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The INCT for Climate Change Phase 2 (INCT MC2) aims to implement and develop a 

comprehensive network of interdisciplinary research on global change and 

sustainability, and is based on the cooperation between about 30 research groups from 

all regions of Brazil from various national  international research groups, involving in its 

entirety over approximately 350 researchers, students and collaborators and establishing 

itself as one of the largest networks of environmental research developed in Brazil 

(Figure 1.1) 

 

 

 
 

Figure 1.1. National and international partners of the INCT MC2 

  

The program consists of six thematic lines (or subcomponents):  

 

1. Food security;  

2. Water security;  

3. Energy security;  

4. Health and climate change; 

5. Natural disasters, impacts on physical infrastructure in urban areas and 

urban development;  

6. Impacts on Brazilian ecosystems in view of changes in land use and 

biodiversity.  

 

All these components are connected via 3 integrative themes or cross cutting themes: 

  

7. Economy and impacts in key sectors;  

8. Modelling the earth system and production of future climate scenarios 

to study vulnerability, impacts, adaptation and resilience;  

9. Communication, dissemination of knowledge and education for 

sustainability.  

 

Starting in Year 6, we have created a new phase of Integration and synthesis of 

the results of the 9 components, and the structure of the projects until the end of 

the project in 2025 is shown in Figure 1.2. 
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Figure 1.2. New structure of the INC MC2 since 2022. 

 

So far, the scientific agenda of the INCT-MC2 was developed as planned, starting in 

2017 and ending in 2025. This agenda provides scientific excellence in various areas of 

global environmental change and their implications for sustainable development. 

Emphasis on the impacts of climate change in agriculture, health, renewable energy, 

urban development and natural disasters such as central themes integrated into 

environmental modeling, the economics and communication of these impacts to the 

public, the scientific community and the academia, industry, business and government 

can contribute to maintaining excellence in activities in Science & Technology and 

Innovation as the axis of the sustainable environmental development, with character 

integrative and innovative. 

 

Different from the Report of Year 1, where only FAPESP funded components were 

explained, in Years 2, 3, 4, 5, 6 and now in year 7 we decided to include all components 

of the project, that include contributions of the UFMG and FIOCRUZ in MG, and 

partnerships with UFSC, UFRJ, IPEA, and other institutions outside of the State of Sao 

Paulo.  This provides a holistic view of the project and its components. 
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Perhaps one of the most important contributions of the INCT MC2 was the participation 

of several of the researchers of this project in the elaboration of the Scientific Report of 

Science Panel for the Amazon (SPA) and related activities in 2023 and 2024. In 

response to these challenges and inspired by the Leticia Pact for the Amazon, a group of 

over 200 preeminent scientists from the region have untied to form the unprecedented. 

The Panel was convened by the United Nations Sustainable Development Solutions 

Network (SDSN), and provided a comprehensive, first-of-its-kind scientific assessment 

of the state of the Amazon, current trends, and recommendations for the long-term well-

being of the ecosystem and its people. Its recommendations promote conservation as 

well as sustainable development of the region, with a vision of a standing forest, flowing 

rivers bioeconomy based on local and Indigenous knowledge, technology, and 

innovation.  On March 2023 the SPA released their initial findings as well as a draft 

version of their full report for public consultation. The SDSN and the World Bank co-

hosted a high-level dialogue in Belem, Pará to present these initial findings and foster 

conversations between scientists and policymakers to advance sustainable development 

pathways in the Amazon.  We also plan to provide scientific information for the COP 29 

in Baku in November 2024, and the COP-30 that will be held in Belem in 2025 and 

have participated and sponsored the International Conference of the Rede Clima in 

Brasilia. From 18-20 June 2024 I participated at the launching of the Policy Brief on 

drought organized by the SPA in New York on July 8
th
 2024. 

 

2. Objectives and goals 

 

The objectives of the INCT MC2 have not changed: 

 

¶ To implement and develop a comprehensive network of interdisciplinary research 

on global environmental change and sustainability 

¶ To develop actions aimed at assessing adaptation to environmental changes and 

the transformation to sustainability, to reflect the vulnerabilities and resilience 

trajectories and propose ways in adapting to these changes, especially in relation to 

decision in the political sphere.  

¶ To merge science with education from primary to the post-graduate levels. 

¶ To provide an overview of issues related to sustainability and environmental-

social-corporate responsibility, to facilitate the participation or even the 

implementation of activities in different areas of management of public and private 

institutions and their relationships with stakeholders. 

¶ To maintain excellence in activities in Science & Technology & Innovation as the 

structural axis of sustainable environmental development, with an integrator and 

innovative character. 

¶ To transfer knowledge using instruments that go beyond only scientific articles, 

but producing audio-visual material, web tools, and other outlets that allow the 

development of a scientific culture in society, improving the impact of Brazilian 

science and enabling increased international insertion of Brazil in environmental 

negotiations. 

¶ To develop a research agenda in global change to identify and understand the 

current impacts of climate variability on natural and human systems in Brazil;  

¶ To enhance and expand the scope of studies on global changes and their impacts 

on important sectors to the economy of Brazil.  

¶ To engage and educate society, aiming to increase the resilience of these sectors.  

¶ To sensitize the public perception of science and technology in relation to global 

change and impacts on society.  

¶ To contribute prominently in the research and development of the National Plan 

on Climate Change and the National Adaptation Plan to Combat Drought and 
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Desertification, in partnership with federal, state and international research 

programs on global change 

¶ To produce publications and model data that can be used to provide scientific 

contributions to scientific panels, The Rede Clima, special reports of the Brazilian 

Panel of Climate Change and the Fifth National communication of Brazil to 

UNFCCC.   

 

3.  Coordination 
 

Coordinator:   Jose A. Marengo, Researcher, Level 1 B-CNPq classification, 

CEMADEN, Sao Paulo 

Vice-Coordinator:  Tercio Ambrizzi, Researcher, Level 1 A-CNPq 

classification, IAG USP, Sao Paulo 

 

-Steering Committee  

 

Name Field of work Institution  e-mail 

Jose Antonio 

Marengo Orsini 

Projectôs coordinator. 

Climate modelling, 

impacts and 

vulnerability 

assessments  

CEMADEN jose.marengo@cemaden.gov.br 

Tercio 

Ambrizzi 

Vice-coordinator, 

Climatology, climate 

studies, water 

security 

IAG USP ambrizzi@model.iag.usp.br 

Paulo Nobre Oceanic and coupled 

atmosphere-ocean 

modelling 

CPTEC INPE pnobre@cptec.inpe.br 

Roberto 

Schaeffer 

Energy and climate 

change  

COPPE UFRJ roberto@ppe.ufrj.br 

Paulo Eduardo 

Artaxo Neto 

Environmental 

physics, Amazonia, 

and climate change 

IF USP artaxo@if.usp.br 

Eduardo Mario 

Mendiondo 

Hydrology and water 

security 

USP  EESC emm@sc.usp.br 

Ulisses E C 

Confalonieri 

Health and climate 

change  

UFMG e 

FIOCRUZ 

uconfalonieri@gmail.com 

efrangel@ioc.fiocruz.br 

Eduardo 

Haddad  

Economy of climate 

change  

FEA USP ehaddad@usp.br 

 

All members of the Steering Committee (CG) are also coordinators of the Associated 

Laboratories.  The Federal University of the Sate of Santa Catarina (UFSC) and the State 

University of Campinas (UNICAMP) are also Associated Laboratories.  Associated 

Laboratories are those centers whose members are part of the CG but are not part of the 

group that is submitting the proposal. The progress of the Project is monitored by a 

Scientific Committee (CC), that is constituted by the coordinators of the subcomponents 

(themes) and from the cross-cutting activities.  We have meet virtually in March 2023 and 

June 2024 to see the progress of the project.   

 

The transfer of knowledge to society must be developed from a system of investigation, 

management and experimentation information in climate change, by means of: 

mailto:jose.marengo@cemaden.gov.br
mailto:ambrizzi@model.iag.usp.br
mailto:pnobre@cptec.inpe.br
mailto:roberto@ppe.ufrj.br
mailto:artaxo@if.usp.br
mailto:emm@sc.usp.br
mailto:uconfalonieri@gmail.com
mailto:efrangel@ioc.fiocruz.br
mailto:ehaddad@usp.br
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Å Theoretical strengthening of studies that support actions that invest in scientific 

communication and dissemination. 

Å The generation of analyzes of the relationships between sciences, technologies 

and society. 

Å The creation of new approaches methodologies that allow experimenting with 

social media and languages. 

Å The investigation of potentialities cultural artefacts (newspapers, magazines, 

movies, TV shows, works 

art, blogs, videos, radio shows, podcasts, etc). 

Å The production and dissemination of information and quality materials that can 

serve as tools for public managers and civil society organizations in the evaluation, 

policy formulation and implementation public. 

 

In this project, we want the community to science in global environmental change is 

heard, not only to legitimize what has already been decided by governments, but to 

influence the processes that are ongoing in public administration regarding environmental 

policies and major undertakings that may affect the environment. 

 

The experience gained at the INCT-MC2 in the period 2017-2024 can be evaluated from 

the degree of interdisciplinary synergy in S&T and its continuity social impacts. 

Internally, the INCT-MC2 values this synergy in the integration between Subcomponents 

and Cross Axes. On the one hand, this synergy is accelerated in the Security 

Subcomponents Food, Water Security, Security Energy, Health, Impacts on Ecosystems 

Brazilians in view of changes in land use and Biodiversity, Natural Disasters, Analysis 

Integrated for Policy and Decision-Making Public. Also, the synergy is strengthened in 

the Transversal Axes of Economy and impacts on highlighted sectors, Communication, 

Disclosure, Education and Modeling of the Earth System and Production of Future 

Scenarios. On the other hand, in the period 2020-2024, the INCT MC2 Subcomponents 

and Transversal Axes brought global recommendations for the federal, state and 

municipal levels in Brazil. 

 

The coordination of the components of the project have been updated: 

 

 



Report Year 7, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 

 



Report Year 7, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 

 
*Dr Amorim from UNICAMP has left the Project since Year 6 and has been substituted 

by Dr. Renzo Taddei also from UNICAMP 

 

4. New Developments on the future of the INCT MC2  

 

The new component was created to support the integration of results from all the 

components of both the main themes as cross-cutting themes. this integration is being 

done using the NEXUS+ methodology used in the Fourth Communication of Brazil with 

the UNFCCC(4CN), always considering the relevance to the Sustainable Development 

Goals SDG-12 (sustainable agriculture), SDG-3 (ensure healthy living), SDG-7 (Clean 

energy and affordable: ensure access to cheap energy), SDG-11 (Sustainable Cities and 

Communities), SDG-13 (Action against global climate change), SDG-15 (Terrestrial 

Life: Protect, Restore, and Promote the sustainable use of terrestrial ecosystems), 

between others. By early 2024, hundreds of publications were generated by the 

collaboration between the various components of the INCT MC2, as well as such as 

numerous lectures, seminars, podcasts, interviews on social networks, in magazines and 

newspapers from Brazil and abroad, highlighting the theme of climate change and its 

characteristic transversal and integrative. So far 6 yearly reports have already been 

generated and approved by the FAPESP and CNPq. 

 

An extension of the project until 2025 will help to include topics that were not 

contemplated when the proposal was drafted in 2015, and which were gradually 

included in the current search schedule. For example, the theme of climatic extremes 

observed in Brazil and the another containing some reflections on the relationship 

between COVID-19 and climate change, were included, although it is still a 

controversial topic and still without a consensus in the community scientific about their 

associations. 
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Few online meetings too place among INCTs between 2020 and 2024.  Recently, CNPq 

and some FAPs approved 60 new INCTs in 2023, and there are conversations with 

MCTIs to make the INCTs a regular programme from CNPq. This was discussed in the 

75
th
 annual meeting of the Brazilian Society of Science Progress (SBPC) that occurred 

in Curitiba, Parana, during 23-29 July 2023. The main topic of the agenda was the 

current and future situation of INCTĔs One in person meeting of coordinators of INCTs 

took place in January 2024 in the Brazilian Academy of Sciences, Rio de Janeiro. 

 

5. Reports by component  
 

In the following we focus on the reports from each subcomponent and crosscutting 

component, showing main results and activities developed in Year 4 of the project. We 

also include information on new team members coming into the project, explain some 

changes in the coordination of the components if that is the case and plans for Year 6.  

All information on scientific production and activities from each of the components 

(workshops, publications, participation in events, use of the BC and RT, fellowships 

[bolsas] are listed in upcoming sections. The report is from activities developed by all 

components of the project.  

 

5.1  Coordination 

 

The two coordinators Jose Marengo and Tercio Ambrizzi have meet during year 7 in 

several occasions, some of these meetings took place USP, and other during other 

meetings and conferences where we both were there.  We have changed the way the 

coordination works.  For the administrative issues, CEMADEN hired Ms. Josiane Rosa, 

who is working part time to provide administrative support to this project.  Ms Rosa 

helps the coordination with the procedures to indicate bolsas to CNPq, CAPES and 

FAPESP, with payments, meetings organization and air travel arrangements for 

participant scientists to meetings among INCT MC2 participants.    

 

In addition to administrative activities, the coordinators together with their students, 

bolsistas and collaborators have developed a scientific agenda on investigation of 

observed climate variability and change, with focus on extremes in regions such 

Amazonia, Northeast Brazil, Pantanal and major cities, such as Sao Paulo. Some papers 

have been produced as well as reports in various journals and newspapers, magazines 

and the Revista Pesquisa FAPESP and Agencia FAPESP. This is being done since the 

beginning of the project and constitutes a background fall all components.  All these 

results are detailed in the reports by component.  

