proyectos MDL.
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Se aplicoé un sistema Fuzzy (Zadeh, 1965) de tipo Mamdani y Assilian (1975), utilizando
principalmente funciones triangulares. Las reglas se basaron en el sistema If A Then B (si A entonces
B), y el niimero total de reglas se determino segun la cantidad de clases de cada variable. Estas clases
pueden visualizarse en el Anexo L.

Finalmente, la defuzzificacion de los datos fue a través del método Centroide, basado en la suma
de los centros para generar un valor Crisp, para luego crear un mapa de las areas que presenten potencial
de elegibilidad a la aplicabilidad del MDL, siendo este ultimo proceso realizado en el sotfware ArcGis.

Grado de Pertinencia

Grado de Pertinencia
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Tabla 5. Elegibilidad de las areas.
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Figura 2. Variables del sistema. A) PTFn; B) NDVIclass, C) Elegibilidad de las areas.

CLASES INTERVALO
Potencial bajo 0-0,50
Potencial medio 0,50-0,75
Potencial alto 0,75-1
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3. Resultados y discusion

3.1. Clasificacion del uso del suelo para los aiios 2000 y 2020

en la Figura 3.

mientras que las dreas antrdpicas agricolas disminuyeron en un 13,1%.

La clasificacion del uso del suelo tuvo una tasa de aprendizaje del algoritmo medida para los
afios 2000 y 2020 de, respectivamente, 99,38% y 99,91%, con una tasa de precision del 99,26% para el
afo 2000 y 99,89% para 2020; los mapas del uso del suelo para los afios 2000 y 2020 son presentados

Los cambios en el uso del suelo entre 2000 y 2020 se detallan en la Tabla 6. Se observo una
expansion de areas antropicas no agricolas, con un aumento de 15,7 km? (7,74%) en el area de estudio.
Las areas de vegetacion natural experimentaron una pérdida del 10% en 2020 en comparacion con 2000,
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Figura 3. Clasificacion del uso del suelo. 4) 2000; B) 2020.
Tabla 6. Cambio del uso del suelo entre el ario 2000 y 2020.
2000 2020
CLASE . .
AREA (km?) % AREA (km?) %
Agua 4,08 2,00 2,34 1,15
Area de vegetacion natural 155,4 76,69 130,46 64,38
Areas antropicas agricolas 3,92 1,93 29,58 14,59
Areas antropicas no agricolas 12,76 6,30 28,46 14,04
Otras areas 26,52 13,08 11,83 5,84
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La matriz de confusion de la clasificacion del afio 2000 (Tabla 7) muestra que las clases de agua,
areas antropicas no agricolas y otras areas tienen un mayor error de omision, mientras que el error de
comision solo estd presente en las clases de 4reas antropicas no agricolas y otras areas. El error global
fue de 0,003 y el indice Kappa (1960) de la clasificacion del uso de la tierra fue de 0,99, calificandose
como excelente.

En la matriz de confusion (Tabla 8) para la clasificacién del uso de la tierra del afio 2020, se
observan errores de omision en las clases de areas antropicas agricolas y areas antropicas no agricolas,
mientras que las clases de areas antropicas agricolas y otras areas presentan errores de comision. Sin
embargo, estos errores tienen valores menores a 0,001. Ademas, el error global y el indice Kappa (1960)
son menores a 0,001 y 0,99, respectivamente, lo que indica una clasificacion excelente.

Tabla 7. Matriz de confusion para la clasificacion del uso del suelo del ario 2000.

1 2 3 4 5 6 TOTAL ERROC
1 70 0 0 0 0 0 70 0
2 0 3390 0 0 0 0 3390 0
3 0 0 108 0 0 0 108 0
4 2 0 0 146 5 0 153 0,046
5 1 0 0 6 355 0 362 0,019
6 0 0 0 0 0 241 241 0
TOTAL 73 0 0 152 360 241 4324
ERROO 0,041 0 0 0,039 0,0139 2 0,003
Tabla 8. Matriz de confusion para la clasificacion del uso del suelo del 2020.
1 2 3 4 5 6 TOTAL ERROC
1 93 0 0 0 0 0 93 0
2 0 3589 1 0 0 0 3590 0
3 0 0 248 0 2 0 250 0,003
4 0 0 0 186 0 0 186 0,008
5 0 0 0 0 660 0 660 0
6 0 0 0 0 0 105 105 0
TOTAL 93 3589 249 186 662 105 4884
ERROO 0 0 0,004 0 0,003 0 0,0001

3.2. Determinacion y reclasificacion del NDVI medio

La reclasificacion del uso del suelo para los afios 2000 y 2020, representada en la Figura 4,
muestra un aumento de las AR y Al durante el periodo de estudio seleccionado. Las AR experimentaron
una expansion de 13,96 km?, equivalente al 6,89% del area de estudio, mientras que las Al aumentaron
en un 5,42% (10,98 km?). Se observa que las Al estan cercanas a las AR y al cauce principal del rio, lo
que es un patrén comun para el desarrollo de actividades humanas.

