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RESUMO

A Bacia do Rio Doce (BRD), no sudeste do Brasil, enfrenta crescentes pressdes das mudancas
climaticas e do uso da terra. Este estudo integra trés investigacOes interligadas, com uma
abordagem que articula as dindmicas hidrocliméaticas e do uso da terra, com énfase na
identificacdo das regides mais vulneraveis a eventos extremos de chuva e temperatura. As
etapas incluem: (i) analise da influéncia da ZCAS na variabilidade hidroclimatica; (ii) avaliacdo
do uso da terra em cenarios futuros; e (iii) resposta da vegetacdo via coeréncia wavelet,
fornecendo subsidios ao planejamento territorial da bacia. Os resultados mostraram que a ZCAS
é o principal modulador da variabilidade hidroclimatica na BRD. A anélise evidenciou que o
uso de médias espaciais da ZCAS tende a mascarar varia¢Oes relevantes na distribuicdo das
chuvas. Assim, propds-se uma avaliacdo baseada em padrdes geogréaficos distintos (Norte,
Centro e Sul), permitindo identificar areas com maior exposicao a eventos extremos. Os padrdes
Norte e Central estdo associados aos maiores acumulados de precipitacdo (> 18 mm/dia) nas
regides norte, noroeste e parte do oeste da bacia, afetando as sub-bacias dos rios Suagui, Santo
Antbnio, Caratinga e Piracicaba. Ja o padrdo Sul concentrou os maiores acumulados no setor
meridional, com destaque para a sub-bacia do Piranga. Os padrdes Norte e Central apresentaram
maior ocorréncia de inundagdes durante episddios de eventos extremos associados a ZCAS,
com limiares de precipitagdo definidos em > 43 mm/dia nas regides Norte e Central, e > 23
mm/dia no Sul. Esses limiares contribuem para o aprimoramento de sistemas de alerta precoce.
A modelagem das mudancas no uso e cobertura da terra (LULC) reforcou os resultados obtidos
na analise da ZCAS, ao indicar que as areas previamente identificadas como vulneraveis,
localizadas nas regifes Norte, Noroeste, Sudoeste e Sul da BRD, tendem a sofrer
transformacdes significativas no curto (2030), médio (2050) e longo prazo (2080). As projecdes
do modelo LULC, combinadas com os IAMs, mostram que, no cenario RCP4.5, a cobertura de
floresta nativa deve ocupar 28,76% da area da bacia até 2030, com uma reducdo estimada entre
-0,21% e -0,52% até 2080. Simultaneamente, as areas agricolas tendem a se expandir de 0,31%
a0,78%. No cenario RCP8.5, prevé-se uma reducdo mais acentuada da floresta nativa (-4,88%)
e um crescimento significativo das areas agricolas (+6,04%). As projecdes dos modelos Eta-
MIROC e Eta-CanESM2 corroboraram essas tendéncias, indicando aumentos de 2 °C a 3 °C
na temperatura média (TG e TG90p), maior frequéncia de dias secos (CDD > 50 dias),
intercalados com eventos de chuvas intensas mais frequentes (RX1day e RX5day), e redugéo
da precipitacéo total (PRCPTOT). Nessas areas identificadas com reducdo da floresta nativa e
aumento da agropecuaria, a vegetacdo esta respondendo de forma mais rapida a eventos de seca,
com respostas entre 2 e 4 meses (SP1_1, SPI_3 e SPI_6), do que a eventos extremos de chuva,
cuja resposta ocorreu entre 8 e 16 meses. Isso sugere que, em um contexto de mudancas
climaticas, os impactos da degradacdo podem se manifestar mais rapidamente do que o0s
processos de recuperagdo da cobertura vegetal.

Palavras-chave: eventos extremos; alteragdes climaticas; uso do solo; resposta da vegetacéo;
ZCAS.



ABSTRACT

The Doce River Basin (DRB), located in southeastern Brazil, is under increasing pressure from
climate change and land use. This study integrates three interconnected investigations using an
approach that combines hydroclimatic and land-use dynamics, with an emphasis on identifying
the regions most vulnerable to extreme rainfall and temperature events. The study includes: (i)
an analysis of the South Atlantic Convergence Zone (SACZ) and its influence on hydroclimatic
variability; (ii) an assessment of land use under future climate scenarios; and (iii) vegetation
response evaluated through wavelet coherence analysis, providing insights for territorial
planning in the basin. The results showed that the SACZ is the main modulator of hydroclimatic
variability in the DRB. The analysis revealed that spatial averaging of SACZ-related rainfall
tends to mask important variations in precipitation distribution. Therefore, an assessment based
on distinct geographic patterns (North, Central, and South) was proposed, allowing for the
identification of areas with greater exposure to extreme events. The North and Central patterns
were associated with the highest rainfall accumulations (> 18 mm/day) in the northern,
northwestern, and parts of the western basin, affecting the sub-basins of the Suacui, Santo
Antbnio, Caratinga, and Piracicaba rivers. In contrast, the Southern pattern concentrated higher
rainfall in the southern portion of the basin, especially in the Piranga sub-basin. The North and
Central patterns showed a higher occurrence of floods during extreme events associated with
the SACZ, with precipitation thresholds of > 43 mm/day in the North and Central regions, and
> 23 mm/day in the South. These thresholds contribute to the improvement of early warning
systems. Land use and land cover (LULC) modeling reinforced the SACZ analysis by showing
that previously identified vulnerable areas, located in the North, Northwest, Southwest, and
South of the DRB—are likely to undergo significant changes in the short (2030), medium
(2050), and long term (2080). LULC projections combined with IAMs indicate that, under the
RCP4.5 scenario, native forest cover will occupy 28.76% of the basin by 2030, with an
estimated reduction between -0.21% and -0.52% by 2080. Simultaneously, agricultural areas
are expected to expand by 0.31% to 0.78%. Under the RCP8.5 scenario, a more pronounced
reduction in native forest (-4.88%) and a significant increase in agricultural areas (+6.04%) are
projected. Projections from the Eta-MIROC and Eta-CanESM2 models support these trends,
indicating increases of 2 °C to 3 °C in mean temperature (TG and TG90p), more frequent dry
days (CDD > 50 days), interspersed with more frequent heavy rainfall events (RX1day and
RX5day), and a decrease in total precipitation (PRCPTOT). In areas with reduced native forest
and increased farming, vegetation is responding more quickly to drought events, with responses
between 2 and 4 months (SP1_1, SPI_3, and SP1_6), compared to extreme rainfall events, where
the response occurred between 8 and 16 months. This suggests that, in the context of climate
change, the impacts of degradation may manifest more rapidly than the processes of vegetation
recovery.

Keywords: extreme events; climate change; land use; vegetation response; SACZ.
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1 CHAPTER 1: INTRODUCTION

1.1 Presentation and Contextualization

Global climate change is intrinsically linked to land use and land cover changes,
impacting biogeochemical cycles and atmospheric dynamics, which intensifies extreme events
such as heatwaves, droughts, and floods (DUVEILLER et al., 2020; LAL et al., 2019, 2021;
MAHOWALD et al., 2017; PIELKE et al., 2002). It is estimated that about 68% of the Earth's
land surface has already been impacted by human activities such as agriculture, croplands, and
pastures, which currently occupy around 40% of the land surface — a proportion comparable
to that occupied by native and planted forests (FOLEY et al., 2005).

Agricultural practices over the past four decades have significantly boosted global grain
production, which currently exceeds 2 billion tons per year (POTAPOV et al., 2022). This
growth is due, in part, to a 12% increase in global agricultural area, but primarily to innovations
from the “Green Revolution,” such as high-yield cultivars, chemical fertilizers, pesticides,
mechanization, and irrigation (BEILLOUIN et al., 2022; KASTNER et al., 2022; MATSON et
al., 1997; POTAPQV et al., 2022). Over the past four decades, fertilizer use has increased by
700%, while irrigated areas have expanded by 70%. Historically, between 1700 and 2000, there
was a continuous conversion of forests into agricultural land (FOLEY et al., 2005).

Although the expansion of native forest conversion into agricultural areas is a global
trend, the regional impacts of Land Use and Land Cover (LULC) have proven to be more
significant, affecting precipitation dynamics in various regions (POTAPQOV et al., 2022).
Initially focused on physical parameters, studies on the impacts of LULC on climate evolved
during the 1970s and 1980s to include the carbon cycle and greenhouse gas emissions
(CHOKKAVARAPU; MANDLA, 2019; DIRMEYER, PAUL A.; SHUKLA, J., 1994,
LOVEJOY et al., 2013; PONGRATZ et al., 2010; WILLIAMS et al., 2008). Despite the
relevance of General Circulation Models (GCMs), their resolution limitations prompted the
development of Regional Climate Models (RCMs) in the 1990s, enabling more detailed climate
analyses (JIN et al., 2010; VON STORCH et al., 1993).

The development of RCMs made it possible to assess the impacts of LULC changes on
temperature variations and precipitation patterns (CHOKKAVARAPU; MANDLA, 2019;
GAO et al., 2020; LAL et al., 2021). The conversion of forests into pastures and croplands
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alters the hydrological balance, modifies local rainfall patterns, and intensifies extreme events
such as droughts and heavy rainfall (LAL etal., 2021; LEITE-FILHO et al., 2021; MARENGO
et al., 2009a; ZEMP et al., 2017). For example, in the Amazon, deforestation has significantly
altered the hydrological cycle and precipitation regimes. Evidence shows that deforestation has
reduced tree transpiration by up to 13%, contributing to a 55% to 70% decline in annual
precipitation. In addition, deforested regions exhibit a significant reduction in mean annual
precipitation, highlighting the impacts of land-use changes in the region (BAUDENA et al.,
2021; HATJE et al., 2017).

The impacts of deforestation on climate variables reflect both anthropogenic pressure
and global climate change. For instance, in the Southeast and Midwest regions of Brazil,
projections indicate an increase of 2°C to 3°C in mean temperature and a reduction in
precipitation (DE OLIVEIRA et al.,, 2023; MARENGO et al., 2013). These changes are
particularly concerning for areas sensitive to deforestation, such as the southern region of the
country and parts of the Southeast (COSTA, F. de P. D. et al., 2022; LYRA, 2018; MARENGO
et al., 2009b, 2013).

Climate changes influenced by LULC also affect hydrological processes and water
quality, with impacts on contaminant concentrations (HU et al., 2021; JALLIFFIER-VERNE
et al., 2015). These changes increase the occurrence of extreme weather events, such as floods
and landslides, as well as water contamination by agrochemicals on a regional scale (CHEN et
al., 2020; DUBREUIL et al., 2019; GAO et al., 2020; MARENGO ET AL., 1998; MARENGO
etal., 2015, MARENGO et al., 2019).

1.2 Justification and Research Gap

In the Doce River Basin (DRB), which is the focus of this thesis, studies on land use
have primarily focused on transitions between different land-use classes, such as changes in
forest areas, planted forests, and pastures. It has been found that the expansion of pastures is
associated with increases in mean and maximum annual streamflows, as well as reductions in
minimum flows—a phenomenon influenced by rainfall variability. (AIRES et al., 2018;
COELHO, 2006; LIMA, 2016a; NEVES, 2022; SPOSITO, 2021). Camargo et al., 2011 they
investigated the relationship between flooding, land use and land cover, observing a 63%
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increase in peak discharge during extreme rainfall events in the Piranga sub-basin. However, in
urban areas, there was a 7% reduction in runoff depth and an 11% decrease in peak discharge.

From the perspective of hydroclimatic conditions in the basin, Paiva (1996), Cupolillo
(2008), and De Castro Sena et al. (2020) highlighted that the spatial variability of SACZ results
in significant impacts on both maximum and minimum streamflows during extreme
precipitation events. These effects vary considerably across different regions of the basin, as
observed by (CUPOLILLO et al., 2008).

As at the global scale, studies conducted for the DRB have primarily focused on changes
in mean precipitation (COELHO, 2020; LIMA, 2016a; LYRA, 2018), while placing less
emphasis on extreme events at shorter time scales. This approach highlights a significant gap
in the understanding of regional climate impacts. For example, Campos et al., (2024),
demonstrated that climate projections for the basin indicate a potential reduction of over 300
mm in mean annual precipitation by 2050. This decrease is significant, considering that annual
totals range from 800 mm to 1,800 mm. In addition, projections indicate that mean annual
temperature could increase by up to 2°C, based on Representative Concentration Pathway
(RCP) scenarios 4.5 and 8.5.

In parallel, land use and land cover analysis for 2050 indicates that agricultural and
livestock activities could occupy 68.7% of the DRB area, while forests would account for only
26.5%. However, if legal reserve areas are fully respected, native vegetation could reach 31.7%
of land cover, reducing the extent of agricultural and livestock activities to 63.8% (CAMPOS
et al., 2024). According to Neves (2022), agricultural and livestock activities in the lower Doce
River region occupied 66.48% of the territory in 2012, corresponding to 10,347.20 km2. By
2019, this area had increased to 68.88%, totaling 10,721.21 km2. This growth highlights the
expansion of land use for agricultural purposes in the region over the analyzed period.

These scenarios highlight the need to broaden the scope of analyses to include the
impacts of extreme events, which may have even more severe consequences for the
socioeconomic and environmental structure of the basin. Deepening the understanding of these
issues is essential for a better grasp of future challenges, especially in light of projected climate
change. According to Campos et al. (2024), current projections for the DRB were developed
based on the hypothetical inclusion of legal reserve areas and precipitation data, aiming to
represent two contrasting land-use scenarios: one conservative and the other non-conservative.
However, despite being a promising approach, it does not account for the impacts of land use
under changing climate conditions, incorporating the climate guidelines outlined in the
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Intergovernmental Panel on Climate Change (IPCC) reports. Moreover, the simple inclusion of
legal reserve areas does not align with the Integrated Assessment Models (IAMs) approach
proposed by the IPCC.

IAMs are tools that integrate disciplines such as energy, economics, atmospheric
chemistry, climate, and ecology, enabling the construction of representative scenarios.
(CALVINetal., 2017; FRICKO et al., 2017; FUJIMORI et al., 2017). Given the above, studies
exploring the relationship between land-use changes and extreme climate events—such as
heavy rainfall, temperature extremes, and droughts, including those associated with the
SACZ—have yet to be developed for the DRB. The present research represents an advancement
over previous studies, as the inclusion of IAMs in the land-use model for the DRB enables a
more integrated and realistic analysis of these interactions. Furthermore, the response of
vegetation to extreme events in areas under high anthropogenic pressure, particularly
deforestation, remains insufficiently investigated, constituting a significant gap in the
understanding of the DRB’s environmental dynamics.

This thesis aims to understand the implications of forest and native vegetation
conversion to other land uses on the dynamics of precipitation and temperature extremes, within
the context of future climate change scenarios (RCP4.5 and RCP8.5). The research adopts an
integrated approach to hydroclimatic and land-use dynamics, with an emphasis on identifying
environmentally vulnerable areas in the DRB. In this context, the analyses provide support for
land-use planning and management actions that are more responsive to ongoing environmental
changes. To carry out the investigation, the research was structured into three main stages: (A)
Initially, a hydroclimatic assessment of the DRB was conducted to identify the areas most
affected by extreme events associated with the SACZ, the main system responsible for the
basin's water supply. It was found that the spatial variability of the SACZ is directly related to
the occurrence of precipitation extremes linked to flooding, allowing for the characterization
and quantification of its dynamics and the identification of relevant patterns for understanding
the distribution of extreme events. Additionally, precipitation thresholds were established for
flood monitoring in areas under intense anthropogenic pressure—an unprecedented approach
in the context of the DRB.

(B). Based on the identification of the main hydroclimatic conditions and the areas
sensitive to SACZ-related extremes, the dynamics of land use and land cover were analyzed,
focusing on these regions as well as adopting a broader perspective for the entire basin. The
study investigated how areas vulnerable to deforestation are evolving in terms of the frequency
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and intensity of extreme events, considering both current trends and future projections. This
analysis was conducted under two climate scenarios: the optimistic scenario (RCP4.5) and the
pessimistic scenario (RCP8.5). (C). Finally, based on the history of forest loss and the
identification of current and future impact areas associated with land use and land cover
dynamics, the vegetation response to extreme events was investigated. The study assessed how
vegetation, particularly in areas transitioning to other land uses, has responded to such events,
aiming to understand the impacts on the resilience of ecosystem services. This evaluation
deepens the understanding of the challenges posed by climate change and unsustainable land
use, building upon the insights gained in the previous stages.

The analyses were conducted using observational and projected data on precipitation,
temperature, and land use. Climate extreme indices recommended by the ETCCDI were
applied, along with statistical trend detection methods such as the Mann-Kendall test and the
Theil-Sen estimator. Land-use modeling was based on future LUH2 scenarios, incorporating
the consideration of legal reserve areas. Finally, vegetation response was assessed using time
series of the EVI index, with spectral coherence analysis (WTC) employed to identify

relationships with extreme events across different temporal scales.
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1.2 Hypotheses

Based on the considerations presented, this study tested the following hypotheses:

Land use and land cover areas exhibit distinct dynamics in hydroclimatic characteristics,
with increased intensity and frequency of extreme events in the DRB. These effects are
better understood by separately evaluating the spatial dynamics of the SACZ through
its specific geographic patterns (South, Central, and North).

Under future climate change scenarios (RCP4.5 and RCP8.5), areas susceptible to
deforestation intensify water deficits and reduce vegetation resilience, compromising

the basin’s essential ecosystem services.

The incorporation of Integrated Assessment Models (IAMs) into climate projections
(CMIP6 - LUH2) enhances the realism of simulations and allows for a more accurate
assessment of the relationship between land-use changes and extreme climate events.
This approach enables the identification of critical impact areas, providing more reliable
support for sustainable management strategies and mitigation of climate change effects
in the DRB.

Based on the outlined hypotheses, this study aims to address the following key research

questions:

Which regions of the DRB will be most susceptible to the impacts of extreme rainfall

and drought events, considering changes in land use and land cover (LULC)?

How do the different spatial configurations of the SACZ — represented by the Southern
(PS), Central (PC), and Northern (PN) patterns — influence streamflow regimes, water
quality, and flood intensity in the DRB, and which areas are most vulnerable to these

impacts during extreme precipitation events under each pattern?

Which areas of the Doce River Basin exhibit critical thresholds in land use change and
the occurrence of extreme events, and how has vegetation responded to these changes

over time?
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1.3 Objectives

1.3.1 General goal

e To integrate the analysis of hydroclimatic and land-use dynamics into the territorial
planning of the DRB, focusing on the identification of vulnerable areas and the proposal

of adaptation strategies to extreme climate events in the context of climate change.

1.3.2 Specific goals

I.  To identify the areas of the basin most affected by extreme events related to the
spatial variability of the SACZ (Southern, Central, and Northern patterns).

Il. To perform numerical simulations of LULC changes based on IAMs and
investigate their associations with extreme climate events in vulnerable areas of

the basin.

[1l.  To investigate the vegetation response to variations in extreme climate events

across different temporal scales within the basin.
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1.4 THESIS STRUCTURE

The structure of this thesis follows an article-based format. The first chapter comprises
the introduction, while the second consists of a literature review covering the most relevant
studies on climate, climate change, land use, and extreme events conducted in the context of
the basin. The third chapter outlines the general methodological framework, while Chapters 4,
5, and 6 present the published and submitted articles. Chapter 7 provides the overall conclusion
of the thesis.

CHAPTER 1: GENERAL INTRODUCTION - Presentation of the research context,
justification, objectives, and structure of the thesis.

CHAPTER 2: METHODOLOGICAL FRAMEWORK OF THE THESIS -
Presentation of the data that supported the analyses developed in this thesis and served as the
foundation for the main scientific articles.

CHAPTER 3: LITERATURE REVIEW - The literature review highlights studies on
meteorological systems, extreme events, vegetation responses to these events, modeling using
the Dinamica EGO platform, and territorial planning strategies in the face of climate change.

CHAPTER 4: OVERCOMING THE IMPACTS OF THE SPATIAL
VARIATION OF SOUTH ATLANTIC CONVERGENCE ZONE ON RAINFALL,
FLOW AND WATER QUALITY IN RIO DOCE, BRAZIL - The main water supply system
of the basin was assessed by identifying the areas most affected by the spatial patterns of the
SACZ in terms of rainfall dynamics, streamflows, water quality, and extreme events, with

emphasis on precipitation thresholds and regions susceptible to flooding.

CHAPTER 5: ASSOCIATIONS BETWEEN CLIMATE CHANGE, LAND USE,
AND EXTREME CLIMATE EVENTS - Data from IAMs were used in a land-use model to
simulate climate change scenarios, exploring the associations between land-use changes and
the frequencyl/intensity of extreme precipitation and temperature events, with a focus on the
areas identified in Chapter 4 (Article 1).

CHAPTER 6: VEGETATION RESPONSE TO EXTREME EVENTS: IMPACTS
IN THE DOCE RIVER BASIN - The response of vegetation to extreme climate events was
assessed, with emphasis on the areas identified in Chapters 4 and 5. The analysis investigated

how the basin's vegetation reacts to such conditions, particularly in deforested regions
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highlighted in the climate change scenarios. The indices considered were the same as those

evaluated in Article 2.

CHAPTER 7: GENERAL CONCLUSION - Synthesis of the main findings of the
thesis, with emphasis on the identification of vulnerable areas based on the interaction between
extreme climate patterns and land-use change. The results support territorial planning by
suggesting adaptation measures grounded in hydroclimatic and land cover dynamics,

contributing to sustainable management in the face of climate change.
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2 CHAPTER 2: METHODOLOGICAL FRAMEWORK OF THE THESIS

The methodological framework of this research was developed in four phases to address

the research questions and objectives outlined (Figure 1). Research Questions 1 and 2 are related

to Specific Objectives (i) and (ii), and are addressed in Chapters 5 and 6. Question 3 is

associated with Objectives (ii) and (iii), and is discussed in Chapters 6 and 7 (Figure 1).

The thesis methodology comprises two main approaches: an observational phase and a

modeling phase. To assess extreme rainfall events in the DRB, the methodological analysis was

divided into three parts:

OBSERVATIONAL - Analysis of the impacts of extreme events in the Doce River
Basin: In this phase, the main areas of the basin affected by extreme events associated
with the activity of the SACZ—the main system responsible for the rainfall regime in
the region—were identified. The effects of the spatial patterns of the SACZ (Southern,
Central, and Northern) were analyzed in relation to hydrometeorological variables such

as precipitation, streamflow, water quality, and flood occurrence.

MODELING - Selection and evaluation of climate extreme indices:
The Western, Northern, Northwestern, Southwestern, and Southern regions of the DRB
were identified as the most vulnerable to extreme events associated with the SACZ.
Based on an understanding of this dynamic and the precipitation amounts linked to each
SACZ pattern during extreme events, the most representative climate extreme indices
for the DRB were defined. Subsequently, numerical experiments were conducted in
these regions (North, Northwest, South, West, and Southwest) using IAMs, with the aim
of exploring the relationships between extreme events and LULC under future climate
change scenarios (RCP4.5 and RCP8.5).

OBSERVATIONAL - Vegetation response to extreme events in the Basin:
In the final phase of the thesis, beyond consolidating knowledge on the current and
future trends of extreme climate events—as identified in the previous articles—the
analysis was deepened by investigating how vegetation in the DRB responds to these
events across different temporal scales. This approach enhances the understanding of
climate impacts on the basin’s ecosystems by integrating the findings of Articles 1 and
2, which defined the spatial patterns of the SACZ, the most susceptible areas, and the
climate extreme indices. Article 3 complements these analyses by revealing the
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sensitivity of vegetation to drought and precipitation extremes, considering the role of

deforestation in the region's environmental resilience.

Figure 1 - Flowcharts developed in the 4 stages of the methodological path.

CHAPTER 3

P
A
T
H CHAPTER 4
w
;
Yy

|
]

|
]
! M 1 2 3 4 !
! E . - ’ Vegetation vs |
! T ¢ Atreme Bvents Modelling Extreme Events |
1

|
E :; 1.a) Land use: 2.a) SACZ Standards ;.a! Fut’.cu re 4.a) Vegetation |
i Map Biomes, TerraBrasil rojection: response vs !
| D 1.b) Weather 2.b) Water quality RCP4.5, RCP8.5 extreme events :
: (0] [Hvdru!ugical: [IAMs] :
i L Wind 2.c) Flooding 3.b) Events vs 4.b) Deforestation I
| Precipitation |
| 0 Flow land use !
| G Flood quotass :
: 1 Objectives: (1) to (1Il) Objective: (1) Objectives: (1) and (I1) Objective: (1) :
1
| Cc !
| A !
i L |
! :
! ]
! |
! ]
! ]
! ]
! ]
! ]
! |
! |
’ 1
! |
! |
! I
! |
! I

Source: elaborated by the author.

2.1 Detailed Methodological Framework

To answer Research Question 1, complement Question 2, and support Hypotheses | and
I, the first article (published) was developed, in which the areas most affected by extreme
precipitation events associated with different spatial patterns of the SACZ were identified.
Streamflow, water quality, precipitation, and flood stage data were used to assess the effects of
these events on the hydrometeorological conditions of the DRB. The entire methodological

process is described in Chapter 4.

Based on these identified areas, the second article was developed to further address
Question 2, answer Question 3, and support Hypotheses 11 and Ill. In this article, LULC
transformations in the most vulnerable areas were modeled under different future climate
scenarios (RCP 4.5 and RCP 8.5). Historical data from MapBiomas were used (SOUZA JR et

al., 2020) and projections from LUH2, which incorporates Integrated Assessment Models
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(IAMs), in addition to climate projections from global models. The methodology is detailed in
Chapter 5.

Finally, in the third article, the response of vegetation to extreme precipitation and
drought events was assessed in the same areas analyzed in the previous studies, considering
different temporal scales. This stage allowed for the integration and complementation of the
thesis findings by addressing the role of vegetation in the face of extreme events and land-use
changes, with a focus on ecosystem resilience. The methodology is presented in Chapter 6, and

all datasets used in each article are detailed in Table 1.

Table 1 - Main data sources and their respective institutions.

Data Institutions Resolution Article Link
Precipitation CHIRPS/ETA/IN 0.05° CHA.4 https://www.chc.uc
PE CHA.5 sbh.edu/data/chirps

https://lattesdata.cn
pg.br/dataverse/latt

esdata?g=eta

Longwave NCEP/NCAR 2.5° CHA. 4 https://www.noaa.

Radiation gov/

Land Use MAPBIOMAS 30m CHAbGeb6 https://mapbiomas
.org/

Land- https://figshare.co

Use Harmonizatio 1 km CHA.5 m/articles/dataset/

n (LUH2) Global_IGBP_LU

LC projection da

taset under eight
SSPs-
RCPs/20088368/1

https://luh.umd.ed

u/
Precipitation/Temp  CMIP6 /ETA 1.1° CHA.5e6 https://lattesdata.c
erature npg.br/dataverse/I

attesdata?q=eta



https://www.chc.ucsb.edu/data/chirps
https://www.chc.ucsb.edu/data/chirps
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://figshare.com/articles/dataset/Global_IGBP_LULC_projection_dataset_under_eight_SSPs-RCPs/20088368/1
https://luh.umd.edu/
https://luh.umd.edu/
https://lattesdata.cnpq.br/dataverse/lattesdata?q=eta
https://lattesdata.cnpq.br/dataverse/lattesdata?q=eta
https://lattesdata.cnpq.br/dataverse/lattesdata?q=eta

Phytophysiognom CSR 30 CHA.5 https://maps.csr.uf
y, soil  types, mg.br/
highways,
railways, protected
areas, agriculture,
livestock,  rivers,
relief, biomass, and
Ottobasins.
Agricultural Crops IBGE 30 Cap.5 https://www.ibge.
gov.br/
Precipitation, ANA 30 Cap.4 https://www.snirh.
Streamflow, and gov.br/hidr
Water Levels web/apresentacao
Water Quality IGAM 30 Cap.4 https://igam.mg.g
Parameters ov.br/
AppEARS/Earth 250 m Cap.6 search.earthdata.n
EVI data asa.gov/search

Source: Elaborated by the author

28
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3 CHAPTER 3: LITERATURE REVIEW

3.1 Structure of the Literature Review

The literature review is composed of nine sections, covering topics ranging from climate
change at different scales to its impacts on the DRB. It highlights analyses of meteorological
systems, territorial planning in the context of climate change, extreme events in the DRB,
vegetation dynamics in response to extreme events, and modeling using the Dinamica EGO
platform, as detailed in Table 2.