 

In the following we report some of the major studies developed by the coordination. As 

mentioned in Year 6, the coordination works on some comprehensive e studies dealing 

with observed weather and climate extremes, providing some ground basis for the work 

of the components.  From year 1-4 we have relayed on graduate students and bolsistas 

from INPE, USP and UNESP and from years 5 to 7 we will work with a bolsista that 

will work on the integration of results from all components.  This shows that years 5-7 

will  be mainly integration of research results from years 1-4.  The bolsistas will come 

from the extension approved by the CNPq and FAPESP for 2 more years of the project.  

 

5.1.1 Critical transitions in the Amazon forest system (Flores et al 2024) 

 

The possibility that the Amazon forest system could soon reach a tipping point, inducing large-

scale collapse, has raised global concern1ï3. For 65 million years, Amazonian forests remained 

relatively resilient to climatic variability. Now, the region is increasingly exposed to 
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unprecedented stress from warming temperatures, extreme droughts, deforestation and fires, 

even in central and remote parts of the system1. Long existing feedback between the forest and 

environmental conditions are being replaced by novel feedback that modify ecosystem 

resilience, increasing the risk of critical transition. Here we analyse existing evidence for five 

major drivers of water stress on Amazonian forests, as well as potential critical thresholds of 

those 

drivers that, if crossed, could trigger local, regional or even biome-wide forest collapse. By 

combining spatial information on various disturbances, we estimate that by 2050, 10% to 47% 

of Amazonian forests will be exposed to compounding disturbances that may trigger unexpected 

ecosystem transitions and potentially exacerbate regional climate change. Using examples of 

disturbed forests across the Amazon, we identify the three most plausible ecosystem trajectories, 

involving different feedback and environmental conditions. We discuss how the inherent 

complexity of the Amazon adds uncertainty about future dynamics, but also reveals 

opportunities for action. Keeping the Amazon forest resilient in the Anthropocene will depend 

on a combination of local efforts to end deforestation and degradation and to expand restoration, 

with global efforts to stop greenhouse gas emissions (Figure   5.1.1)_ 

 

 
 

Figure  5.1.1. Alternative ecosystem trajectories for Amazonian forests that transition due to 

compounding disturbances 

 

5.1.2 Analysis of extreme rainfall and landslides in the metropolitan region of the Paraiba do 

Sul River Valley and North Coast of Sao Paulo, Brazil 

 

The impact of hydrological and geological disasters has resulted in significant social, economic, 

and human losses, which added climate change impacts, and such events have become more 

frequent and intense. Therefore, our objective is to analyze the extreme rainfall (trends) in the 

Metropolitan Region of the Paraiba do Sul Valley and North Coast of Sao Paulo (RMVPLN). 

This analysis will support the most affected areas by landslides identification, which mainly 

impact roads and their population. In addition, evaluate the atmosphere conditions that 

supported these extreme rainfall events. To achieve our objectives, we have surveyed historical 

landslide data reported by the Brazilian government and information related by press and media. 

The precipitation evaluation used CHIRPS v.2 data and ETCCDI indices and the vertically 

integrated moisture flow and wind speed were calculated by ERA5 reanalysis. Our results show 

that the frequency and intensity of rainfall indicators such as seasonal PRCPTOT, R20mm, 

R30mm, and SDII have increased, particularly in the coastal and mountainous regions of Sao 
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Paulo. This is due to positive anomalies of moisture transport and an increase of ocean winds 

influenced by the intense South Atlantic Subtropical Anticyclone (SASA). The region with the 

highest susceptibility to landslides triggered by extreme rainfall is the one that combines 

deforested areas, high slope topography, and excessive anthropic intervention. The presence of 

mountainous regions increases the risk of landslides, which can damage local infrastructure and 

expose the vulnerability of populations in these risk areas (Figure 5.1.2). 

 

 
 

Figure 5.1.2. Annual and seasonal distribution of rainfall in the RMVPLN. SS represents the 

summer season and RS the rainy season. The upward triangles represent positive rainfall trends 

and when blue with statistical significance. Downward triangles represent negative trends and 

when red with statistical significance. 

 

5.1.3 Deadly disasters in southeastern South America: flash floods and landslides of February 

2022 in Petrópolis, Rio de Janeiro (Alcantara et al 2023) 

 

On 15 February 2022, the city of Petrópolis in the highlands of the state of Rio de Janeiro, 

Brazil, received an unusually high volume of rain within 3 h (258 mm), generated by a strongly 

invigorated mesoscale convective system. It resulted in flash floods and subsequent landslides 

that caused the deadliest landslide disaster recorded in Petrópolis, with 231 fatalities. In this 

paper, we analyzed the root causes and the key triggering factors of this landslide disaster by 

assessing the spatial relationship of landslide occurrence with various environmental factors. 

Rainfall data 

were retrieved from 1977 to 2022 (a combination of ground weather stations and the Climate 

Hazards Group InfraRed Precipitation ï CHIRPS). Remotely sensed data were used to map the 

landslide scars, soil moisture, terrain attributes, line of-sight displacement (land surface 

deformation), and urban sprawling (1985ï2020). The results showed that the average monthly 

rainfall for February 2022 was 200 mm, the heaviest recorded in Petrópolis since 1932. Heavy 

rainfall was also recorded mostly in regions where the landslide occurred, according to analyses 

of the rainfall spatial distribution. As for terrain, 23% of slopes between 45ï60 had landslide 

occurrences and east-facing slopes appeared to be the most conducive for landslides as they 

recorded landslide occurrences of about 9% to 11 %. Regarding the soil moisture, higher 

variability was found in the lower altitude (842 m) where the residential area is concentrated. 

Based on our land deformation assessment, the area is geologically stable, and the landslide 

occurred only in the thin layer at the surface. Out of the 1700 buildings found in the region of 

interest, 1021 are on the slope between 20 to 45 and about 60 houses were directly affected by 
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the landslides. As such, we conclude that the heavy rainfall was not the only cause responsible 

for the catastrophic event of 15 February 2022; a combination of unplanned urban growth on 

slopes between 45ï60 , removal of vegetation, and the absence of inspection were also 

expressive driving forces of this disaster. (Figure 5.1.3) 

 

 
 

Figure 5.1.3. (a) Accumulated precipitation in 24 h on 15 February 2022 at CEMADEN rain 

gauges. Red contours correspond to areas of risk for landslides at Petrópolis. The black line 

indicates the municipality limit. The cartographic base was obtained from © OpenStreetMap 

contributors 2022. Distributed under the Open Data Commons Open Database License (ODbL) 

v1.0. (b) Rainfall (blue) and river level (red) time series for 15 February 2022 time event, at 

Alto da Serra hydrological station (INEA). 

 

5.1.4  State of Climate for Latin America and Caribbean 2023 (WMO 2024) 

 

The present WMO report is the fourth in an annual series starting with the year 2020. It 

summarizes the observed climate trends and high-impact events, as well as associated 

socioeconomic impacts, in Latin America and the Caribbean (LAC). Tropical cyclones, heavy 

precipitation and flooding events, extreme heat and severe droughts led to significant human and 

economic losses in the region throughout 2023.  The second half of 2023 was particularly 

influenced globally by El Niño conditions, which contributed to a record warm year and 

exacerbated extreme events in the region. This happened on top of well-established long-term 

climate change and the associated rising frequency and intensity of extreme weather and climate 

events.  

Among many climatic hazards recorded in LAC, Hurricane Otis hit Acapulco, in Mexico, as a 

Category 5 hurricane, devastating the area and leading to dozens of fatalities and billions of 

dollars in damage. The drought in the Amazon was another noteworthy high-impact event of the 

year. It was so intense that the Negro River, at Manaus, recorded its lowest level in more than 

120 years of observations.  The report highlights the advances made in integrating 

meteorological data into health surveillance (focusing on disease), reflecting a move towards 

stronger public health strategies. Despite this improvement, there is still a need for substantial 

developments and investments in weather services infrastructure and tailored climate services.  

There are major gaps in the weather and climate observing networks, especially in the least 

developed countries and small island developing States; these gaps represent an obstacle to the 
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provision of early warnings, adequate climate services and effective climate monitoring, 

especially at the regional and national scales. WMO works with its Members and partners to 

improve climate observations through the Global Climate Observing System (GCOS) and by 

ensuring adequate financial mechanisms for weather and climate observations through the 

Systematic Observations Financing Facility (SOFF). Early warnings are fundamental for 

anticipating and reducing the impacts of extreme events. WMO is leading the United Nations 

Early Warnings for All initiative and its Executive Action Plan. The Action Plan, launched by 

United Nations Secretary-General António Guterres during the World Leaders Summit at the 

United Nations 2022 Climate Change Conference (COP27), provides a new horizon for 

strengthening Earth system observations, monitoring and warning capabilities.  

Among the key messages we can mention : 

 
-In Latin America and the Caribbean, 2023 was the warmest year on record.  

-Sea level continued to rise at a higher rate than the global mean around much of the Atlantic 

part of the region, threatening the coastal areas of several countries and small island developing 

States. 

-Hurricane Otis made landfall as a Category 5 strength hurricane near Acapulco, Mexico, 

leading to major losses in life and infrastructure. Otis was the strongest landfalling hurricane on 

record in the eastern Pacific Basin, with one of the most rapid rates of intensification. 

-Floods and landslides triggered by heavy rainfall led to significant fatalities and economic 

losses across the region. In São Sebastião, Brazil, 683 mm of rainfall accumulated in 15 hours, 

triggering a landslide that led to at least 65 deaths.  

-Climate services are pivotal in enhancing decision-making and action in various sectors. 

Despite recent developments and successful initiatives, only 38% of WMO Members in the 

region indicated providing tailored climate products for the health sector.  

-Extreme heat and heatwaves led to health impacts throughout the year, including excess 

mortality. Between 2000 and 2019, there was an average of 36 695 heat-related excess deaths in 

the region per year. 

-Intense and severe drought, exacerbated by heatwaves, affected large areas of Latin America 

during 2023. By the end of the year, 76% of Mexico was experiencing some degree of drought. 

-The Negro River in the Amazon hit a record low level since observations began in 1902. In the 

Panama Canal, low water levels restricted ship traffic from August onward.  

-Exceptionally high temperatures and dry conditions also impacted wildlife. In Tefé Lake, in the 

Brazilian Amazon, water temperature reached a record high and over 150 river dolphins (Boto-

cor-de-rosa) were reported dead. 

-Agricultural losses were reported in many countries in the region due to extreme weather and 

climate events. Such impacts exacerbated food insecurity, especially in communities reliant on 

agriculture for their livelihoods. 

 

Based on information from the Centre for Research on the Epidemiology of Disasters (CRED) 

Emergency Events Database (EM-DAT),54 in 2023, 67 meteorological, hydrological and 

climate-related hazards were reported in the Latin America and the Caribbean region. Of these 

67 hazards, 77% were storm- and flood-related events and accounted for 69% of the 909 

fatalities documented in this database (Figure 5.1.4). The estimated USD 21 billions of 

economic damage reported to EMDAT was mainly due to storms (66%) (including the USD 12 

billions of damages associated with Hurricane Otis), floods (16%) and droughts (14%). The 

actual amount of damage related to the impacts of extreme events is likely to be worse because 

of under-reporting and because data on impacts are not available for some countries. 
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Figure 5.1.4. Weather-, climate- and water-related disasters in Latin America and the Caribbean 

in 2023. Note: Impact numbers for some disaster occurrences may be lacking due to data 

unavailability.  Source: CRED EM-DAT, accessed 21 February 2024 

 
5.1.4 The new record of drought and warmth in the Amazon in 2023 related to regional and 

global climatic features (Espinoza et al 2024) 

 

In 2023 Amazonia experienced both historical drought and warm conditions. On October 26th 

2023 the water levels at the port of Manaus reached its lowest record since 1902 (12.70 m). In 

this region, October monthly maximum and minimum temperature anomalies also surpassed 

previous record values registered in 2015 (+ 3 °C above the normal considering the 1981ï2020 

average). This historical dry and warm situation in Amazonia is associated with two main 

atmospheric mechanisms: (i) the November 2022ïFebruary 2023 southern anomaly of vertical 

integrated moisture flux (VIMF), related to VIMF divergence and extreme rainfall deficit over 

southwestern Amazonia, and (ii) the JuneïAugust 2023 downward motion over northern 

Amazonia related to extreme rainfall deficit and warm conditions over this region. Anomalies of 

both atmospheric mechanisms reached record values during this event. The first mechanism is 

significantly correlated to negative sea surface temperature (SST) anomalies in the equatorial 

Pacific (NovemberïFebruary La Niña events). The second mechanism is significantly correlated 

to positive SST anomalies in the equatorial Pacific, related to the impacts of JuneïSeptember El 

Niño on the Walker Circulation. While previous extreme droughts were linked to El Niño 

(warmer North Tropical Atlantic SST) during the austral summer (winter and spring), the 

transition from La Niña 2022ï23 to El Niño 2023 appears to be a key climatic driver in this 

record-breaking dry and warm situation, combined to a widespread anomalous warming over 

the worldwide ocean. 

 

Amazonia hosts the Earthôs largest tropical forests characterized by a unique biodiversity. The 

Amazon basin represents the largest hydrological basin on Earth (about 6.87 million km2) with 

16ï18% of the global freshwater discharge to the oceans. It is the largest and most intense 

terrestrial convective center in the Earth system, coupled to global atmospheric circulations. 

Approximately 13% of global precipitation over the continental areas is concentrated in the 

Amazon basin, which just accounts for 4.6% of the worldôs land area. Due to climate change 

and deforestation this biome is moving towards a ñtipping pointò, especially in those regions 

affected by largescale deforestation, forest fragmentation and degradation over the last decades. 