La Figura 5 muestra el estado de la vegetacion mediante el NDVI para el afio 2020 en la cuenca
hidrografica del Rio Sorocabugu. Una vez obtenido el NDVI medio, este fue reclasificado.

Con la reclasificacion del NDVI, se identifico la ausencia de areas clasificadas como de altisimo
potencial, mientras que las clases de alto potencial representan 81,37 km?, y las clases de potencial
medio abarcan 121,13 km?, siendo predominantemente en el 4rea de estudio y representando
principalmente el area de interés.
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3.3. Identificacion de las areas elegibles

En la Figura 6 A se presenta la variable Evidence Likelihood, que muestra la frecuencia relativa
donde ocurrieron las transiciones entre las diferentes clases de uso del suelo entre 2000 y 2020. Un
aumento en el valor indica una mayor probabilidad de encontrar el uso del suelo en un pixel en caso de
ser un area de transicion en donde los valores mas altos se observan principalmente en las areas de
vegetacion natural.

Ademas, se pueden ver otras variables utilizadas para construir el submodelo de transicion,
obtenidas y calculadas a partir del Modelo de Elevacion Digital (MED) del estado de Sado Paulo obtenido
en la pagina de la Secretaria de Medio Ambiente.
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Figura 6. Variables potenciadoras. A) Evidence Likelihood; B) Distancia desde las vias principales; C) Distancia
desde las areas antropicas no agricolas; D) Distancia desde los cuerpos de agua; E) Altitud; F) Pendiente.
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En cuanto a la altitud (Fig. 6 E) y la pendiente (Fig. 6 F), se puede ver que las areas de mayor
valor pertenecen a la clase de vegetacion natural. En el caso de las areas antropicas no agricolas (Fig. 6
C), se observa que la menor distancia se encuentra en areas con menor pendiente y altitud cercanas a la
carretera principal (Fig. 6 B), lo que refleja un patron de desarrollo de la poblacion. De igual manera,
los cuerpos de agua (Fig. 6 D) se encuentran mas cerca de las areas antrdpicas no agricolas.

En la Tabla 9 se pueden ver los resultados del test de Cramer's V (1750) para cada variable,
tanto para los valores obtenidos de manera general como para cada tipo de cobertura del suelo. Los
valores mas significativos, en general, fueron presentados por las variables de distancia a las areas
urbanas y evidencia de similitud, con 0,60 y 0,37, respectivamente, mientras que los valores mas bajos
pertenecen a las variables de pendiente (0,16) y distancia a las carreteras (0,16).

La Figura 7 muestra el potencial de transicion de areas de interés a areas estabilizadas, alcanzo
una tasa de precision del 84,25% cumpliendo el valor minimo recomendado del 80% para los resultados
modelados (Sankarrao et al., 2021). Se revelo que las areas con mayor potencial se encuentran alejadas
de los centros urbanos, mientras que las areas restringidas muestran un menor potencial de transicion
(0,48), especialmente en regiones con menor pendiente.

Tabla 9. Test de Cramer’s V.

1 2 3 4 5 6 7

Areas restringidas 0 0 0 0 0 0
Areas estabilizadas 0,39 0,31 0,22 0,21 0,96 0,28
Areas de interés 0,59 0,36 0,24 0,25 0,65 0,31
General 0,37 0,23 0,16 0,16 0,60 0,21

1. Usos del suelo; 2. Evidencia de semejanza; 3. Altitud; 4. Pendiente; 5. Distancia desde las vias principales; 6. Distancia
desde las areas antropicas no agricolas; 7. Distancia desde los cuerpos de agua
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Figura 7. Potencial de transicion. A) Areas estabilizadas; B) Areas restringidas.
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En la Figura 8 se muestra el potencial de transicion final, donde se puede ver que el potencial
categorizado como bajo predomina en el area de estudio; sin embargo, hay areas con un potencial
altisimo que representan el 2,21% del total del area de estudio.