The initial sections are dedicated to the analysis of meteorological systems and extreme
events, examining the frequency, intensity, and spatial distribution of these phenomena. The
reviewed literature explores the interconnections between climate change and the
intensification of heavy precipitation events, droughts, and floods, with an emphasis on the
implications for water resources and population safety.

Additionally, the review delves into vegetation dynamics in response to extreme events,
investigating how climate change affects vegetation cover, biodiversity, and ecosystem
services. Studies on the topic highlight the importance of vegetation in regulating the
hydrological cycle and mitigating the impacts of climate change.

Finally, the review addresses climate change modeling using the Dinamica EGO
platform. This tool enables the simulation of future scenarios and the assessment of climate
change impacts at different scales, providing support for territorial planning and natural
resource management. Table 2 presents a detailed overview of the reviewed studies, including

their objectives, methodologies, and main findings
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Table 2 - Detailing of the literature review.

Sections Topics

3.1.2 Global Climate Change

3.1.3 Territorial Planning in the Context of Climate
Change

3.14 Meteorological Systems Acting in the Doce River
Basin

3.15 South Atlantic Convergence Zone (SACZ)

3.1.6 Extreme Events in the Doce River Basin

3.1.7 Land Use and Land Cover Changes in the DRB

3.1.8 Modeling with the Dinamica EGO Platform

3.1.9 Vegetation Response to Climate and Extreme
Events

Source: elaborated by the author.

3.1.2 Global Climate Change

The human influence on atmospheric warming, impacting both the oceans and the land
surface, is indisputable. Rapid changes in temperature and precipitation patterns are well
documented. Warnings about climate change caused by human activity date back to the 1950s,
and as early as the late 19th century, researchers were already considering the possibility of
temperature increases due to carbon dioxide emissions. In the 1990s, climate models were
developed to explain climate variability, taking into account both natural and anthropogenic
contributions (IPCC, 2007, 2022; MARENGO et al., 2009a, 2013).

The most recent IPCC report (2023), based on the CMIP6 framework, outlined scenarios
using the Shared Socioeconomic Pathways (SSPs). The last four decades have been the warmest
since 1850, with recorded warming of 1.59°C over land and 0.88°C over the oceans between
2011 and 2020.
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Global temperatures have risen more rapidly since 1970 than during any other 50-year
period over the past two millennia (IPCC, 2022). As indicated in the latest IPCC report (AR6),
global temperatures between 2081 and 2100 are likely to be 1°C to 1.8°C higher than those of
1850-1900 under the optimistic emissions scenario (SSP2-4.5), and 3.3°C to 5.7°C higher
under the pessimistic scenario (SSP5-8.5). As a result, an increase in the frequency and intensity
of extreme heat and rainfall events is expected, along with longer-lasting heatwaves across
much of the globe (IPCC, 2007, 2022). Recent studies emphasize the urgency for governments
and society to adopt strategies to mitigate the social and economic impacts of climate change
on the hydroclimatic dimension, including streamflow and precipitation (KLAAS et al., 2020;
TUNDISI, 2008).

The Coupled Model Intercomparison Project (CMIP), coordinated by the World Climate
Research Programme (WCRP), has significantly contributed to the understanding of climate
variability at both national and international levels. This is achieved through general circulation
models, whose results are published in the IPCC reports (FINDELL et al., 2023).

Box 1 - Climate change and scenarios

Climate change refers to significant and long-lasting alterations in global climate patterns,
including changes in temperature, precipitation, winds, and storm patterns, occurring over
a period of time typically measured in decades or longer (IPCC, 2022, MARENGO, 2007).
Future climate change scenarios are plausible representations of future greenhouse gas
(GHG) emissions based on a set of coherent and physically consistent assumptions about
the driving factors, such as:

Demographics (e.g., population growth and urbanization);

Socioeconomic development (e.g., economic growth and consumption patterns);
Technological change (e.g., advances in renewable energy and energy efficiency).

These scenarios provide projections of atmospheric GHG concentrations, which are used
as the basis for modeling future climate changes. They account for the complex
interactions between human activities and the climate system, including feedbacks

between emissions, atmospheric concentrations, and climate change
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3.1.3 Planning in the Face of Climate Change

Global climate change exerts a significant influence on urban settlements, with an
expected increase in the frequency of extreme rainfall events capable of causing floods and
landslides in various regions of the world (FINDELL et al., 2023). Reducing vulnerability and
strengthening resilience to the impacts of climate change require the regulation of urban land
use and occupation. In this context, climate-oriented territorial planning strategies are
associated with the development of mechanisms aimed at protecting the most vulnerable
populations from risks related to extreme climate events, such as floods, sea-level rise,
landslides, heatwaves, flash floods, droughts, and dry spells (TEIXEIRA; PESSOA, 2021).

Box 2 - Territorial planning in the face of climate change

Territorial planning in the face of climate change is a strategic approach aimed at
integrating climate variables into land-use planning and territorial management. Its
central goal is to reduce the vulnerability of human communities and ecosystems,
promoting socio-environmental resilience and sustainability within the context of
global climate transformations (FERREIRA et al., 2023; WAMSLER et al., 2012).

Territorial planning for climate change involves: Identifying areas vulnerable to
climate risks such as droughts, floods, and heatwaves; Implementing adaptive
strategies such as green infrastructure (ecological corridors, parks, retention zones);
Guiding urban growth toward less susceptible areas and avoiding risk zones; Promoting
resilient construction and encouraging sustainable land-use practices; Integrating
climate and environmental data into public policies, considering future scenario
projections (CRESPO et al., 2023).

Brazil has shown increasing efforts in formulating public policies aimed at enhancing
urban resilience to climate change. The National Policy on Climate Change (Federal Law
12.187/2009) and the National Policy on Civil Protection and Defense (Federal Law
12.608/2012) represent important milestones in this regard, as they establish guidelines for the
creation of information and urban disaster monitoring systems, with an emphasis on

intergovernmental coordination and social participation.
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However, the effective implementation of these policies faces significant challenges.
The literature points to a technocratic tendency in territorial planning, which often overlooks
the specific characteristics and needs of the affected communities (CRESPO et al., 2023,
FERREIRA etal., 2023; TEIXEIRA; PESSOA, 2021; WAMSLER et al., 2013). This approach,
characterized by institutional disconnection and fragmented information, undermines the ability
of cities to respond effectively to climate impacts.

To overcome these weaknesses, it is imperative to integrate climate and environmental
information into territorial planning. Studies such as those by Marengo et al., 2009b, PBMC,
2014 (2014) and the reports of the IPCC (2022, 2023) highlight the need for an interdisciplinary
approach that combines knowledge from various fields to formulate effective public policies.
Overcoming technocratic planning and promoting the integration of diverse knowledge are
therefore crucial for developing adaptation and mitigation strategies that consider the
specificities of territories and the needs of vulnerable populations, thereby ensuring urban
resilience in the context of climate change.

3.1.4 Meteorological Systems Acting in the DRB

Rivers, as part of extensive watershed systems, play a crucial role in Brazil. The main
basins — Amazon, Tocantins, Plata, and Sdo Francisco — cover about 80% of the national
territory. These regions are influenced by various climate scales, ranging from micro to
macroscale (CUARTAS et al., 2022).

Studies highlight the influence of climate change on temperature extremes, resulting in
anomalous meteorological systems that affect streamflow and precipitation in various Brazilian
basins (RODRIGUES et al., 2019). A notable example occurred in the Southeast region
between 2013 and 2014, when the combined action of an atmospheric blocking pattern and an
anomalous high-pressure system inhibited not only the formation SACZ but also upward
atmospheric motion. This atmospheric blocking suppressed convection and the formation of
rain clouds, resulting in a severe drought. The impacts were widespread, with significant losses
in agricultural production—especially in coffee and soybean crops—and serious challenges in
water supply, leading to rationing in several regions. (CUSTODIO, 2015; MARENGO et al.,
2015).



34

Meteorological systems are the main drivers of the hydroclimatic dynamics in the DRB.
Copolillo (2008) identified the most relevant systems influencing rainfall dynamics in the basin,
including the Upper-Level Cyclonic Vortex (ULCV), the Northeast Trough (NT), the Bolivian
High (BA), and the South Atlantic Subtropical High (SASH). The BA contributes to moisture
transport in the western portion of the basin, favoring precipitation—a process essential for
water supply. In contrast, the influence of the SASH and ULCV in the central part of the basin

contributes to an irregular spatial and temporal distribution of rainfall (Figure 2).

Box 3 - Definition of Meteorological System.

A meteorological system is an organized disturbance in the atmosphere, characterized
by the dynamic interaction of various atmospheric elements and, crucially, the
influence of oceanic components. These systems vary significantly in spatial and
temporal scale, as well as in intensity, and may either move or remain relatively
stationary, influencing atmospheric conditions and, on larger and more integrated
scales, contributing to the formation of climate patterns (HOUGHTON, 2002).

The elements that compose and influence a meteorological system include:
Atmospheric: temperature, pressure, humidity, wind, clouds, and precipitation.
Oceanic: sea surface temperature, ocean currents, and air-sea interaction (heat and
moisture transfer).

Trough: refers to an extended region of relatively low atmospheric pressure,
characterized by a curvature or elongation in isotherms (temperature lines) or isobars
(pressure lines) in upper-level pressure maps, particularly in the mid-troposphere.
Unlike a closed low or a cyclone, which typically have a more circular shape, a trough
is more elongated and can cover a wide geographic area (HOUGHTON, 2002).

During the summer, the BA contributes to the intensification of tropical convection over
South America and plays a crucial role in transporting moisture from the Amazon to the
Southeast, reaching much of the DRB (CUPOLILLO et al., 2008; REBOITA et al., 2010).
When combined with the SACZ, its effects on precipitation events are amplified in the basin.
The interaction between these systems gives rise to convective systems and increases the risk
of extreme rainfall and flooding in the DRB (CUPOLILLO, 2008).
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The displacement of the SASH, associated with the heat source over the Amazon and
the extension of the NT, allows the entry of tropical convective systems, favoring intense
rainfall in the DRB (CUPOLILLO, 2008; MATEUS, 2020). However, the prolonged presence
of the SASH can also lead to short dry spells, during the rainy season in the basin. These short

dry spells are often linked to the combined influence of the NT and the SASH.

Winter in the DRB is mainly influenced by the SASH. This system promotes
atmospheric stability due to the cooling of the Amazon heat source, resulting in reduced
precipitation throughout the basin (CUPOLILLO et al., 2008). Significant and prolonged
deviations from normal winter precipitation patterns, intensified by the action of the SASH, can
be particularly detrimental to agriculture and contribute to the temporary reduction of water
availability, worsening the impacts of climate change in the region. This can lead to atypical
and severe drought periods during winter, negatively affecting agricultural production and local
water resources (LIMA, 2016). In addition to these atmospheric systems that influence the
hydroclimatic dynamics in the basin, atmospheric blocking patterns also play an important role.
These blocks occur mainly during the summer and disrupt the normal displacement of frontal
systems and the SACZ (MARENGO et al., 2009). As a result, they can lead to prolonged
drought periods in some parts of the basin and excessive rainfall in others, intensifying climate
variability both spatially and temporally in the region (CRUZ et al., 2018; MATEUS et al.,
2025).

Figure 2 - Schematic representation of atmospheric systems in the lower and upper
troposphere over South America.

Baixa Troposfera Alta Troposfera

Source: REBOITA et al., 2010.
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3.1.5 South Atlantic Convergence Zone (SACZ)

Characterized by a cloud band oriented in the Northwest—Southeast (NW-SE) direction
over South America, the SACZ is identified in meteorological fields by low- and mid-level
moisture convergence, a trough at 500 hPa over the eastern coast, the intrusion of frontal
systems, the presence of the ULCV over northeastern Brazil, upper-level jets, and a strong
potential temperature gradient. Regarding its occurrence, approximately 70% of SACZ
episodes are classified as either intense or weak, with an average duration of about four days,
while 30% persist for longer periods (CARVALHO et al., 2004).

The SACZ is a crucial meteorological system in South America, with significant
impacts on human activities such as agriculture, livestock, mining, energy, and transportation
(Figure 3). The SACZ is known for triggering extreme precipitation events, which result in
flooding and landslides (PEZZI et al., 2023; REBOITA; VEIGA, 2017; SELUCHI; CHOU,
2009).

Recently, Antonio (2021) identified three geographical patterns of the SACZ: South
(PS), Central (PC), and North (PN). Precipitation can vary depending on the pattern, resulting
in a non-homogeneous spatial distribution (Figure 3). For example, most extreme rainfall
episodes in Minas Gerais are associated with the presence of the SACZ, with precipitation totals
exceeding 55 mm (SILVA et al., 2020). Nascimento, 2012 addressed the impact of this system
on extreme events in the municipality of Piranga, located within the DRB. The study concluded
that there is an immediate response in peak streamflows associated with rainy days under the
influence of the SACZ (Figure 3).

The existing literature highlights the significant influence of the SACZ on the
hydrological and climatic aspects of the DRB. For instance, in the Rio Doce State Park (PERD)
between 2015 and 2016, Lima et al. (2018) demonstrated a strong correlation between SACZ
events and episodes of intense rainfall that significantly affected several municipalities within
the basin. Additionally, on days of SACZ activity, regions near the lower course of the basin
exhibited greater socio-environmental vulnerability (LIMA; CUPOLILLO, 2018; LIMA et al.,
2019). This pattern is intensified by the interaction between the SACZ and the circulation of
systems such as the SASH, which transports moisture to southeastern Brazil, enhancing rainfall
conditions in the basin. Despite its importance, the SACZ does not act uniformly across the

entire basin. Conversely, the absence of this system leads to a strong water deficit throughout
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the region. During the years 2014 and 2015, atypical severe drought events were recorded,
associated with the absence or anomalous displacement of the SACZ—dynamics that had
previously been unknown in the context of extreme events in the DRB. This displacement
resulted in critical water deficits, impacting both water resources and economic activities
dependent on rainfall (CRUZ et al., 2015).

Furthermore, deforestation in the DRB also plays a crucial role in the interaction
between the SACZ and local climate patterns. Areas with greater loss of forest cover show
reduced moisture recycling capacity, which amplifies the negative impacts of climate extremes
such as intense rainfall and prolonged droughts (CUPOLILLO et al., 2018). Pazini et al., 2020
contributed to the understanding of the vulnerability of areas prone to landslides associated with
the SACZ. The results indicated that regions with steeper slopes and urban occupation, as well
as agricultural and pasture areas, show greater susceptibility to landslides when affected by this
system. This susceptibility underscores the importance of considering the impacts of the SACZ
in water resource management and land use planning, encompassing everything from the
occurrence of extreme events to the variation in peak streamflows and energy generation.

The study by Kunzler (2018) reveals that precipitation resulting from SACZ events
plays a crucial role in the energy potential of several regions in the Southeast (CUARTAS et
al., 2022). In particular, a decline in energy potential was observed during the summer of 2014,
coinciding with the absence of SACZ formation—a phenomenon possibly associated with
climate change, such as atmospheric blocking events (MARENGO et al., 2015; CUARTAS et
al., 2022). Another study focused its analysis of extreme rainfall events in the municipality of
Uba, identifying the SACZ as the main system responsible for significant precipitation totals in
six out of the seven cases examined (DOS SANTOS; FIALHO, 2016).

Figure 3 - Main meteorological systems operating in the Doce River basin.
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Source: Adapted of Copolillo (2008).

3.1.6 Extreme climate events in the DRB

The literature, as represented by studies such as Marengo et al. (2009) e Marengo et al.
(2015), highlights the influence of extreme climate events in Brazil, characterizing them as
deviations from the mean atmospheric state across different temporal scales: short, medium,
and long duration. These events, predominantly hydrometeorological, trigger natural disasters
with significant impacts, such as loss of life, agricultural damage, disruptions in public supply,
and effects on energy generation (CUARTAS et al., 2022). Water resource management faces
challenges due to the uncertainties and risks associated with hydrological events, such as intense
rainfall and droughts, as discussed by Valverde e Marengo et al. (2009).

In the context of the DRB, the findings of Ferreira (2019) and Cavalcante et al. (2023),
indicate a reduction in rainfall on wet days and an increase in dry days, associated with changes
in precipitation patterns. Cavalcante et al.,, 2023, observed a clear trend of increasing
consecutive dry days (CDD) and a reduction in consecutive wet days (CWD), particularly in
the northern and southern regions of the basin. According to the authors, these effects can be
explained by climate change, which alters the hydrological cycle, resulting in prolonged
droughts and more intense and concentrated rainfall events within the basin (CAVALCANTI
et al., 2023). Furthermore, the reduction in total precipitation volume projected for the future
aligns with the impacts of deforestation and land-use changes, which directly affect local
evapotranspiration patterns and moisture recycling (BREDA et al., 2020; DANTAS et al.,
2022). Camargo et al. (2014) investigated the relationship between floods, land use, and land
cover, observing a 63% increase in peak streamflow during extreme rainfall events in the
Piranga sub-basin (located within the DRB). In urban areas, however, there was a reduction in
runoff depth and peak flow, ranging between 7% and 11%.

The impact of floods in the middle Doce River was analyzed by Cruz et al. (2015
highlighting patterns and recurrence, especially in long-term floods associated with the SACZ.
In parallel, drought events have increased in frequency, with prolonged droughts in the middle
Doce River region occurring more persistently and intensely over the years (CRUZ et al., 2015).
Lima (2019) evaluated the climatic conditions during the most critical drought years in the

basin, identifying 2014-2015 as the most severe period, affecting the entire region.
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The study by Cavalcante et al. (2023) evaluated the dynamics of extreme precipitation
events using the Rx1day and Rx5day indices. These indices indicate greater variability in the
future, with intense rainfall concentrated over fewer days and an increase in the standard
deviation of these events. This behavior reflects a more irregular rainfall distribution,
particularly in the northern sector of the basin, identified as the area most affected by reductions
in precipitation and increased climate variability. Deforestation and land-use changes have also
significantly impacted the basin's hydrology. In the Rio Piranga region, located at the
headwaters of the DRB, the conversion of forests into pastures has led to increased surface
runoff and reduced soil infiltration (NEVES, 2022). This process intensifies erosion, causes soil
loss, and contributes to the siltation of watercourses, reducing water storage capacity and
compromising water quality. Additionally, vegetation cover degradation on slopes worsens
sediment transport, increasing the basin’s vulnerability to landslides and flooding

(SALVADOR, 2014).

3.1.7 Land Use and Land Cover Changes and Climate of the DRB

In the dynamics of a watershed, various processes, including climate change, erosion,
weathering, and socioeconomic factors related to political decisions, influence its hydrological
characteristics (DUVEILLER et al., 2020; FRICKO et al., 2017; JANSEN; DI GREGORIO,
2002; MCCONNELL, 2002; PATEL et al., 2023; WANG et al., 2023). Coelho (2007)
emphasizes that river flow velocities and precipitation patterns at daily, monthly, and annual
scales are affected by such influences. The input of rainfall, especially intense events, plays a
significant role in altering runoff velocity within the basin (COELHO, 2006; FRAGA et al.,
2020).
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Box 4 - Land Use and Land Cover Change (LULC).

LULC
Land cover encompasses various types of biological or physical coatings present on the

Earth's surface, highlighting the natural characteristics of the terrain, such as forests,
pastures, agricultural lands, and urbanized areas (JANSEN; DI GREGORIO, 2002). On
the other hand, land use refers to the ways in which humans make use of these land
covers, taking into account the natural attributes that have been modified by the effects
of human activities (FRESCO, 1994; MCCONNELL, 2002).

Thus, when we refer to LULC, we are referring to both aspects: that is, LULC refers to
the land surface cover, including the spatial distribution and types of land use such as
urban areas, forests, agricultural lands, and bodies of water. It encompasses both natural
features (e.g., forests, deserts) and human-modified ones (e.g., urban areas, agricultural
lands) (PATEL et al., 2023; WANG et al. 2023, DUVEILLER, 2020).

The importance of understanding the local effects of changes in precipitation patterns
within a watershed is emphasized by Marengo et al. (2015) e Cuartas et al., 2022. These
precipitation extremes, by altering local meteorological systems, can trigger more severe
consequences. One example of such local variations is the DRB, which is characterized by
significant climatic variability

According to the Kdppen classification, the climate in the basin is generally tropical,
covering most of the region. In the western portion, the rainy season is longer, while the dry
season is shorter—this pattern is reversed in the eastern part (CUPOLILLO, 2008). The wettest
period occurs from October to March, with peak rainfall in December and total precipitation
ranging from 800 to 1.300 mm. In contrast, the driest period spans from April to September,
with rainfall totals between 150 and 250 mm, and June and August being the driest months
(CUPOLILLO, 2008; CUPOLILLO et al., 2008). This climatic variability highlights the
complexity of hydroclimatic conditions in the DRB.

The impact of climate change in the DRB was assessed by the IUCN (International
Union for Conservation of Nature) using a regional climate model for each economic sub-
region (Figure 4). Figure 4 presents maps showing variations in mean temperature (upper
panels) and mean precipitation (lower panels) for the period from December to February

(temperature) and June to August (precipitation) in 2080, under two emission scenarios (A2-
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BR and B2-BR) (UICN, 2022). The results indicated a temperature increase of between 3°C
and 3.6°C for the pessimistic scenario and between 2°C and 2.5°C for the more optimistic
scenario. In the temperature variation maps, a color gradient illustrates the projected increase,
with darker red tones concentrated in the western and southern regions of the basin in both
scenarios.

Regarding precipitation, the study indicated a reduction in rainfall in some parts of the
western sector, both during the dry and wet seasons. The precipitation variation maps show
greater spatial heterogeneity. In the A2-BR scenario, the western portion of the basin exhibits
a more pronounced decrease in precipitation, while in the B2-BR scenario, this reduction
appears to be less intense and more spatially limited. It is important to note that other areas of
the basin show smaller variations or even a slight increase in projected precipitation (Figure 4).

The comparison between the temperature and precipitation variation maps reveals a
crucial aspect of the climate system's response in the DRB to the projected changes. While the
temperature maps show a relatively uniform intensification of warming—with the western and
southern regions exhibiting the highest increases—the precipitation maps display a more
complex alteration in spatial patterns. This disparity in the response between temperature and
precipitation underscores the complexity of climate projections and the need for variable- and
region-specific analyses. Furthermore, projections indicate that future precipitation in the DRB
will remain relatively high, resulting in maximum and average streamflows above the current
mean. Significant changes in peak streamflows were also observed, with surpluses projected in
these areas through 2041, particularly in the eastern region of the basin. (SANTANA et al.,
2021).

Climate change has impacted land use, as shown in recent studies (LEITE-FILHO et al.,
2020; PATEL et al., 2023; WANG et al., 2023). In general, the conversion of forests into
pasture has led to an increase in mean and maximum annual streamflows, along with a reduction
in minimum flows. This dynamic is explained by the combined effects of converting native
forests into pasture, which influence different components of the hydrological cycle (LYRA,
2018). For example, in the DRB, land use simulations indicated that replacing forests with
pasture resulted in a reduction in mean and minimum annual streamflows, but with an increase
in maximum flows in some sub-basins of the DRB, indicating the potential for flooding events
(LYRA, 2018).

The deforestation of 25% of native vegetation for pasture conversion led to an increase

in maximum streamflow and a decrease in minimum flow. These trends suggest concerning
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impacts on soil loss and runoff rates over the next 90 years compared to the current period
(LYRA, 2018). O estudo de Neves (2022) analyzed land use dynamics in the Doce River Basin
between 2012 and 2019, relating them to the Samarco disaster. Using MapBiomas data and the
driving force identification methodology, the author observed an almost complete shift in
agropastoral expansion before (2012—2015) and after (2016-2019) the dam failure. Prior to the
incident, precipitation and temperature had negative effects on agropastoral expansion, whereas
after the disaster, slope had a positive effect and urban area a negative effect in the
municipalities. In both periods, the extension of highways showed positive effects on the
expansion of agropastoral activities.

Sposito (2021) addressed land use and land cover in the basin, identifying that
approximately 50% of the area showed no changes in land use class. However, natural forest
and pasture areas experienced reductions of -1.9% and -9.1%, respectively, between 1985 and
2018. Most of the natural forest conversions were to pasture, while there was an increase in
agricultural land and planted forest, with distinct changes in each sub-basin. The study
highlights the urgency of developing actions to reverse soil degradation. The work by Oliveira
et al., 2020 examined landscape changes over the past 30 years and projected future scenarios
for the surroundings of the Rio Doce State Park (RDEP). The results indicated an increase in
anthropogenic pressure, leading to a decrease in native vegetation areas and contributing to
forest fragmentation and the loss of permanent ecological reserves.
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Figure 4 - Variation in temperature and precipitation based on climate change.
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3.1.8 Modeling with the Dinamica EGO Platform

Dinamica EGO is a free, non-commercial platform dedicated to environmental
modeling, offering a wide range of possibilities—from simple static spatial models to complex
dynamic models. The platform supports nested iterations, multiple transitions, dynamic
feedbacks, regional and multi-scale approaches, as well as decision processes for bifurcation
and merging of execution pipelines (Figure 5). It also includes a variety of advanced spatial
algorithms for the analysis and simulation of spatiotemporal phenomena (SOARES-FILHO et
al., 2004; SOARES-FILHO et al., 2002)

The variety of phenomena occurring across a landscape or surface is not static; it
exhibits dynamics that play crucial roles in the climate. Processes such as urbanization,
agricultural expansion, wildfires, desertification, and other factors exert direct or indirect
influence on the climate. Spatial dynamic models perform numerical simulations of these
processes in the real world by altering the state of a point on the surface through external
variations (RODRIGUES et al., 2007; SOARES-FILHO et al., 2002).
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In these models, various geographic elements that compose the landscape are
incorporated and overlaid on a 2D raster, representing a mapped regular grid matrix. This
approach enables a detailed representation and analysis of the spatiotemporal interactions
among the different components of the landscape, providing a more comprehensive
understanding of the dynamics that affect the climate.

Time is represented in a discrete manner, serving as the third dimension of the model.
According to Soares-Filho et al., 2002, a spatial representation model of the landscape involves

solving Equation [1].

Xeww = fXe 1) 1)

Equation 1 describes the changes in the spatial pattern X, at time t, leading to a new
spatial pattern X;,,, attimet+ v, where Y; represents the set of scalars that affect the model
transition.