Particularly in those regions a warming trend, the lengthening of the dry season length, and a 

decline of carbon sink are observed. At the Port of Manaus (Central Amazonia; Fig. 5.1.5), 

where daily water level measurements of the Rio Negro exist since September 1902, a state of 

emergency is declared when the water level is below 15.8 m (a threshold value determined by 

the Brazilian Geological SurveyðCPRM to decree drought). This is due to low water levels that 

affect navigation and, as a result, the transport of goods and of people living along the 

riverbanks. 
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On the other hand, extreme floods (when the critical level surpass 29.0 m) were reported with a 

major frequency and intensity, particularly since 2009 (Fig. 5.1.5). However, extreme droughts 

in Amazonia were also observed in 1997ï98, 2005, 2010 and 2015ï169. These historical 

droughts were associated with El Niño events during the austral summer (DecemberïFebruary) 

and/or warm conditions in the North Tropical Atlantic during austral winter and spring (Juneï

September). These events are related to an increased atmospheric subsidence over Amazonia, 

associated with anomalies of the Hadley and Walker cells during El Niño. In addition, a deficit 

of moisture transport from the Atlantic Ocean toward central and southern Amazonia, and 

atmospheric subsidence over tropical South America is detected during warm events in the 

tropical North Atlantic. On the other hand, during the Austral Spring and summer, anomalous 

dry conditions in subtropical South America are related to the weakening of the South American 

low-level jet east of the Andes modulated by La Nina-related teleconnections. Moreover, during 

multi-years La Nina events (such as the period 2020ï22) dry conditions are observed over 

southwestern Amazonia. A lower frequency of low-level winds is noticed over southwestern 

Amazonia during La Nina years. Since December 2022, dry situation over the Amazon region 

coincides with a record-breaking warming, particularly intense since June 2023. The warm and 

dry conditions in 2023 are causing severe impacts on Amazonian populations and ecosystems. 

Unlike previous extreme droughts, this historical event began during the 2022ï23 La Nina 

event, followed by El Ni.o during the austral winter and spring of 2023.  

 

Below normal water levels of the Rio Negro at the Port of Manaus were observed in December 

2022 and January 2023 (19.10 m; Fig. 1a). During this period southwestern tributaries of the 

Amazon, such as the Peruvian Ucayali and Amazonas rivers also reported below normal water 

levels (Fig. S1a,b), reaching the historical December low values in Requena Station in the 

Ucayali River. In contrast, no anomalies were reported in the northwestern tributaries during the 

2022ï23 austral summer (e.g., on Marañon River; Fig. S1c). Water levels at the Port of Manaus 

approach normal values from May to August 2023, during the seasonal flooding period 

(maximum water level 28.3 mm). However, according to the Brazilian Geological Survey 

(www. sgb. gov. br) since the end August a rapid decrease was observed, reaching values below 

the emergency threshold of 15.8 m on September 30th (15.66 m; Fig. 1a). On October 26th the 

water levels at the port of Manaus reach 12.70 m which is the lowest record since 1902 (Fig. 

1b), exceeding the levels recorded during previous historical droughts, such as 13.63 m in 2010, 

13.64 m in 1963, 14.37 m in 1997 and 14.75 m in 2005. This historical drought comes 13 and 

18 years after the extreme 2010 and 2005 droughts, respectively. During the last 15 years, the 

Amazon River has been mainly characterized by extreme floods, such as in 2009, 2012ï2015, 

2017, 2019 and 2021ï202211 (Fig. 1b). The descending water level in 2023 has an amplitude of 

15.6 m, the highest on record, which exceeds the long-term average (10.4 m) by 50%. During 

the last 15 years the fourth highest maximum (2021, 2012, 2009, 2022) and the two lowest 

minimum (2023, 2010) annual water level have been recorded, concentrated on the last 12.3% 

of the 122-yr-long long-term instrumental record. 
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Figure 5.1.5. (a) Daily water level at the Port of Manaus (Brazil) during the 1903ï2023 period 

(grey dotted lines), mean annual cycle (solid black line) and water level during extreme drought 

years in 1926 (solid green line), 2005 (dotted blue line), 2010 (dotted red line) and 2023 (solid 

red line). The black outline on the map indicates the boundary of the Amazonian region. The 

location of Manaus (red dot), Tamshiyacu (yellow dot), Requena (green dot), San Regis (black 

dot) and the name of the main rivers, states and countries are indicated in the subpanel. (b) Time 

evolution of the water level of the Rio Negro at Manaus (1903ï2023). Years corresponding to 

extreme drought (flood) with water level below (surpassing) 1580 cm (2900 cm) are indicated 

with red (blued) dots. All the data come from the platform Hidroweb, available on the National 

Water Resources Information System (SNIRH) operated by the Brazilian National Water and 

Sanitation Agency (ANA) and the Geological Survey of Brazil (CPRM). Data visualisations 

produced using Matlab 2023b (https:// matlab.mathworks.com). 
 

5.2 Food security 

- Activity 1 - Climate, agriculture and implications for food security 

- Activity 2 - Economy, Climate and implications for food security 

- Activity 3 - Climate, livestock and implications for food security 

Summary of the activities carried out in the last year and the results obtained so far, including 

discoveries. 

5.2.1 Scientific Activities developed in year 6 (June 2023 to June 2024),  

Activity 1 - Climate, agriculture and implications for food security 

 

In this stage, studies were carried out to identify potential areas for converting degraded pastures 

into integrated systems, which will favor the intensification of agricultural and livestock 

production in Brazil. The potential for converting degraded pastures was analyzed at 

municipality, state and biome level. The study focused on two areas of action: converting 

degraded pastures into permanent grain crops and restoring the productive capacity of degraded 

pastures. The two axes interact strongly due to the process of displacement of livestock farming, 

especially the cattle breeding phase, because of the change in land use (pasture/grain), imposing 
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the need to recover the support capacity and productivity of areas consolidated with livestock 

farming (pasture/grazing), to accommodate this contingent of breeding stock. This systemic 

form of action by the Program considers two very important economic activities and, at the 

same time, makes it possible to reduce the pressure of expansion of agricultural activities into 

natural forest environments> It also contributes to the decarbonization of the activity and makes 

it possible to reduce enteric methane emissions. Both axes will be supported by the technologies 

established in the ABC+ Program and could be covered by the credit lines already in operation. 

Complementary studies could spatially define the preferred regions for establishing conversion 

priorities, based on soil and climatic conditions, infrastructure and logistics, making it possible 

to more accurately define the scope and financial resources required. Taking these premises into 

account, the next stage of the project was to quantify, with the help of information from 

MAPBIOMAS and LAPIG, the spatial identification of areas with severely degraded pasture, 

degraded pasture and other types of categories. The PowerBI system was used to quickly 

identify where these areas are and quantify them by state and municipality. At the same time, it 

checks the suitability of these areas for implementing integrated crop-livestock-forest systems. 

The stages of the study were: 

 

The emission factors taken into account are those indicated in the latest report on GHG 

emissions metrics and methodologies, namely https://agro.fgv.br/publicacao/ocbio-

quantificacao-das-emissoes-de-gee-no-setor-agropecuario-fatores-de-emissao. 

In order to achieve all the steps described above, a query system based on PowerBI was 

developed; 

https://app.powerbi.com/view?r=eyJrIjoiYzk0ZjY0ZTYtYmRiOC00MjhlLWExZTItYjgzMGU

5ZmU2ODYwIiwidCI6ImY0MDU4ODExLWY1YmQtNGYzMi05ZjkxLTQ3YmM4ZWRiNj

EwYyJ9 

 

The main results are: 

 

Identification of degraded pastures in Brazil, by state and municipality 

 

Determine and map the areas of degraded pasture that have been updated 

Adjust the areas of degraded pastures for each Brazilian state 

Determine the areas suitable for ILPF in each Brazilian state 

Establish the cross-referencing of preferred ILPF areas with degraded pastures for each 

Brazilian state 

Determine GHG emissions for each defined territory 

Determine the costs of restoring pastures and adopting ILPF in the defined territories 

Determine the herd increase for each defined territory 

Determine the gain in grain production for the defined territory 

https://agro.fgv.br/publicacao/ocbio-quantificacao-das-emissoes-de-gee-no-setor-agropecuario-fatores-de-emissao
https://agro.fgv.br/publicacao/ocbio-quantificacao-das-emissoes-de-gee-no-setor-agropecuario-fatores-de-emissao
https://app.powerbi.com/view?r=eyJrIjoiYzk0ZjY0ZTYtYmRiOC00MjhlLWExZTItYjgzMGU5ZmU2ODYwIiwidCI6ImY0MDU4ODExLWY1YmQtNGYzMi05ZjkxLTQ3YmM4ZWRiNjEwYyJ9
https://app.powerbi.com/view?r=eyJrIjoiYzk0ZjY0ZTYtYmRiOC00MjhlLWExZTItYjgzMGU5ZmU2ODYwIiwidCI6ImY0MDU4ODExLWY1YmQtNGYzMi05ZjkxLTQ3YmM4ZWRiNjEwYyJ9
https://app.powerbi.com/view?r=eyJrIjoiYzk0ZjY0ZTYtYmRiOC00MjhlLWExZTItYjgzMGU5ZmU2ODYwIiwidCI6ImY0MDU4ODExLWY1YmQtNGYzMi05ZjkxLTQ3YmM4ZWRiNjEwYyJ9
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We then identified 32.5 million hectares with severely degraded pastures, 61.8 million 

moderately degraded pastures and 56 million hectares without degraded pastures, giving a total 

area with pastures in Brazil in all categories of 150.3 million hectares.  Of the 5,570 

municipalities, at least 2,390 have severely degraded pastures, and these would be the ones that 

should be prioritized for converting severely degraded pastures into recovered pastures, or into 

integrated production systems. The state of Mato Grosso has identified the largest number of 

degraded pastures, totaling 7 million hectares. 

 

Identification , quantification and location of priority areas for implementing ILP, by state 

and municipality. 

 

Based on the identification of severely degraded pastures and using information generated by 

Embrapa on the agricultural suitability of regions for the implementation of integrated systems 

such as ILP and ILPF (Crop-Livestock Integration and Crop-Livestock-Forest Integration), 

municipalities with between 30,000 and 45,000 hectares, between 45,000 and 60,000 hectares 

and over 60,000 hectares per municipality were mapped. The results indicate that in scenario 1, 

with up to 30,000 hectares of degraded pastures, 209 municipalities fall into this category, 

totaling 9.0 million hectares. From a public policy point of view, these are the municipalities 

that should receive priority for using incentives to recover pastures.  Next, in scenario 2, with 

municipalities  
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with more than 45,000 hectares of degraded pastures, 136 municipalities were identified, 

totaling 7.4 million hectares. Finally, in scenario 3, with municipalities with more than 60,000 

hectares of degraded pastures, 87 municipalities were identified, totaling 6.1 million hectares. 

The level of degradation considered was "severely degraded pastures". 

 

Mapping and quantifying emissions in tCO2 eq. in the municipalities. 

 

 For each scenario, the emissions that can be avoided by recovering degraded pastures or 

implementing integrated agricultural production systems were determined.  
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5.2.2 Activity 2 - Economy, Climate and implications for food security 

 

Once the areas with degraded pastures had been identified, cost estimates were made for 

recovering degraded and/or severely degraded pastures. 

Specifically, about meat production, Brazil is the largest exporter and the second largest 

producer, with an important characteristic being the predominance of herds raised on pasture, 

i.e. extensively (RODRIGUES; MARTA-COSTA, 2021). Pastures are a major differentiator in 

Brazil's competitiveness, and, in this context, there is growing interest in technological 

alternatives to maintain the productive capacity of pastures sustainably and ensure animal 

welfare. 

One of the alternatives available is the recovery of degraded pastures. In a degraded pasture 

there is a significant reduction in the ideal support capacity, and the ability to maintain 
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biological productivity may or may not have been compromised (DIAS-FILHO, 2015). This 

concept can be better understood by analyzing 1.  

 
Figure 5.2.1. Representation of the concept of degraded pasture. mSource: Adapted from Dias-

Filho (2008). 

Pasture degradation can be the result of one or more factors such as: inadequate grazing and/or 

pasture management practices, lack of soil preparation, inadequate choice of forage, poor seed 

quality, pasture pests, physiological problems, etc. In addition, pastures can show different 

levels of degradation. The levels of degradation, according to limiting parameters and 

indicators of a drop in carrying capacity (SC), are shown in figure 2. 

 
Figure 5.2.2. Levels of pasture degradation. Source: Adapted from Dias-Filho (2017). 
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Therefore, the long-term extensive use of pastures can result in compromised productive, 

economic and environmental efficiency. As a result, there is a reduction in productivity and 

profitability and an increase in greenhouse gas (GHG) emissions, since the degradation of these 

areas creates incentives for new areas of natural vegetation to be converted into pastures 

(BATISTA et al., 2020; ASSAD et al., 2021). 

Recovering degraded pastures is one of the strategies set out in Brazil's Nationally Determined 

Contribution (NDC) to reduce greenhouse gas emissions by 48% by 2025 and 53% by 2030, 

compared to 2005 emissions (BRASIL, 2024). In addition, in 2023 the federal government 

instituted the National Program for the Conversion of Degraded Pastures into Sustainable 

Agricultural and Forestry Production Systems, a policy that aims to double the current level of 

productivity by incorporating 40 million degraded hectares into the production system. 

Therefore, the increase in productivity would occur without advancing into forest areas, 

contributing to reducing the pressure on native vegetation, as well as favoring adaptation and 

mitigation of the adverse effects of climate change. 