La Figura 9 muestra los valores obtenidos a través del sistema Fuzzy (Zadeh, 1965),
representando la elegibilidad de las areas en la BHRS para el desarrollo de proyectos de MDL vy, por
ende, la identificacion de areas con una alta capacidad de captura de CO,. Se observa que la mayoria
del 4rea de estudio tiene una elegibilidad baja para proyectos MDL, con 192,67 km? en esta categoria,
mientras que solo el 1,38% de las areas (2,81 km?) se identificaron con una elegibilidad alta y el 3,55%
(7,19 km?) con una elegibilidad media.
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4. Discusion

El estudio de Simonetti ef al. (2019) sefial6 una expansion significativa en la clase "otras areas"
en la APA de Itupararanga en 2017, sugiriendo un aumento de riesgos y degradacion forestal. En
contraste, Maia y Lourenco (2020) encontraron una pérdida del 2,5% de vegetacion natural en la BHRS
en 2018, atribuida a la alta pendiente que dificulta las actividades humanas. Comparativamente, Sales
et al. (2022) identificaron un desarrollo econémico y agricola pronunciado en la cuenca del Rio Una,
mientras que Padovanni et al. (2018) observaron una expansién de actividades agricolas en afios
anteriores, indicando una intensa interferencia humana en el area de estudio.

Asimismo, se observo una deforestacion significativa en el cerrado brasilefio, especialmente en
la cuenca hidrografica del rio Urugui-Preto, donde entre 1984 y 2007 se perdio el 13,48% de la
vegetacion nativa, con pérdidas de entre el 20% y el 50% en algunas subcuencas. Este cambio refleja
una conversion del uso del suelo para la expansion agricola, principalmente para el cultivo de soja.
Ademés, en 2019 se detect6 una tendencia negativa en el estado fotosintético de la vegetacion debido a
la expansion de las actividades agricolas (Barbosa et al., 2019; Santana et al., 2020).

Desde la década de 1980, Brasil ha experimentado cambios significativos en el uso del suelo,
con bosques sometidos a intensas perturbaciones humanas, incluida la extraccion de recursos naturales.
Sin embargo, se han propuesto diversas alternativas para reducir la deforestacion. Estudios recientes,
como los de Azevedo et al. (2022) y Silva et al. (2021), han demostrado la relacion entre el aumento de
la eficiencia agricola y la reduccion de la deforestacion, aunque la efectividad varia entre diferentes
areas. Se recomienda ampliar los esfuerzos de conservacion mediante estrategias que promuevan el
desarrollo sostenible del pais.

En areas con alta fragilidad ambiental como la BHRS, el estado fotosintético de la vegetacion
depende de su respuesta a las perturbaciones o su resiliencia. En esta zona, se ha observado un rapido
crecimiento de centros urbanos y, como resultado, la expansion de areas dedicadas a actividades
humanas, especialmente la agricultura (Silva et al., 2021).

El estudio de Simonetti ef al. (2019) identificd que la region sur de la cuenca del alto Sorocaba,
en la APA de Itupararanga, se clasifica como "Muy fuerte" en términos de fragilidad ambiental. Esta
clasificacion es crucial para la implementacion de politicas de gestion, ya que las perturbaciones
humanas pueden tener un mayor impacto negativo en estas areas vulnerables. Se observo un ligero
aumento en el valor maximo del estado fotosintético de la vegetacion, pero no fue significativo. Ademas,
se registrd un aumento en los valores negativos, lo que indica una expansion de las areas urbanas debido
al crecimiento de la poblacion.

El bioma de la Mata Atlantica se caracteriza por su alta fragilidad ambiental. Varios autores han
destacado como las caracteristicas regionales influyen en el comportamiento fotosintético de la vegetacion,
con areas de mayor pendiente y menor intervencion humana mostrando valores mas altos que indican un
mejor estado fotosintético, como se observa en la BHRS. Un estudio en el noreste de Brasil entre 1982 y
2001 encontré una disminucion en el vigor de la vegetacion a lo largo de dos décadas, atribuida al
crecimiento poblacional y al desarrollo de actividades agricolas e industriales (Silva et al., 2021).

Las variables potenciadoras (Fig. 6) mostraron comportamientos que reflejan un patron de
desarrollo esperado, ya que a lo largo de los afios el establecimiento de centros urbanos se ha realizado
cerca de los cuerpos de agua para tener un mayor acceso al recurso (Sankarrao ef al., 2021).

En el estudio realizado por Milhomem et al. (2022) en el bioma del cerrado, fueron evaluados
los impactos causados por los cambios en el uso del suelo entre 1986 y 2016 y gener6 escenarios futuros,
también se determind que entre las principales causas de los cambios abruptos en el uso del suelo se
encuentran las actividades agropecuarias, que representan el principal sector del pais. Estas actividades
pueden ser mas invasivas con el tiempo debido al aumento de la demanda de recursos naturales si no
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son adoptadas técnicas de bajo carbono y sostenibles, lo que puede llevar a un aumento del uso del suelo
del 49% entre 2033 y 2100 (Rodrigues et al., 2021).