During the construction of the model, certain phases are fundamental and must be considered:

a) Define the conceptual model with the possible landscape transitions: this stage is
represented by a transition matrix that contains all possible transitions. This matrix is
obtained from known transitions, which are observed from one state to another in the
landscape. Simple mathematical models, such as Markov chains, solve the transition

function (Figure 5).

b) Through the Bayesian weights-of-evidence method, actual changes in the landscape are
identified, and the functions that integrate Yt over time are defined using external
variables (ALMEIDA et al., 2005; KAWASHIMA et al., 2016; SOARES-FILHO et al.,
2002). The Bayesian method is based on Bayes' theorem of conditional probability,
which uses the prior probability of an event occurring as a function of spatial
determinants (ALMEIDA et al., 2005).

¢) The weights of evidence are obtained through cross-tabulation between the LULC
change map and the maps of the variables considered in the conceptual model as spatial
determinants. For example, those that can explain the transitions, based on the premise
that these variables are spatially independent (SOREAS FILHO et al., 2002). Thus,

when the goal is to test several variables in the model, the evidence from multiple maps
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is combined, that is, the weights are first calculated independently and then incorporated

into a single probability equation (Equation 2)

eX KVkn i=>j(V)XY

p(i => 1) = @)

T 14X ijel kVkn i=>j(v)XY

X, y are the spatial coordinates of the variables, n is the number of categories, and W is the
weight of evidence, which represents the probability of an event occurring from one land use
to another, for example, from forest to pasture.

In Brazil, many spatial modeling studies use the Dinamica EGO platform, which is
based on cellular automata techniques. This platform employs an approach that uses two
complementary transition functions, known as the “expander” (expansion function) and the
"patcher™ (patch formation function). The expander function acts on the expansion of existing
patches, while the patcher function creates new patches (SOARES-FILHO et al., 2002). Both
functions require user-defined specifications, usually through calibration tests, allowing direct

adjustment of the Land Use and Land Cover (LULC) change patterns.

Figure 5 - Architecture of models that can be built through the EGO Dynamic platform.
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3.1.9 Vegetation Response to Climatic Conditions and Extreme Events

Vegetation is one of the most important terrestrial components of ecosystems, playing
a key role in biosphere—atmosphere interactions (DUVEILLER et al., 2020; FORZIERI et al.,
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2017; ZENG et al., 2017). The structure and composition of vegetation are strongly influenced
by several factors, including human activities, climate change, and high atmospheric CO:
concentrations (DUVEILLER et al., 2018). Changes in forest cover cause a direct imbalance in
the surface energy budget, affecting processes such as evapotranspiration and albedo, and
consequently influencing temperatures at both local and regional levels (DE NOBLET-
DUCOUDRE et al., 2012; PITMAN et al., 2009).

Evidence suggests that deforestation leads to an increase in temperature in low-latitude
regions, although on smaller scales, it can also cause a cooling effect in high-latitude areas
(D’ALMEIDA et al., 2007; LAWRENCE et al., 2016; LUO et al., 2022; SPRACKLEN et al.,
2012). The loss of forest cover causes hydrological and thermal imbalances, affecting the
displacement and intensity of heat sources, which in turn alters the dynamics of meteorological
systems. In other words, some regions exhibit distinct patterns in the occurrence of extreme
events, with some showing an increase in the frequency of such events, while others
demonstrate a reduction in the incidence of droughts and heatwaves (MATEUS et al., 2020).
Moreover, extreme climate events such as droughts, heavy rainfall, and heatwaves exacerbate
the negative impacts on vegetation (REICHSTEIN et al., 2014; VINCENT et al., 2015).
Droughts, for instance, increase water stress in plants and hinder forest regeneration,
compromising essential functions such as photosynthesis and transpiration (REICHSTEIN et
al., 2013; VINCENT et al., 2013). On the other hand, heavy rainfall contributes to soil
saturation, reducing root oxygenation and promoting erosion, which further weakens
ecosystems (ICHII et al., 2002; LIU et al., 2024).

Given these observed effects, satellite imagery has been used for the temporal and
spatial monitoring of vegetation. Over the past 30 years, studies have shown that changes in
vegetation, such as increased green cover in certain areas and deforestation in others, are linked
to factors like higher CO: concentrations, nitrogen deposition, climate change, and land use
changes (ANDERSON et al., 2013; CHAPIN et al., 2008; JACKSON et al., 2008).

Changes in vegetation cover directly affect the exchange of energy and water between
the land surface and the atmosphere, influencing climatic variables such as temperature and
precipitation patterns (FORZIERI et al., 2017). In tropical regions, for example, an increase in
vegetation density tends to enhance local cooling, mainly due to greater transpiration and
moisture recycling (FORZIERI et al., 2018). In higher-latitude areas, however, an increase in
vegetation can lead to warming, as it reduces surface reflectivity (albedo) and increases solar
radiation absorption. These biophysical effects can both amplify and offset the benefits of
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carbon sequestration, highlighting the complex role of vegetation in climate regulation
(FORZIERI et al., 2017).

The loss of vegetation cover, especially due to deforestation, has significant impacts on
precipitation patterns, temperature, and the frequency of droughts. Recent studies have provided
strong evidence supporting these environmental effects (ASSUNCAO et al., 2015; DOS REIS
et al., 2021; OLIVEIRA et al., 2020, 2018). In the Amazon, for example, forest removal
interferes with the hydrological cycle, resulting in reduced rainfall, increased drought risk, and
a greater occurrence of forest fires (FEARNSIDE, 2006). Simulations using climate models
show that deforestation directly affects precipitation by altering moisture availability and
meteorological systems. This can lead to the reduction or displacement of heat sources,
decreasing the intensity and frequency of heavy rainfall events and shortening the duration of
rainy seasons in deforested areas (LUO et al., 2022; MATEUS, 2020).

Several indices are used to monitor vegetation, with the NDVI (Normalized Difference
Vegetation Index) standing out due to its simplicity and effectiveness. This index is calculated
from the relationship between red (RED) and near-infrared (NIR) reflectance, providing a
general view of vegetation density and vigor, and is commonly used to assess plant health (
(BALLESTEROS et al., 2015; FOLEY et al., 1998; MULLA, 2013). However, NDVI has
limitations, especially in areas with high biomass or under adverse atmospheric conditions, such
as aerosol interference and shadows (HUETE et al., 2002, 1997).

To overcome these limitations, the Enhanced Vegetation Index (EVI) was developed. It
uses correction factors to minimize the effects of soil and atmosphere (HOFFMANN et al.,
2015; HONKAVAARA et al., 2013; VANCINE et al., 2024; XIA et al., 2016). EVI is
particularly useful in regions with high forest density, as it is more sensitive to subtle variations
in vegetation cover. Additionally, its formula includes extra spectral bands, such as the blue
(BLUE) band, which improves the accuracy in identifying different types of vegetation and
eliminates noise that could compromise the analyses (HUETE et al., 1997).
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4 CHAPTER 4: OVERCOMING THE IMPACTS OF THE SPATIAL VARIATION OF
SOUTH ATLANTIC CONVERGENCE ZONE ON RAINFALL, FLOW AND WATER
QUALITY IN DOCE RIVER BASIN, BRAZIL

4.1 Abstract

This study focuses on the Rio Doce basin in Minas Gerais, Brazil, analyzing the impact
of geographic positions (patterns) of the South Atlantic Convergence Zone (SACZ) on the
variability of precipitation, river flow, floods, and water quality. Despite its significance, the
lack of studies considering different SACZ positions in defining precipitation thresholds for
early warning in flood events and water quality parameters persists. The results highlight that
distinct SACZ positions are associated with variations in the distribution of precipitation, river
flow, and water quality. The Northern Pattern (NP) and Central Pattern (CP) contribute to
higher accumulations of rainfall (>18 mm/day) and river flow (80-800 m”3/s) in the basin. The
Piracicaba and Santo Antonio sub-basins record the highest number of extreme rainfall events,
with 168 and 127, respectively. Most floods occur in the NP pattern, totaling 54 cases (28.63%
causing substantial harm to the population). We identified that precipitation levels >43 mm/day
are linked to floods in both NP and CP patterns, serving as a threshold for watershed committee
decisions. Trend analysis indicates a decrease in rainfall and river flow across all patterns.
Regarding water quality, the presence of SACZ primarily increases parameters such as turbidity
and total suspended solids. This work contributes to integrating water-related criteria into
policies and decisions, especially relevant in the Rio Doce basin following an environmental

disaster caused by the rupture of a mining dam.

1 Article published : https://doi.org/10.26848/rbgf.v18.1.p038-060.
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4.2 Introduction

In Brazil, extreme precipitation events severely impact water availability and can lead
to floods, landslides, and natural disasters, affecting a large portion of the population
(LAUREANTI et al., 2024). Water resource management faces significant challenges due to
the uncertainties and risks associated with extreme hydrological events, such as intense rainfall
and droughts, as discussed by Valverde et al., (2003) and Marengo et al., (2009). In this study,
we investigate how the different geographical positions of the spatial variation of the South
Atlantic Convergence Zone (SACZ) influence precipitation patterns, flow, and water quality.
The central hypothesis of study suggests that these distinct patterns of SACZ result in varied
amounts of precipitation in the region, with a predominant pattern that impacts rainfall and flow
variability. Furthermore, the research aims to identify a precipitation threshold capable of
triggering extreme events, such as floods, and investigate how the seasonal nature of the SACZ
affects water quality parameters in the study area. In essence, this study not only enriches our
comprehension of SACZ regional impacts but also establishes a robust foundation for effective
flood event alerts associated with its performance, thereby contributing valuable insights to both
scientific discourse and practical applications. Understanding these variabilities is essential for
improving water resource management strategies and mitigating the impacts of extreme
hydrological events.

The SACZ is a crucial meteorological element in Brazil, profoundly influencing the
spatial distribution of rainfall and significantly impacting vital economic sectors, including
agriculture, energy, and transportation (ANTONIO, 2020; QUADRO, 1999; WONG et al.,
2021, 2023). As a band of cloudiness extending from Northwest to Southeast South America
the SACZ is intrinsically linked to meteorological events such as floods, landslides, and
avalanches (QUADRO, 1999; REBOITA; VEIGA, 2017; SELUCHI; CHOU, 2009).

The mechanisms involving the formation of SACZ and the occurrence of associated
extreme events have been explored in studies by Carvalho et al., (2002), Zilli; Carvalho, (2021),
Zhou; Lau, (2001). According to these authors, the formation of the SACZ incorporates several
meteorological characteristics, including the convergence of moisture at low and mid-levels,
the presence of a trough at 500 hPa over the eastern coast, incursions of frontal systems, the
presence of an Upper-Level Cyclonic Vortex (ULCV) over Northeast Brazil, upper-level jets,

and a strong potential temperature gradient. Given the significant socioeconomic impact of
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SACZ events and the uncertainties in their predictions, previous studies have focused on better
understanding their intensity, duration, and impacts. Approximately 70% of SACZ episodes
last around four days, while the remaining 30% persist for more than four days (Carvalho et al.,
2004; Ambrizzi e Ferraz, 2015; Escobar et al. 2020; Lauriante et al., 2024). The SACZ exhibits
considerable spatial and temporal variability, playing a critical role in regulating the intensity
and total precipitation that affects millions of people in South America (ANTONIO;
ARAVEQUIA, 2023; ESCOBAR; REBOITA, 2022).

The duration of SACZ events is closely related to the occurrence of extreme
precipitation events. Through the analysis of circulation fields and longwave radiation, Da Silva
Verdan, (2023) observed that longer SACZ events had a higher number of associated cyclones
in their oceanic branch. However, it was not possible to determine the lifecycle duration of
these associated cyclones. Another significant finding was that precipitation in the South-
Central region of Brazil was higher when Low-Level Jets exhibited a northwest-southeast
orientation during SACZ days.

The study conducted by Fialho et al., 2023 and Viana et al., 2021 investigated the
mechanisms behind SACZ events lasting more than seven days and associated with extreme
precipitation events, often leading to floods and landslides. The results indicated that these
persistent SACZ events are typically preceded by a semi-stationary Rossby wave train of mid-
latitude over the South Pacific. This phenomenon acquires a barotropic structure and moves
towards the equator after crossing the subtropical latitudes of South America. These combined
processes enhance low-level westerly winds on the equatorial edge of the SACZ, resulting in
the expansion of the phenomenon over the continent and the formation of convective clouds
that induce intense precipitation. These characteristics are supported by anomalous cyclonic
circulation and an increased moisture transport towards the southeast in the region, as
highlighted by Pezzi et al., (2022). This pattern leads to heightened convection over the
continent, keeping the SACZ active for prolonged periods and impacting the affected areas with
high accumulations of rainfall over several consecutive days. Despite shorter SACZ events,
lasting around four days, also being associated with a mid-latitude wave train, their transient
nature results in distinct coupling effects. These observations play a crucial role in forecasting
long-duration SACZ events, as emphasized by Escobar et al. (2022).

Braga et al., (2022) investigated a spatial variation of precipitation associated with the
SACZ. Utilizing data on zonal and horizontal wind components combined with longwave
radiation, the study revealed that a strong westward tropical flow associated with SACZ allows
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for the propagation of Rossby waves through the Equatorial Atlantic Ocean. These waves have
the capacity to modify precipitation patterns, generating systems that either inhibit or trigger
intense rainfall, leading to extreme rainfall events. Laureanti et al. (2024) further highlighted
that wind circulation changes induce variations in Sea Surface Temperature (SST), ultimately
impacting the dynamics of meteorological systems and influencing the duration of extreme
precipitation events during SACZ occurrences. In essence, the Southwest Atlantic Ocean
emerges as a potential influencer modulating the persistence of extreme precipitation events in
the Central-Eastern region of Brazil.

Braga et al., 2024 investigated a spatial variation of precipitation associated with the
SACZ. Utilizing data on zonal and horizontal wind components combined with longwave
radiation, the study revealed that a strong westward tropical flow associated with SACZ allows
for the propagation of Rossby waves through the Equatorial Atlantic Ocean. These waves have
the capacity to modify precipitation patterns, generating systems that either inhibit or trigger
intense rainfall, leading to extreme rainfall events. Laureanti et al. (2024) further highlighted
that wind circulation changes induce variations in Sea Surface Temperature (SST), ultimately
impacting the dynamics of meteorological systems and influencing the duration of extreme
precipitation events during SACZ occurrences. In essence, the Southwest Atlantic Ocean
emerges as a potential influencer modulating the persistence of extreme precipitation events in
the Central-Eastern region of Brazil.

Duarte, 2017, analyzing intense precipitation in southern Brazil (Santa Catarina state)
during the periods of 1979-1999 and 2000-2015, made insightful discoveries. They found that
the frequency and intensity of extreme precipitation events during the austral spring were
reduced during El Nifio years and increased in neutral years in the second period compared to
the first. Their studies indicated a significant association between the historical series of
extreme precipitation events and the SACZ, alongside a low-level anticyclone in the Southwest
Subtropical Atlantic during the latter period. Moreover, Montini et al., (2019) revealed that
positive trends in precipitation and the occurrence of extreme precipitation events in
southeastern South America between 1979 and 2016 were linked to increased moisture
transport from the northwest Amazon region to the subtropics, a phenomenon influenced by the
activity of the SACZ. The study by Jorgetti et al., (2014) addressed precipitation variability due
to the SACZ positioning. The researchers classified SACZ-North events when the precipitation
band is over central Brazil and SACZ-South when it is over the southern region. SACZ-North
occurs when waters of the Tropical Atlantic are cooler, and SACZ-South is associated with
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warmer waters. During the SACZ-South period, the upper-level anticyclonic circulation shifts
towards southeastern South America, with warmer waters in the Tropical Atlantic.
Consequently, the modulation of SACZ activity is linked to Sea Surface Temperature (SST)
anomalies through dynamic and thermodynamic mechanisms. However, in Antonio's study
(2021) on SACZ dynamics, three geographical patterns of SACZ were observed: South (PS),
Central (PC), and North (PN). According to the author, precipitation occurrence can vary
depending on the pattern, resulting in non-uniform spatial distribution. This finding supports
Jorgetti et al., (2014) study, which emphasized circulation dynamics.

The SACZ have been routinely studied from a regional perspective. For instance, in the
state of Minas Gerais, Brazil, empirical evidence from 1995 to 2016 attributes 126 landslides,
546 inundations, 688 floods, and 41 overflows to the SACZ's presence (AGUIAR, 2018). The
southeastern region of Brazil faces a substantial average probability of SACZ-induced disasters,
reaching 24%. This risk amplifies differentially across Espirito Santo (60%), Minas Gerais
(50%), Rio de Janeiro (40%), and Sao Paulo (31%), underscoring the region's susceptibility to
heightened rainfall events and emphasizing the intricate interplay between territorial planning
and risk management (ANTONIO; ARAVEQUIA, 2023; CARVALHO et al., 2002; DA
FONSECA AGUIAR; CATALDI, 2021), unravels nuanced spatial dynamics, impacting
Brazilian watersheds disparately(AGUIAR, 2018; FIALHO et al., 2023; NETO et al., 2010).
Despite the acknowledgment of physical processes within hydrographic basins during extreme
rainfall events such as erosion and weathering, comprehensive assessments of SACZ's
influence on flow, flooding, and water quality remain conspicuous by their absence.

This study seeks to bridge this gap by categorizing SACZ patterns into three distinct
types, scrutinizing their defining characteristics, and discerning their differential impacts on
precipitation distribution, flow rates, flood occurrences and water quality. Focused on the Doce
River Basin in the Southeast region of Brazil, a region distinguished by its rich biodiversity and
the endangered Atlantic Forest biome, this research immerses itself in unraveling the intricate
interrelationships between SACZ patterns and extreme weather events. The catastrophic rupture
of the Fund&o dam in 2015, releasing millions of cubic meters of mining tailings into the Rio
Doce, serves as a poignant reminder of the region's vulnerability to environmental disasters
exacerbated by SACZ-induced heavy rainfall. This event inflicted dire consequences on the
entire ecosystem, including physical devastation by mud transport, 17 human casualties, 2
missing individuals, extensive fish mortality, and significant damage to local flora (Neves,
2022).
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Moreover, the ongoing flow of mud, exacerbated by heavy rainfall, continues to
compromise water quality and the well-being of communities in the Doce River basin
(BOURGUIGNON et al., 2021; HATJE et al., 2017; PACHECO et al., 2022). Furthermore,
SACZ's impacts on the Piranga sub-basin are characterized by extreme rainfall events, leading
to a substantial increase in peak flow rates, while urban areas experience a slight reduction in
peak flow rates (CAMARGO et al., 2011). These fluctuations in flow rates pose a threat to
flood-prone areas, particularly those affected by long-term extreme rainfall events associated
with the SACZ in the basin (CRUZ et al., 2015). Notably, in Minas Gerais state, extreme
precipitation events linked to SACZ are marked by accumulated precipitation exceeding 55
mm/day (SILVA et al., 2020).

Ferreira (2019) found a decrease in rainfall on humid days and an increase in dry days
in the Doce River basin, with varying effects on maximum and minimum flow in different
regions. Moreover, high rainfall totals are linked to increased sediment transport, deteriorating
water quality (JIA et al., 2021; JIANG et al., 2023; OLIVEIRA; DA SILVA QUARESMA,
2017; WANG et al., 2022; YANG et al., 2021). Studies have shown that meteorological and
hydrological factors influence water quality parameters such as nitrogen, phosphorus, turbidity,
pH, and biochemical oxygen demand (FAN; SHIBATA, 2015; XIA et al., 2015). Despite
advancements in understanding these factors, the relationship between SACZ and water quality
parameters in the Doce basin remains largely unexplored.

The studies previously mentioned have identified SACZ events and characterized their
formation, intensity, duration, and positioning. These studies have utilized methodologies that
analyze not only the synoptic and dynamic characteristics of SACZ but also their impacts on
precipitation extremes at both local and regional scales. This study aims to fill a gap in research
by examining how different spatial patterns of the SACZ affect the distribution of precipitation,

flow, and water quality in the Rio Doce basin.
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4.3 Methodology

4.3.1 Data

The DRB (Figure 6) watershed covers an area of 86,715 kmz, primarily in the state of
Minas Gerais (86% of the basin area) and partly in Espirito Santo (14%). This region includes
230 municipalities with around 2,341,206 urban residents and 833,437 rural inhabitants. In
terms of water usage, 51% of the total water extracted directly from the Doce River basin is
used for irrigation, 22% for urban supply, 17% for industries, 7% for animal watering and 3%
for rural supply (Figure 6). The basin is divided into six Water Resources Planning and
Management Units (UPGRHSs), corresponding to six sub-basins and their respective
Hydrographic Basin Committees (CBHs): Piranga River (DO1), Piracicaba (DO2), Santo
Antbnio (DO3), Suacui River (DO4), Caratinga (DO5), and Manhuacu River (DO6). All
data access links are duly detailed in the supplementary material (https://github.com/NelsonM
ateus/SM.git).

Precipitation data were obtained from the CHIRPS (Climate Hazards Group InfraRed
Precipitation). This dataset combines satellite precipitation estimates with weather station
observations to provide nearly global precipitation coverage from 1981 to the present (Funk, C.
etal., 2015). CHIRPS is highly detailed, with a daily temporal resolution and a spatial resolution
of 0.05 degrees (~5.5 km). Additional data were obtained from six weather stations managed
by the National Water Agency (ANA).

Data from these stations used for the period from 1991 to 2020. The use of data from
ANA stations aimed to complement and enrich the analysis conducted with CHIRPS data,
providing validation and increasing the accuracy of the results. The CHIRPS precipitation data
were integrated with the data from ANA stations to perform a detailed analysis of SACZ
patterns. It was not necessary to apply any gap-filling techniques for the SACZ occurrence dates
in each pattern, as the collected data were complete for the corresponding dates throughout the
temporal series of the considered stations. For additional details on the source of each data
point, refer to Table 1 in the supplementary material. The material can be accessed at the

following repository: https://github.com/NelsonMateus/SM.qit.
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Figure 6 - Representation of the study area and the Sub-basins to be evaluated.
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4.3.2 Spatial Segmentation and Classification of South Atlantic Convergence Zone (SACZ)

Patterns

Our methodological approach begins with identifying the variation of SACZ over the
basin, utilizing a time series from 1991 to 2020 (All data sources are provided in the

supplementary material: https://github.com/NelsonMateus/SM.qit). For this purpose, the spatial

performance of the SACZ was segmented into three positions, referred to as patterns: North
Pattern (NP), South Pattern (SP), and Central Pattern (CP), following the methodology adopted
by Anténio (2020). North Pattern (NP): Defined by the occurrence of negative Outgoing
Longwave Radiation (OLR) anomalies located north of the climatological mean position of the
SACZ. Central Pattern (CP): Serves as the baseline pattern, characterized by the climatological
mean position of the SACZ with the most negative OLR anomalies centered around this mean.
South Pattern (SP): Characterized by negative OLR anomalies situated south of the

climatological mean position of the SACZ.
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4.3.3 Selection of SACZ cases by default

To examine the extent to which different areas of the basin are affected by SACZ and
how precipitation is distributed in the basin when the SACZ is in different geographical

positions, we proceeded as follows:

a) The dates of occurrence of the SACZ were obtained from the study by Anténio (2020)
and from the bulletins of the National Institute for Space Research of Brazil

(INPE), available at the link in Table 1 of the supplementary material (https://github.c

om/NelsonMateus/SM.git). The dates of occurrence of the SACZ were separated on a

daily time scale, covering the summer season (from November to April). We used the
software R (version 4.3.2,R (ANDREWS et al., 2024)) and the Climate Data Operator
(CDO) to build a filter capable of identifying each day of activity of the SACZ and the
corresponding values of flow and precipitation for each pattern. All days with the
occurrence of the SACZ were filtered, excluding the days without occurrence. We
calculated the average of the selected values for each pattern: South Pattern (SP), North
Pattern (NP) and Central Pattern (CP), obtaining the monthly average for the entire

period evaluated.

b) After the separation dates of occurrence SACZ in the respective patterns, the average
monthly precipitation of each pattern was elaborated. The purpose of this phase is to
examine the extent to which the different areas of the basin are affected by SACZ and
how the rain is distributed over the basin, when the SACZ is located in different
geographical positions. Following, we evaluate the impact of each pattern on the

monthly and annual flow of the six sub-basins of the Doce River.

4.3.4 Evaluation of extreme rainfall events and floods

We employed the percentile methodology to identify extreme precipitation events
associated with flood events in the different positions of SACZ (CP, NP, SP). First, we
calculated the 90th and 95th percentiles of the daily precipitation series for each of the six
meteorological stations. We adopted the 95 percentile to identify extreme precipitation event
s. Thus, the precipitation values corresponding to this percentile were considered as thresholds

to define extreme events in each SACZ pattern. The number of extreme precipitation events
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and flood events in the different SACZ pattern is presented in Table 3 of the supplementary
material (https://github.com/NelsonMateus/SM.git). The percentile methodology is widely
used to identify extreme events (BOMBARDI et al., 2014; DERECZYNSKI et al., 2009;
FRAGA et al., 2020; REBOITA; VEIGA, 2017).

After defining the extreme precipitation events for each SACZ pattern, as described

above, we proceeded to separate all flood dates and alert quotas from the time series. For this
purpose, we used the alert and flood quota data from the National Water Agency (ANA) in
collaboration with the Geological Survey of Brazil (CPRM). We evaluated seven municipalities
in the Doce River basin: Ponte Nova, Nova Era, Mario Carvalho, Belo Oriente, Vila Matias,
and Governador Valadares. Each municipality has a quota level for the occurrence of floods,
available on the CPRM website (see Table 1 of the supplementary material). Thus, we used the
SACZ occurrence dates in the 95th percentile as a reference to filter the flood and flood warning
events that occurred on those same dates. It is worth noting that the alert quota represents the
river level that indicates a high possibility of flooding, while the flood quota represents the first
damage observed in the municipality. The objective is to evaluate the number of cases of floods
in SACZ events when it acts in different positions (CP, NP, SP).

4.3.5 Statistical analysis

The Modified Mann-Kendall test was employed to identify significant trends
(increasing or decreasing) in precipitation and flow time series for each SACZ pattern. A
significance level (a) of 0.05 was chosen, meaning we reject the null hypothesis (no trend) if
the test statistic (Z) is greater than the critical value for a 5% significance level. Positive Z
values indicate statistically significant upward trends, while negative Z values indicate
statistically significant downward trends. For further details on the test statistic and critical
values, refer to Yue; Wang, (2004). If a significant trend is identified, the linear trend
component is removed from the time series to obtain a detrended (stationary) series. In MMK
the trend part T; of the new series X, is linear then, trend part is removed to obtain the stationary

series Y;:

Yt:Xt_Tt:Xt_BxT (3)
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The variance (S) an test statistic Z is calculated of the trend statistic S of autocorrelation

series is obtained as follows:

S-1

O] S>0
z=40, $=0 (4)
Sl $<0
L/V(s) ’

Positive Z values indicate increasing trends, while negative Z shows decreasing trends.
The trend test is done at a specific significance a level. In this study, the significance level o =
0.05, at the significance level of 5%, the null hypothesis of no trend is rejected. More details on
the test in Yue & Wang, 2004.