Figure 3 shows the spatial distribution of pasture areas in Brazil
1
 . Pasture areas are found in all 

of the country's regions and biomes, concentrated mainly in the Cerrado (56.6 Mha) and 

Amazon (around 50 Mha) biomes, followed by the Atlantic Forest (32.4 Mha), Caatinga (28.8 

Mha), Pampa (5.5 Mha) and Pantanal (3.9 Mha). Considering the quality of pastures, in 2022, at 

least 53% of the areas destined for pasture in the Cerrado and Amazon biomes were degraded or 

under degradation. 

 
Figure 5.2.3. Spatial distribution of pasture areas in Brazil in 2022, considering different levels 

of degradation. Source: Image Processing and Geoprocessing Laboratory - LAPIG (2024b). 

About the federal units, Minas Gerais, Mato Grosso and Pará are the ones that concentrate the 

largest areas of pasture with, respectively, around 22 Mha, 21 Mha and 19 Mha. Figure 4 shows 

the proportion of pasture areas in the states, by level of degradation, in 2022. 

                                                 
1
 The pasture quality information generated by Lapig (2024) is based on the degradation classifications 

initially proposed by Dias-Filho (2015). Based on EVI (Enhanced Vegetation Index) values, provided by 

the MODIS MOD 13Q1 product (Huete et al., 2002), it is possible to assess the state of degradation and 

obtain estimates of biomass in pastures, since vegetation indices have a positive correlation with 

vegetation vigor. After normalizing the annual average EVI images by biome (EVI.d_norm), the annual 

images are stratified into pasture degradation classes. As the method is not effective in distinguishing the 

Light and Moderate classes from each other, these classes are grouped together and, for this reason, only 

three levels of degradation are considered: Absent (not degraded), Moderate and Severely Degraded. 
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Figure 5.2.4. Pasture areas in the Brazilian states (including the Federal District), by level of 

degradation, in 2022. Source: Own elaboration based on data from Lapig (2024a). 

Although the significant extent of degraded pasture areas is alarming and represents a 

significant challenge for livestock farming in the country, the existence of these areas and the 

possibility of recovering them, presents as a positive point a great potential for increasing 

livestock productivity and mitigating the balance of greenhouse gas emissions (DIAS-FILHO, 

2015; ASSAD et al., 2021). 

  

Pasture recovery costs 

To measure and evaluate the economic costs of recovering degraded pastures in Brazil, all the 

Brazilian states and the Federal District were considered as the unit of analysis, as well as the 

six major Brazilian continental biomes, as described by the Brazilian Institute of Geography and 

Statistics (IBGE): Amazonia, Caatinga, Cerrado, Atlantic Forest, Pampa and Pantanal. The 

costs, per hectare, were calculated in such a way as to consider the impact of the characteristics 

of the soils and biomes on the expenditure. 

More specifically, existing information in the specialized literature on the following aspects is 

considered: the most adapted forage plants, soil correction and fertilization specific to each 

location, since these are important factors in determining the success of the recovery process, as 

well as the level of investment required. 

The choice of recovery strategy to be adopted depends on the level of degradation of the 

pasture. In this study, the strategy considered to promote the reversal of the degradation process 

is the direct recovery of pastures at a moderate stage of degradation and the reform of pastures 

at a severe stage of degradation. The specialized literature describes various ways of carrying 

out recovery/retirement. Although these strategies consider different combinations and use of 

inputs, there is consensus that the rehabilitation of degraded pastures involves minimum 

conditions common to the various strategies (TOWNSEND et al., 2010). 

In the case of pastures in a moderate stage of degradation, the less advanced stage of 

degradation makes it possible, through appropriate agronomic practices and management, to 

correct soil fertility and recover the level of productivity and vigor of the forage plants. This 

strategy is economically more attractive when compared to the costs of a pasture renovation 

strategy (DIAS-FILHO, 2017). 

However, when the pasture is at a severe level of degradation, it is not possible to use a recovery 

strategy, since it is necessary to prepare the soil and replant the forage in the entire area. 
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The description of the variables and the data sources consulted to measure the costs associated 

with operations and inputs are shown in Table. The costs for all the inputs used in the 

recovery/refurbishment are based on the price level for the year 2024 .
2
 

Table 5.2.1. Description of the operations and inputs used in the recovery and renovation 

of degraded pastures and the data sources consulted. 

 

Operation/inputs Unit  Data Source 

Soil preparation/correction 

Plow harrowing h/ha ABC Foundation 

Intermediate harrowing h/ha ANNUALPEC 

Grading h/ha ABC Foundation 

Dolomitic limestone t CONAB 

Liming loading (mechanized) h/m ANNUALPEC 

Liming training (mechanized) h/m IFAG 

Liming training (manual) h/h ANNUALPEC 

Planting 

Seed kg/ha UNIPASTO 

Sowing by hand (mechanized) h/m ABC Foundation 

Sowing by hand h/h ANNUALPEC 

Seed compaction h/m ANNUALPEC 

Fertilization (mechanized) h/m 

ANNUALPEC 

Fertilizing (manual) h/h 

Simple superphosphate t CONAB 

Phosphating loading (mechanized) h/m 

ANNUALPEC Formation phosphating (mechanized) h/m 

Phosphating training (manual) h/h 

                                                 
2
Due to the unavailability of updated data, the price levels of some of the inputs used in the 

recovery/refurbishment have been adjusted by the Broad National Consumer Price Index (IPCA). 
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Potassium Chloride (KCL) t 

CONAB 

Urea t 

Source: Own elaboration. 

Note:
1
 h/ha = hours/hectare; t = tons; h/m = hour/machine; h/h = man/hours. 

In addition to the costs of recovering pastures in moderate and severe stages of degradation, 

maintenance costs were also considered. Pasture maintenance is essential to maintain long-term 

productivity and prevent the soil from being degraded again. 

The inputs considered, as well as the application/operation intervals and data sources, are shown 

in Table. It is important to note that although Table describes all the inputs considered in pasture 

maintenance, the use of each input was conditioned to the characteristics of the soil for each of 

the biomes analyzed. Therefore Table presents the inputs and operations used in general, but not 

necessarily all of them are included in a single maintenance approach. 

Table 5.2.2. Description of the operations and inputs used to measure maintenance costs 

and the data sources consulted. 

Operation/inputs Unit  Interval (years) Data source 

Soil correction 

Dolomitic limestone t 5 CONAB 

Liming loading (mechanized) h/m 

5 

ANNUALPEC 

Liming training (mechanized) h/m IFAG 

Liming training (manual) h/h ANNUALPEC 

Fertilization  

Fertilizing (mechanized) h/m 

1 ANNUALPEC 

Fertilizing (manual) h/h 

Fertilizer 00-20-20 t 2 

CONAB 

Fertilizer 05-20-20 t 2 

Simple superphosphate t 2 

Potassium chloride t 2 

Urea t 1 

Source: Own elaboration. 

Note:
1
 t = tons; h/m = hour/machine; h/h = man/hours; ha = hectare. 

In addition to the inputs and operations used in the process of recovering pastures at 

different levels of degradation, the costs associated with the logistics of acquiring fertilizers are 



Report Year 7, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 
also considered. Brazil is one of the largest consumers of fertilizers in the world but has a 

production deficit in relation to the volume demanded, which means that the country is 

dependent on the foreign market and subject to international prices. Due to the high costs of 

these inputs, it is also important to consider the costs involved in distribution logistics. For this 

reason, freight costs are also included
3
 . 

It should be emphasized that the economic costs measured do not consider the temporal 

dynamics of pasture areas and the values associated with recovery, renovation and maintenance 

costs, or even the opportunity costs related to livestock farming in the areas analyzed. Taxes, 

depreciation and improvements are also not included. 

 

Pasture recovery costs in Brazilian biomes and states 

Table 5.2.3 shows the average costs of recovering pastures in a moderate and severe state of 

degradation, as well as the average maintenance costs, in the Amazon, Caatinga, Cerrado, 

Atlantic Forest, Pampa and Pantanal biomes. 

Considering biomes as the unit of analysis, the average cost to restore one hectare of moderately 

degraded pasture ranged from R$1,009.39 to R$1,831.69
4
 . In turn, the average cost to renovate 

one hectare of severely degraded pasture ranged from R$1,806.02 to R$2,605.59
5
 . 

Table 5.2.3. Average costs (R$/ha) of pasture recovery/refurbishment and maintenance 

technologies in Brazilian biomes. 

Biomes 
Moderate 

(R$/ha) 

Severo 

 (R$/ha) 

Maintenance  

(R$/ha) 

Amazon  1.745,21 2.551,52  491,52 

Caatinga  1.585,80  2.381,31  575,14 

Cerrado  1.336,84  2.115,76  383,55 

Atlantic Forest  1.009,39 1.806,02  380,87 

Pampa  1.831,69  2.605,59  1.011,58 

Pantanal  1.072,50  1.900,86  281,79 

Source: Own elaboration. 

Note: Real values as of 03/2024. 

                                                 
3The freight calculation was based on spatial statistics. Municipal data made available by the Ministry of 
Agriculture, Supply and Livestock (MAPA) through the Integrated System of Agricultural Products and 
Establishments (SIPEAGRO) was used. The data available refers to traders, producers and importers of 
fertilizers. With this data, the Nearest Neighbors Search (knn) algorithm was implemented to obtain the 
reference points for calculating the centroids (points with longitude/latitude that represent the center 
of each state). Based on the centroids, the average distances to the possible markets for obtaining 
fertilizers are calculated. Freight costs follow the minimum price table of the National Land Transport 
Agency (ANTT - resolution No. 6.034). 
4
 Note: Real values as of 03/2024. 

5
 Note: Real values as of 03/2024. 
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The initial investments required to recover pastures in moderate and severe stages of 

degradation are lower in the Atlantic Forest and Pantanal biomes. This result is mainly 

explained by the lower average costs associated with the use of fertilizers and correctives and 

those linked to the logistics of these products. The highest levels of investment required are 

observed in the Pampa and Amazon biomes, where the costs related to the consumption of these 

inputs are higher. 

Some conditions explain this finding. Specifically in the case of the Atlantic Forest biome, the 

recommendations in the literature regarding the application of correctives and fertilizers 

highlight the greater need for correctives and phosphate fertilization, compared to other 

nutrients (LIMA et al., 2014; OLIVEIRA et al., 2014). In the Atlantic Forest region, the prices 

of these inputs and transportation costs are significantly lower, given the proximity to producers, 

traders or importers of these products. 

About the Pantanal biome, the lower expenditure on correctives and fertilizers is due to the 

region's low responsiveness to nutrients, especially in areas free from flooding and sandy soils 

with low natural fertility (SANTOS et al., 2018; SANTOS et al., 2019). This lower response 

means that correction and fertilization recommendations are lower than those indicated for other 

biomes, resulting in lower costs for the recovery and maintenance of pastures with some level of 

degradation. 

In the Amazon region, most of the inputs used to fertilize and correct the soil arrive at 

uncompetitive prices, mainly due to freight and transport costs, especially the high costs of 

Potassium Chloride and Urea fertilizers (TOWNSEND et al. 2010; DIAS-FILHO, 2015). 

In the Caatinga and Pampa biomes, the highest fertilizer recommendations stand out, including 

those for pasture maintenance. In the Pampa, in particular, the costs of these inputs are relatively 

lower than those observed in the Caatinga biome, but the quantities required are substantially 

higher, increasing the necessary investments. 

Main results  

- At least 47% of the operating costs incurred in the recovery process are due to the 

planting stage, mainly due to the use of fertilizers, seed costs and mechanized operations. As the 

direct recovery strategy for moderately degraded pastures does not involve more intensive soil 

preparation techniques, the costs of machinery, although significant, are lower.  

-Labor costs represent the smallest share of investments for the recovery of pastures 

with moderate signs of degradation in all biomes. Freight costs are more significant in the 

Amazon region. Regarding maintenance costs, the most significant costs are found in the 

Pampa, Caatinga and Amazon biomes, representing 36.94%, 26.62% and 21.97% of the average 

costs per hectare, respectively. 

-The actual operating costs associated with the process of recovering severely degraded 

pastures are higher and can be explained mainly by the fact that the strategy requires the 

adoption of more intensive techniques. In this sense, these costs include soil preparation 

practices (plowing, intermediate and leveling harrowing) and the additional use of Potassium 

Chloride (ὑὅὰ).  

-Due to the greater intervention in soil preparation, the actual operating costs for this 

stage are higher and represent at least 30% of the average costs per hectare, especially the use of 

machinery and liming costs (especially dolomitic limestone). However, although these costs are 

higher than those observed in the recovery of moderately degraded pastures, the planting stage 
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is still the costliest for the producer, mainly due to the use of NPK fertilizers

6
 , which represent 

around 51%, 44% and 37% of the average operating costs in the Pampa, Caatinga and Amazon 

biomes, respectively. 

-Using the Brazilian states as a unit (including the Federal District), the costs of 

recovering pastures in moderate and severe stages of degradation also vary significantly. In the 

case of recovering moderately degraded pastures, the costs per hectare vary between R$914.26 

and R$2,267.80
7
 (figure 6). In turn, the cost of renovating one hectare of pasture in a severe 

stage of degradation varies between R$1,710.22 and R$3,112.04
8
 (Figure). 

-The highest costs are seen in the states of Acre, Amazonas and Roraima and can be 

explained by the costs involved in the planting stage, the most expensive in the recovery 

process. At least 55% of the investments required to recover moderately degraded areas in these 

states are attributed to this stage.  

-The states with the lowest costs were Rio Grande do Norte, Paraná and Santa Catarina. 

This result is mainly due to lower costs related to the use of fertilizers and correctives, seeds and 

lower transport costs. 