En un estudio realizado por Diaz-Pacheco y Hewitt (2014), se destaco la utilidad de los modelos
de simulacion basados en inteligencia artificial para generar mapas del potencial de uso de la tierra, lo
que facilita la identificacion de patrones de comportamiento, como el potencial de un area para adquirir
un uso diferente del suelo en el futuro.

Segun Nogueira (2018), el potencial del Mecanismo de Desarrollo Limpio (MDL) es crucial
para Brasil dada la importancia de los bosques en la mitigacion del cambio climatico al absorber CO,.
Sin embargo, al implementarlo en politicas publicas, existen dos desafios principales: primero, la
necesidad de crear alternativas que cumplan con los criterios de adicionalidad para garantizar beneficios
a través de practicas sostenibles; segundo, la garantia de la permanencia de los bosques para asegurar la
absorcion continua de CO,, ya que las actividades del MDL estan limitadas a la forestacion y
reforestacion.

Brasil se situa en la tercera posicion en nimero de proyectos MDL, seguido de China e India,
habiendo desarrollado el primer proyecto registrado en el mundo en Aterro Novagerrar, Rio de Janeiro.
Sin embargo, su contribucion atn es insuficiente para alcanzar la meta de reduccion del 43% establecida
para 2030 en relacion con las emisiones de 2005, especialmente en un mercado incipiente para la
implementacion de nuevos proyectos (Torres et al., 2016).

De igual manera, Barbosa et al. (2021) realizaron un estudio para evaluar el potencial de
secuestro de CO- de areas elegibles para proyectos de MDL en la cuenca del rio Pardo, en Minas Gerais,
simulando diferentes escenarios de reforestacion y recuperacion forestal, identificandose que la
recuperacion forestal por 20 afios presentd un secuestro de 10,22 millones de Mg de CO,, mientras que,
para la reforestacion por seis afios, el secuestro de carbono fue de 12 millones de Mg.

Entre las dificultades para implementar proyectos MDL se destaca la falta de informacion sobre
areas viables. Aunque Brasil no tiene obligacion en reducir las emisiones de GEI, estos proyectos atraen
inversion extranjera y generan créditos de carbono que pueden venderse a paises desarrollados para
cumplir sus metas. Segin Lima (2019), esto podria impulsar una economia de bajo carbono,
especialmente porque Brasil supera su meta de 0,05 t CO, por millon de PIB. La implementacion de
proyectos MDL no solo ayudaria a reducir GEI, sino que también promoveria la sustentabilidad social
y econdémica mediante la generaciéon de empleo y la asistencia a comunidades en actividades sociales
(Benites-Lazaro et al., 2018).

Finalmente, Brasil es fundamental para el Mecanismo de Desarrollo Limpio (MDL), ya que fue
uno de los primeros en proponer este mecanismo y ha mantenido una alta participacion a lo largo de los
afos, ejecutando numerosos proyectos que contribuyen a esta medida (Mudrovitsch ef al., 2018).

5. Conclusiones

La clasificacion del uso del suelo en la BHRS mostro una pérdida significativa de la vegetacion
natural y una expansion del uso de la tierra no agricola y agricola entre 2000 y 2020. El crecimiento de
la poblacion y el desarrollo tecnoldgico, cientifico y econdmico son considerados las principales causas
de esta tendencia, a pesar de los esfuerzos por conservar los recursos naturales a través de medidas como
el Protocolo de Kyoto; ademas, el estudio obtuvo excelentes resultados para la validacion de la
clasificacion del uso del suelo y demostré un alto grado de confiabilidad.

En cuanto al calculo del Indice de Vegetacion con Diferencia Normalizada, se puede inferir que
no hay dareas en la clase saludable y la vegetacion con el mayor nivel de salud se encuentra
principalmente en areas con la mayor pendiente, las cuales representan una mayor dificultad para el
establecimiento de cultivos ademas de que pueden representar areas de proteccion ambiental cuya
eficiencia no es suficiente para que el estado fotosintético se encuentre en la categoria saludable.
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La integracion de una amplia variedad de informacion ha permitido el célculo y anélisis de
tendencias para el futuro, proporcionando conocimiento sobre los escenarios que puedan favorecer en
la toma de decisiones; sin embargo, el potencial de transicion ha demostrado que hay un mayor potencial
de transicion de areas de interés a areas estabilizadas en lugar de las areas restringidas.

Finalmente, es importante destacar la relevancia de estudios que buscan la mejora de proyectos
MDL teniendo en consideracion la incipiente produccion de material bibliografico que permita dar
soporte a los gestores publicos para asi contribuir a la toma de decisiones e implementacion de medidas.
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