4.3.6 Multiple Regression Model (MLR)

We employed multiple linear regression to assess the influence of rainfall on flow rates
within each SACZ pattern (CP, NP, SP) across the Doce River sub-basins. This supervised
learning technique identifies a linear relationship between a dependent variable (Y) and
multiple independent variables (X) (MOORE et al., 2007). In our case, the dependent variable
(YY) is the monthly flow rate, and the independent variables (X) include monthly rainfall values
for each SACZ pattern. This analysis aims to identify the SACZ pattern that has the strongest
influence on flow rate variability in each sub-basin. The principle of linear regression is to
model a quantitative dependent variable Y through a linear combination of p quantitative
explanatory variables, X1, X2, ..., Xp. The deterministic model is written for observation i as

follows:
Vi = Bo+X5_ 1 Bixij + & (5)

where yi is the observed value for the dependent variable for observation i, xij is the value

assumed by variable j for observation i, and ¢; is the random error.
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4.3.7 Principal Component Analysis (PCA)

To investigate the influence of SACZ on water quality in the Doce River basin, we
meticulously collected and analyzed a comprehensive dataset. This dataset encompassed daily
precipitation and flow data for each of the six sub-basins within the basin, along with water
quality data for various indicators. We chose a six-day window for accumulated rainfall and
average flow to correspond with the typical duration of SACZ events. The water quality
indicators we selected included pH, total suspended solids, water temperature, turbidity,
dissolved oxygen, conductivity, total chloride, nitrate, biochemical oxygen demand, total
phosphorus, total nitrogen, and total coliforms. These classic indicators have been consistently
monitored at least quarterly for over ten years, providing a robust dataset for analysis.

To unravel the complex interplay of factors influencing water quality variability, we
employed a powerful statistical technique called Principal Component Analysis (PCA). PCA
excels at identifying underlying patterns in large datasets by reducing them into a smaller
number of components that explain most of the data's variance. We performed four sequential

PCA analyses, each focusing on a specific dimension or scale of water quality variation.

a) Seasonal Contrasts: The initial PCA was performed on the entire dataset to identify
seasonal contrasts between dry winters and wet summers. This analysis revealed the
most significant water quality parameters that drive seasonal spatial variations, aligning
with the SACZ's seasonal influence.

b) Sub-basin Differences: Subsequently, we focused on the months during which the
SACZ occurs (October to April) and conducted a second PCA analysis to identify the
differences between the Doce River sub-basins. This analysis highlighted the unique
water quality characteristics of each sub-basin, providing insights into the spatial
variability of water quality within the basin.

c) Spatial and Temporal Influences: To isolate the influence of the spatial component, we
performed a third PCA after standardizing the data by the mean and standard deviation
for each sub-basin. This analysis revealed how water quality varies across the months,

providing insights into the temporal dynamics of water quality within each sub-basin.

d) SACZ Impact: Finally, we standardized the data using both spatial (sub-basin) and
temporal (monthly) dimensions to isolate these respective influences. This last analysis

aimed to identify how the SACZ specifically affects water quality. This multi-layered
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statistical methodology highlights the complex interaction between climatic phenomena
and river water quality, providing a unique understanding of environmental dynamics
in the Doce River basin.

PCA reduces large sets of input variables into a reduced number of components. PCA

can be used to indicate factors associated with water quality. At the seasonal level, the PCA

obtains information on the most significant quality parameters of seasonal spatial variations,
which is the time scale of the performance of the SACZ (OLSEN et al., 2012). The PCA steps

are shown below:

1.

Normalize the X mxn data matrix to matrix Y = (Y, ..., ¥3,)

Calculation of the Z covariance matrix according to the following equation:

1 — —
Z= EZan(Ykaneu) (Ykeﬁ - Yeu) (6)

Calculate the eigenvalues and eigenvectors of the covariance matrix Z. Cumulative
percentages of the eigenvalues indicate their contribution to the main components, and
the eigenvectors present the loads. The eigenvectors are multiplied with the original

matrix to obtain the scores of the main components.
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4.4 Results

4.4. Evaluation of the spatial pattern of the SACZ in the rainfall regime

In our analysis, we examined the trends and durations of SACZ events over the years,
considering all observed patterns in the event averages (Figure 7a, 7b). It was observed that the
average duration of SACZ events during the time series (1991 to 2020) was approximately 6.2
days, a duration consistent with findings in previous (AMBRIZZI; FERRAZ, 2015; BRAGA
et al., 2022; DE OLIVEIRA VIEIRA et al., 2013; PEZZI et al., 2023). This finding solidifies
the consistency of the observed duration of SACZ across different study periods. The maximum
number of days with SACZ occurrence in a year varied between 6 and 70 days (Figure 7b), and
this variability was attributed to the influence of large-scale atmospheric systems, such as
Bolivia High, Cyclonic Vortices at high levels, and local weather conditions in the region
(BRAGA et al., 2022; PEZZ] et al., 2023).

These systems play a critical role in modulating the duration and intensity of SACZ
events, contributing to the observed interannual variability. It is also noted that the years 2000
and 2012 stood out with prolonged durations of SACZ events, exceeding an average of 12 days
(Figure 7a and 7b). Recent studies corroborate these observations, suggesting that large-scale
anomalous events, possibly related to phenomena such as El Nifio and the Pacific Decadal
Oscillation, can prolong the duration of SACZ events (PEZZI et al., 2023). On the other hand,
a decreasing trend in event duration was observed in the time series from 2013 to 2015. This
decrease may be associated with changes in climatic variability and possible alterations in large-
scale atmospheric circulation. Recent works discuss that climate change may be influencing the
frequency and duration of the large-scale systems affecting SACZ, suggesting an urgent need
for more studies to understand these trends and their implications (BRAGA et al., 2022, 2024;
PEZZI et al., 2023).

Notably, the years 2000 and 2012 stood out with extended SACZ event durations,
exceeding an average of 12 days (Figure 7a and 7b). Nevertheless, a decreasing trend in event
duration was observed in the time series from 2013 to 2015. There was also a growing trend in
the number of events, with peaks in 1999 and between 2004 and 2016, followed by a declining
trend from 2017 to 2020. Recent studies, such as those by Da Fonseca Aguiar; Cataldi, 2021,

affirm these trends and discuss the possible implications for regional hydrology and climate.
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This upward trend suggests a higher prevalence of SACZ patterns in the basin, potentially
leading to increased flood risks due to rising water levels in the basin (DA FONSECA
AGUIAR; CATALDI, 2021; GUTJAHR; HEINEMANN, 2012; REBOITA; VEIGA, 2017).

Figure 7 - a) Duration of days of SACZ events, b) Number of events and trend of events
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The spatial patterns SACZ are associated with different geographic regions, each
impacting the Rio Doce basin differently. The North pattern (Figure 8) is characterized by
higher accumulated rainfall in the northern and central areas of the basin, with an average of
approximately 13 to 18.26 mm/day, in contrast to the southern sector with less than or equal to
9.4 mm/day. Recent studies, including Mayta et al., 2020 and Anténio et al., (2023), have
illustrated similar spatial differentiation, highlighting the significance of precise regional
climate assessments. Notably, the Suacui (DO4) and Santo Antonio (DO3) sub-basins



63

experienced the highest levels of rainfall, averaging 18 mm/day with a monthly total of 547
mm. On the other hand, the Piranga and Piracicaba basins received lower rainfall in this pattern.

The observed rainfall concentration in the southern sub-basins (Suagui, Santo Antonio,
Piracicaba, and Piranga) under the Central Pattern (CP), with up to 14 mm/day, aligns with the
findings of Silva et al. (2019) and Gomes et al. (2019), who highlighted the influence of local
topography and land-use changes on precipitation distribution in these areas. The lower rainfall
in the northern sub-basins (Suacui, Caratinga, and Manhuacu) under CP, as low as 9 mm/day,
could be attributed to the rain shadow effect caused by the Espinhaco mountain range, as
suggested by Zilli; Carvalho (2021).

Similarly, the South Pattern (PS) reinforces this north-south rainfall gradient, with the
Piracicaba, Piranga, and southern Santo Antonio sub-basins receiving up to 14.90 mm/day,
while the northern sub-basins experience less than 7 mm/day. This pattern is consistent with
the findings by Escobar et al., (2022) and Zilli & Carvalho, 2021, who emphasized Synoptic
patterns of SACZ enhancing convective activity and rainfall over the southern parts of
southeastern Brazil during austral summer.

The North Position (NP), characterized by higher rainfall in the western and northern
basin, is likely driven by the combined influence of the Bolivian High and Northeast trough, as
documented by Barros et al. (2000) and Nogués-Paegle & Mo (1997). Recent work by
Bombardi et al. (2023) has further elucidated the complex interactions between these systems
and their modulation by the Madden-Julian Oscillation (MJO), leading to varying precipitation
patterns across the basin. The uneven distribution of rainfall in the Doce River basin is
intrinsically linked to the spatial variability of meteorological systems (DA SILVA et al., 2019;
GOMES et al., 2019; ZILLI; CARVALHO, 2021). In the North Position (NP), the interaction
of large-scale features like the Bolivian High and the Northeast trough plays a pivotal role
(BARROS et al., 2000; NOGUES-PAEGLE; MO, 1997). The work by Pezzi et al. (2023) has
further elucidated how the Northeast trough, in conjunction with low-level moisture transport
from the Amazon, fuels convective activity and concentrates rainfall in the western and northern
parts of the basin. The CP and SP patterns, on the other hand, exhibit distinct
atmospheric behaviors (Refer to Figures 1 and 2 in the supplementary material: https://github.

com/NelsonMateus/SM.qit). In CP, the SACZ becomes more pronounced, enhancing

convective activity and promoting rainfall over the southern regions of the basin. This is
consistent with the findings of Antdénio (2020), who highlighted the importance of SACZ-

related moisture transport for precipitation in the central and southern parts of southeastern
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Brazil. The SP pattern, although less frequent, is often associated with the southward

displacement of SACZ, leading to increased rainfall in the southernmost region.

Figure 8 - Daily average precipitation for the patterns associated with SACZ (CP), (NP)

and (SP).

19°0'S 18°0'S

20°0'S

21°0'S

19°0'S 18°0S

20°0'S

21°0'S

20°0'S 19°0’S 18°0'S

21°0'S

44°0'W 43°0'W 42°0'W 41°0'W 40°0'W

Source: elaborated by the author.

Precipitation in the SACZ patterns

[ ]Federation Units

Precipitation (mm/day)
9,41

- 10,57
11,01

. 11,80

B 12,55

B 13,15

B 13,53

B 13,87

B 14,35

Bl 14,90

Il 18,26

SMZ




65

4.4.2 Monthly evaluation of SAZC patterns in precipitation and flow

In the Piranga, Piracicaba, Suacui, and Caratinga sub-basins, the highest monthly-
accumulated rainfall is primarily associated with the NP and CP patterns, ranging from 10.5 to
24.5 mm/day, equivalent to approximately 304 to 730 mm/month. This region typically
experiences the highest rainfall from December to February, which are the months with the
highest accumulated rainfall (Figure 9) (COSTA, F. et al., 2022), with March, April, and
November being the drier months. In the Manhuacu and Suacui sub-basins, significant
accumulated rainfall is also observed in the SP, resulting in monthly rainfall amounts that
usually exceed the climatological monthly average (represented by the cyan dashed line in
Figure 9).

The CP demonstrates consistently above-average precipitation across all months in the
six sub-basins, peaking in December (up to 16 mm/day) and January (up to 24 mm/day) (Figure
9). Notably, the uninterrupted action of the South Atlantic Convergence Zone (SACZ) for an
average of 6.2 days can amplify these accumulations to approximately 43 to 155 mm/day. Such
elevated rainfall totals significantly exacerbate water resource uncertainty and increase the risk
of flood events, as highlighted by Marengo, 2004; Marengo et al., 1998 and Zilli & Carvalho
(2021).

The consequences of heightened rainfall during SACZ events are particularly evident in
Minas Gerais, where landslides and flooding are prevalent. Aguiar (2018) and da Fonseca
Aguiar & Cataldi (2021) reported that 58% of rainy days associated with SACZ coincide with
landslides, while 49% trigger flooding, and 47% and 46% result in floods and overflow. These
findings underscore the critical need for proactive disaster risk reduction strategies in regions
prone to SACZ influence.

The NP and CP patterns dominate the rainfall regime across the sub-basins, coinciding
with high flow values ranging from 19 to 890 m”3/s, predominantly between December and
February (Figure 9). This period of elevated flows aligns with the increased precipitation
observed under these patterns, particularly during the austral summer months. Importantly,
from January to April, both NP and CP consistently generate flow rates exceeding the normal
climatological across all sub-basins (Figure 10).

This finding strongly reinforces the association of these patterns with heightened flood
risk and the occurrence of extreme hydrological events. In stark contrast, the SP demonstrates

significantly lower accumulated flow values (Figure 10). This suggests that the SP, despite
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potentially generating localized heavy rainfall events, does not contribute as substantially to the
overall water balance and flood risk in the Doce River basin as the NP and CP patterns.

The heightened rainfall and subsequent peak flow rates associated with the North (NP)
and Central (CP) patterns significantly elevate the likelihood of flooding in the Doce River
basin. This finding underscores the critical role of these patterns in shaping the region's
hydrological regime and flood risk. Notably, throughout the entire time series, there were no
recorded instances of SACZ operating in either the NP or SP patterns during April across all
analyzed sub-basins. This absence of SACZ activity in these patterns during April warrants
further investigation to understand the underlying mechanisms and potential implications for
water resource management.

Furthermore, the Suacgui sub-basin exhibits a striking contrast in flow behavior under
different patterns. The NP pattern generates exceptionally high flow values, reaching up to 800
m”3/s, while the accumulated flows under CP and SP remain below 200 m”3/s (Figure 10).
This disparity highlights the unique vulnerability of the Suacui sub-basin to flooding under the

NP pattern, emphasizing the need for tailored flood mitigation strategies in this specific area.
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Figure 9 - Monthly precipitation on SACZ days on the six sub-basins of the Doce river.
NP-North Pattern, CP- Center Pattern, SP-South Pattern (1991 to 2020).
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Figure 10 - Monthly Variation of rainfall and Flow rates in SACZ events, for the six sub-
basins of the Doce River. NP-North Pattern, CP- Center Pattern, SP-South Pattern.
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4.4.3 Trend analysis and statistics

The analysis utilizing the Modified Mann-Kendall Test (MMK) revealed a statistically
significant (p < 0.05) decreasing trend in both precipitation and flow across all sub-basins
(Table 3). This decline was particularly pronounced in the Northern and Central regions,
aligning with recent studies that have documented a downward trend in precipitation and rising
temperatures across Central and Northern Brazil (BARBOSA et al., 2021; COSTA, F. et al.,
2022). For instance, Barbosa et al., (2021) attributed the declining precipitation in the Central
region to shifts in atmospheric circulation patterns, while Costa et al., (2022) linked the
Northern trend to deforestation and land use changes.

The observation of these decreasing trends has significant implications for water
resource management, especially in the affected sub-basins. This analysis provides valuable
insights for future decision-making, suggesting the need for adaptation strategies to address
changes in hydrological conditions (COELHO, 2006; LIMA, 2016a). Furthermore, our findings
echo the broader patterns observed in climate projections for the region (SHEKHAR et al.,
2020). These projections suggest that continued warming and altered atmospheric patterns will
likely exacerbate the decreasing precipitation trends. The observed decrease in flow across all
sub-basins underscores the direct hydrological consequences of these climatic shifts. Thus,
while the influence of precipitation on flow variability is well-established (BARBOSA et al.,
2021; COSTA, F. et al., 2022; KABIR et al., 2024; MCCABE; WOLOCK, 2011), our analysis
goes further by examining how precipitation within specific patterns impacts flow in each sub-
basin.

Our multiple linear regression (MLR) model reveals that over 86% of flow variability
across the six sub-basins can be explained by precipitation within the three SACZ patterns.
Importantly, this analysis focuses on the relationship between monthly flow and monthly
precipitation within each pattern. The statistical significance (p < 0.05) of the F statistic in our
model confirms that these precipitation variables substantially improve our ability to predict
flow variability compared to a simple average.

This finding reaffirms the substantial influence of precipitation within the SACZ
patterns on the observed flow variability. Notably, our analysis reveals that precipitation within
the NP pattern appears to be the most influential driver of flow variability across most sub-
basins. This is evident in the MLR results (Table 3), where the NP pattern consistently
demonstrates the strongest association with flow, except in the Santo Anténio sub-basin. In
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Santo Antonio, both the NP and South Pacific (SP) patterns play significant roles in explaining
flow variability.

Table 3 - Tau statistic values from the Mann—Kendall (MK) test values in the patterns
of the SACZ. The highlighted in green lines indicate a significance level of 0.05. Results
of the regression model, North Standard (NP), Center (CP), South (SP).

Basin PN_Rainfall PC_Rainfall PS_Rainfall R"2
Piranga -0,019 -0,066 -0,049 0,88
Piracicaba 0,025 -0,058 0,006 0,91
Santo Antonio 0,011 -0,187 -0,049 0,86
Suagui -0,04 -0,09 -0,02 0,87
Caratinga -0,216 -0,263 0,001 0,97
Manhuacu -0,056 -0,141 -0,059 0,87
PN_Flow PS_Flow PC_Flow
Piranga -0,233 -0,278 -0,114
Piracicaba -0,149 -0,190 -0,107
Santo Antonio 0,001 -0,755 0,001
Suagui -0,196 -0,310 -0,273
Caratinga -0,155 -0,755 -0,241
Manhuacu -0,111 -0,278 -0,114

Source: elaborated by the author.

4.4.4 Extreme events and floods

The 95th percentile thresholds for daily rainfall vary across the SACZ patterns: 18.4 to
33.73 mm for the SP, 22.81 to 49.65 mm for the CP, and 32.57 to 56.30 mm/day for the NP
Pattern. These thresholds, which define extreme rainfall events (Figure 11), represent the top
5% of daily rainfall values observed during each respective pattern.

Analysis of extreme events (Table V in SM) reveals distinct patterns across the sub-
basins. The Piracicaba and Santo Antonio sub-basins experienced a notably higher frequency
of extreme precipitation events (168 and 127 events, respectively) primarily during the

occurrence of the NP and CP patterns. Conversely, the Caratinga (58 events) and Manhuagu
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(88 events) sub-basins exhibited fewer extreme events, likely due to the infrequent influence of
the NP and CP patterns in those areas throughout the time series (Figure 11).

These episodes of extreme rainfall are often associated with river overflow within the
Doce River basin, leading to floods and damage to properties (NASCIMENTO, 2012; SILVA
et al., 2020). Therefore, considering the earlier average daily duration of SACZ episodes (6.2
days), extreme events linked to SACZ, occurring over this duration, can result in accumulated
precipitation ranging from 114.08 to 394.32 mm.

While extreme rainfall events are a key factor, not all of them result in flooding. To gain
a deeper understanding of the relationship between extreme rainfall and flooding during SACZ
activity, we analyzed 54 flood events occurring during the northern SACZ position (NP), 13
during the central position (CP), and 33 during the southern position (SP).

Our analysis reveals that Governador Valadares, Ponte Nova, and Tumuritinga —
municipalities previously identified as vulnerable to extreme hydrological events (SILVA et
al., 2020) were the most frequently impacted by floods during SACZ events, especially when
was positioned further north. The average flood level during these events reached 432.98 cm,
with a maximum of 552 cm (Figure 3 in Supplementary Material).

The NP pattern emerged as the most significant contributor to flood events, accounting
for 28.63% of events with property damage and 23.91% without. The CP pattern followed,
responsible for 6.32% of events with property damage and 11% without. The SP pattern
contributed to approximately 6% of flood events (Figure 3 in SM). We also examined instances
where flood warnings were issued but no damage occurred. Here, the NP pattern again
dominated with 48 cases, followed by the CP pattern with 27 cases, and the SP pattern with 15
cases (Figure 11).
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Figure 11 - Summary of the effects of SACZ patterns on flooding. (I) Position of weather systems in the definition of each standard. (I1)
Precipitation limit to evaluate extreme events through the 95% percentile. (111) Cases of flooding.
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4.4.5 Impact of SACZ on water quality

Considering seasonal variation without filtering for SACZ events, our Principal
Component Analysis (PCA) reveals that 45.30% of the variation in water quality parameters is
explained by two primary components. The fact that neither set of principal components
explains more than 50% of the variation suggests that other factors not considered in this
analysis may be influencing water quality. Seasonal analysis indicates that the majority of
variation occurs during the rainy season (summer) across all sub-basins. Monthly assessments
further emphasize elevated levels of total solids and turbidity during months when SACZ is
active.

Seasonality strongly influences water quality in the Doce River. The rainy season
exhibits increased turbidity and total suspended solids, likely due to heightened erosion
(BOURGUIGNON et al., 2021; DA CUNHA RICHARD et al., 2020; OLSEN et al., 2012;
VANELI et al., 2022). Additionally, total coliforms, total phosphorus, and water temperature
rise during this period, while dissolved oxygen increases during the dry winter months (Figure
7a).

Focusing on the months when SACZ is active, a second PCA highlights a stark contrast
between the Caratinga sub-basin (DO5), with poorer water quality (higher conductivity, total
chloride, ammonia, and biochemical oxygen demand), and the Santo Anténio sub-basin (DO3),
which exhibits lower values for these variables and higher dissolved oxygen. The other four
sub-basins fall between these extremes (Figures 12a-d). This disparity may be attributed to the
impact of the dam rupture, which increased erosion and transport of contaminants during heavy
rainfall, a phenomenon less pronounced in the Santo Anténio basin (DE MAGALHAES et al.,
2022; OLIVEIRA; QUARESMA, 2017; ZORZAL-

ALMEIDA; DE OLIVEIRA FERNANDES, 2021).

Standardizing the data within each sub-basin and distinguishing points by month (Figure
12a) reveals that December and March exhibit the highest levels of total phosphorus, total
coliforms, total suspended solids, and turbidity. These months coincide with peak SACZ
rainfall and flow. Finally, a fourth PCA, controlling for sub-basin and month effects,
demonstrates that SACZ presence is associated with elevated levels of turbidity, total suspended

solids, total phosphorus, total coliforms, ammonia nitrogen, and biochemical oxygen demand.
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Description of the figure: a) Graphical representation of the first two axes obtained
from the first Principal Component Analysis (PCA) with all the available data. b) First two axes
obtained from the second Principal Component Analysis (PCA) only with months of SACZ
occurrence. C) First two axes obtained from the third Principal Component Analysis (PCA)
only with months of SACZ occurrence and after applying standardization by sub-basin. d) First
two axes obtained from the fourth Principal Component Analysis (PCA) only with months of
SACZ occurrence and after standardization by sub-basin and by month of the year. The
percentage of explanation of the total variance of each axis is specified in the title of the
respective axis. Each point represents a sample from a site in a given campaign. The colors
specify the dry and rainy seasons. The ellipses delimit the regions where approximately 68% of

the group's values are concentrated (equivalent to 1 standard deviation of the bivariate normal

distribution).

Figure 12 - Principal Component Analysis (PCA).
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4.5 Final Considerations and Conclusion

This study reveals that the relationship between extreme weather events, floods, and
flood warnings is complex and varies depending on the position of the South Atlantic
Convergence Zone (SACZ) in the Doce river basin. To mitigate the impacts of flood, we
established precipitation thresholds for extreme rainfall events: 43 mm for the northern (NP)
and central (CP) positions, and 23 mm/day for the southern (SP) position. These thresholds are
valuable information that can be utilized by weather centers to issue warnings of potential
flooding in sub-basins.

Moreover, we identified that floods are more prevalent when the SACZ is in the northern
position (NP), with 54 recorded cases, followed by 13 cases in the central position (CP) and 33
cases in the southern position (SP). The northern position (NP) of the SACZ is associated with
the highest number of flood cases in the region, especially in the city of Governador Valadares.
The central position (CP) also significantly contributes to flood cases, notably affecting the city
of Ponte Nova.

With the identification of precipitation thresholds, we captured the positions of the main
systems that define the SACZ patterns. This information is incomplete without knowing when

each pattern occurs, as the SACZ patterns are defined by the meteorological systems that
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compose them. The northern position (NP) occurs when the Bolivian High (BH) extends
zonally up to 40°W, and the Northeast trough (CN) extends from 30° to 20°W. The central
position (CP) occurs when the BH ranges from 80° to 60°W, and CN from 30° to 20°W. In the
southern position (SP), the zonal extension of the BH ranges from 90° to 60°W, and the High-
Level Cyclonic Vortex (HLCV) can extend up to 30°W, with characteristics predominantly
observed at high altitudes (300hPa). At lower altitudes, there is an anomalous cyclone located
between 20°-40°S in NP, 30°-35°S and 15°-20°S in CP, and 25°-30°W in SP. These findings
offer valuable insights for meteorological forecasting.

Temporal analysis revealed that, on average, an SACZ event lasts 6.2 days, with annual

occurrences varying from 6 to 70 days. We observed an increasing trend in SACZ events during
the 1990s, peaking in 1999, and another period of higher activity between 2004 and 2016,
followed by a decreasing trend from 2017 to 2020. From 2004 to 2020, the number of events
per year increased from 5 to 11, in contrast to the decade from 1991 to 2003, when there were
fewer than 6 events per year. The northern and central positions of the SACZ consistently
experienced higher levels of precipitation (>=18 mm/day) in all sub-basins.
Our monthly analysis of precipitation and flow patterns identified the NP and CP positions as
the most influential, with accumulations exceeding 18 mm/day for precipitation and flow
ranging from 80 to 800 m3/s. However, in April, the SP position was notably absent for both
flow and precipitation, possibly due to its infrequent occurrence during this month. Using
Multiple Linear Regression (MLR), we determined that all SACZ patterns significantly
contribute to flow in all sub-basins, explaining more than 86% of the flow variability on SACZ
days.

The analysis of water quality in the Doce River highlights seasonal influence, especially
during the rainy season and events such as the SACZ. The monthly analysis highlights
December and March, associated with higher values. The last PCA, by extracting the effects of
both sub-basin and month, shows that the presence of SACZ is related to peaks, mainly in
turbidity and total suspended solids, indicating the complexity in the dynamics of water quality
in the Doce River. These findings have important implications for managing and preserving

this crucial resource.
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4.6 Future Research Proposals

Acknowledging the limitations of our study, we propose the following directions for
future research: Influence of Climate Change on SACZ: Investigate how climate change affects
the dynamics and frequency of SACZ events, using long-term climate models to project future
changes and their implications for precipitation, flooding, flash floods, droughts, and other
meteorological and climatic extremes in the Doce river basin. Modeling Flow and SACZ
Positions: Develop hydrological models that correlate SACZ positions with flow cases in the
Doce River sub-basins, using simulations based on historical data and climate forecasts.
Temporal and Spatial Analysis of SACZ: Expand temporal analysis to include long-term data
and utilize spatial analysis techniques to understand SACZ displacement patterns and regional
impacts, exploring interannual and decadal variability. Integration of Satellite Data and Remote
Sensing: Use satellite data and remote sensing techniques to monitor and model SACZ in real-

time, aiding in the creation of early warning systems and rapid response plans.
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5 CHAPTER 5: MODELING LAND USE AND COVER CHANGES: ASSOCIATIONS
WITH EXTREME CLIMATE EVENTS IN CLIMATE CHANGE S2CENARIOS FOR
THE DOCE RIVER BASIN.

5.1 Abstract

The Doce River Basin (DRB), located in southeastern Brazil, is crucial for biodiversity,
water resources, and agriculture but faces growing environmental challenges due to climate
change and land-use transformations. This study employs future land-use projections
recommended by CMIP6 (Land-Use Harmonization 2, LUH2) within a land use and land cover
model developed on the Dinamica EGO platform, aiming to assess how the frequency and
intensity of extreme weather events in DRB impacts areas with major land-use changes. The
model incorporates spatial factors such as slope, elevation, vegetation, and proximity to urban
areas, roads, and conservation units. Climate projections were conducted using the regional
models Eta-CanESM2 and Eta-MIROCS5 were used under the RCP4.5 and RCP8.5 emission
scenarios. The results indicate that, under the RCP4.5 scenario, native forest is expected to
occupy 28.76% of the basin's area by 2030, with a projected reduction of -0.21% to -0.52% by
2080. Conversely, agricultural areas are expected to increase by 0.31% to 0.78%. In the RCP8.5
scenario, a reduction of -4.88% in native forest and an increase of 6.04% in agricultural areas
are projected. For future climate conditions, the northwestern, southern, and southwestern areas
of the basin were identified as having a high probability of land-use conversion, primarily due
to the reduction of native forest, making them more susceptible to extreme climate events.
These regions will experience an increase of 2°C to 3°C in mean temperature (TG) and extreme
temperatures (TG90p). There will also be an increase in the number of dry days (CDD > 50
days), a higher frequency of intense rainfall (RX1day and RX5day), a reduction in total
precipitation (PRCPTOT), and a rise in mean temperatures. Additionally, there will be a

significant increase in cold days.