 
Figure 5.2.5. Average costs of recovering pasture areas at a moderate stage of degradation 

in Brazilian states. 

                                                 
6
 NPK fertilizers are made up of three of the main elements needed for the proper growth and 

development of forage plants: nitrogen (N), phosphorus (P) and potassium (K).  
7
 Note: Real values as of 03/202 4. 

8
 Note: Real values as of 03/2024. 



Report Year 7, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 

 
Figure 5.2.6. Average costs of recovering pasture areas in a severe stage of degradation in 

Brazilian states. 

 

5.2.3 Activity 3 - Climate, livestock and implications for food security 

 

In the next report, we will present the surveys of small animal emissions linked to family 

farming. 

 

5.3 Water security 

 

5.3.1 General aspects 

1- Synergistic and Interdisciplinary Dialogues: in the Nat. Conf. Of Climate Change - Water 

Resources Session organized by RedeClima, the 5th Nat.Conf. of Sci. & Tech. ñWater Security 

& Societyò co-organized by the ABRHidro, the Scientific colloquium, 50 years of Evolution of 

Science of Hydrology, organized by UNESCO-IHP and the UNESCO Towards a Pact for the 

Future p꜡roviding transdisciplinary areas addressed by thePact for the Future,꜡one of the 

proposed documents of the 2024Summit of the Future; 

2- EDI-driven (Equity, Diversity & Inclusion) research groups linked to the SDGs: namely, the 

Nat. Observatory of Water Security & Adaptive Mgmt ("ONSEAdapta", SDG6) , ñFighting 

Hungerò (SDG 2), and the CEPID-Center for Biodiversity Dynamics and Climate Change (SDG 

15), ñIEA/USP Planetary Healthò (SDG 3), FAPESP ñCEPIDsò (CeMEAI-ñApplied Maths for 

Industry", SDG 9),  the UNESCO Chair on Urban Water (SDG 4), the Center for Research on 

Biodiversity Dynamics and Climate Change (SDG 15), FAPESP Eng. Res. Center (C4AI-

ñArtificial Intelligenceò), and FAPESP (MADIS-ñMgmt Disaster Risk and Societal Resilienceò;  

3- New Educative Game-Changing Accelerators and Serious Games: throught the 

INterdisciplinary CLimate INvestigation cEnter (INCLINE), the Center for Education and 

Research on Disasters (CEPED/USP), with new open tools, i.e. community water models for 

Latin America; the SuPEr/APAC in Pernambuco; ñFlood awareness through dam-break serious 

gamesñ using reservoirsô dataset of ANA/SNISB; the "Drought in play: A socio-

hydrological tool to increase social participationò; and the Digital Water Globe at the IAHS; 

4- New Demonstrative Pilot Projects (without Complementary Benefits): the FAPESP-From 

risk to adaptation and resilience, and the FAPESP ñPerceiving-Making Forestò; 

5- FAIR & CARE datasets: PNSH/ANA, CAMELSôBR, CABra and Digital Water Globe; 

6- New Centers of Global Change Climate Action e-Courses: through ABRHidro-Education 

Technical Comission, IAHS  International Commission on Human-Water Feedbacks; the IAHS 

WG History of Hydrology, and the IWA Digital Water Programme/Earth Observation of Water 

https://www.youtube.com/live/zjEnE_I673M?t=22215s
https://www.youtube.com/live/zjEnE_I673M?t=22215s
https://www.youtube.com/watch?v=M0qD-dKsGic&list=PLc2oHLjUe6hty9wLA_PZQJxK7jW4Hf0It
https://www.youtube.com/watch?v=M0qD-dKsGic&list=PLc2oHLjUe6hty9wLA_PZQJxK7jW4Hf0It
https://unesdoc.unesco.org/ark:/48223/pf0000389979
https://unesdoc.unesco.org/ark:/48223/pf0000389979
https://www.unesco.org/en/unitwin/seminars?hub=84637
https://www.unesco.org/en/unitwin/seminars?hub=84637
https://www.un.org/sites/un2.un.org/files/sotf-co-facilitators-zero-draft_pact-for-the-future.pdf
https://www.un.org/en/summit-of-the-future
https://onseadapta.org/
https://jornal.usp.br/artigos/o-combate-a-fome-e-a-inseguranca-alimentar-exige-pesquisa-cientifica-e-participacao-social/
https://jornal.usp.br/artigos/o-combate-a-fome-e-a-inseguranca-alimentar-exige-pesquisa-cientifica-e-participacao-social/
https://jornal.usp.br/artigos/o-combate-a-fome-e-a-inseguranca-alimentar-exige-pesquisa-cientifica-e-participacao-social/
https://bv.fapesp.br/en/auxilios/112189/center-for-research-on-biodiversity-dynamics-and-climate-change/
http://saudeplanetaria.iea.usp.br/en/
https://bv.fapesp.br/en/auxilios/58570/cemeai-center-for-mathematical-sciences-applied-to-industry/
https://bv.fapesp.br/en/auxilios/58570/cemeai-center-for-mathematical-sciences-applied-to-industry/
https://bv.fapesp.br/en/auxilios/112189/center-for-research-on-biodiversity-dynamics-and-climate-change/
https://bv.fapesp.br/en/auxilios/112189/center-for-research-on-biodiversity-dynamics-and-climate-change/
https://bv.fapesp.br/en/auxilios/105714/center-for-artificial-intelligence/
https://bv.fapesp.br/en/auxilios/105714/center-for-artificial-intelligence/
https://bv.fapesp.br/en/auxilios/106993/toco_dr-theory-of-change-observatory-on-disaster-resilience/
http://www.apple.com/
http://www.ceped.eesc.usp.br/
http://www.ceped.eesc.usp.br/
http://www.apple.com/
http://www.apple.com/
http://www.apple.com/
https://www.sciencedirect.com/science/article/pii/S2212420924003054
https://www.sciencedirect.com/science/article/pii/S2212420924003054
https://www.snisb.gov.br/
http://www.apple.com/
http://www.apple.com/
https://iahs.info/Initiatives/digital-water-globe/
https://bv.fapesp.br/en/auxilios/114780/environment-health-ecosystem-services-nexus-from-risk-to-adaptation-and-resilience/
https://bv.fapesp.br/en/auxilios/114780/environment-health-ecosystem-services-nexus-from-risk-to-adaptation-and-resilience/
https://bv.fapesp.br/en/auxilios/111579/perceiving-making-forest-alliances-between-the-arts-sciences-and-communications-in-view-of-the-anthr/
https://pnsh.ana.gov.br/home
https://essd.copernicus.org/articles/12/2075/2020/
https://hess.copernicus.org/articles/25/3105/2021/
https://dwg.smhi.se/dwg/
https://www.abrhidro.org.br/comissao-ensino/index.php?ID=507
https://www.abrhidro.org.br/comissao-ensino/index.php?ID=507
https://iahs.info/News/news/new-international-commission-on-human-water-feedbacks-ichwf-of-iahs/
https://iahs.info/Initiatives/Working-Groups/History-of-Hydrology/
https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
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Management Community of Practice; 

7- Social action of Unprecedented Floods in Rio Grande do Sul: #OneDropOfScience 

#OneDoseOfResilience #BeFAIRwithCARE #GenerationRestoration. ABRHidro 

Interdisciplinary Professional Dataset Volunteering for Relief of the 2024 Rio Grande do Sul 

Flood Tragedy. 

 

Figure 5.3.1. A combined chart of potential archetypes for the evolution of polycentric 

governance of the INCTMC-2 water security subcomponent. Legends: A: Ancestral 

transdisciplinarity for complex lessons from indigenous practice (Apgar et al, 2009); B: Water 

Security approach without adaptive management  (UN Water (2013);  C: Principles for Water-

Wise Cities (IWA, 2016); D: 9-year child for climate justice (Panta Rhei Open Science for 

Future Earth illustration, 2020);  E: Planetary-centred for climate resilient development 

(IPCC/AR6, 2022); F: UN Early Warnings for All  with people-centred value diagram (UN & 

WMO, 2022);  G: Adaptation justice and adaptation planning  (Bustamante et al, 2023); H: UN 

SDGs in a panarchy theory for convergence and adaptative systems (Sundstrom et al., 2023). A 

combination of these archetypes are revisited with synergies at: i) the I Braz. Conf. Climate 

Change, 2024; ii)  the INCT Observatory of water security and adaptive management, iii)  the 

UNESCO hydro resilience, citizen and open science for climate adaptation (UNESCO, 2024), 

linked to the UN Sustainable Development Goals Framework integrated with the UN DRR 

Sendai Framework, to be discussed in the 2024 International Symposium on Integrated Water 

Resources Management (IWRM). 

 

5.3.1 Scientific and Management Actors (Science-For-Policy) 

 

This part outlines a summary of activities developed by INCTMC2ôs water security (WS) 

affiliated institutions, i.e. UFPE, UFCG, USP, UFCG, UFRGS, CEMADEN, INPE, FUNCEME 

and EMBRAPA, with new affiliated institutions: UFMS, UFSC, UnB and ABRHidro, boosted 

through community presence with both the Digital Water Globe, relaunched at the European 

Geophysical Union 2024 (Vienna, 2024; Figure 2), and the UNESCO IHP 50th Anniversary 

(Paris, 2024; Figure 3). Detailed information can be consulted in respective publications (see 

Section B). Highlights of the INCTMCôs 7th year (2023/2024) were addressed in how Brazilian 

INCTMC2-WS' actions met global programs of UNDRR, UNFCCC, UN-Habitat, UNESCO-

https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
https://www.youtube.com/watch?v=KSwxo05hPDU
https://www.youtube.com/watch?v=KSwxo05hPDU
https://www.youtube.com/watch?v=KSwxo05hPDU
https://cgscholar.com/bookstore/works/building-transdisciplinarity-for-managing-complexity
https://www.unwater.org/sites/default/files/app/uploads/2017/05/unwater_poster_Oct2013.pdf
https://iwa-network.org/publications/the-iwa-principles-for-water-wise-cities/
https://www.youtube.com/watch?app=desktop&v=6Ems71VFuX8
https://www.youtube.com/watch?app=desktop&v=6Ems71VFuX8
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_TechnicalSummary.pdf
https://wmo.int/activities/early-warnings-all/wmo-and-early-warnings-all-initiative
https://wmo.int/activities/early-warnings-all/wmo-and-early-warnings-all-initiative
https://doi.org/10.1017/sus.2023.25
https://doi.org/10.1007/s11625-023-01299-z
https://onseadapta.org/
https://unesdoc.unesco.org/ark:/48223/pf0000388299
https://www.abrhidro.org.br/iebhe/
https://www.abrhidro.org.br/iebhe/
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IHP-IX (2022-2029) and socio-hydrology initiatives of IAHS/Panta Rhei and IAHS/Unsolved 

Problems in Hydrology (UPH). 

Figure 5.3.2. Digital Water Globe Community at the EGU 2024 https://www.egu24.eu/. Picture: 

EMM. 

Figure 5.2.3. UNESCO-IHP 50th Scientific Conference (2024). Source: 

https://unesdoc.unesco.org/ark:/48223/pf0000389979  

 

The polycentric governance statement of the INCTMC2-WS subcomponent is: ñhow new 

sustainable, resilient private-public partnerships promote targeted investment in climate 

services to strengthen community-based, hybrid early warning systems and decision support for 

water resources adaptation in climate-sensitive sectors and for most vulnerable people in the 

Tropics, through metrics and levels of indices
9
, with flexible, adaptable and participatory 

mechanisms
10

, and using resilience-driven (absorptive, adaptive, transformative) methods
11
ò. 

                                                 
9 Indices: Nationally Determined Contributions of Parties (NDC) for UNFCCC,  Nature's Contribution to People (NCP) for CDB & IPBES, 

and Digital Sequence Informationò (DSI) for Natural Capital from CBD. 
10 Mechanisms: -  Enhanced Transparency Framework (ETF), post-Paris 2015/UNFCCC, Monitoring, Report & Verification (MRV) on 

GHG from UNFCCC, Global Stocktake (GST) from UNFCCC, Sustainable Development Mechanism (SDM) of zero-net targets, Principles 

https://www.egu24.eu/
https://unesdoc.unesco.org/ark:/48223/pf0000389979
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A.1. Advances in Polycentric Water Governance 

In this 2023/2024 period, research groups of INCTMC2-Water Security have gained advances 

in polycentric water governance (Figure 5) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.4.Unveiling Water Allocation Dynamics from Stakeholder Meetings (Nunes et al, 

2024) https://doi.org/10.1088/1748-9326/ad37cd 

 

5.3.2 Advances in prediction-driven patterns for water scarcity 

 

                                                                                                                                               
of Sustainable Insurance (PSI-UNEPFI) and Green Bonds, Waste Wise Cities from UN-Habitat,  Water, Sanitation & Hygieneò(WASH) 
services from UN-Agenda 2030. 
11 Methods: Nature-based Solutions (NbS), Ecosystem-based Adaptation(EbA), Community-based Adaptation(CbA), Participatory Action 

Research (PAR) 

https://doi.org/10.1088/1748-9326/ad37cd


Report Year 7, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 
Figure 5.2.5. Diagram of the twelve hydrographic regions in descending order by aridity index 

of Brazil for the ground-based (GB) rainfall and the seven products to calibration phase. The 

size of each circle indicates the median KGE value of the catchments located in a given 

hydrographic region and a given precipitation product. The colour of each circle indicates the 

median pbias value. Source: Moura Neto et al (2024) 
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Figure 5.2.6. Best values of KGE for the calibration period. A) All  precipitation products 

including ground-based rainfall. B) All  precipitation products excluding ground- based rainfall. 