2Article submitted to the journal for peer review: Nelson Pedro Anténio Mateus, Ana Paula M A Cunha,

Ursula Ruchkys, Argemiro Filho, Anacleto Diogo, Ricardo Amorim.
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GRAPHICAL ABSTRACT
AREAS WITH SIGNIFICANT LAND USE CHANGES ARE INFLUENCING THE FREQUENCY AND INTENSITY OF EXTREME CLIMATIC

EVENTS, BOTH IN THE PRESENT AND THE FUTURE IN THE DOCE RIVER BASIN.

Simulated 2030 RCP4.5 2030 RCP8.5 2030

PRCPTOT
3500

' e
.

1
H

'

H

i

i

\ 2500 {
\ i

|

1

H

i

i

i

— Historical
==~ Trend
—— MIROC
—— CANS

2000

mmiyear

1000

30.27% W Forest Formation 23.28 %M Forest Formation

28.77 % MM Forest Formation 5
2.09% Forest Plantation 271% " Forest Plantation 1.97 % Forest Plantation

1980 2000 2020 2040 2060 2080

0.85% Sava‘nna Formation 1.10 % N Savanna Formation 0.83 % W Savanna Formation Yeor
63.65 % Farming 64.11% Farming 70.89 % Farming RX5day
1.59 % EEN Non veqetated area 1.71 % M Non vegetated area 1.51 % HIl Non veg.etated area 350 —
e o S i
0.70 % W Water X er

= Areas with land use conversion
[ He will exhibit greater variations

2080

i i _ Simulated RCPA.S RCP8.5 .
a0w 40w 40w 400°W 43.0°W 42.0°W 41.0°W 40.0°W 430w 0w 410w 400w n EXtreme events'
* DRB
Land Use and Cover [ Forest Plantation [0 Savanna Formation Farming [l Non vegetated area [l Anthopic [ Water

I Forest Formation

Source: elaborated by the author.



80

5.2 Introduction

Extreme weather events are widely recognized as one of the main environmental threats
of the 21st century. They cause devastating disasters that impact ecosystems, economies, and
communities globally. These events pose significant challenges to water resource management,
which increasingly faces uncertainties and risks associated with climate change and land-use
transformations, particularly in vulnerable watersheds (CAMPOS et al., 2024; JIN et al., 2024;
MARENGO, 2004; NAQI et al., 2021).

The Doce River Basin (DRB), located in the southeastern region of Brazil, faces
significant environmental challenges due to climate change and land-use transformation
(UICN, 2022). The DRB is crucial for Minas Gerais and Espirito Santo states, covering
approximately 86,715 kmz2 and serving about 3.5 million inhabitants across 228 municipalities
(IUCN, 2022). In addition to supplying essential water resources for human consumption,
agriculture, and industry, the basin boasts rich biodiversity, with 98% of its area within the
Atlantic Forest biome, one of the world's most threatened.

However, the DRB has a significant history of disasters related to intense rainfall,
highlighting its susceptibility to extreme climatic events. Since 1979, notable episodes include
the major flood of that year, which left nearly 50.000 people homeless, affected approximately
4.400 residences, and resulted in 74 fatalities. In the summer of 1997, another large-scale flood
impacted over 57.000 people, damaging 7.000 residences and causing two deaths. More
recently, in the summer of 2013-2014, historic floods affected more than 54.000 people,
reinforcing the need for effective mitigation and adaptation strategies (CEMADEN, 2018).

Beyond climate impacts, land-use transformations have exacerbated the basin's
vulnerability. In the context of the DRB, studies such as Ferreira (2019) have identified a
reduction in rainfall season on wet days and an increase in dry days, particularly in the southern
and northern portions of the basin. Camargo et al., (2014) observed a 63% increase in peak
discharge during extreme rainfall events in the Piranga sub-basin, while urban areas recorded a
reduction in runoff depth and peak discharge by 7% and 11%, respectively. Cruz et al., (2015)
analyzed the impact of floods in the middle river Doce, highlighting patterns and recurrences,
particularly in long-term floods associated with extreme precipitation events linked to the South

Atlantic Convergence Zone (SACZ). Additionally, drought events have increased in frequency,
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duration, and intensity over the years in the DRB (Lima, 2016). Lima (2019) identified
2014/2015 as the most severe drought year, affecting the entire basin region.

The interaction between climate change and land-use changes is especially relevant t to the
DRB. According to a report by UICN (2022), which used a regional climate model for each
economic subregion of the basin, the results indicated a temperature increase of between 3°C
and 3.6°C in the pessimistic scenario and between 2°C and 2.5°C in the more optimistic
scenario. The analysis identified that the western and southern parts of the basin would be the
most affected by the temperature increase. Regarding precipitation, the study indicated a
reduction in rainfall in some parts of the western sector, both in the dry and rainy seasons. Land
use and land cover (LULC) changes were associated with these variations in atmospheric
variables (IUCN, 2020).

In the context of land use and change, significant changes in peak discharge were also
observed, with projections of surpluses up to 2041, especially in the eastern region of the basin
(COSTA et al., 2022). The river flow velocity and precipitation patterns in the basin are
affecting changes in hydrological characteristics, influenced by processes such as erosion,
weathering, and socioeconomic factors. Intense rainfall events significantly alter runoff velocity
in the DRB (COSTA et al., 2022; LIMA; CUPOLILLO, 2018; NEVES, 2022; OLIVEIRA;
QUARESMA, 2017).

The DRB has garnered significant attention in recent years, especially after the 2015
environmental disaster. The collapse of the Funddo tailing dam (located near Mariana, Minas
Gerais, Brazil) resulted in one of the largest environmental disasters in Brazil's history. The
dam collapse polluted more than 660 km of waterways and devastated 1.469 hectares of land,
causing numerous severe environmental and socioeconomic impacts (CARMO et al., 2017;
IBAMA, 2023).

Recent studies suggest that, although some areas of the basin are beginning to recover
their natural forests (FRAGA et al., 2020; SALOMAO et al., 2020; SONDERMANN et al.,
2022), there is concerning evidence that rainfall has become more concentrated in some areas
of the basin, even with a reduction in total annual precipitation (CAMPOS et al., 2024;
CUPOLILLO et al., 2008; LIMA; CUPOLILLO, 2018). In other words, extreme precipitation
events are becoming more frequent and intense in specific regions, raising questions about
whether these areas overlap with critical land-use and land-cover zones (FERREIRA, 2019).

Projections indicate that by 2050, the average annual precipitation in the Doce River
Basin (DRB) could decrease by more than 300 mm (a significant reduction considering the
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current average annual precipitation, between 800 mm and 1.500 mm), while the average annual
temperature may rise by up to 2°C, considering the RCP 4.5 and RCP 8.5(CAMPOS et al.,
2024). These results show a difference of at least 1°C compared to the 2020 IUCIN report,
possibly due to differences in the periods analyzed between the studies. The land use and land
cover analysis for 2050 shows that agriculture and livestock will account for 68.7% of the DRB
area, while forests will occupy only 26.5%. However, if legal reserve areas are fully respected,
native vegetation could reach 31.7%, reducing the pressure on agricultural and livestock
activities to 63.8% of the basin (CAMPOS et al., 2024).

These projections were developed considering the hypothetical inclusion of legal

reserve areas as a conservative scenario in the land-use model. However, this approach does
not assess the impact of land use under different climate scenarios, nor does it incorporate the
guidelines established in the Intergovernmental Panel on Climate Change (IPCC) reports.
Additionally, the inclusion of legal reserve areas does not account for the Integrated Assessment
Models (IAMs) approach proposed by the IPCC. This research represents an advancement over
previous studies as it integrates future land-use projections recommended by CMIP6 (LUH2)
and incorporates legal reserve areas into the DRB model. The integration of IAMs enables a
more comprehensive, interdisciplinary, and realistic analysis, providing a better understanding
of the interactions between land use, climate change, and extreme events.
Integrated Assessment Models (IAMs) are a class of models that combine multiple disciplines,
such as energy, economics, atmospheric chemistry, climate, and ecology, allowing for the
construction of representative scenarios (CALVIN et al., 2017; FRICKO et al., 2017;
FUJIMORI et al., 2017).

In this context, this study aims to understand how land use and land cover changes are
associated with the frequency and intensity of extreme weather events in DRB. To address this
issue, we developed a land use simulation model using the Dinamica EGO platform,
incorporating climate projections based on the RCP 4.5 and RCP 8.5 scenarios (which will be
explained in detail in the following sections). This methodology enables the identification of
future trends in extreme events and their relationships with land-use changes, contributing to a
deeper understanding of the environmental challenges and the sustainable management of the
basin.

This study addresses critical gaps in the literature by analyzing the interaction between
climate change and land use changes, focusing on the context of the DRB. This integrated
approach directly impacts the development of targeted mitigation and adaptation policies. By
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investigating these relationships, we aim to provide well-founded evidence and scientific tools
that strengthen community resilience and ensure sustainable water resource management in this

vulnerable region.
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5.3 Methodology

5.3.1 Study Area

The DRB extends between latitudes 17°45' and 21°15' S and longitudes 39°30" and
43°45' W (Figure 13), located in the southeastern region of Brazil, encompassing the Southeast
Atlantic hydrographic region. With a drainage area of approximately 86,715 km2, the majority
lies within the state of Minas Gerais, accounting for about 86%, while 14% belongs to the state
of Espirito Santo. The basin encompasses a total of 230 municipalities and is home to an urban
population of approximately 2.341,206 inhabitants and 833,437 rural inhabitants (PIRH, 2010).
The economic activity in the basin is highly diversified and plays a crucial role in water resource
management. Among the key economic activities in the basin are mining, agriculture, forestry,
and the food industry (PIRH, 2010). Water use is an important aspect of the DRB, with around
38.2% allocated for multiple uses, 19.3% for industrial purposes, 3.3% for mining activities,
30.1% for public water supply, and 1.6% for other uses.

Figure 13 - Representation of the study area.
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5.3.2 Materials and Methods

The data used in this study range from the modeling phase to the analysis of extreme
rainfall and land use. Table 4 details the spatial determinants employed in the modeling stages,

the analysis of climate extremes, and their respective sources (Table 4).

Table 4 - Key data, institutions, and resolutions used in the study.

Spatial Variables Year Resolution Data Sources
Land use 1985 30m https://brasil.mapbiomas.org/colecoes-
2015 mapbiomas/
2020
Precipitation/Temperature -- CMIP6: https://www.worldclim.org/
Extreme Indices Eta/INPE: https://lattesdata.cnpg.br/

Spatial Determinants used in the Modeling

Conservation Units -- https://maps.csr.ufmg.br/
Altimetry -- https://maps.csr.ufmg.br/
Biomass -- https://maps.csr.ufmg.br/
Pasture Quality -- DinamicaeEGO
Distance from Roads - DinamicaeGO
Distance from Railways -- https://maps.csr.ufmg.br/
Forest Loss -- NASA, Socioeconomic Data and

Applications Center

Slope - Calculado pelo DinamicaeGO
Annual Temperature -- https://mwww.worldclim.org/
Annual Precipitation -- https://www.worldclim.org/

Vegetation Types -- https://maps.csr.ufmg.br/
Tree Canopy Height -- https://maps.csr.ufmg.br/

Source: elaborated by the author.

To develop the regionalized scenarios, we considered the following scale levels: (i)
global, encompassing worldwide information, integrating factors such as GDP growth,
population growth, per capita consumption of agricultural products, international and climate

policies into the regional scenarios; (ii) regional, corresponding to the DRB, incorporating intra-
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regional drivers such as national demand, institutions, and governance, economic and
technological development; and (iii) local, which aggregates spatial factors at both local and
regional scales, such as land use. It is important to note that several studies considered 1 km
spatial resolutions (CHEN et al., 2020; SILVA BEZERRA et al., 2022), which do not capture
significant details of land-use changes at the regional/local level. Our approach also aims to fill
this gap, providing data with a more refined resolution (30x30m) for the study area.

Three stages were conducted in the modeling process, encompassing everything from
land-use and change simulation to associations with extreme rainfall and temperature events,
as illustrated in the flowchart of Figure 16. In the first stage, we acquired data from the Annual
Mapping Project of Land Use and Cover in Brazil (MapBiomas) to identify the main land-use
classes, prepare categorical and continuous variables, and use future datasets from the Land-

Use Harmonization (LUH2) to provide different socioeconomic scenarios to the model.

5.3.3 Scenario Narratives

In this study, we analyzed the RCP4.5 (optimistic) and RCP8.5 (high emissions)
scenarios. In the optimistic scenario, it is assumed that the positive trends of recent decades will
be maintained. However, they do not fully realize the potential of an integrated socioeconomic,
institutional, and environmental perspective. As a result, agricultural and extractive conversion
policies and initiatives continue to be a source of tension and contradiction. Forest governance
remains centralized, with the national government playing an important role in decision-
making. Despite some improvements in addressing this issue, environmental system
degradation persists (IPCC, 2022, 2023; SILVA BEZERRA et al., 2022).

The pessimistic scenario (RCP8.5) is characterized by the continuous increase in
greenhouse gas emissions. This scenario reflects projections from the literature that lead to
elevated concentrations of these gases, indicating a worrying trajectory in environmental terms.
It also suggests a decline in mitigation efforts, especially in recent years, with particularly

negative impacts on the socio-environmental sphere (IPCC, 2022).

5.4 Modeling

Land-use changes were analyzed based on data from the Annual Mapping Project of
Land Use and Cover in Brazil. Initially, we used the mapping from Collection 8, which covers
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the years 1985 to 2020 and presents 23 LULC (Land Use and Land Cover) classes with a 30-
meter resolution. These classes were simplified into seven main categories: Forest Formation,
Planted Forest, Savannas, Farming, Non-Forest Natural Formation, Anthropogenic, and Water
Bodies, to meet the study’s objectives (NEVES, 2022; SPOSITO, 2021). Significant land cover
transitions have been observed in the DRB, particularly from forested areas to pastures and
agricultural lands. These changes are well-documented in studies utilizing MapBiomas data,
which highlight the extensive deforestation and conversion of native vegetation to other land
uses (ASSUNCAO et al., 2015; NEVES, 2022; OLIVEIRA et al., 2018; SILVA BEZERRA et
al., 2022).

Such transitions can directly impact climate dynamics by altering local temperature and
precipitation patterns and increasing the frequency and intensity of extreme events like floods
and droughts (NEVES, 2022). Therefore, focusing on these classes is crucial for understanding
and mitigating climate-related impacts in the basin. In this study, we focused primarily on the
classes that exhibit the most significant transitions in the basin and that can directly impact
climate dynamics, particularly in the context of extreme events. The main transitions considered
were: Natural Forest, Planted Forest, Savannas, non-vegetated regions, and water bodies to
agriculture, as well as the conversion of natural forest to anthropogenic areas. We also took into
account regeneration classes, considering the basin's context related to the environmental
disaster, with a focus on the following transitions: Agriculture, non-vegetated areas, and planted
forest to natural forest.

a) Dinamica EGO is a free, non-commercial platform dedicated to environmental
modeling, offering extensive design possibilities. It supports everything from simple static
spatial models to complex dynamic models, including nested iterations, multi-transitions,
dynamic feedbacks, and regional and multi-scale approaches. Additionally, the platform allows
for decision-making processes for bifurcating and merging execution pipelines. It also stands
out for including a variety of complex spatial algorithms, facilitating the analysis and simulation
of spatio-temporal phenomena (RODRIGUES et al., 2007; SOARES-FILHO et al., 2002). In
this study, the Dinamica-EGO platform was used to adapt the land use model, which is availa

ble at the following link: https://www.csr.ufmg.br/dinamica/dokuwiki/doku.php?id=lesson_18

. The model involved the following steps:

i) The Weights of Evidence method (GOODACRE et al., 1993) is applied in
DINAMICA-EGO to generate a transition probability map, indicating areas more prone to
changes (RODRIGUES et al., 2007; SOARES-FILHO et al., 2002). The Weights of Evidence
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represent the influence of each variable on the spatial probability of a transition i-j. The weights
of evidence can be calculated using the following formula:

exwn”~
1+ eXwn™ (6)

wt = ln(w) (7)

An=k— An=k-1

P{i—»j|BNC ND..NnN} =

Where B, C, D e N, and N are the values of k spatial variables measured at the location
X,y and represented by their weights W+N.

The spatial determinants used to calculate the weights of evidence are presented in
Table 2. ii) A correlation analysis was conducted between the static variables to assess the
presence or absence of autocorrelation among them. Following this, metric analyses and model
adjustments were performed, followed by the development and validation of the model

simulations (the entire procedure is succinctly detailed at: https://www.csr.ufmg.br/dinamica).

1ii) Validation: In this stage, we measured the model’s ability to represent the cause-and-effect
relationships in the selected transitions. The validation was based on two steps: a) The first step
involved simulating using multiple windows and a constant decay function. Our model showed
a similarity of 86% (Figure 14) in the 11x11 window (RODRIGUES et al., 2007, 2007).

Figure 14 - Model Validation Using the Exponential Decay Technique
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b) We validated the model's effectiveness by applying overall accuracy (OA) and the
Kappa coefficient using a machine learning-based algorithm through the Geo-FLUS
software (RAHNAMA, 2021; ZHU et al., 2023. The OA and Kappa values typically
range from 0 to 1, with higher values indicating greater accuracy in the model
simulation. When the Kappa coefficient is greater than or equal to 0.8 (Table 5), it
indicates that the model simulation has reached a satisfactory level of statistical
significance. Figure 15 presents a comparison between the areas of simulated and actual
land-use types. The observed differences are minimal, demonstrating the model's strong
performance (Figure 14). Additionally, these small variations are common and can be
attributed to minor changes during the validation time interval or the data source itself
(ZHU et al., 2023).

Figure 15 - Comparison of Reality and Land Use Simulation Details for 2020.
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Table 5 - Model Validation through Kappa Coefficient and Overall Accuracy.

[Kappa Coefficient] [Overall Accuracy]
0,812532 0, 880289

Source: elaborated by the author.
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iii) The CMIP6 provides a dataset for future land use called LUH2 (Land-Use Harmonization),
which can be accessed for free at http://luh.umd.edu/index.shtml. This dataset includes global

projections of various land-use types from 2015 to 2100 under different Shared Socioeconomic
Pathways (SSPs) and Representative Concentration Pathways (RCPs), with a resolution of
approximately 0.25° (around 25 km). These data are generated through IAMs (Integrated
Assessment Models), which integrate relevant models developed across multiple disciplines,
such as energy, economics, atmospheric chemistry, climate, and ecology. This integration is
achieved by constructing representative sectors (DOELMAN et al., 2018; FUJIMORI et al.,
2017; KRIEGLER et al., 2017). Recently, these data were upgraded to a resolution of 1 km,
containing 17 land use types. This improvement was motivated by the fact that the LUH2 data
did not match the classification scheme of the International Geosphere-Biosphere Programme.
Additionally, the data were available in NetCDF, a complex data extension for manipulation
(HOU et al., 2022). In this context, to incorporate the Representative Concentration Pathway
(RCPs) and Shared Socioeconomic Pathways (SSPs) scenarios from the sixth IPCC report
(CMIP6) into the modeling process, we opted for the more refined (1 km) version of LUH2
(shown in Table 2). The average emission scenarios (RCP4.5-SSP2) and high emission
scenarios (RCP8.5-SSP5) were mapped to the classification used in our simulation, using the
MapBiomas land cover data as a reference (as). In other words, we performed a reclassification
to align the LUH2 land use classes with those of MapBiomas (Table 6).

In DINAMICA-EGO, changes in geophysical characteristics, transportation costs, or
social and political structures (such as bioclimatic variables, road projects, mining projects, etc.)
are incorporated into a new raster cube. Additionally, changes in transition rates can be
introduced by modifying the transition matrix. This is exemplified through public policy and
socioeconomic scenarios related to Greenhouse Gas (GHG) emissions, as described by Soares-
Filho et al. (2006). In the simulation of scenarios, we adopted the projected amount of change
from LUH2 for the specific combinations of SSPs and RCPs (All data sources are available in
the supplementary material (SM): https://github.com/NelsonMateus/SM/blob/main/Figuras_e

xtras/Suplementar_Material LUCL.pdf). This amount was adjusted to the land use and land
cover classes provided by MapBiomas, considering SSP2/RCP4.5 and SSP5/RCP8.5
combinations, in order to generate the annual demand for each land use class in each scenario
from 2025 to 2080.

To determine the amount of change in each scenario, we calculated the transitions for

each land use type through a matrix, resulting in the percentage of annual changes. The
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approach of incorporating the annual demand for the amount of change into LUH2 maps
through class transitions was previously used in for integrating socioeconomic scenarios studies
(CHEN et al., 2020; HOU et al., 2022; SILVA BEZERRA et al., 2022). This methodology
proved effective in incorporating different socioeconomic contexts into land use change
simulations. Finally, we developed a matrix that quantifies the main annual changes for each
socioeconomic scenario and incorporated it into the model. This process results in generating
future land use patterns within the context of these specific scenarios (all procedures shown in
the flowchart of Figure 16).
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Although the adjusted LUH2 data classifies the Deciduous Broad-Leaf Forest category
as forest, it is important to note that this category is considered planted forest in our study area.
This is because these areas were established through tree planting for specific purposes, such
as conservation or commercial production (Table 6). To more accurately reflect the conditions
in our study area, we reclassified the Deciduous Broad-Leaf Forest as planted forest. This
reclassification was validated through a comparison with the MapBiomas land use and cover

map.
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Table 6 - Land Use Classification in Our Simulation and LUH2.

Land Use Classification in Our Simulation LUH2
Natural Forest Evergreen broad-leaf forest
Planted Forest Deciduous broad-leaf forest
Savannas Woody savannas, Savannas
Farming Cropland, mosaic
Non-Forest Natural Formation Closed shrub lands
Urban Area Urban and built-up
Water Water

Source: elaborated by the author.

55 Extreme Climate Indices

Table 7 summarizes the extreme climate indices analyzed in this study, as defined by
the European Climate Assessment & Dataset (ETCCDI). These indices, based on air
temperature and precipitation, were calculated using the icclim Python library
(CHERVENKOQV; SLAVOV, 2021).

Precipitation and temperature data were obtained from the Eta model, nested within the
global climate models CanESM2 and MIROCS, chosen for their ability to regionalize
projections at a higher spatial resolution (0.2° x 0.2°) over South America. These models were
chosen due to their good performance in representing the climatic conditions of the study basin,
as demonstrated in previous studies (COSTA et al., 2022; CAMPOS et al., 2024). The dataset
spans 1976-2005 for the historical reference and 2006-2099 for future projections under
RCP4.5 and RCP8.5 scenarios. Bias correction was applied using empirical quantile mapping,
comparing observed and simulated cumulative probability curves with datasets such as
MSWEP, ERAS5, and ERA5-Land (CHOU et al., 2014; DE SOUZA FERREIRA et al., 2024).

The study aims to assess the agreement between these models in representing climate
extremes and trends in land use change areas within the DRB. Evaluating their performance is
essential for understanding the robustness of climate projections and enhancing confidence in
climate adaptation decisions. The climate indices (Table 5) were calculated on both monthly

and annual scales, with monthly trends analyzed until 2030 and annual trends projected until
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2080. This evaluation is crucial for understanding the robustness of climate projections and
strengthening confidence in decision-making in the face of climate change in the DRB.

Table 7 - Summary of climate indices analyzed in this study.
Index Description

PRCPTOT Total annual precipitation (mm). Represents the sum of all daily

precipitation throughout the year.

RX1day Maximum daily precipitation (mm). Represents the highest amount
of precipitation recorded on a single day during the year.

RX5day Maximum precipitation over 5 consecutive days (mm). Represents
the highest amount of precipitation accumulated over a period of five

consecutive days throughout the year.

CDD Maximum number of consecutive dry days. Represents the longest
sequence of consecutive days without significant precipitation.

TG90p TG90 (90th percentile of Mean Temperature). Used to identify
exceptionally hot days, providing a measure of the highest

temperatures experienced during the period.
TG10p TG10 (10th percentile of Mean Temperature). Useful for identifying

exceptionally cold days, providing a measure of the lowest
temperatures experienced during the period.

TG TG (Mean Temperature). Provides an overview of the average

thermal conditions in a region.

Source: elaborated by the author.

5.6 Trend Analysis

Trend analysis is a technique used to determine the presence of significant or
insignificant trends in a climate index and to quantify the magnitude of trends in a dataset.
Trends in datasets can be monotonic, where a variable consistently increases or decreases over
time, or step trends, where abrupt changes in the data may occur at specific points in time
(DONG et al., 2020; QUAN et al., 2021).

In our study, trend analysis was conducted in two stages, in the form of temporal and

spatial series, to evaluate how extreme climate indices are behaving in the regions of major
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land-use changes. For the trend over months and years, the analysis was designed to show which
months are experiencing worsening conditions and which years are showing higher intensity of
extreme indices according to the models. This aims to estimate and propose alerts for the years
and months that might be more critical or not due to the major land-use changes occurring in
the basin.

Two non-parametric trend tests were used to detect significant trends in the DRB: the
Mann-Kendall and Theil-Sen tests. Thus, we aim to achieve a detailed understanding of how
extreme precipitation and temperature indices are behaving over time in the areas of land-use
change. The results of this analysis are essential for formulating mitigation and adaptation
policies to climate change, helping to identify critical periods, and guiding actions for the

sustainable management of water resources in the DRB.

5.6.1 Trend-Free Pre-Whitening Method

Time series analysis with positive serial correlation can result in false detection of
significance in regions where it does not exist, especially in the DRB, where climatic variability
is quite heterogeneous (CUPOLILLO et al., 2008; LIMA; CUPOLILLO, 2018). To avoid this
issue, we checked for serial correlation before performing the trend analysis. This process
ensures we correctly identify regions with significant trends in the DRB. We used the pre-
whitening method to eliminate serial correlation ((AHMAD et al., 2015; QUAN et al., 2021,
VON STORCH, 1999). This method ensures that the trend analysis appropriately considers
positive serial correlation, resulting in a more accurate and reliable detection of significant
trends. The procedure follows the steps below: a) Slope Estimation: We used the Theil-Sen
method to estimate the slope of the time series, performed before removing the trend (WU et
al., 2008). b) Lag-1 Serial Correlation Calculation: We calculated the Lag-1 serial correlation
coefficient in the detrended series and removed the AR(1) component, resulting in an
independent residual time series. ¢) Combining Slope and Residual Series: We combined the
estimated slope with the residual series to create a new time series that preserves the original
trend without the influence of AR(1). d) Trend Testing: We applied the Mann-Kendall test to
the combined series to detect trends, ensuring accuracy in identifying significant regions in the
DRB (FELIX et al., 2021).
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5.6.2 Theil-Sen Slope Estimator (TS)

The Theil-Sen slope estimator is a non-parametric method used to calculate the median
of all slopes between consecutive points in a time series that exhibits a linear trend. This method
is particularly useful for time series with equal intervals and demonstrates robustness against
outliers, ensuring reliable estimates even in the presence of atypical values (MACHIWAL,;
MADAN, 2012). The equation determines the magnitude of the trend:

B (inclinagio) = median 4 med) where i < (8)
X—X

j i
Where £ is the median of all slopes, y; e y; are the values of the time series at times j and i,
respectively, and X;, X; are the corresponding time points. This estimator provides a robust
measure of central tendency, minimizing the influence of extreme fluctuations in the data.
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5.7 Results

5.7.1 Land Use in Climate Change Scenarios

Figures 17 and 18 show that, in the short term (2030), the regions with the most
significant changes in the DRB are primarily concentrated in the northwest, south, and
southwest of the basin. This trend is evident both in the simulation period without considering
climate change scenarios and in the period incorporating these scenarios.