Source: Moura Neto et al (2024) 
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5.3.4   Advances in water security at local scales 

 

The studies developed by the research groups working at INCT - Climate Change in the axis of 

water security for local scale provide important advances in the theme of climate change and 

water resources. The component is strongly based on the use of geotechnologies and 

hydrological models to represent the hydrological cycle and to estimate the flow in 

hydrographic basins, as well as on the identification and projection of anomalies in the 

hydrological variables under different climatic and land use scenarios, to subsidize actions in 

water management that provide better quality of life for the local and regional population. These 

surveys associated with the analysis of extreme drought and flood events in local watersheds, 

specifically in the State of Pernambuco, as well as the occurrence of flooding in urbanized areas, 

represent an important tool for understanding the climatic factors acting on local and regional 

hydrology. 

A. Hydrological modeling and climate change at different space scales. 

In the soil moisture simulation, from 2016 to 2017, FEST-EWB presented good results from the 

two different climate regions of the basin (Caatinga and Atlantic Forest) (Figure 7). Importantly, 

for this study, FEST-EWB was defined with a spatial resolution of 250 m and a temporal 

resolution of 1 hour, providing 24 images per day, with low errors, according to the adopted 

statistical metrics (Table 1). 

 
Figure 5.3.7. Comparison between observed and simulated soil moisture in the Una River basin 

during 2016ï2017. 

 

Table 1. Indices for evaluation of soil moisture before and after calibration of the FEST-EWB 

model over the Una River basin. MBE and AMBE are expressed in m
3
 m
ī3

. 
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In the case of the analysis of the nine CMIP6 models for projection of possible climate change 

in Pernambuco, there is a noticeable trend of increasing temperature over the course of the 

decade, both in the moderate greenhouse gas emissions scenario (SSP245) and in the more 

pessimistic one (SSP585). As expected, the impact will  be greater in the more drastic scenario, 

with the most significant intensity at the end of the century (2081-2100), where a temperature 

increase of up to 5 °C is projected throughout the state, especially in the semiarid region (Figure 

8). 

 
Figure 5.3.8. Temperature increases in the State of Pernambuco for the period from 2041 to 

2100, based on CMIP6 models for the SSP245 and SSP585 scenarios. 

Just as with air temperature, precipitation is expected to undergo significant changes over the 

years, especially in the Zona da Mata Pernambucana, where a more pronounced reduction in 

rainfall regimes is anticipated, with reductions of up to 300 mm year-1 in SSP585, during the 

period from 2081-2100 (Figure 3). The more pronounced reduction in this region may be related 

to the annual precipitation volume itself. Given that it is an area with high accumulations, 

exceeding 2200 mm, it is expected that models predict a greater reduction in precipitation. In the 

Sertão and Agreste regions, reductions will  occur with less intensity and will  be more 

homogeneous. It is important to note that the anomaly map follows a similar pattern to historical 

average precipitation (Silva et al., 2022), with a greater reduction in precipitation recorded in 

areas with higher rainfall indices. Nevertheless, even in the intermediate scenario (SSP245) and 

for the upcoming years (2041-2060), a reduction in precipitation is already noticeable. 
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Figure 5.3.9. Precipitation anomalies for the State of Pernambuco until the end of the century, 

based on CMIP6 models for the SSP245 and SSP585 scenarios. 

The results, in both studies, indicate the need for investment in constant monitoring, using a 

combination of different sources of data, to ensure resilience and adaptation to extreme events, 

in accordance with the dimensions of the National Water Security Plan (PNSH), which already 

foresees the northeast region of Brazil as the one that has the lowest degree of water security, a 

situation that tends to intensify even more in the coming years. 

5.3.5 Impacts of meteorological, agricultural and hydrological drought in a basin in the 

Caatinga/Atlantic Forest ecotone, through future scenarios of climate change and land use and 

Cover. 

According to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change ï 

IPCC (IPCC, 2022), the occurrence and intensity of extreme climate events will  increase, and 

severe climate change is expected to have a greater impact on cities with weak adaptation 

capacity. Studies in northeastern Brazil show that future climate change scenarios suggest a 

reduction of up to approximately 22% in precipitation (IPCC, 2014). The frequency, severity, 

and duration of extreme hydrological events such as droughts, floods and landslides are 

expected to intensify in the coming decades (Almagro et al., 2020; IPCC, 2014). 

The Capibaribe river basin (Figure 4) is an important region of the state of Pernambuco, which 

begins in the semiarid region and extends to the coast. It is responsible for 36% of the water 

supply in the metropolitan region of Recife and is home to an important textile hub in the state. 

Furthermore, it exhibits variability in its characteristics along its length. The Government 

policies of the Capibaribe River Basin, which was elaborated in 2002, established the 

subdivision of the basin into four analysis units (AU) and metropolitan region of Recife (RMR). 

These divisions were initially  adopted in the Hydroenvironmental Plan of the Capibaribe River 

Basin (Pernambuco, 2010), and this same approach is being adopted for the present study. 
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Figure 5.3.10. Location of Capibaribe watershed and Division of the Analysis 

Climate change has a profound impact on the hydrology of the basin, affecting the quantity and 

availability of water (Bhatta et al., 2014), and consequently, damage to agricultural lands, 

properties, and human lives may increase (Tenagashaw et al., 2022). 

To ensure adequate planning for climate change and mitigation policies, projections are 

essential, albeit posing a significant challenge for the scientific community due to the diversity 

of climate-sensitive factors that require consideration (Almagro et al., 2020). The predominant 

tools for these climate predictions are Global Climate Models (GCMs) (Teutschbein and 

Seibert, 2010; Marengo, 2007). The GCM, with some degree of uncertainty, possible changes in 

future climate extremes, such as heatwaves, cold spells, heavy rainfall, floods, droughts, and 

more (Marengo, 2007). These models use scenarios that describe possible future developments 

of anthropogenic factors of climate change, such as greenhouse gases, chemically reactive 

gases, aerosols, and land use, in line with socioeconomic evolution and play a crucial role in 

climate research (OôNeil et al., 2016; Marengo, 2007). 

This study used a dataset from 10 Global Climate Models made available by CLIMBra - 

Climate Change Dataset for Brazil (Ballarin et al., 2023). To compare the observed historical 

data with that of the models, observed data from Xavier et al. (2016) covering the historical 

period from 1980 to 2010 were used. Both datasets contain gridded daily series with a spatial 

resolution of 0.25° × 0.25°. The Quantile Mapping (QM) method was used for bias correction, 

known for its effectiveness in correcting climate model data (Abbas et al., 2022; Anil  and Raj, 

2022; Shrestha et al., 2017; Heo et al., 2019). 

To use of future climate change scenarios projected by global circulation models, it is important 

that the historical period of these data adequately matches the observed historical behavior in the 

watershed. This assessment seeks to verify if  the model can accurately represent past conditions, 

thus ensuring the integrity of its future projections. Figure 5 presents the correlation of the 

historical period for the observed database compared to the raw data of the climate models, 

before and after bias correction. 
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Figure 5.3.11. Climatological normals from CMIP6 models, compared to data observed during 

the period 1980 to 2010, before and after bias correction. 

 

It can be observed that the raw data from the models exhibit systematic errors, manifested by 

differences in seasonality and total precipitation, mainly highlighting the shift in the rainfall 

concentration period. Correction was carried out using the QM method and the method proved 

to be effective and corrected satisfactorily, especially regarding rainfall seasonality, resulting in 

a significant reduction in biases in all global circulation models after correction.  

Changes in the frequency and intensity of extreme weather events have the potential to cause 

immediate and significant impacts on society and the environment, exacerbating any existing 

challenges in a hydrographic basin. Using daily precipitation data, the study seeks to enhance 

understanding of changes and trends in climate extremes indices. Among these indices, 10 are 

relevant to the region and were selected for this study: Annual total precipitation in wet days 

(PRCPTOT); Monthly maximum 1-day precipitation (Rx1day); Monthly maximum consecutive 

5-day precipitation (Rx5day); Simple pricipitation intensity index (SDII); Annual count of days 

when PRCPÓ 20mm (R20mm); Maximum number of consecutive days with RR < 1mm (CDD); 

Maximum number of consecutive days with RR Ó 1mm (CWD);  

To assess the changes between future and historical periods, the relative change in each Climate 

Extremes Index (CEI) was calculated using Equation 1 presented by Bador et al. (2018) and 

adapted by Medeiros et al. (2022). 

ὍὅὉ

ȅ ȅ

ĕ

ȅ ρzππ                                  Eq. 1 

 

Where ὍὅὉ
ȅ

 represents the average index for the short-term (2015-2044), medium-term 

(2045-2074), and long-term (2075-2100) future periods, and ὍὅὉ
ȅ

 represents the 

historical averages (1980ï2010) for each region. 
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Table 5.3.2 presents the result that the average of the ten models shows for each precipitation 

climatic index in the intermediate emission scenario SSP2-4.5, while Table 3 presents the 

indices of the average of the 10 models for the scenario SSP5-8.5. 

 

Table 5.3.2. Relative changes in the mean of the ten models for each climate index of extreme 

precipitation in the five regions of Capibaribe in the short, medium, and long term in its 

intermediate emissions scenario SSP2-4.5. 

  
Climate extreme indices (%) 

 
Regions PRCPTOT RX1day RX5day R20mm SDII CDD CWD 

 

 

Short  

UA1 -0.74 11.99 11.50 7.23 -0.66 5.15 -1.35 

UA2 -1.50 7.15 20.55 12.07 3.11 14.23 -6.08 

UA3 -3.73 -0.74 18.23 1.59 -0.02 6.28 4.23 

UA4 -4.51 1.10 13.02 -2.41 -0.23 28.78 8.15 

RMR -5.55 1.32    13.92 -7.10 -1.60 38.72 0.64 

 

 

Mediu

m 

UA1 -0.19 13.58 12.40 10.55 9.37 14.15 -0.74 

UA2 -1.82 9.06 19.81 17.24 6.14 22.85 -8.13 

UA3 -5.46 -3.12 14.38 0.30 1.09 15.96 1.22 

UA4 -7.03 -0.90 8.43 -3.67 -0.45 42.09 4.68 

RMR -8.55 0.51 10.56 -11.55 -2.78 48.60 -1.08 

 

 

Long 

UA1 -2.11 20.61 17.47 19.92 14.81 25.30 -8.36 

UA2 -4.29 15.44 25.01 22.92 9.72 36.55 -14.20 

UA3 -8.68 2.26 16.88 2.74 3.17 30.63 -5.90 

UA4 -10.30 2.25 9.59 -6.04 0.86 57.15 0.82 

RMR -12.13 0.13 9.14 -14.00 -2.34 71.63 -6.28 
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Table 5.3.3. Relative changes in the mean of the ten models for each climate index of extreme 

precipitation in the five regions of Capibaribe in the short, medium, and long term in its 

intermediate emissions scenario SSP5-8.5. 

  
Climate extreme indices (%) 

 
Regions PRCPTOT RX1day RX5day R20mm SDII CDD CWD 

Short 

UA1 -5.61 9.46 7.93 1.91 6.08 16.74 -1.66 

UA2 -7.01 1.53 13.92 9.82 2.33 23.89 -11.20 

UA3 -10.06 -10.92 7.59 -5.87 -1.64 20.56 -3.63 

UA4 -10.89 -7.63 3.27 -8.70 -2.08 42.88 -1.66 

RMR -11.43 -5.32 7.04 -11.84 -4.31 50.92 -7.92 

Mediu

m 

UA1 -0.84 21.63 22.91 20.56 15.40 31.47 -2.75 

UA2 -3.88 12.21 26.57 26.25 9.74 39.85 -12.21 

UA3 -9.11 -0.23 17.27 0.25 3.15 34.19 -6.18 

UA4 -11.25 0.01 9.49 -7.32 0.78 62.97 -3.27 

RMR -15.58 0.11 7.63 -16.64 -2.82 91.97 -14.56 

 

 

Long 

UA1 2.51 28.15 29.68 43.16 28.32 45.00 -2.53 

UA2 -2.53 20.46 37.63 47.74 19.89 57.54 -14.92 

UA3 -10.69 6.56 26.56 2.26 9.27 51.58 -7.49 

UA4 -13.69 6.11 16.41 -4.71 5.29 88.91 -9.00 

RMR -17.06 3.57 14.17 -18.11 -0.53 110.9 -15.41 

 7  

The results of the models point to a more pronounced reduction in PRCPTOT in the 

Metropolitan Region of Recife and the coast, with the percentage of this reduction gradually 

decreasing in the inner regions of the state, such as UA1 and UA2. Considering the average of 

the 10 models, a decreasing trend in total precipitation is observed in the RMR and UA4 ranging 

from 11% in the SSP2-4.5 scenario to 12% in the SSP5-8.5 scenario. For the UA1 and UA2 

regions, in the hinterland, the reduction ranged from 1% to 4.5%. The reduction in precipitation 

totals can impact socioeconomic sectors such as agriculture, irrigation, and water availability. 

For RX1day and RX1day, projections for the medium and long-term future indicate an increase 

in these extreme events across all five regions, with particular emphasis on the ñagresteò region, 

comprising regions UA1 and UA2. In contrast to PRCPTOT, both RX1day and RX5day show 
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notable increases in the medium and long term for UA1 and UA2, while RMR exhibits smaller 

percentage increases. The UA1 varies from 12% to 21% for both indices, and RMR shows an 

increase ranging from 0.1% to 1% for RX1day and from 9% to 14% for RX5day. 

The R20mm and SDII indexes exhibited similar behavior, showing an increase in analysis units 

1 and 2, where precipitation exceeding 20mm daily and average daily intensity increased by 1% 

to 23% in the medium and long term. UA3 showed a slight increase, ranging from 0.3% to 4%. 

UA4 and RMR, on the other hand, experienced a reduction of approximately 0.2% to 14%. This 

indicates that projections point to an increase in daily precipitation and rainfall intensity in the 

more inland regions of the state compared to the metropolitan region of Recife. 

The CWD showed an opposite pattern to that of CDD, as it exhibited a reduction in wet days 

across all regions. On the other hand, the maximum number of consecutive dry days increased, 

with a maximum increase of 25% in UA1, 36% in UA2, 30% in UA3, 57% in UA4, and 71% in 

the RMR for the SSP2-4.5 scenario, with even higher values for the SSP5-8.5 scenario of up to 

45% in UA1, 57% in UA2, 51% in UA3, 89% in UA4, and 110% in the RMR. This result 

indicates more favorable conditions for water deficit in the future. Overall, future projections 

show a reduction in PRCPTOT and CWD and increases in CDD, which is a trend towards a 

drier future climate, but with more intense rainfall as compared to the results obtained from 

RX1day and RX5day. 

5.3.5 Land use and land cover trends and their impact on streamflow and sediment yield in a 

humid basin of Brazilôs Atlantic Forest Biome. 

Land use and land cover (LULC) are fundamental factors shaping terrestrial environments. The 

expansion of urban, agricultural, and pasture lands has resulted in significant alterations to 

natural landscapes. These transformations exert a direct impact on water resources, influencing 

both streamflow and sediment transport (Loiselle et al., 2022). Streamflow and sediment yield 

serve as pivotal components of the hydrological cycle, and changes in LULC can modify river 

flow regimes (Yin et al., 2023). The conversion of natural areas to agricultural uses can 

influence water availability; intensive irrigation practices, coupled with the removal of native 

vegetation, may diminish the recharge of subterranean aquifers and reduce baseflows in rivers 

(Juma et al., 2022). Accordingly, this study investigates the effects of LULC changes on the 

dynamics of streamflow and sediment yield within a humid tropical basin of the Atlantic Forest 

biome in Brazil, the Pirapama River basin (Pernambuco), with a focus on the period from 2000 

to 2016. 

The methodology focuses on analyzing Land Use and Land Cover (LULC) trends and their 

impact on surface runoff and sediment yield, using annual data from MapBiomas and the 

SWAT (Soil and Water Assessment Tool) model. The research employs non-parametric 

statistical tests: MannïKendall, Pettitt, and Senôs Slope to investigate temporal trends in LULC. 

Additionally, ecological indices like ShannonïWeaver, Simpson, and Pielou are applied to 

assess forest fragmentation, along with the Forest Fragmentation Index. 

 

Figure 6c discloses that a substantial portion of the basin underwent changes in LULC over the 

analyzed period. Intriguingly, the eastern part of the basin has largely retained its original 

configuration, while the remaining areas have experienced transformations. These findings are 

consistent with Figure 6d, which displays the calculated Forest Fragmentation Index for the 

study area, with values ranging from 1 to 8. It is important to emphasize that categories 6 and 8 

registered the largest extent of fragmentation. 
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Figure 5.3.12. (a) Forest cover in 2000, (b) forest cover in 2016, (c) areas with and without 

LULC changes, and (d) spatial distribution of the Forest Fragmentation Index for the Pirapama 

River basin. 

Regarding sediment yield, the simulations indicated greater variations, resulting in higher 

percentage differences, especially for CR2013 (215.61%), which had the largest diffeence 

compared to the baseline among the scenarios (Figure 7). When compared with the variability of 

land uses, a behavior more aligned with low-lying vegetation was observed, indicating that as 

this class varies across the scenarios, so does sediment yield (Figure 7). This may be attributed 

to the influence that the class labeled ñpastureò (PAST) in the SWAT model, designated as low-

lying vegetation in this research, has on sediment yield behavior and how alterations to this use 

over the years affect the dynamics of this estimate. According to Castello et al. (2013) in the 

Cobres River basin, located in the semi-arid region of Portugal, the authors found that Scenario 

2 (pasture) produced the highest sedimentation rate among the scenarios, whereas Scenario 3 

(forest) presented the lowest average value. The authors concluded that land-use types interfere 

with hydro-sedimentological processes and, consequently, with flow regimes and sediment yield 

in watersheds, particularly those where flow is ephemeral. 

 

Figure 5.3.13. Annual average sediment yield in the Pirapama River basin and the percentage 

difference compared to the baseline scenario. 

Trends in land use and occupancy showed that classes such as urban areas, pasture, water, and 

sugarcane have increased, whereas mangrove and rainforest areas have experienced a decline. 
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These land use alterations have substantially impacted the hydrological balance in a wetland 

basin of the Atlantic Forest biome in Brazil. With respect to the flow analysis for various 

scenarios, the results displayed minimal variation across simulations. This suggests that the 

examined land-use changes were insufficient to represent a discernable trend in either increased 

or decreased flow rates. Similarly, minimal variation was observed in the hydrological balance 

variables from one scenario to another, particularly for estimated values of surface runoff, 

percolation, and, most notably, evapotranspiration. 

5.3.5  Land use and land cover and precipitation effects in the flow regime of the Rio Grande 

Basin, Bahia. 

The Rio Grande basin (BHRG) is an important tributary of the São Francisco river, it is part of 

one of the most active agricultural frontiers in the world and has been undergoing changes in 

land use and land cover (LUCC). Additionally, the decade from 2010 to 2020 was marked by a 

reduction in rainfall, which contributed to an almost exponential increase in irrigated 

agriculture. Such factors culminated in the increase of land and water tenure conflicts. Thus, 

understanding the hydrological processes becomes crucial for the management of the basin's 

waters. 

The research aimed to evaluate the effects/impacts of changes in land cover use and 

precipitation on the components of the water balance of the Rio Grande basin, in particular on 

the flow regime. The two variables ï precipitation and the LUCC ï were then initially  studied 

separately and, subsequently, hydrological modeling was carried out and, finally, simulations 

were carried out to evaluate separately and separately the effects of the two variables on surface 

runoff. Due to the low density of the rainfall network, it chose to use the rainfall estimated by 

the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS) product, which 

required validation using the ñpoint-to-pixelò technique. Eleven rainfall stations were used and 

then compared with those estimated by CHIRPS, monthly using the period 1981 to 2020. 

CHIPRS was accurate in detecting rainfall, satisfactory in the probability of detecting these 

events and exhibited good ability to represent spatial variation. precipitation time. 

 

The LUCC analysis was carried out using landscape ecology metrics (from 1990 to 2020) and 

correlations of areas of use classes with flows near the basin outlet. Significant reductions in the 

areas of the classes were observed, especially of native vegetation (reductions) and anthropized 

areas (increase). There was a trend of reductions in average, minimum and maximum flows and 

strong significant correlations between average and minimum flows with the increase in areas of 

rainfed agriculture, irrigated agriculture, pasture and urban infrastructure. 

 

In the hydrological modeling, the Soil and Water Assessment Tool (SWAT) model was used, 

which was fed with CHIRPS estimates, calibrated and validated for three different periods 

(LUCC 1990 and climatological data from 1981 to 1995; LUCC 2010 and climatological data 

from 1996 to 2010; LUCC 2015 and climatological data from 2011 to 2020) using the multi-

sitesequential calibration technique. After this stage, using the 'one factor at a time' technique, 

experiments were simulated ï LUCC combination arrangement and precipitation series 

estimated by CHIRPS. The results show that the SWAT performed satisfactorily in its analysis 

in the three periods studied on a monthly scale, especially in the headwaters sub-basins. The 

model well represented the progressive decline of flows in all fluviometric stations. 

Precipitation was the most sensitive variable in the generation of runoff, however as 

precipitation is reduced, the sensitivity of runoff from BHGR to LUCC increases. 

5.3.6. Central pivot irrigation in the sedimentary basins of the Brazilian Semi-arid Region and 

the export of virtual waters. 

Socioeconomic development and population growth face challenges due to the unequal 

distribution and variability of global water resources. The importance of virtual water, which 
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affects income, population, cultivated area, and the water availability of a country, although it 

does not always benefit water-scarce regions. 

The water footprint (WF) measures the use of freshwater in production and consumption, 

comprising three components: blue (surface and groundwater), green (rainwater in the soil), and 

gray (water to dilute pollutants). For primary crops, the green and blue footprints are calculated 

by the total volume of water used divided by the total produced, and the gray footprint 

calculates the volume of clean water needed to dilute the polluted water from agricultural 

processes. 

With the growing interest in increasing agricultural production in Brazil's Semi-arid region, the 

number of areas irrigated by central pivots has significantly increased in recent years. In this 

context, it becomes essential to conduct a detailed survey to identify the geographic location and 

the irrigated area of these pivots. This mapping will  allow for a more precise understanding of 

the irrigated agriculture situation in the region, as well as enable the estimation of areas with 

increased water use pressure for agricultural irrigation and the calculation of the WF. 

This study aims to map and quantify the variation of the irrigated area by central pivots in the 

Brazilian Semi-arid region between 1985 and 2022, analyzing data at the municipality, micro-

region, state, and hydrographic basin levels. The obtained information will  serve as a basis for 

formulating strategies for the use of irrigated agriculture and implementing water resource 

management and environmental conservation policies in the region's hydrographic basins, as 

well as estimating the amount of water per type of irrigated crop. 

To investigate the expansion of the irrigated area between 1985 and 2022 in the Semi-arid, data 

from central pivot irrigation systems available through the Google Earth Engine platform via 

MapBiomas Brazil, specifically from collection 6, were used. The mapping of central pivot 

irrigation systems was performed using annual mosaics of Landsat series images obtained by the 

Google Earth Engine platform (Collection 1 Tier 1 TOA) covering the period from 1985 to 

2022. Only images with less than 80% cloud and shadow coverage were considered. To map 

central pivot irrigation systems in Brazil, the territory was divided into grids of 05' x 05' degrees 

(approximately 300 thousand hectares each). Only the grids that showed occurrences of central 

pivot irrigation systems in any year from 1985 to 2022 were selected. A total of 723 grids were 

chosen, distributed over an approximate area of 212 million hectares. 

The areas irrigated with central pivots in the Brazilian Semi-arid are predominantly located in 

regions of sedimentary basins due to the abundant availability of groundwater in these areas, 

facilitating irrigation. Between 1985 and 2022, a significant expansion of these irrigated areas 

with central pivots was observed, with notable increases in the years 1985, 1990, 2000, 2005, 

2010, 2014, and 2022 (Figure 8). 
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Figure 5.3.14. Location of central pivots in Sedimentary Basins and their temporal variation 

from 1985 to 2022. 

The states that showed the greatest growth in areas irrigated with central pivots were Bahia and 

Minas Gerais. In Bahia, the irrigated area increased from 7,406 hectares in 1985 to 158,752 

hectares in 2022. In Minas Gerais, which has part of its territory within the semi-arid limits, the 

irrigated area grew from 2,042 hectares in 1985 to 52,563 hectares in 2022. Data regarding the 
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growth of irrigated areas in other states are detailed in Table 4. All  states experienced an 

increase in their irrigated areas except Pernambuco, which showed a reduction in 2022. 

Table 5.3.4. Evolution of irrigated areas in the Semi-arid by States. 

 

This significant growth in Bahia and Minas Gerais reflects the strategic importance of these 

regions for the expansion of the country's agricultural frontier. The growing demand for food 

and the high values of commodities in the international market are factors driving this 

expansion. However, it is crucial that this expansion occurs sustainably, considering the 

availability and quality of water, as well as potential conflicts of use in hydrographic basins. 

To ensure the sustainability of irrigation, it is necessary to implement strategies that include 

improving water quality through effluent treatment and pollution reduction; conserving springs 

and permanent preservation areas (PPAs) to maintain water flow and preserve biodiversity; 

using water efficiently with the adoption of precision irrigation technologies; and managing 

conflicts over water use through public policies that reconcile diverse interests. 

Sustainable planning of agricultural expansion is essential to preserve water resources and 

ensure the continuity of agricultural production, meeting current demands without 

compromising the needs of future generations. 

5.3.6. Retrospective analysis of meteorological and agricultural droughts using remote sensing 

in the Capibaribe catchment, Pernambuco, Brazil. 

The research proposal aims to analyze the retrospective severity of drought (both spatially and 

temporally) in a basin located at the ecotone of Caatinga and Atlantic Forest and investigate the 

relationship between hydroclimatology and the predictability of meteorological, agricultural, 

and hydrological droughts using different components of the water balance. For this purpose, 

data from the Climate Hazard Group InfraRed Precipitation Satellite (CHIRPS) were used to 

obtain a historical precipitation series, and thus, to calculate the Standardized Precipitation 

Index (SPI) for the entire region. The Normalized Difference Vegetation Index (NDVI)  from the 

MOD13Q1 product with a spatial resolution of 250 m was also employed to characterize the 

vegetation response to drought events. Annual trends in precipitation and NDVI across the basin 

were evaluated. All  variables were compared at the sub-basin level, totaling 53 delineated in the 

SWAT model. 

To identify regions potentially more vulnerable to drought events across various time scales (3, 

6, and 12 months), a spatial distribution of the percentage of months experiencing droughts in 

different categories was constructed (Figure 9). This distribution was calculated based on the 

total number of months with a Standardized Precipitation Index (SPI) Ò -1 (Figure 9a), 

considering results for moderate (-1.49 < SPI < -1), severe (-1.99 < SPI < -1.5), and extreme 

droughts (< -2). It should be noted that the durations of the events were not considered in this 

analysis. For instance, taking the SPI-3 and sub-basin 42, located at the basin's outlet, 79 months 

were identified with SPI equal to or less than -1, and 46, 25, and 8 months in the moderate, 

severe, and extreme categories, respectively. Consequently, in this case, the frequencies of 

months with moderate, severe, and extreme droughts were approximately 58%, 32%, and 10%, 

respectively. 
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Figure 5.3.15. Spatial distribution of (a) the total number of months with SPI Ò -1, and the 

frequency of months with drought in the categories (b) moderate (-1.49 < SPI < -1), (c) severe (-

1.99 < SPI < -1.5), and (d) extreme (< -2) for the SPI 3, 6, and 12. 