The identified regions with a high probability of changes in land use are also the most
sensitive to extreme climate events, as shown in Figure 17. However, the changes are even more
pronounced in the western and southern parts of the basin and some areas of the north and east.
These findings align with previous studies that have highlighted the complex interplay between
human activities and climate change impacts in these regions (COSTA et al., 2022; OLIVEIRA,;
QUARESMA, 2017; SOUZA et al., 2018).

This dual influence of anthropogenic and natural drivers underscores the need for
targeted adaptation strategies that address both environmental and socioeconomic challenges.
These considerations could be further explored in the final discussions, emphasizing the
importance of integrative approaches to mitigate the compounded effects of climate change and
human pressures on the basin (COSTA et al., 2022; OLIVEIRA et al., 2018; SOUZA et al.,
2018).

In the RCP4.5 scenario (Figure 17 and 18B), which assumes centralized forest
governance with a significant role for the national government and basin committees in
decision-making, a more controlled reduction in native forest areas is projected compared to
the high emissions scenario (RCP8.5). By 2030, native forests are expected to cover
approximately 29,339.38 km? (28.77%), decreasing to 29,123.91 km? (28.55%) in the medium
term (2050) and to 28,803.29 km? (28.24%) in the long term (2080), representing a reduction
about -0.52% by 2080 (Figure 17, Figure 18 and Figure 19).

Despite compliance with environmental laws in this scenario, an increase in the area
allocated to farming is projected in the DRB compared to the simulated period. Agricultural
land, which occupies the largest fraction of the basin and is responsible for much of the land-
use changes (CAMPOS et al., 2021; DE SOUZA FERREIRA et al., 2024; LYRA, 2018), is
expected to cover approximately 65,389.43 kmz2 (64.11%) by 2030 (short term), increasing to
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65,709.01 km? (64.42%) by 2050 (medium term). In the long term, by 2080, agricultural activity
Is projected to expand to 66,181.63 km? (64.89%), representing a 0.78% increase (Figure 14).

Figure 17 - Land Use and Cover (2030), Probability Map of Changes for the Simulated
Period and Climate Change Scenarios. Representing the largest transition class in the
basin (Forest to agriculture).
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Our results corroborate the study by Campos et al., (2024), which estimated
conservative and non-conservative scenarios using a model of hypothetical exclusion and
inclusion of environmental conservation zones. This study predicts that, by 2050, if legal
reserve areas are fully respected, pressure on agricultural and livestock activities will be reduced

to 63.8%. This value is consistent with what our model predicts (64.42 %), which, in addition
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to considering the effects of conservation areas, also incorporates the climatic effects projected
by IAMs.

Furthermore, studies evaluating the basin's conditions before and after the 2015 disaster
indicated that a significant portion of land use changes resulted from the conversion of native
forest and other land uses to agriculture and livestock. Between 1985 and 2018, forest areas
decreased by 1.9%. The largest conversions of natural forest were directed towards pastures,
while areas occupied by agriculture increased (NEVES, 2022; OLIVEIRA et al., 2018;
SPOSITO, 2021).

In the RCP4.5 scenario, the areas of savanna formation showed minor variations in
projections, both in the short and long term. By 2030, these areas will cover 1,124.56 km?,
slightly decreasing to 1,121.69 kmz2 by 2050 and to 1,117.39 km?2 (a 1.10% reduction, Figure 13
and Figure 14) by 2080. Areas of planted forest also exhibit a small decrease of -0.10% over
the same period, dropping from 2,765.47 km? (2.71%) in 2030 to 2,626.07 km? (2.57%) by
2080. Unvegetated areas and water bodies remain virtually constant, with insignificant
variations over the years.

These small variations can be attributed to the fact that savanna formation, planted
forests, unvegetated areas, and water bodies represent the smallest land cover classes in the
basin. Due to their limited spatial extent, even minor absolute changes result in low percentage
variations, making them less susceptible to major shifts compared to dominant classes, such as
forest and agricultural land.

Assignificant decrease in forest areas is projected in the RCP8.5 scenario, which assumes

weakened socio-environmental efforts. By 2030, forests will cover 23,748.49 km? (23.28%),
and this will decrease to 18,771.67 km? (18.40%) by 2080, representing a reduction of
approximately -4.88%. Meanwhile, the area designated for agriculture will increase
considerably, rising from 72,301.18 km?2 (70.89%) in 2030 to 78,462.28 km?2 (76.93%) by 2080,
an increase of 6.04% (Figure.13 and Figure.14).
In the RCP8.5 scenario, savanna areas also decrease over time, from 851.39 km? (0.83%) in
2030 to 736.97 km? (0.72%) in 2050, reaching 637.93 km? (0.63%) by 2080, resulting in a total
reduction of -0.20%. Regarding other land classes, non-vegetated and anthropogenic areas show
less pronounced changes, with a slight increase in anthropogenic areas and a small reduction in
water bodies (Figure.12 and Figure 13).

Conversely, the simulation period without considering climate change scenarios shows

a gradual increase of 0.74% in forest areas, reflecting reforestation initiatives, such as the



99

40,000-hectare forest restoration agreement established by the Transaction and Conduct
Adjustment Agreement (TTAC) in 2016, which aims to improve forest cover in the basin
(CAMPOS et al., 2024).

Agricultural activities are also expected to continue expanding. In the short term, this
activity is projected to cover an area of 64,920.11 km? (63.65%) by 2030, growing to 65,038.17
km2 (63.77%) by 2050, and reaching 65,197.88 km? (63.92%) by 2080, which represents an
increase of approximately 0.27% (Figure 13 and Figure 14).

Figure 18 - Land Use and Occupation for Short-Term (2030), Medium-Term (2050), and
Long-Term (2080) for the Optimistic (RCP4.5), High Emissions (RCP8.5), and
Simulated Scenarios.
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Figure 19 - Sankey diagram illustrating medium-term (2050) and long-term (2080) changes under the Optimistic (RCP4.5), High
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5.7.2 Extreme Rainfall Event Trends in the DRB

The projections from the CanESM2 and MIROC5 models provide consistent insights
into trends in extreme precipitation in the DRB. Overall, both models show agreement in
representing the trends of extreme climate indices. Under the RCP4.5 scenario, the RX1day and
RX5day indices, which measure extreme rainfall over one and five consecutive days,
respectively, exhibit a well-defined seasonal pattern, with a decreasing trend from January to
March and October to December (Figure 20A, 20C). While both models agree on the direction
of the trends, they differ in the intensity of the changes, particularly between January and
March. This divergence may reflect differences in the physical processes governing extreme
rainfall events as represented by each model (CHOU et al., 2014).

Under the RCP8.5 scenario, the trends become more intense and consistent for both
RX1day and RX5day indices (Figure 20B, 20D), especially showing a more pronounced
decrease during the summer months. This suggests a possible reduction in the frequency and
intensity of extreme precipitation events in the DRB. In high-emission scenarios, precipitation
tends to occur on fewer days, which may result in lower monthly index values (FERREIRA,
2019b). The months of January, February, and December exhibit the strongest negative trends
(up to -0.10 mm/month), with CanESM2 showing the most intense changes, particularly for the

RX5day index. Model agreement is higher during the summer and early autumn, while seasonal



102

discrepancies under the RCP4.5 scenario suggest greater uncertainty in this intermediate
scenario.

For the CDD index (Figure 20E, 20F), which represents the number of consecutive dry
days, both models indicate an increase in the number of dry days in the DRB. Under RCP4.5,
there is a trend of increasing CDD at the beginning and end of the year, coinciding with the
rainy season, which may be linked to more irregular rainfall patterns. In the RCP8.5 scenario,
trends for the CDD index are more intense, but the models generally agree on the direction of
the trends. These results suggest a potential increase in the occurrence of flash droughts in the
DRB, a phenomenon that could have significant impacts on water resources and local
agriculture (FARIA et al., 2023; SONDERMANN et al., 2022).

The PRCPTOT index (Figure 20G, 20H), which represents the total annual
precipitation, shows a generalized reduction throughout the year in both scenarios. Under
RCP4.5, the largest reductions occur from January to April (approximately -2.5 mm/month). In
the RCP8.5 scenario, these reductions are even more pronounced, reaching up to -3.5
mm/month, particularly in the early months of the year, corresponding to the rainy season.
These projections align with observational studies that already indicate a decreasing trend in
annual precipitation in the DRB (CAMPOS et al., 2024; CUPOLILLO et al., 2008; UICN,
2022).

Figure 20 - Extreme Precipitation Indices in the DRB. Number of Consecutive Dry Days
(CDD), Annual Total Precipitation (PRCPTOT), Maximum Daily Precipitation
(RX1day), and Maximum Five-Day Precipitation (RX5day).
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Annual simulations from the regional Eta model, coupled with the global models

MIROCS5 and CanESM2 (Figure 21), project a future with increased frequency and intensity of

extreme climate events and a reduction in annual precipitation totals. Historical data indicates

an increase in consecutive dry days (CDD) from 30 to 50 days. In the optimistic scenario

(RCP4.5), simulations from the two climate models for the future show an increase in the

intensity of dry days as early as 2030, with the number of CDD days exceeding 50. The models
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accurately represented the 2014/2015 drought, which severely affected the region, although
with variations in intensity (MARENGO et al., 2015). For the years 2025 and 2030, as well as
long-term projections up to 2069, the models predict CDD peaks exceeding 50 days (Figure
21A).

These periods coincide with land use results, which show an increase in the area
allocated to farming and a reduction in native forest areas in the DRB. These projections of
increasing consecutive dry days (CDD) align with a notable reduction in native forest cover
observed in the same period. Between 2030 and 2050, the native forest area is expected to
decline from 28.77% under the conservation scenario (RCP4.5) to 23.28% in the pessimistic
scenario (RCP8.5). This substantial forest loss suggests a possible feedback mechanism in
which land cover changes exacerbate drought conditions, further intensifying the frequency and
duration of dry spells. The reduction in forest cover, particularly in critical ecological zones,
may weaken the land-atmosphere moisture balance, diminishing regional evapotranspiration
and contributing to longer and more intense dry periods (RAHNAMA, 2021; SHEKHAR et al.,
2020).

The conversion of forests into pastures and croplands can affect the moisture balance
and alter local precipitation patterns, intensifying dry periods (BEUCHLE et al., 2022; GAO et
al., 2020; LEITE-FILHO et al., 2021; SHEKHAR et al., 2020; ZEMP et al., 2017). Among the
models, CanESM2 shows the highest CDD peaks (Figure 21A and Figure 21E). However, both
models captured the increase in dry days in the basin. In the high-emissions scenario (RCP8.5),
both historically and in future simulations, a significant increase in consecutive dry days is
observed. In the short term (2021-2040), medium term (2041-2060), and long term (2061-
2080), the models project maximum CDD peaks between 2026 and 2030 and again between
2060 and 2070. These consecutive dry periods could exceed 70 days, with much greater
intensity compared to the RCP4.5 scenario. The CanESM2 model shows the greatest intensity
in these peaks, possibly due to its slight tendency to overestimate precipitation in the
southeastern region (CHOU et al., 2014; LYRA, 2018).

For extreme rainfall frequency indices, RX1day and RX5day (Figure 21C, 21D), annual
variations show an increasing trend in the historical scenario, with values ranging between 40
and 250 mm/year. This trend will become more pronounced in future scenarios, with the
greatest magnitude observed under high-emission conditions. The most intense peaks are

projected between 2030 and 2077, with all models indicating a significant increase in extreme



105

rainfall. While the RCP4.5 scenario also shows an upward trend, it is more pronounced under
RCP8.5 (Figure 21G and 21H), with higher intensities expected in the years 2048 and 2077.

The PRCPTOT index (Figure 21B), which reflects annual total precipitation, shows a
clear reduction trend both in the historical period and in future simulations. This reduction is
more pronounced in the RCP8.5 scenario (Figure 21F), with projected values falling below the
climatological annual average (~1700 mm/year) in the DRB. The significant reduction in
precipitation may exacerbate the pressures already observed in land use, particularly with the
expansion of agriculture and the reduction of forested areas in the basin.

The conversion of large areas of native forest into agricultural and pastureland, as
discussed in the land use results, can amplify the impacts of these climate extremes (LIU et al.,
2024; PIELKE et al., 2002; SAMBIENI et al., 2024). The increase in agriculture in critical
regions of the DRB, combined with the reduction in forest cover, affects the hydrological cycle
by reducing soil water retention capacity and intensifying the effects of prolonged droughts and
precipitation variability. This cycle can heighten the basin's vulnerability to extreme rainfall
and drought events, underscoring the need for integrated climate adaptation policies and
sustainable land use management (CUPOLILLO et al., 2008)



Figure 21 - Annual Trends of Extreme Rainfall.
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Figure 21 (continued).
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5.7.4 Spatial Trends of Extreme Rainfall Events

The presented maps illustrate trends in extreme rainfall events in the DRB for different
evaluated scenarios (Figure 22) and the climate models used. Projections for the CDD index
indicate an increase of up to 2 days in the number of consecutive dry days, especially in the
northern, western, and parts of the eastern regions of the basin. This increase is more
pronounced in the RCP8.5 scenario, suggesting greater duration and severity of dry periods
under high-emission scenarios. Regions with significant trends, represented by points on the
maps, coincide with areas affected by deforestation and agricultural expansion (Figure 12).
For the PRCPTOT index, which measures annual total precipitation, trends indicate a
significant reduction across the entire basin for both climate models, with greater intensity in
the southern and eastern regions. This reduction becomes even more pronounced in the RCP8.5
scenario, suggesting a sharp decline in annual precipitation totals under high-emission scenarios
(DE OLIVEIRA et al., 2023; DE SOUZA FERREIRA et al., 2024; VEIGA et al., 2023).

Notably, areas that have undergone the most significant land use conversion—primarily
due to agricultural expansion and deforestation—coincide spatially with regions experiencing
the greatest reductions in mean precipitation (Figure 17 and Figure 18). Additionally, in some
of these regions, there is a concurrent increase in extreme rainfall events (RX1day and
RX5day). This pattern suggests a complex relationship between land cover changes and
hydroclimatic extremes, where a reduction in forested areas and expansion of agricultural lands
may be linked to both a decrease in mean precipitation and heightened variability in extreme
rainfall.

The RX1day and RX5day indices, which represent intense precipitation over one and
five consecutive days, exhibit notable spatial variability in extreme precipitation trends across
the DRB. While some regions—particularly in the eastern basin—show an increase in extreme
precipitation, others, notably in the south and west, display a reduction in both emission
scenarios. The western and northern regions present the most pronounced trends, particularly
under the RCP8.5 scenario, suggesting an intensification of hydroclimatic extremes in a high-
emission future. Statistically significant areas encompass the northern, western, southern, and
parts of the eastern DRB (Figure 17).

Among the models analyzed, CanESM2 emerges as the most consistent in capturing the
increasing trend of CDD and the decreasing trend of PRCPTOT. However, CanESM2 exhibits
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a systematic overestimation of extreme precipitation changes (RX1day and RX5day) compared
to MIROCS, which, in turn, demonstrates greater variability in CDD and PRCPTOT trends
(Figure 22). This divergence between models underscores the uncertainties associated with
climate projections while reinforcing the robustness of certain regional patterns in the DRB.
Thus, the two climate models highlight the northern, western, southern, and parts of the
eastern DRB as statistically significant areas for changes in extreme precipitation events. These
areas coincide with regions undergoing major land use changes, including agricultural
expansion and forest reduction (CAMPQOS et al., 2024; DE OLIVEIRA et al., 2023).

Figure 22 - Spatial trend of extreme rainfall events with BESM and CanESM2 models.
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5.7.5 Monthly Trends in Temperature Extremes

Figure 23(A, B, C, D, E, F) represents the trends in extreme temperature indices in the
DRB under the RCP4.5 and RCP8.5 scenarios. For both scenarios, average temperatures

generally increase in all months, with this increase being more pronounced under the high-
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emissions scenario. However, there are some variations between the models. In the summer
months, all models indicate increases, although with small variations in magnitude.

The trends in extreme temperature indices, represented by the percentiles TG10p
(coldest temperatures) and TG90p (hottest temperatures), particularly between October and
April, show an upward trend in both scenarios. CanESM2 frequently presents the highest
elevation trends for all indices, suggesting a more extreme forecast of climate changes in the
DRB. All models agree on a trend of increasing extreme temperature indices, with elevations
ranging between 0.05°C and 0.10°C, particularly in the RCP8.5 scenario (Figure 23B,
23D,23F). This aligns with expectations of greater warming in the DRB found in previous
studies (IUCN, 2022; SONDERMANN et al., 2022).

Figure 23 - Trend of Extreme Temperature Indices.
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5.7.6 Annual Trend of Extreme Temperature

The analysis of the RCP2-4.5 and RCP5-8.5 scenarios reveals significant differences in
the projections of temperature indices for the DRB (Figure 24 and 25). The results indicate that
the high-emissions scenario (RCP5-8.5) projects a more pronounced increase in all analyzed
temperature indices, aligning with expectations for a scenario without significant mitigation of
greenhouse gas emissions (CHOU et al., 2014).

In the RCP4.5 scenario, a more controlled increase in mean temperature (TG) is
observed over time. Projected temperatures range between 22°C and 24°C, with a significant
rise between 2050 and 2080, reaching approximately 26°C to 26.5°C. In contrast, the RCP5-
8.5 scenario shows a more pronounced increase, with mean temperatures reaching between
28°C and 30°C in the medium term (2050-2060) and the long term (2080). This increment of
about 2°C in the high-emissions scenario aligns with projections observed in previous studies,
such as those reported by UICN (2022).

Minimum temperatures (TG10p), which historically range between 17°C and 21°C in
the DRB, also show a significant increase. In the RCP2-4.5 scenario, projected minimum
temperatures rise to around 22°C to 24°C in the short and medium term. However, in the RCP5-
8.5 scenario, this increase is even more pronounced, with minimum temperatures projected to
reach up to 26°C, which could strongly affect nighttime cooling patterns and influence thermal

comfort.
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The hottest days (TG90p) follow a concerning trend. In the RCP2-4.5 scenario, maximum
temperatures projected for the basin reach approximately 28°C, with a significant increase to
around 30°C in the RCP5-8.5 scenario (Figure 20).

This 2°C difference reflects the rise in the frequency and intensity of extreme
temperatures, which are known to cause thermal stress in human populations, increase energy
consumption for cooling, and negatively impact agriculture (JIN et al., 2010). Additionally, the
higher temperatures and prolonged dry conditions can significantly increase the risk of wildfire
spread in the region. Changes in maximum and minimum temperatures directly influence the
availability of soil moisture and vegetation dryness, creating favorable conditions for fire
ignition and propagation (ULLAH et al., 2024; YOUNESZADEH et al., 2015).

Expanding agricultural areas and reducing native forests, driven by more severe climatic
conditions, can increase the risk of wildfires and contribute to changes in the basin's surface
runoff. The conversion of forests to agricultural crops or pastures often reduces the landscape's
resilience to fires, as these areas tend to have lower biodiversity and fewer natural firebreaks
(FUJIMORI et al., 2017). Additionally, land use alteration can modify surface runoff patterns,
affecting the basin's hydrology and potentially increasing the incidence of floods or erosion.
The increased risk of wildfires poses a severe threat to biodiversity, water resources, and human
safety in the DRB, highlighting the urgent need for integrated fire management strategies and
sustainable land use planning to mitigate these cascading impacts (BEUCHLE et al., 2022).
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Figure 24 - Spatial trend of temperature extremes.
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Figure 25 - Continuation Figure 24.
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5.7.7 Spatial Trends of Temperature Extremes

The spatial analysis of temperature indices (TG, TG10p, TG90p) in the DRB under the
RCP4.5 and RCP8.5 scenarios highlights significant variations across different regions of the
basin and among climate models. Figure 26, illustrates the spatial distribution of temperature
within the basin, emphasizing areas with statistically significant changes and the models that

show the greatest agreement in their projections.
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In the emission stabilization scenario (RCP4.5), a moderate increase in average
temperature (TG) is observed, with statistical significance across much of the basin, ranging
from 0.5°C to 0.9°C. In contrast, under the high-emission scenario (RCP8.5), the increase in
average temperature is more pronounced and spatially uniform, with much of the basin
experiencing variations up to 0.9°C, particularly in the central, northwestern, and western
regions. These areas coincide with regions undergoing significant land-use changes related to
agricultural expansion and loss of native vegetation, as shown in Figure 12, 13 and 14. The
conversion of forests to agricultural land reduces the natural cooling capacity of the region,
increasing soil temperatures and, consequently, local averages (HU et al., 2021). This scenario
makes these areas particularly vulnerable to extreme heat events, exacerbating water stress and
challenges for sustainable agriculture (GROSSMAN-CLARKE et al., 2010; RUSTICUCCI,
2012; XU et al., 2023).

The analyzed climate models indicate that the TG10p index, which measures the lowest
temperatures, shows an increasing trend across much of the basin, with values ranging from
0.4°C to 0.9°C. Meanwhile, maximum temperatures (TG90p), which reflect the hottest days,
exhibit more pronounced upward trends in the central and northwestern regions of the basin,
with projected increases of up to 0.9°C. In the RCP8.5 scenario (Figure 26), these increases
become even more significant, particularly in the central and western regions, where values
may reach up to 1.3°C. The northern, northwestern, and southwestern regions, which show the
largest increases in maximum temperatures, also have high probabilities of native vegetation
loss due to agricultural expansion.

While the models show differences in projected intensities, they consistently capture the
trends, emphasizing the relevance of these results for future scenarios (BAZZANELA et al.,
2024; FIRPO et al., 2022; VEIGA et al., 2023).



116

Figure 26 - Spatial trend of extreme temperature events with the CanESM2 and MIRC5
models. Regions with significant trends (dotted).
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5.8 Conclusions

This study primarily aims to identify the regions within the Doce River Basin (DRB)
undergoing significant land-use and land-cover changes, and to assess the intensity and
frequency of extreme climate events occurring in these same areas. The spatial analysis revealed
that the southern, southwestern, northern, and northeastern regions of the basin are the most
affected by land-use transitions, such as the replacement of native forests with agricultural land
and pastures. These regions therefore concentrate the highest risks associated with the
intensification of climate extremes and are priority zones for mitigation and adaptation
strategies.

Land-use projections were derived from future scenarios provided by CMIP6 (Land-
Use Harmonization 2 — LUH2) and a dynamic land-use model developed on the Dinamica EGO
platform, enabling an integrated and realistic assessment of the expected transformations by the
end of the century. By integrating these data with high-resolution regional climate projections
under RCP4.5 and RCP8.5 scenarios, it was observed that areas undergoing the greatest forest
cover conversion also experience a significant increase in the frequency and intensity of
extreme events, such as CDD exceeding 70 days in the northern and western regions, and
extreme precipitation events (RX1day and RX5day) surpassing 170 mm/year in the eastern and
central parts of the basin.

Moreover, the loss of native forest cover in the western, northwestern, and parts of the
northern DRB is associated with a decline in total precipitation (PRCPTOT), coupled with a
rise in rainfall variability and intensity. This shift suggests a more irregular precipitation regime,
characterized by prolonged dry spells interrupted by intense rainfall episodes. In addition, the
rise in extreme temperatures (TG90p), reaching up to 1.3°C in these regions, further exacerbates
the challenges to agricultural sustainability and water resource management, revealing strong
feedback mechanisms between deforestation, climate change, and hydroclimatic extremes.

These findings underscore the urgent need for integrated public policies that align land-
use planning with climate adaptation. Preserving legal reserves, promoting forest restoration in
the most critical regions, and implementing sustainable agroecological practices are essential
actions to balance production and conservation, ultimately reducing the socio-environmental

vulnerability of the DRB in the face of future climate scenarios.
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Summary of Findings and Practical Implications

The projected scenarios reveal worrying trends of native forest loss and a significant
increase in agricultural areas, particularly in the northern, north-western, and western regions
of the DRB. This dynamic underscores the urgent need to integrate resilient agricultural
practices and forest restoration policies to mitigate impacts on soil, water resources, and
biodiversity while avoiding environmental degradation cycles that exacerbate socio-economic
vulnerabilities.
Examples of Inspiring Practical Solutions

National and international experiences suggest that mechanisms such as Payments for
Ecosystem Services (PES) and incentives for adopting regenerative agricultural practices can
be effective strategies to balance environmental conservation with agricultural production.
These programs, combined with rigorous enforcement of the Forest Code and the restoration of
degraded areas, could enhance the resilience of the basin and its local communities to climate
change impacts.
Linking to Biodiversity and Local Communities

Beyond land-use changes, the projected transformations threaten local biodiversity and
the well-being of populations dependent on the ecosystem services provided by the basin, such
as water supply, agricultural pollination, and erosion control. Mitigation strategies must not
only focus on recovering native vegetation but also actively involve local communities, which
play a key role in sustainably managing these resources.
Emphasizing the Urgency of Action

Given the rapid pace of the projected changes, it is imperative to implement mitigation
and adaptation measures without delay. Inaction could lead to irreparable losses, including soil
degradation, compromised water security, and a dramatic reduction in the basin's agricultural
capacity. Integrated environmental management policies must be treated as a priority to
safeguard natural resources and the quality of life for future generations.
Specific Proposals for Future Research

Future research should explore the impacts of climate change on biodiversity and
ecological connectivity within the basin, investigating how ecological corridors could be
implemented to minimize habitat fragmentation. Furthermore, studies evaluating adaptation
scenarios that incorporate innovative technologies, such as remote sensing and predictive

modeling, could provide more robust support for sustainable territorial planning.
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6 CHAPTER 6: VEGETATION RESPONSE TO EXTREME RAINFALL AND
DROUGHT EVENTS IN DEFORESTED AREAS OF THE DOCE RIVER BASIN.

6.1 Abstract

Climate change has increased the frequency and intensity of extreme events, affecting
ecosystems globally. In the Doce River Basin (DRB), a region historically impacted by
deforestation and the Mariana disaster (2015), the interaction between droughts, extreme
rainfall, and vegetation response remains insufficiently understood. This study investigates the
relationships between extreme climate events and vegetation dynamics through wavelet
coherence analysis, exploring multi-scale patterns of vegetation response—an approach not
previously applied in this context. Time series of the Enhanced Vegetation Index (EVI) and
climate indices SPI (1, 3, and 6 months), RX1day, RX5day, PRCPTOT, and CDD from 2000
to 2023 were analyzed to identify spatial and temporal trends across the basin. The results show
that vegetation responds to extreme precipitation events—RX1day, RX5day, PRCPTOT, and
CDD—predominantly on time scales of 8 to 16 months, reflecting a seasonal recovery pattern.
In contrast, vegetation responds to drought events (SPI1_1, SPI_3, and SPI_6) more quickly,
within 2 to 4 months and at most up to 8 months, with increased sensitivity observed in the
post-disaster period. This asymmetry suggests that, under climate change, the impacts of
degradation (drought-induced stress) are manifesting more rapidly than the processes of
vegetation recovery, indicating a delayed regeneration dynamic. These transformations are
particularly evident in the northwestern, southwestern, southern, and northern regions of the
basin, where significant native forest loss and agricultural expansion have occurred. In these
areas, SP1_3 and SPI_6 exhibit negative trends, pointing to an increased frequency of prolonged
droughts, while RX1day and RX5day show strong spatial variability associated with remaining
forest cover. The findings highlight the urgent need for public policies that integrate
environmental conservation, forest restoration, and sustainable agricultural practices to reduce

the socio-environmental vulnerability of the DRB under future climate change scenarios.