The results of precipitation and NDVI trends are displayed in Figure 10. Upon examining all 

data from the 53 sub-basins, a significant trend of precipitation reduction (-2.472 mm/year) is 

observed, indicating a general decrease in annual totals across the entire basin area over the two 

decades analyzed. This strong trend is associated with the prolonged recent drought period in 

the Northeast from 2012 to 2018 (Marengo et al., 2020). The dispersion of annual average 

NDVI values demonstrated heterogeneity in the distribution of the index throughout the basin 

during the assessed period. The entire basin exhibited an extremely significant negative trend in 

NDVI with a p-value of 0.000 and a slope of -0.002/year, indicating a general reduction in 

vegetation over the series. 

 

Figure 5.3.16. Trend analysis of precipitation (a) and NDVI (b) in the Capibaribe catchment for 

the period from 2001 to 2020. 

5.3.6. Analysis of the performance of a Hydrological Model with land use input data obtained 

through vegetation index for the Pajeú river basin. 

This study aimed to analyze land use products in the performance of surface flow simulations in 

the Pajeú River basin area, in the state of Pernambuco. To obtain the land use maps for the years 

2002 and 2015, a remote sensing technique, the Normalized Difference Vegetation Index 

(NDVI), was used. For the watershed's hydrological modeling, the Soil and Water Assessment 

Tool (SWAT) model was used for two stages: (i) simulation without parameter adjustment and 

(ii)  simulation with adjusted parameters. For the first stage, two simulations were carried out, 
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one for each land use map, and then it was analyzed which map performed better in simulating 

flow when compared to the observed (in situ) data set. In the second stage, the parameter 

adjustment procedure was performed in SWAT-CUP, using the land use map that previously 

performed better, and finally, the flow values were compared to the observed data set and the 

flow values obtained by the SUPer simulation. 

The results indicated that regarding land use changes, there was an increase in the area of bare 

soil classes (2.83%) and herbaceous vegetation (12.96%) and a decrease in the areas of shrub 

vegetation (12.43%) and tree vegetation (3.12%) when comparing the maps of 2002 and 2015. 

The performance analysis of the model without parameter adjustment showed that the 

simulation with the 2002 land use input provided positive results for the five gauging stations 

(NS, PBIAS, and R²). However, for the 2015 land use map, the performance was unsatisfactory, 

obtaining negative values for the gauging stations. The comparison between the SUPer 

simulation, the simulation for the 2002 land use map, and the observed (in situ) data showed that 

for the five gauging stations, the obtained values followed the same graphical behavior, but with 

varying lower statistical parameters. 

The simulated sub-basin, the sub-basin 36, when analyzing the minimum flow, it is observed 

that both the observed flow and the adjusted flow obtained a value of 0 m³/s, whereas for the 

SUPer it was 0.01 m³/s and for the adjusted NDVI 2002 it was 0.17 m³/s. As for the maximum 

flows, there is a tendency towards underestimation. For the observed series (130.13 m³/s), both 

the SUPer results (98.17 m³/s) and the adjusted results (88.23 m³/s) show underestimation, with 

the adjusted value varying by 32% of the observed value and the SUPer value by 24%. 

Following similar results, sub-basin 41 (Figure 2), shows statistics obtained after adjusting the 

flow data, indicating a minimum flow of 0 m³/s for all groups. The maximum flows were 

underestimated compared to the observed series (210.70 m³/s), with values of 99.79 m³/s for 

SUPer and 93.73 m³/s for the adjusted data, representing 52% and 55% of the observed value, 

respectively. The observed average was 8.70 m³/s, while the SUPer and adjusted NDVI 2002 

simulations were overestimated at 9.97 m³/s and 11.43 m³/s, respectively. 

H. Efficiency of global precipitation datasets in tropical and subtropical catchments revealed by 

large sampling hydrological modelling. 

Satellite-based and reanalysis precipitation products are widely adopted as complementary 

information to in situ measurements for estimating river discharge using hydrological 

modelling. However, there is still a notable research gap in the literature associated with 

assessing the accuracy of satellite-based or reanalysis products in different tropical and sub-

tropical catchments at large-sampling hydrological modelling with sensitivity analysis. This 

research investigated the accuracy of precipitation, hydrological model performance and 

parameter sensitivity related to seven precipitation data sets based on satellite and reanalysis 

products, i.e., CHIRPS, TRMM, GLDAS, IMERG, MERRA-2, PERSIANN-CDR, and ERA5 

over 714 contrasting tropical and subtropical catchments located in Brazil (Figure 11). We used 

the Génie Rural Journalier 4 (GR4J) hydrological model to simulate the hydrological processes 

of the different catchments with two approaches for the calibration: using measured ground-

based precipitation data (approach I) or using each individual satellite/reanalysis precipitation 

products (approach II)  to calibrate the models. 

The results showed that the precipitation products tend to overestimate precipitation, except for 

ERA5 and MERRA-2. CHIRPS is the only product that produces unbiased precipitation 

estimates for most catchments. The model calibration using each precipitation product 

individually improved the hydrological model performance. CHIRPS, IMERG, and MERRA-2 

showed good accuracy in terms of both, precipitation estimation and hydrological simulation 

performance in the calibration period. In the validation period, the best products in terms of 
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KGE were CHIRPS, IMERG and TRMM (KGE > 0.64). The errors in precipitation products are 

better compensated via hydrological modelling in wet regions. The model parameter sensitivity 

varies according to precipitation input, climate, and catchment aridity. Overall, all seven 

products exhibited their worst hydrological performance in arid regions. 

 

Figure 5.3.17. (a) Location and characteristics of the study region and (b) Location map 

containing the 714 catchments (outlets shown by red dots) in which the precipitation products 

were assessed. Note that the boundaries of each catchment are not shown (only the catchment 

outlet) due to the large number of catchments. For each hydrographic region, the long-term 

average precipitation of the area and the average flow of all catchments within it are represented 

in the sub-frames. The shaded (grey) areas represent the daily flow range for the hydrographic 

regions. 

This study helps to improve our understanding of the catchment response in tropical and 

subtropical regions while also providing key insights into the reliability of satellite/reanalysis 

rainfall products for streamflow simulation. This study is valuable in hydrometeorological 

applications, climate change assessment, water resources and disaster management, especially in 

regions with a relatively sparse density of precipitation stations. 

5.4 Human health and climate change 

5.4.1   Introduction  

 

Human health is deeply affected by the physical and social environment, and atmospheric 

processes play a crucial role in this context. Biometeorology, along with disciplines such as 

physics, biology, and medicine, has been investigating the effects of the atmosphere on health 

for decades (Fdez-Arroyabe, 2015). Although solar geomagnetic activity may initially seem less 

relevant, it shows significant correlations between human health and the environment (Palmer et 

al., 2006). To support scientific models, robust observational data, such as those provided by 

DATASUS, are essential. 

 

This project aims to investigate mortality rates from specific diseases in the Northeast and South 

regions of Brazil, selected due to the different intensities of geomagnetic effects in these areas 

(Palmer et al., 2006). The study covers mortality from cardiovascular, neurodegenerative, 
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infectious, and autoimmune diseases, using data from 1996 to 2022 to identify long-term 

patterns and trends, providing insights for public health actions (Bigazzi et al., 2020). 

 

The Schumann Resonance, which oscillates at extremely low frequencies, around 7.83 Hz 

(INTERMAGNET1, 2023; SuperMAG, 2023; Embrace MagNet, 2023), will be considered to 

analyze its impact on health. The methodology included the analysis of mortality data and 

Schumann Resonance measurements, applying bivariate statistics to identify correlations. Upon 

identifying significant correlations, the study will seek to understand the effects of geomagnetic 

activity on health, aligning with the research of the National Institute of Science and 

Technology for Climate Change (INCT-MC) and integrating interdisciplinary knowledge in 

epidemiology, geophysics, and statistics. 

 

Methodology 

 
Study Area 

The analysis covers two distinct regions of Brazil: the Northeast and the South. The Northeast, 

composed of the states of Maranhão, Piauí, Ceará, Rio Grande do Norte, Paraíba, Pernambuco, 

Alagoas, Sergipe, and Bahia, features a varied climate that ranges from humid tropical in the 

coastal areas to semi-arid in the Sertão. This climatic diversity contributes to epidemiological 

challenges related to chronic and acute diseases, which are exacerbated by socioeconomic 

disparities, healthcare infrastructure, and the influence of the physical environment. 

 

On the other hand, the Southern region, including Paraná, Santa Catarina, and Rio Grande do 

Sul, is characterized by a climate that ranges from subtropical to temperate, with four well-

defined seasons and climatic variations influenced by latitude and regional mountain ranges. 

These characteristics impact rainfall distribution and temperature, which are reflected in the 

public health and epidemiological patterns of each region. 

 
Figure 5.4.1: Data collection sites for mortality rates in the Northeast and South regions of Brazil. 

Source: Author 

The methodology for this project involved analyzing the interaction between the Schumann 

Resonance and mortality rates from specific diseases in the Northeast and South regions of 

Brazil, using data from 1996 to 2022. The study was conducted in three main stages: data 

collection and preparation, statistical analysis, and interpretation of the results. 
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Data Collection and Preparation: 

Mortality Data:  These were obtained from the Department of Information of the Unified 

Health System (DATASUS), covering categories of cardiovascular, neurodegenerative, 

infectious, and autoimmune diseases. The data were grouped by year and region for analysis. 

Schumann Resonance Data: These included historical measurements of the Earth's 

electromagnetic field, focusing on extremely low frequencies (ELF) around 7.83 Hz. This data 

was extracted from geophysical databases such as INTERMAGNET, SuperMAG, and Embrace 

MagNet. 

 

Figure 5.4.1 shows the locations of the magnetic stations selected for the research, where data 

from 1996 to 2022 can be found on the website: https://intermagnet.org/. It is an international 

platform that promotes collaboration among institutions operating geomagnetic observatories 

and stations. They provide data and information about the Earth's magnetic field, serving as an 

important tool for our study of extremely low frequency (ELF) and its effects on the terrestrial 

environment, including its influence on atmospheric and climatic phenomena.. 

 

 
Figure 5.4.2: Shows the locations of the stations: São Luiz/MA - SLZ (red square); São 

Martinho da Serra/RS - SMS (yellow triangle). Source: Author 

 

 

Statistical Analysis: 

Statistical Methods: Bivariate statistics were used to analyze the relationship between 

Schumann Resonance and mortality rates. Correlation coefficients, least squares adjustments, 

and autocorrelation functions were applied to identify significant correlations 

Data Modeling: The Schumann Resonance model was applied to assess the influence of 

variations in the electromagnetic field on mortality. The analysis included Fourier filters to 

decompose complex signals and calculate the dip latitude — ὥὶὧὸὥὲ  ὸὥὲ Ὅ . 

https://intermagnet.org/
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Interpretation of Results: 

Correlation and Causality: We identified whether there was a significant correlation between 

variations in Schumann Resonance and mortality rates for certain diseases. We assessed whether 

these correlations could suggest cause-and-effect relationships. 

Impact and Applications: Based on the correlations found, we assessed the need for further 

investigations into the effects of geomagnetic activity on health. 

The approach is interdisciplinary, involving epidemiology, geophysics, and statistics, and aligns 

with the research of the National Institute of Science and Technology for Climate Change 

(INCT-MC-Phase 3). The methodology aims to provide a comprehensive understanding of the 

potential impacts of Schumann Resonance and other geomagnetic parameters on public health. 

Development of the Script for Magnetic Field Analysis 

A script was developed to access and process data from the Intermagnet website with the aim of 

analyzing the Earth's magnetic field behavior and identifying Schumann Resonance frequencies. 

The script uses data from magnetometer networks to examine fluctuations in the magnetic field, 

influenced by atmospheric and electrical phenomena, and to calculate the characteristic 

frequencies of Schumann Resonance, which are relevant for studies on atmospheric electricity 

and climatic phenomena. 

The development of this script required a significant amount of time, involving the design, 

coding, and testing of functions to ensure accuracy and efficiency. The creation of the code, 

from defining functions to debugging and error correction, involved a detailed process that took 

several weeks to complete. This time is essential to ensure that the script can handle the 

complexity of the data and provide reliable results for the analysis of Schumann Resonance 

frequencies. 

The presented code is of utmost importance for transforming and analyzing temporal data of the 

magnetic field, providing a foundation for identifying and understanding Schumann Resonance 

frequencies. 
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Figure 5.4.3: A snippet of the script developed for magnetic field analysis. Source: Author 

 
Partial Results: 

Pearson correlation coefficients were calculated to evaluate the relationship between the 

monthly averages from 1996 to 2022 of Schumann Resonance frequency and the rates obtained 

for each disease (Figures 4 and 5) in each state of the Northeast and South regions, showing the 

significance indices, with (!!) p-value < 0.01 and (!) p-value < 0.05. 

 

The results suggest that there are statistically significant associations between variations in 

Schumann Resonance frequency and the incidence of certain diseases, indicating a possible 

influence of geomagnetic factors on human health. These correlations may not only contribute 

to a better understanding of the underlying mechanisms involved in disease occurrence but also 

open possibilities for future research, considering the importance of environmental factors in the 

epidemiological context.  

  