3 Article Submitted to the journal for peer review.
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6.2 Introduction

Over the past four decades, we have witnessed a continuous rise in temperatures, making
this period the hottest since 1850. Between 2011 and 2020, a 1.59°C increase in land
temperatures was observed, surpassing the 0.88°C increase recorded in the oceans. Global
warming has significantly accelerated since 1970, exceeding any other 50-year period in the
last two millennia, as indicated in the latest report from the Intergovernmental Panel on Climate
Change (IPCC, 2022, 2023). Additionally, the Copernicus Climate Change Service (C3S) of
the European Union confirmed that, global average temperature reached 15.10 °C, which is
0.72 °C above the 1991-2020 average and 0.12 °C above the previous record set in 2023.
Notably, 2024 was the first year in which the average temperature exceeded the pre-industrial
level by 1.5 °C. The report highlighted that the amount of water vapor in the atmosphere reached
a record high, approximately 5 % above the 1991-2020 average. The increase in temperature
and humidity contributed to the development of significant storms, including tropical cyclones.
Furthermore, prolonged periods of drought in various regions created favorable conditions for
wildfires (COPERNICUS, 2024).

IPCC projections for the period between 2081 and 2100 point to an additional global
temperature increase ranging from 1°C to 1.8°C under the optimistic emissions scenario (RCP2-
45) and from 3.3°C to 5.7°C under the pessimistic scenario (RCP5-85), compared to the decades
of 1850 to 1900. Such changes foretell a future scenario with more frequent and intense climate
extremes, ranging from heatwaves to extreme rainfall and drought events across various regions
of the world.

Despite the clear influence of these changes on climatic conditions, studies addressing
the impact of extreme events on vegetation response remain scarce in the context of the DRB.
The increasing incidence of extreme rainfall events and rising temperatures are triggering
alterations in the distribution and displacement of plant ecosystems, highlighting the urgency
of understanding the implications of these transformations. Understanding these phenomena is
crucial to anticipating future challenges and developing effective adaptation and mitigation
strategies. Despite the alarming projections, uncertainty persists, particularly at smaller
temporal and spatial scales, underscoring the need for further investigations to better
comprehend the local impacts of these extreme events (DE ALMEIDA et al., 2019).
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From the perspective of vegetation cover, climate change exerts a broad impact,
manifesting on both global and regional scales. In the DRB context, various studies have
contributed to understanding vegetation dynamics, employing diverse approaches. One
example is the work of Silva; Siqueira (2017), which utilized the NDVI (Normalized Difference
Vegetation Index) and SAVI (Soil Adjusted Vegetation Index) indices derived from Landsat
images captured by the TM and OLI sensors. These indices were used to assess changes in
dense vegetation, grassland, and exposed soil. The results revealed significant losses in
grassland and increased soil exposure, with 2016 highlighted as a critical year, during which
almost 100% of vegetation was lost. This data underscores severe degradation in areas
surrounding the DRB. Another relevant approach was conducted by Almeida et al., (2020), who
employed a multi-criteria analysis to establish priorities for recovering degraded areas within
the basin. Using images from the RapidEye satellite, the study identified that approximately
60% of the analyzed area, corresponding to about 24% of the DRB, demonstrates a need for
vegetation recovery classified as medium to very high. These findings provide essential insights
for developing restoration strategies and sustainable management in the region (ALMEIDA et
al., 2020).

The transformations in vegetation cover before and after the disaster were analyzed in
the study by Silva et al. (2020), which highlighted the potential of the NDVI in identifying
changes in soil cover. Recently, a study on land cover changes resulting from the Mariana
disaster in Minas Gerais, Brazil, using a time series of vegetation indices, indicated the
degradation of over 300 hectares due to the collapse of the Fundao dam (CARMO et al., 2017;
NEVES et al., 2024). The temporal analysis associated with precipitation estimation was
investigated employing linear trend techniques and correlations (FORMIGONI, 2018).

Formigoni (2018) observed that significant trends are mainly concentrated in areas of
vegetation and forest remnants, while areas used for agricultural activities, pasture, and farming
show non-significant trends. However, the DRB is sensitive to climate extremes, with an
uneven distribution of rainfall, as the western part is more susceptible to extreme events due to
higher rainfall accumulation compared to the eastern part of the basin (LIMA; CUPOLILLO,
2018). For instance, climatological droughts in the middle Doce River region have manifested
as events of greater duration and intensity (LIMA, 2016). In this context, there is a likelihood
of a more critical and challenging future regarding water resource management in the basin,
although there is no defined or probabilistic timeline for such occurrences (JESUS et al., 2020;
LIMA, 2016).
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The Renova Foundation (an organization dedicated to environmental conservation and
sustainable development) recently completed the implementation of forest restoration in
preservation areas affected by tailings (MAY et al., 2020). However, a gap is evident in the
climate-focused approach regarding extreme events in the DRB. Despite advances in the study
of extreme climate events, critical gaps remain in understanding how vegetation responds to
these events on broader temporal and spatial scales, particularly in areas of high deforestation.
Unlike previous studies, which have analyzed climate trends and vegetation changes separately,
this study adopts an integrated approach to assess vegetation response to extreme climate events
in the Doce River Basin.

The interaction between extreme climate indices—such as SPI (1, 3, and 6 months),
RX1day, and RX5day, PRCPTOT, and CDD— and vegetation response in areas of intense
degradation is still partially unknown. Moreover, there are no records of studies that have
applied wavelet coherence analysis to investigate these interactions in the basin, specifically
concerning drought and extreme precipitation events. This methodology will allow us to
identify how vegetation responses occur at different temporal scales and whether there is a lag
or coupling with extreme climate events, particularly in deforested areas.

Another key aspect of this research is the investigation of how trends in extreme events
have changed since the Mariana disaster (2015) and whether there has been a shift in vegetation
response over time, especially in the year of the disaster and in the subsequent years. This is
particularly important, as the environmental impacts of this event altered water availability and
soil structure, possibly amplifying or modifying vegetation resilience to climate variations.
Understanding these dynamics is crucial not only for advancing ecological research but also for
providing insights for forest restoration strategies and environmental management. Identifying
critical areas where extreme climate events accelerate vegetation degradation can help guide
reforestation efforts and policies for sustainable water resource management in the Doce River
Basin. Given the urgency to understand these impacts, this study aims to address these
knowledge gaps by investigating the complex relationship between extreme climate events and
vegetation dynamics in the DRB. The main objectives of the study are: (a) to identify spatial
and temporal trends in EVI and extreme rainfall and drought events, mapping critical areas of
ecological vulnerability; (b) to examine trends in extreme climate indices in regions of high
deforestation, assessing their cumulative impacts on vegetation; and (c) to explore vegetation

responses to extreme climate events through wavelet coherence analyses across multiple
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temporal scales, unraveling the processes that connect abrupt environmental changes to
ecological resilience in the basin.
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6.3 Materials and Methods

6.3.1 Study Area

Our main focus is the DRB, with considerations for a possible expansion of the study
area to achieve a broader understanding of the spatial patterns of extreme events. It is important
to emphasize that the expansion of the analysis area aims solely to identify and contextualize
external pressures that may influence the DRB. This study does not seek to discuss in detail the
environmental dynamics of other regions included in the maps. This methodological choice was
made to enhance understanding of how human activities in nearby areas can compromise the
environmental resilience of the DRB, offering an integrated and strategic perspective for the
management of its natural resources.

Scientific studies demonstrate that deforestation in one region can trigger effects in
neighboring areas, influencing the migration of vegetation ecosystems and catalyzing
anthropogenic pressures in adjacent river basins. For instance, in the Sdo Francisco River Basin,
the intensification of anthropogenic activities, such as agricultural expansion and the conversion
of native areas into pastures, has generated impacts that are not confined to the basin itself.
These pressures can migrate to neighboring regions, including the western portion of the Doce
River Basin, exacerbating existing environmental and climatic challenges (NEVES et al., 2024;
SVENNING; SANDEL, 2013). Therefore, although the central focus of this study remains on
the DRB, the analysis was strategically expanded to include some areas of Minas Gerais state
outside the basin's boundaries.

Located in southeastern Brazil, the basin lies between the parallels 17°45" and 21°15' S
and the meridians 39°30" and 43°45"' W (Figure 27), encompassing part of the Southeast Atlantic
Hydrographic Region. With a drainage area of 86,715 km?, approximately 86% of the basin is
located in Minas Gerais, while the remaining 14% is in Espirito Santo. The basin includes 230
municipalities and is home to approximately 2.34 million urban inhabitants and 833,000 rural
inhabitants (PIRH, 2010). The basin’s economy is diverse and plays a crucial role in the
management of its water resources. Key economic activities include mining, agriculture, pig
farming, and the food industry (PIRH, 2010). Water use in the basin reflects this economic
diversity: 38.2% is allocated to multiple uses, 30.1% to public supply, 19.3% to the industrial
sector, 3.3% to mining activities, and 1.6% to other uses (PIRH, 2010).
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In 2015, the basin was the site of one of Brazil’s largest environmental disasters: the collapse
of the Funddo dam in Mariana (MG). This event released millions of cubic meters of mining
tailings into the Doce River, devastating aquatic ecosystems, biodiversity, and water quality
and causing severe social and economic consequences for local populations (G1, 2021;
PORTAL GOV, 2015).

These characteristics, combined with the challenges posed by extreme climate events,
underscore the Doce River Basin's strategic importance from environmental and economic
perspectives. Thus, it is a critical region for studies assessing the impacts of climate change and

promoting sustainable water resource management.

Figure 27 - Study area Doce River Basin.
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6.4 Data
6.4.1 Rainfall Data
Precipitation data from the Climate Hazards Group InfraRed Precipitation (CHIRPS,

Funk et al., 2015), available at https://www.chc.ucsb.edu/data/chirps, were used for the
calculation of SPI and other extreme rainfall indices. According to Funk et al. (2014), CHIRPS

integrates three main sources: (1) monthly precipitation climatology (CHPCIim); (2) thermal
infrared (IR) geostationary satellite data provided by NOAA and CPC; and (3) in-situ
precipitation data from sources such as the Global Historical Climate Network (GHCN), Global
Summary of the Day (GSOD), and the Global Telecommunication System of the WMO.
Additionally, since 2020, precipitation measurements from approximately 3000 rain gages in
the Brazilian National Center for Monitoring and Alerts for Natural Disasters
(CEMADEN/MCT]I) observational network have been included in the CHIRPS dataset.
Monthly precipitation data were used for the period from January 2000 to December
2023, with a spatial resolution of 0.05°. These data provide a robust foundation for analyzing

precipitation variability and its regional impacts.

6.4.2 Vegetation Index Data

EVI (Enhanced Vegetation Index), similar to the NDVI (Normalized Difference
Vegetation Index), is an index used in remote sensing to monitor and evaluate the health and
density of vegetation on the Earth's surface. However, the EVI was developed to overcome
some limitations of the NDVI, offering greater sensitivity in areas of dense vegetation and
reducing the influence of atmospheric and soil factors (ZHENGXING et al., 2003). EVI data
with a spatial resolution of 250 meters were obtained through AppEARS/Earthdata
(https://appeears.earthdatacloud.nasa.gov/). These data are available on a monthly/daily scale
and provided in GeoTIFF or NetCDF format.

6.4.3 Deforestation Data

The deforestation data, used to assess how areas with trends in extreme indices are
changing in deforested regions between 2000 and 2023 in the DRB, were obtained from the
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PRODES system (Monitoring Program of Deforestation in the Legal Amazon by Satellite),
accessible via the TerraBrasilis portal. Developed by the National Institute for Space Research
(INPE). PRODES conducts systematic annual monitoring of clear-cut deforestation in native
vegetation areas, employing high-resolution satellite imagery to ensure accuracy in identifying
land-use changes.

The system defines deforestation as the complete removal of native vegetation,
regardless of the future use of these areas. This definition encompasses conversion to
agricultural use as well as other forms of land use, such as pasture, mining, or urbanization. The
data provided by PRODES offer a robust and reliable basis for investigating the relationship
between extreme climatic indices and deforestation dynamics in different regions, contring to

the undeanding of interactions between environmental and anthropogenic changes.
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6.5 Methods

6.5.1 Extreme Indices

The extreme climatic indices analyzed in this study are described in Table 8. These
indices, widely recognized and utilized by the scientific community, were developed by the
European Climate Assessment & Dataset (ETCCDI) and are based on fundamental climatic
variables such as air temperature and precipitation. The indices were calculated using the
Python library icclim (Index Calculation for CLIMate), which strictly adheres to the
methodological standards established by the ETCCDI, ensuring the standardization and
comparability of results (CHERVENKOV; SLAVOV, 2021).

The indices were generated using daily precipitation data from the CHIRPS dataset. To
ensure accuracy and methodological compliance, a custom algorithm was developed to
implement the procedures of icclim, tailoring them to the specific characteristics of the study
region and the analysis requirements. This customized approach enabled tighter control over
the calculation process, ensuring consistency, quality, and reliability in the results obtained.

The climatic indices were calculated monthly and annually, providing a detailed and
comprehensive analysis of climatic variations in the region. The monthly evaluation covers the
period from 2000 to 2023, allowing the observation of seasonal fluctuations and specific
climatic events, while the annual-scale analysis enables the identification of long-term climatic
trends and patterns over the same time span. This combined approach contributes to a deeper

understanding of climatic dynamics and their impacts on the study area.
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Table 8 - Summary of climate indices analyzed in this study.
Index Description

PRCPTOT Total annual precipitation (mm). Represents the sum of all daily
precipitation throughout the year.

RX1day Maximum daily precipitation (mm). Represents the highest amount

of precipitation recorded on a single day during the year.

RX5day Maximum precipitation over 5 consecutive days (mm). Represents
the highest amount of precipitation accumulated over a period of five

consecutive days throughout the year.

CDD Maximum number of consecutive dry days. Represents the longest

sequence of consecutive days without significant precipitation.

Source: elaborated by the author.

6.5.2 SPI Calculation

The SPI (Standardized Precipitation Index) is widely used to characterize droughts,
assessing the spatial and temporal variation in their severity (MCKEE, 1995; MCKEE et al.,
1993). In this study, the SPI-1, SPI-3, and SPI-6 scales were employed to analyze the
spatiotemporal characteristics of droughts. These scales were selected because they effectively
capture short-term vegetation responses to drought events, providing a dynamic view of the
relationship between precipitation and vegetation indices such as EVI (LI et al., 2021).

The SPI is calculated over different temporal scales, considering accumulated
precipitation periods (Barker et al., 2016). In this study, monthly precipitation time series from
2000 to 2023 were used to evaluate climatic variability across various temporal scales.

The SPI calculation is based on fitting monthly precipitation time series to a gamma
probability density function, as defined by Equation (1). In this equation, o>0 represents the
shape parameter, B>0 represents the scale parameter, x represents monthly precipitation, and g
is the incomplete gamma function. Using these parameters, the cumulative probability of an
observed event for each month is calculated. This probability is obtained by solving the integral
of the gamma cumulative distribution function, as outlined in Equation (10).

This method robustly identifies precipitation anomalies, which is essential for

understanding the impacts of droughts on vegetation and ecosystems. The approach used in this
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study ensures methodological consistency and accuracy in analyzing vegetation responses to

short-term precipitation variations.

x—1g -x/B

60 = J, 900 =y oo (10)

The values resulting from this function are adjusted to the inverse normal distribution
with a mean of zero and a standard deviation of one. This distribution produces SPI values that

can be represented by Equation 11.

SPI = ¥~1G(x)] (11)
Where ¥ ~1 It is the inverse of the normal probability function with a mean of zero and a
standard deviation of one. Further details about the calculation are thoroughly addressed in the

work of McKee et al. (1993). Drought events are considered when the SPI reaches values less

than or equal to -1, as shown in Table 9.

Table 9 - Classification of SPI.

Drought Grade SPI Value
Extreme drought SPI <-2.00
Severe drought -2<SPI<-1.5
Moderate drought -1.5<SPI<-1
Mild drought -1 <SPI<-0.5
Normal SPI>-0.5

Source: elaborated by the author.
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6.5.3 Trend Analysis

To evaluate trends in precipitation and drought indices, we applied a non-parametric
method that identifies the magnitude and direction of trends in the study area. The analysis was
based on the Kendall Tau statistic and Theil-Sen slope (GILBERT, 1987; SEN, 1968; SIEGEL,
1982; THEIL, 1950), applied to gridded time series of SPI_1, SPI_3, and SPI_6, as well as
extreme precipitation indices (RX1day, RX5day, PRCPTOT, and CDD).

The Kendall Tau statistic measures monotonic trends in time series, expressing the
proportion between the observed rank correlation score and the maximum possible score. For
this, the data are ranked in ascending order of time, and the score is calculated for each time
series. Tau values range from -1 to +1, where negative values indicate a downward trend (more
negative "steps™) and positive values indicate an upward trend (more positive "steps").

The Theil-Sen slope provides a robust estimate of trend magnitude by calculating the
median of the slopes between all possible pairs of points in the time series. This approach is
less sensitive to outliers, making it suitable for climatic time series. We used a significance level
of a = 0.05 to determine statistically significant trends. This analysis helps distinguish between
natural variability and significant changes in the time series. Further details on the structure and
application of these methods can be found in (EL-NESR et al., 2010).

6.5.4 Coherence analysis

The Wavelet Coherence Transform (WTC) is a powerful tool for investigating the
relationship between extreme events, drought conditions, and vegetation in the Doce River
Basin (DRB). Combining WTC with cross-spectral analysis offers an innovative methodology
for signal analysis, enabling the exploration of complex patterns and multiscale dynamics
(IRANNEZHAD et al., 2020). The WTC computes a coherence coefficient that is localized in
both time and frequency, allowing for a detailed analysis of the linear connection between two
non-stationary time series across different temporal and spectral scales (DONG et al., 2020;
KIRBY; SWAIN, 2004). This capability makes WTC an essential tool for identifying dynamic
temporal and spectral relationships, providing deeper insights into the interactions between

extreme climatic events and environmental variables.
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To ensure statistical robustness, the significance level of WTC was estimated through
Monte Carlo simulations, with 1000 iterations, ensuring the reliability of the results. The cone
of influence was employed to delineate regions where the analysis remains statistically valid,
adopting a significance level of 5% (corresponding to a confidence level of 95%) (GRINSTED
et al., 2004). Mathematically, WTC is computed as the squared cross-spectrum of the two time
series, normalized by their individual power spectra. This normalization provides a measure of
cross-correlation as a function of frequency, allowing for the identification of consistent
patterns between the series (TORRENCE; COMPO, 1998).

In this study, WTC was applied to assess the relationship between the Enhanced
Vegetation Index (EVI) and extreme climatic events, including precipitation and drought
indices. Before conducting the wavelet analysis between EVI and the climatic indices (SPI-1,
SPI-3, and SPI-6) as well as extreme precipitation indices (RX1day, RX5day, PRCPTOT, and
CDD), the EVI accumulated score was calculated. This score was computed for each grid point,
summing EVI variations over time to account for seasonal trends and interannual variability.
This step ensures the adjustment of the data and facilitates the identification of significant
changes in vegetation response to extreme climatic conditions, thereby improving the
sensitivity of the analysis. Additionally, WTC was used to analyze the relationship between
EVI and extreme climatic indices, focusing on temporal and spectral coherence (HU; SI, 2016).

To assess the temporal phase relationship, WTC phase angles were analyzed to
determine whether EVI variations lead or lag behind extreme climatic indices. Arrows pointing
to the bottom-right or top-left indicate that EVI leads the climatic variable. Arrows pointing to
the top-right or bottom-left indicate that climatic indices lead EVI in the identified scales. This
methodology enables the precise identification of temporal and spectral relationships between
EVI and extreme climatic events, providing a better understanding of vegetation responses to

environmental changes.

Equation 12 describes the entire process employed in the analysis, where wor X
represents the cross-wavelet power spectra, referring to the smoothed matrix of auto- and cross-

wavelet power spectra between the various predictor variables X and the response variable Y.

XX (s yw XX (s 1)tV X (5.1

przn (s,7) = Yy (12)

w (s,1)
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Thus, an arrow in the wavelet coherence plots represents the phase lead/lag relationships
between the examined series. A zero-phase difference indicates that the two-time series move
together on a specific scale. Arrows pointing to the right (left) signify that the time series are in
phase (antiphase). When the series are in phase, it means they move in the same direction, while
antiphase indicates they move in opposite directions (Figure 2).

Arrows pointing to the bottom-right or top-left indicate that the first variable is leading,
whereas arrows pointing to the top-right or bottom-left indicate that the second variable is

leading (Figure 28).

Figure 28 - Phase differences of time series X(t) against time series Y (t) in cross-wavelet

analysis.
/2

Phase Interpretation
P1 In phase [ Positive correlation
P2 In phase [ Leading X(t], lagding Y(t)
P3 Transition 1/2
P4 Out of phase | Leading Y(t), lagging X(t)
P5 Out of phase [ Negafive correlation
P6 Out of phase [ Leading X{t), Tagging Y(t)
P7 Transition -n/2
P8 In phase [ Leading Y(t), Tagging X(t)

—n/2

Source: elaborated by the author.

6.5.5 Limitations of Wavelet Coherence Transform

The Wavelet Coherence Transform (WTC) is a powerful tool for analyzing the
relationship between vegetation and extreme climatic events, offering unique insights into
temporal and spectral dynamics. However, like any analytical method, it has certain limitations
that should be acknowledged without undermining its value. One key consideration is its
sensitivity to strong seasonality and long-term trends in vegetation indices, which can mask
more subtle responses to climatic extremes. Proper preprocessing, such as detrending and
seasonal adjustment, is crucial to enhance the accuracy of the analysis (GRINSTED et al.,
2004).

Another limitation is related to the cone of influence, which reduces the reliability of

results near the edges of the time series. While this can impact the analysis of abrupt changes
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in vegetation, the use of sufficiently long time series minimizes this constraint. The WTC's
reliance on linear associations is another factor to consider, as vegetation often responds to
climatic events in nonlinear ways. However, this can be mitigated by complementing wavelet
analysis with other statistical approaches to capture more complex interactions

(IRANNEZHAD et al., 2020).
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6.6 Results

6.6.1 Spatial Trends (Rainfall Extremes) and Deforestation

The analysis of climate trends in the indices CDD, PRCPTOT, RX1day, and RX5day
reveals a strong interaction between environmental characteristics and the observed impacts in
the Doce River Basin (Figure 29). The basin shows distinct responses to precipitation extremes
in areas with high deforestation, reflected in hydrological patterns and local ecological
dynamics. Below, we discuss these interactions in detail.

The CDD index showed significant positive trends (t > 0.62) during the summer (DJF)
in the DRB, indicating an increase in the duration of consecutive dry periods (Figure.24). This
trend is particularly concerning as it suggests an intensification of prolonged drought
conditions. With approximately 60% of the municipalities in the northern part of the basin
located in Brazil’s semi-arid region, this area already faces natural water deficits, further
exacerbated by annual precipitation often below 800 mm (CUNHA et al., 2015, 2019;
MATEUS et al., 2025; NATIVIDADE et al., 2017; SONDERMANN et al., 2022b).

The increase in CDD may further compromise the availability of surface and
groundwater, increasing risks to agriculture and urban water supply in the region
(NATIVIDADE et al., 2017). Additionally, deforestation, concentrated in strategic areas of the
basin, may be exacerbating the positive trends in CDD (Figure 29 and Figure 30). The removal
of native vegetation reduces the soil's capacity for water infiltration and retention, exacerbating
surface runoff and accelerating moisture loss during drought periods (FERREIRA, 2019; TIAN
et al., 2018).

It is observed that significant trends in the increase of dry days are concentrated in the
northern and eastern sectors of the basin (Figure 29 and Figure 30). These areas have
consequently experienced an expansion in agricultural activity and a corresponding decrease in
water deficits. Additionally, there has been a less frequent positioning of the South Atlantic
Convergence Zone (SACZ) over this part of the basin (Pires et al., 2017; Mateus et al., 2025).
Thus, in Figure 30, it is possible to observe that areas with the highest deforestation coincide
with statistically significant areas for consecutive dry days.

The PRCPTOT index showed negative trends, although not significant (t < —1.5), in

some areas of the DRB, indicating a reduction in accumulated precipitation (Figure 29). This



136

pattern aligns with the observed increase in CDD, reinforcing the scenario of water deficit in
the region. The relationship with deforestation is evident, as areas with high forest cover loss,
as shown in Figures 29 and 30, exhibit greater susceptibility to changes in the microclimate and
moisture recycling, exacerbating the effects of climate change (CORDEIRO et al., 2022; DE
SOUZA FERREIRA et al., 2024; NEVES et al., 2024).

The extreme precipitation indices, RX1day (maximum rainfall in 1 day) and RX5day
(maximum rainfall over 5 consecutive days), reveal similar patterns in the DRB, particularly in
the southern sector. RX1day shows a significant negative trend, indicating a reduction in the
maximum rainfall volumes recorded in a single day. This region of the basin relies heavily on
the South Atlantic Convergence Zone (SACZ), which, when positioned further south, plays a
crucial role in local water supply. However, studies such as that by Mateus et al. (2025)
highlight the decreasing frequency of SACZ occurrences in southern positions within the basin
and the intensification of extreme events, which further exacerbate the water deficit in the
region. This shift in climate patterns directly affects water availability and aquifer recharge,
making the southern areas of the basin more vulnerable to water scarcity (MATEUS et al.,
2025).

Moreover, the areas in the southern sector of the basin that exhibit negative trends in
RX1day coincide with regions of high deforestation rates (Figures 29 and 30). The loss of forest
cover intensifies the impacts of climate change by reducing moisture recycling and the soil's
water retention capacity. This creates a vicious cycle in which deforestation not only worsens
drought conditions but also amplifies the effects of decreasing maximum rainfall events(LIMA,;
CUPOLILLO, 2018; VALVERDE et al., 2003).

Regarding the RX5day index, negative trends (t > -1.5) are also observed in the southern
sector of the basin, although they are less pronounced compared to RX1day. This pattern
suggests that accumulated rainfall events over five consecutive days are becoming less frequent
or less intense in this region of the basin, with some areas showing growth trends that are not
statistically significant (MATEUS et al., 2025). Similar to RX1day, the areas with negative
RX5day trends coincide with regions of high deforestation (Figure 30).
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Figure 29 - Spatial distribution of the Mann-Kendall tau values (DJF) for time series
(2000-2023) across the river basins of Minas Gerais. The analysis includes key climate
indices: CDD (Consecutive Dry Days); PRCPTOT (Total Precipitation); RX1day

(Maximum 1-day.

DD

15.0°S

20.0°S

PRCPTOT

15.0°5

20.005| ¥

48.0°W 44.0°W 40.0°W

48.0°W 44.0°W 40.0°wW

RX1day

15.0°5

20.0°s

RX5day

15.0°5

20.0°5| ¥

48.0°W 44.0°W 40.0°W

Source: elaborated by the author.

48.0°W 44.0°W 40.0°W

Mann Kendall_Tau
- <15
B 150193

-1.93 to -0.86

- 0.86 to +0.25

0.25 to 0.35

I 035 to 0.62
M ;o6
I:l River basins MG

X significant at 0.05



138

Figure 30 - Spatial distribution of Mann-Kendall tau values (2000-2023) for Minas
Gerais River basins (DJF). Indices include CDD (Consecutive Dry Days), PRCPTOT
(Total Precipitation), RX1day (Maximum 1-day Precipitation), and RX5day (Maximum
5-day Precipitation).
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During the winter (JJA), the Doce River Basin shows positive trends in CDD (0.35 <t
< 0.62), particularly in its western sector, indicating an increase in the duration of dry periods
(Figure 31 and Figure 32). This pattern reflects the characteristic challenges of the dry season
in maintaining water availability, which are aggravated by the vulnerability of northern regions
of the basin near deforested areas and less protected by vegetation, where prolonged drought
periods are more intense (ALMEIDA et al., 2020; MAY et al., 2020).

The PRCPTOT index exhibits significant negative trends (t < -1.5) in the far north of
the basin, indicating a reduction in accumulated precipitation, which may compromise water
recharge and the water security of local communities. This region of the basin was highlighted
in the study by Campos et al., (2024) for future climate change scenarios. In contrast, areas in

the central and western parts of the basin, where greater remnants of forest cover remain (Figure
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31), show positive trends in PRCPTOT, emphasizing the essential role of forests in regulating
the hydrological cycle, stabilizing rainfall, and mitigating water deficits.

The extreme precipitation indices, RX1day and RX5day, display similar patterns, with
significant negative trends (t < -1.5) in the southern and western sectors of the basin. These
reductions in the intensity of extreme rainfall coincide with areas of high deforestation rates
and water deficits, as evidenced by Mateus et al., (2025). Continuous deforestation in these
regions reduces the soil's water retention capacity and moisture recycling, intensifying the
basin’s vulnerability to prolonged droughts and the reduction of intense rainfall events. In
summary, the results reinforce the strong connection between vegetation loss and the
intensification of climate impacts in the Doce River Basin (HOYOS et al., 2013; MA et al.,
2024; SMITH et al., 2023; WEI et al., 2024).

Figure 31 - Same as figure 3, but for JJA.
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Figure 32 - Same as figure 4, but for JJA.
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6.6.2 Connection between Extreme Events and EVI

The cross-wavelet coherence graphs provide a detailed insight into how vegetation
(EVI) in the Doce River Basin (DRB) responds to different climatic indices, such as CDD,
PRCPTOT, RX1day, and RX5day, across various temporal scales. This analysis is crucial for
understanding the complex interactions between climate extremes, hydrological cycles, and
ecosystems in the DRB—a region significantly vulnerable due to environmental degradation
and climate change (CAMPOS et al., 2024; CUPOLILLO et al., 2008; MATEUS et al., 2025).

Overall, vegetation response to extreme events showed strong coherence at the 8-16
month scales across the basin (Figure 33). The predominance of high coherence at this scale is
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common, as vegetation does not immediately respond to drought or rainfall events—there is a
lag time before changes in vegetation can be observed. This pattern has been documented in
studies analyzing vegetation response to extreme events in various regions (KULESZA,
HOSCILO, 2024; REN et al., 2022; WANG et al., 2023; ZHANG et al., 2017).

For the CDD index, vegetation response predominantly occurs out of phase, indicating that an
increase in dry days is associated with a reduction in EVI values. In other words, vegetation
shows signs of water stress. However, this response exhibits a delay, suggesting that vegetation
takes time to manifest the impacts of consecutive dry periods and to recover after the end of
such events in the DRB (Figure 31A).

This dynamic is consistent with studies such as Marengo et al. (2008) and Brito et al.
(2022), which highlight that vegetation sensitivity to drought periods depends on factors such
as soil water retention capacity, vegetation cover, and seasonal precipitation patterns. In the
Doce River Basin (DRB), regions that have experienced deforestation or the replacement of
native forests with pastures are particularly vulnerable, as exposed or compacted soil reduces
water infiltration and amplifies the impacts of droughts (CUPOLILLO et al., 2008; OLIVEIRA
et al., 2020; PIRES et al., 2017).

Between 2014 and 2016, the wavelet coherence graph between EVI and CDD reveals a
significant relationship on the 4 to 8-month scale (Figure 33A). During this period, the two
variables are in phase, meaning there is synchronization between variations in consecutive dry
days and EVI values. This implies that vegetation responded proactively to changes in drought
conditions. The coherence between EVI and CDD on the 4 to 8-month scale may have been
directly influenced by the 2015 environmental disaster in the Doce River Basin (NEVES et al.,
2024).

The environmental disaster may have intensified local variability in the relationship
between EVI and CDD, reflecting the heterogeneity of the affected areas. While some regions
may have experienced initial recovery due to vegetation resilience, others, more severely
impacted, may have shown a sharp decline in EVI values(DE CARVALHO et al., 2024;
NEVES et al., 2024).

The 2014-2016 period also coincides with adverse climatic conditions, including severe
droughts in Brazil, potentially exacerbated by the EI Nifio event active in 2015 (ALMEIDA et
al., 2024; ANYAMBA et al., 2019; KOGAN; AND GUO, 2017; MARENGO et al., 2015).
The strong coherence between EVI and PRCPTOT on the 8 to 16-month scale shows that the
indices are in phase, but PRCPTOT leads the relationship with a slight lag (Figure 33B). This
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pattern suggests that vegetation directly depends on accumulated precipitation over longer
seasonal cycles in the basin(ALMEIDA et al., 2020; NEVES et al., 2024). The lead of
PRCPTOT over EVI may reflect the impact of rainfall events that provide sufficient water for
vegetation to regenerate after periods of water stress. This is particularly evident in 2015-2016,
when rainfall following the disaster may have contributed to partial recovery in less affected
areas, as observed in the years 2018 to 2020.

For scales greater than 32 months, the arrows fall outside the cone of influence during
the 20002007 period, reducing the statistical reliability of the relationship between PRCPTOT
and EVI in this interval (Figure 33B). This means that the patterns observed at this scale may
be less relevant for robust interpretations. However, it may also indicate that long-term climate
events, such as ENSO cycles, do not have a directly measurable relationship with vegetation at
large temporal scales in the DRB, likely due to the interference of other factors such as local
soil variations and land use changes (CUPOLILLO, 2008; CUPOLILLO et al., 2008).

Between 2013 and 2016, significant coherence on the 2 to 4-month scale indicates that
extreme precipitation events (RX1day and RX5day) are out of phase with EVI, with EVI
leading the relationship (Figure 33C and 33D). The environmental degradation resulting from
the collapse of the Funddo dam in 2015 may have reduced vegetation's response capacity,
exacerbating the impacts of extreme rainfall by limiting water infiltration and amplifying
surface runoff (NEVES et al., 2022). The disaster acted as a "watershed moment,"” altering the
factors influencing land use. Previously, climatic conditions such as precipitation and
temperature limited the expansion of agro-pastoral activities. After the event, anthropogenic
factors gained greater relevance: slope began to favor these activities, while urbanized areas
limited their expansion. This transition reflects a socioeconomic and environmental adaptation
to the new conditions imposed by the disaster (NEVES, 2022).

On the 8 to 16-month scale, the RX1day and RX5day indices lead the relationship with
EVI, reflecting vegetation’s direct dependence on accumulated precipitation events for
recovery over longer seasonal periods. This in-phase relationship suggests that intense rainfall
provides the water resources needed for vegetation recovery, especially in less degraded areas
of the basin.

On the other hand, at larger scales (32 to 64 months), the arrows fall outside the cone of
influence for both indices, indicating that the relationships between extreme precipitation events
and vegetation over the long term were not statistically reliable for the evaluated period. This
may reflect the influence of other factors, such as land-use changes, shifts in forest cover, and
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global climate cycles such as El Nifio and La Nifia, which strongly influence rainfall variability
in the basin (LIMA; CUPOLILLO, 2018; NEVES et al., 2024).

Figure 33 - Wavelet Coherence Analysis between EVI and the CDD and PRCPTOT
Indices for the DRB (2000-2023).
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6.6.3 Spatial Trends (SPI) and Deforestation

The analysis of SPI trends for the SP1_1, SP1_3 and SP1_6 (Figure 34) scales during the
DJF period (December, January, February) in the Doce River Basin reveals significant
variations in drought and wetness regimes, reflecting the combined impacts of climate change
and deforestation in the region.

Significant negative trends (t < —1.5), predominantly observed in the southern and
western portions of the basin, indicate an increase in water deficits across various temporal
scales. At the SPI_1 scale, these trends reveal the intensification of rapid and severe droughts,
particularly in deforested areas (Figure 34A), where the loss of forest cover reduces the soil's
water retention capacity. At the SPI_3 scale, water deficits extend over an entire season,
affecting water availability for vegetation and human activities. At the SPI_6 scale (Figure 34),
the cumulative effects of prolonged droughts make water recovery even more challenging, with
drought impacts extending across the northwestern and eastern sectors of the basin, showing a
stronger signal. These regions exhibit high deforestation potential and declines in water
regimes(Figure 35), threatening sensitive ecosystems and ecosystem services (CAMPOS et al.,
2024; MATEUS et al., 2025).

On the other hand, non-significant positive SPI trends (t > 0.35) were identified in some
areas in the central portion of the basin, which still maintain greater densities of native
vegetation (Figure 33). These regions exhibit increases in moisture or a reduction in the
frequency of drought events. However, these positive trends are localized and insufficient to
offset the impacts of prolonged droughts in degraded areas, particularly at the basin's edges.
Moreover, the negative trends in SPI1_3 and SPI_6 suggest that the reduction in forest cover is
compromising essential ecosystem services, such as hydrological cycle regulation and carbon
sequestration, amplifying the effects of droughts and climate change (CAMPOS et al., 2024;
CRUZ et al., 2015; LIMA et al., 2019). In the western and southern portions of the basin, the
intensification of anthropogenic pressures and the loss of native vegetation have exacerbated

water deficits and hindered ecosystem recovery (MATEUS et al., 2025).
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Figure 34 - Spatial distribution of Mann-Kendall tau values (2000-2023) for Minas
Gerais basins (DJF) using SPI indices at different time scales: SPI1_1, SPI_3, and SPI_6.
Positive trends (blue) and negative trends (red) highlight areas with significant increases
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Figure 35 - Spatial distribution of Mann-Kendall tau values (2000-2023) for Minas
Gerais River basins (DJF). Indices include SP1_1, SP1_3, and SPI1_6. Positive trends
(blue) and negative trends (red) are overlaid with forest cover and deforestation (2000-
2023). Ba
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The analysis of SPI trends for the JJA period (June, July, August), which coincides with
the dry season, highlights significant impacts on vegetation in the DRB, reflecting the
worsening climatic and anthropogenic conditions in the region. The most pronounced negative
trends (t < —1.5), particularly in the northern part of the basin, indicate an increase in the
frequency and intensity of droughts in areas already weakened by environmental pressures,
such as deforestation (Figures 36 and 37). These patterns directly affect vegetation, intensifying
water deficits and reducing the ability of ecosystems to recover over time (CUARTAS et al.,
2022; CUNHA et al., 2019; SALOMAO et al., 2020).

In the context of prolonged water deficits observed at the SP1_3 and SPI_6 scales, there
is a significant increase in the magnitude of trends, although the affected area decreases.
Reduced water availability compromises the regeneration of native species and favors the
proliferation of drought-resistant species, which are less effective in water retention and the



147

maintenance of ecosystem services. This process can lead to significant functional changes in
the basin’s ecosystems, harming biodiversity and resilience (CUARTAS et al., 2022; DE
MORAES et al., 2016).

The overlap of these trends with deforested areas in the Doce River Basin is particularly
concerning. Studies indicate that forest cover loss reduces water infiltration, increases surface
runoff, and hinders aquifer recharge, exacerbating drought conditions (MA et al., 2024).
Regions in the southern and western parts of the basin, where deforestation is most intense,
exhibit the highest water deficits, suggesting that anthropogenic activities are amplifying the
impacts of climate change. These regions are also expected to face further precipitation deficits
due to the low frequency of South Atlantic Convergence Zone (SACZ) activity in the southern
pattern (MATEUS et al., 2025).

On the other hand, areas in the central and northern parts of the basin with greater forest
cover show positive SPI trends, indicating greater water resilience. These fragments of native
vegetation play a crucial role in regulating the hydrological cycle, helping to mitigate the
impacts of the dry season (ALBUQUERQUE et al., 2018; CORREIA FILHO et al., 2019;
KLINK; MACHADO, 2005; TRIGUEIRO et al., 2020).
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Figure 36 - Same as figure 34, but for JJA.
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Figure 37 - Same as figure 34 , but for JJA.
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6.6.4 Connection Between SPI and EVI

For SPI_1, which assesses short-term droughts (monthly scale), the significant
coherence on the 8 to 16-month scale during the periods 2000-2004 and 2014-2016 highlights
that vegetation response to drought events is out of phase, with EVI leading (arrows inclined to
the left and downward). This suggests that the prior condition of vegetation is a key factor in
modulating the impacts of drought, particularly during short periods of water deficit in the basin
(PEIXOTO et al., 2008; PIRES et al., 2017; SALOMAO et al., 2020). From 2014 to 2016,
marked by the Fund&o dam disaster (2015) and a strong El Nifio, environmental degradation
and changes in water flows amplified the effects of droughts, making vegetation recovery
difficult even after subsequent rainfall events (CUPOLILLO et al., 2008, 2008; DUTRA et al.,
2018; LIMA; ASSIS, 2025).

On the 2 to 4-month scale, significant coherence observed in 2008, 2014, and 2016
reinforces the sensitivity of vegetation to short-term droughts, although the response is delayed
and modulated by factors such as degraded soils and forest fragmentation in the basin (Figure
38). The drought induced by the 2015-2016 EIl Nifio, for example, had immediate effects on
vegetation, while the environmental disaster exacerbated water deficit conditions by limiting
water infiltration and intensifying surface runoff (NEVES et al., 2024; OLIVEIRA et al., 2020;
PIRES et al., 2017). These conditions prevented vegetation from quickly reflecting the benefits
of subsequent rainfall.

For SPI_3, significant coherence on the 8 to 16-month scale between 2000 and 2004
indicates that EVI leads drought events. This leadership can be explained by vegetation's
dependence on cumulative conditions from previous periods, particularly during seasonal
drought events (DE OLIVEIRA et al., 2021). In 2012, 2015, and 2016, the coherence on the 2
to 4-month scale reinforces the impact of moderate drought events on vegetation.

For SPI_6, which captures long-term droughts (6 months), the most pronounced coherence
occurs in 2019 and 2022, particularly on the 2 to 8-month scale. This suggests that even during
prolonged periods of accumulated drought, vegetation in the Doce River Basin still
demonstrates an out-of-phase relationship, with EVI leading. However, the signal is less intense
compared to SPI_1 and SPI_3, reflecting that vegetation responds more steadily to prolonged
drought events. On larger scales (32 to 64 months), the signals fall outside the cone of influence,
indicating that extremely prolonged drought events have a less statistically reliable relationship

with vegetation dynamics.
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Comparing the three indices, SPI1_1 highlights the most immediate response of
vegetation to short-term drought events, demonstrating a dynamic relationship where EV1 leads
over periods of 2 to 4 months. SP1_3 shows that seasonal droughts have a significant impact on
vegetation, particularly over 8 to 16-month periods, while SPI1_6 reflects that prolonged,
accumulated drought events have a more diffuse impact, with a less pronounced vegetative

response.



Figure 38 - Wavelet Coherence Analysis between EVI and SPI_1, SPI_3, and SPI_6 Indices for the DRB (2000-2023).
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6.7 Conclusion

The analysis of interactions between extreme climate events and vegetation response in
the Doce River Basin revealed distinct vegetation response patterns to variations in climate
indices (SPI, RX1day, RX5day, CDD, and PRCPTOT). The results highlight the combined
influence of climate change and deforestation, with more severe impacts observed in the
northern, northwestern, western, southern, and southwestern portions of the basin—regions
experiencing the most intense drought events and the most pronounced precipitation deficits,
overlapping with areas of significant forest loss. Forest fragmentation in these regions increases
vegetation vulnerability, reducing its ability to adapt and regenerate under prolonged water
deficits.

The cross-wavelet coherence analysis identified three predominant temporal scales of
vegetation response to extreme events:

8 to 16-month scale: This emerged as the primary window of vegetation response, with
strong coherence between EVI and precipitation indices (PRCPTOT, RX1day, and RX5day).
This pattern underscores the role of hydrological and biological processes in vegetation
resilience, indicating that biomass recovery occurs with a time lag relative to extreme
precipitation events. In deforested areas, this delay is intensified due to reduced soil moisture
retention, making vegetation more sensitive to seasonal water stress.

2 to 8-month scale: At this temporal scale, vegetation responded more rapidly and
intensely to drought events—especially those indicated by SPI 1, SPI_3, and SPI 6—
particularly in the post-Mariana disaster period (2015), when additional disturbances such as
soil degradation and abrupt hydrological changes amplified the effects of prolonged droughts.
In more degraded areas, the coherence between SPI indices and EVI became phase-shifted,
revealing a decline in vegetation resilience after critical disturbances.

Scales greater than 34 months: At longer time scales, coherence between climate indices
and EVI was weak or absent, suggesting that local factors—such as soil type, forest
fragmentation, and land-use change—modulate vegetation dynamics more than climate
patterns alone. The absence of strong climatic signals at these scales reinforces the dominant
role of anthropogenic pressures in shaping ecological trajectories in the basin.

In addition, the extreme precipitation indices (RX1day and RX5day) also showed

coherence with vegetation at short time scales (<4 months), reflecting vegetation’s punctual
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response to intense rainfall events. Conversely, the CDD index showed weaker responses in
these short time frames (2 to 8 months), indicating that the effects of prolonged drought
accumulate over time and take longer to significantly impact vegetation. The contrast between
the faster vegetation response to droughts (2 to 4 months, up to a maximum of 8 months) and
the slower response to precipitation events (8 to 16 months) reveals a critical imbalance in the
degradation—recovery cycle. This mismatch suggests that environmental degradation is
progressing more rapidly than vegetation regeneration, exacerbating ecological vulnerability in
the basin.

The spatial overlap between negative trends in SP1_3 and SP1_6 and the most deforested
areas reinforces that vegetation loss compromises hydrological regulation and amplifies the
impacts of prolonged drought. In contrast, regions with higher forest preservation showed
localized positive trends, emphasizing vegetation's role as a stabilizing factor in the
hydrological cycle and a buffer against climate extremes.

Given these findings, urgent conservation and ecological restoration strategies are
needed to strengthen vegetation resilience and mitigate the impacts of extreme climate events.
Implementing public policies focused on sustainable vegetation management and the recovery
of degraded areas can significantly contribute to hydrological regulation and reduce the basin's
overall vulnerability.

Finally, this study reinforces the importance of a multi-scale approach to understanding
vegetation response to climate extremes, demonstrating that different temporal scales reveal
distinct dynamics of impact and recovery. Future research should further investigate the factors
that modulate this response, considering large-scale atmospheric drivers, land-use changes, and
ecological adaptation processes to climate change. Advancing this knowledge will be essential
to inform effective policies for natural resource management and environmental impact

mitigation in the Doce River Basin.
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7 CHAPTER 7: GENERAL CONCLUSIONS OF THE THESIS

This study synthesized the results of three interrelated investigations, providing a
comprehensive overview of the most vulnerable areas of the Doce River Basin (DRB) in the
face of climate extremes and land-use changes. The approach adopted integrates hydroclimatic
and land-use dynamics, with emphasis on identifying the regions most vulnerable to extreme
rainfall and temperature events, contributing valuable input for territorial planning in the basin.

The results showed that the South Atlantic Convergence Zone (SACZ) is the main
modulator of hydroclimatic variability in the DRB. The analysis revealed that using spatial
averages of the SACZ tends to mask relevant variations in rainfall distribution. Therefore, the
thesis proposed an evaluation based on distinct geographic patterns of the SACZ (North,
Central, and South), allowing the identification of areas with greater exposure to extreme
events. The Northern and Central patterns are associated with the highest precipitation totals in
the northern, northwestern, and part of the western regions of the basin, especially affecting the
Suacui, Santo Ant6nio, Caratinga, and Piracicaba sub-basins. The Southern pattern, on the other
hand, concentrated the highest rainfall amounts in the southern sector, with emphasis on the
Piranga sub-basin.

Furthermore, it was found that the Northern and Central patterns showed a higher
occurrence of floods during extreme events associated with the SACZ, with precipitation
thresholds defined as >43 mm/day in the Northern and Central regions, and >23 mm/day in the
South — a relevant contribution to the improvement of early warning systems. The Central
pattern was observed to be the main contributor to water input in the central part of the basin,
while the Northern pattern has a broader influence, affecting both northern and southern
regions. In contrast, the Central and Southern patterns showed a tendency toward reduced
precipitation, which may worsen water deficits and intensify drought periods.

The modeling of land use and land cover (LULC) changes reinforced the findings from
the SACZ analysis by indicating that the areas previously identified as vulnerable — located in
the northern, northwestern, southwestern, and southern regions of the Doce River Basin (DRB)
— are likely to undergo significant transformations in the short (2030), medium (2050), and
long term (2080). The main changes were observed in the classes with the largest territorial
coverage. For instance, a reduction in native vegetation is projected at -0.15% by 2050 (from
28.7% to 28.5%) and up to -0.52% by 2080 (28.2%) under the RCP4.5 scenario, which assumes
reasonable compliance with environmental laws. In the RCP8.5 scenario, which assumes non-

compliance with such laws, the reduction could reach -4.8% (from 23.28% to 18.40%).
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Conversely, the farming class shows a tendency for expansion, particularly under the RCP8.5
scenario, with an increase ranging from +3.9% to +6.0% (from 70.9% to 76.9%) by 2080.

Projections from the Eta-MIROC and Eta-CanESM2 models supported these trends,
indicating a reduction in mean annual precipitation (PRCPTOT) in regions under higher
anthropogenic pressure. Additionally, an increase was observed in the number of consecutive
dry days (CDD > 70 days) and in extreme rainfall events (RX1day and RX5day > 170
mm/year), which heightens the risks of erosion, flooding, and soil degradation. The lower
frequency of occurrence of the Central and Southern SACZ patterns in these areas reinforces
the existence of a structural water deficit, compromising the environmental resilience of the
DRB.

The analysis of vegetation response in these same vulnerable areas revealed a
differentiated behavior in relation to the types of extreme events. Vegetation responded more
quickly to drought events, with reactions occurring within 2 to 4 months (SPI_1, SPI_3, and
SP1_6), compared to extreme rainfall events, which elicited responses between 8 and 16
months. This suggests that, in a context of climate change, the impacts of degradation may
manifest more rapidly than the processes of vegetation recovery. The southern, southwestern,
northern, and northwestern regions of the basin — including the sub-basins of the Suacui, Santo
Antobnio, Piracicaba, and Piranga rivers — showed a significant trend of increasing consecutive
dry days, as well as intense precipitation events over 1 day (RX1day) and 5 days (RX5day).
Moreover, during both the wet and dry seasons, there was an increase in the frequency of
drought events (negative values of SPI_1 to SPI_6) in the western, northern, and southern
portions of the basin.

Thus, the results of this thesis provide essential support for the incorporation of climate
change into territorial planning and landscape management of the Doce River Basin. The
identification of the most vulnerable regions and the understanding of the impacts resulting
from vegetation degradation contribute to the improvement of public policies focused on
environmental conservation and restoration, as well as to the definition of adaptive strategies

aimed at mitigating future impacts on the basin’s water resources and ecosystems.
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7.1 Main contributions

e Understanding Hydroclimatic and Ecological Dynamics

This thesis established an integrated approach that enables the incorporation of climate
change and land use projections into the identification of environmentally vulnerable areas in
the Doce River Basin. By combining observational data and future scenarios with spatial
modeling, the results provide valuable support for the formulation of adaptation strategies and
land-use planning actions that are more responsive to ongoing environmental changes. The
northern, northwestern, southwestern, and southern regions of the basin—covering the sub-
basins of the Suacui, Santo Antonio, Piracicaba, and Piranga rivers—were identified as the most
susceptible to extreme events due to land use and land cover changes.

The proposal to assess the South Atlantic Convergence Zone (SACZ) through distinct
geographic patterns (North, Central, and South) represents a methodological advancement in
characterizing extreme events. This approach made it possible to identify areas more
susceptible to floods and droughts, as well as to establish critical precipitation thresholds,
contributing to the improvement of early warning systems and climate risk management in the
basin.

The analysis of the RCP4.5 and RCP8.5 scenarios revealed a trend of agricultural
expansion, especially under the RCP8.5 scenario, with an increase between +3.9% and +6.0%
by 2080. To mitigate the impacts of this expansion, the adoption of agroforestry systems and
other practices that reconcile agricultural production with environmental conservation is

recommended, particularly in areas identified as vulnerable.

e Prioritization of Mitigation Actions in Regions with Higher Climate Risk and Vegetation

Degradation

The analysis of vegetation response revealed that the vegetation of the Doce River Basin
(DRB) responds more rapidly to drought events (2 to 4 months) than to intense rainfall events
(8 to 16 months), suggesting that degradation processes may occur faster than recovery
processes. Given this, it becomes essential that ecological restoration strategies in the basin —
already underway through initiatives such as those by Funda¢do Renova — go beyond the mere
planting of native species and instead incorporate climatic feedbacks and the actual ecological
resilience observed over time. Adaptive measures such as ecological restoration and sustainable

soil management should be implemented in areas identified as more susceptible to prolonged
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droughts and floods, as indicated by the spatial patterns of the SACZ and the analyzed climatic
indicators.

The continued accelerated response to drought may compromise the success of
restoration efforts if not adjusted to emerging climatic conditions. Therefore, it is recommended
that restoration programs consider: the selection of species adapted to drier or more variable
regimes; management practices that enhance water infiltration and retention in the soil; the use
of climate and vegetation monitoring databases to adapt restoration strategies in near-real time;
and the prioritization of ecological mosaics that combine assisted natural regeneration with
climate refuge areas. These measures make restoration efforts more adaptive and effective
under the new climatic regime of the DRB, ensuring ecosystem functionality and the continuity

of essential environmental services for the basin’s resilience.

7.2 Future research directions

Analysis of SACZ patterns and their long-term impacts:
investigate how climate change influences the frequency and intensity of extreme events
associated with the SACZ, enabling the prediction of future impacts on water availability and
hydrological risks. relationship between land-use change and global climate phenomena:
deepen the analysis of the interactions between land-use changes and global climate patterns,
such as El Nifio and La Nifia, to better understand the impacts on ecosystem functions and
environmental services. development of integrated models for adaptive management: develop
models that combine ecological, hydrological, and socioeconomic variables, enabling the
formulation of more effective management strategies for the most vulnerable areas of DRB and

other biomes under climate risk.
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APPENDIX A - CHAPTER 4 SUPPLEMENTAL INFORMATION

The shading refers to longwave radiation, the lines represent the streamlines at the 300 hPa

level. On the left is a zoom of the Doce River Basin.

Figure 39 - Analysis of SACZ Patterns Using OLR
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Figure 40 - Moisture transport at the 925 hPa level.
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