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1. Overview 
 

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 and 4 

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. 

  

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: 

  

1. Economy and impacts in key sectors;  

2. Modelling the earth system and production of future climate scenarios to study 

vulnerability, impacts, adaptation and resilience;  

3. Communication, dissemination of knowledge and education for sustainability.  

 

So far the INCT MC2 scientific agenda has been developed as planned, providing scientific 

excellence in various areas of global environmental change and its implications for sustainable 

development. The emphasis on the impacts of global climate change on agriculture, health, 

renewable energy, urban development, and natural disasters such as central themes integrated 

with environmental modelling, the economics and the communication of these impacts to the 

public, scientific community and academic sector, industry business and government can 

contribute to maintain excellence in activities in Science & Technology & Innovation as the axis 

of sustainable environmental development, with an integrative and innovative character. This 

project includes knowledge transfer using instruments that go beyond only scientific articles, 

but producing audio-visual, web tools, and other outlets that allow a scientific education of the 

population, improving the impact of Brazilian science and also a greater international 

integration of Brazil in environmental negotiations. 

 

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

in Years 2, 3,4  and now in year 5 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 better holistic 

view of the project and its components. 

 

Since March 2020, due to the COVID-19 pandemics, many meetings, conferences have been 

cancelled or moved to 2022, and participation in some international and national gatherings 

were cancelled because either the meeting were moved to 2022 or cancelled.  In any case, 

participation in meetings and seminars by means or virtual platforms (Zoom, Goto Meeting, etc) 

made possible the interaction among participants.  The scientific production and publication 

activities did not stop and continue as planned.  Participation in many national and international 

meetings after March 2020 were in the form of Webinars, Lives, pod casts and other using the 

virtual platforms due to the impossibility to travel imposed by the pandemics.  By now, we have 

slowly started to have presential meetings among leaders now that situations is improving.  For 
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instance, we had on June 9-10 2022 the first presential meeting since the beginning of the 

pandemics.  Other presential meetings have took place between the coordinators of the project 

in  Sao Paulo and with other partners in Rio de Janeiro.  

 

Outside the scope of the initial project, there is a proposal to include the in the Health 

Component theme COVID-19, since this condition has generated major social, economic, 

environmental changes, i.e., global and planetary changes, which can generate impacts on the 

results analyzed (See Annexes). Considering this context, it is possible that the seasonality of 

the new coronavirus (SARS-COv-2) may also rest in climatic aspects, given that its seasonality 

in the world and in Brazil is still practically unknown, but it can share similarities with other 

vARIS. Obviously, human behavior, globalization and control measures (ie wearing masks, 

social isolation, lockdown, among others) are non-climatic factors that, in fact, seem to have the 

greatest impact on the epidemiology of SARS-VOC-2, but the climatic factors should be better 

analyzed in the Brazilian context to help understand the epidemic in the country. This 

understanding can benefit both from vulnerability assessments that allow identifying the 

territories most susceptible to localized outbreaks, and from the climate approach in 

epidemiological models that provide a holistic view of the behavior of the new pathogen. 

 

Therefore, the introduction of the COVID-19 theme in the Health component of the INCT is 

justified, as this condition has generated major social, economic, and environmental changes. 

The COVID-19 is also considered as a research activity in the components of energy and natural 

disasters. This has developed slowly since there is still some controversies on the link between 

climate and COVID-19 as reported by the components of the health component. 
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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). 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 July 

2022 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 to present 

these initial findings and foster conversations between scientists and policymakers to advance 

sustainable development pathways in the Amazon.  
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Some other significant contributions of the INCT-MC2 appeared in the IPCC AR6 Working 

Group 2 released in March 22, the State of Climate Report for Latin America and Caribbean 

2021 launched by the World Meteorological Organization on July 2022, and for the UKCSSP 

project funded by the Newton Fund in collaboration between UKMO-CEMADEN-INPE-INPA. 

 

2. Objectives and aims 
 

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 , in order 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 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 

for the IPCC AR6, special reports of the Brazilian Panel of Climate Change and the Fourth 

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.g

ov.br 

mailto:jose.marengo@cemaden.gov.br
mailto:jose.marengo@cemaden.gov.br
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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  CEDEPLAR 

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 sub components (themes) and 

from the cross cutting activities.  We have meet virtually in March to see the progress of the 

project.   

 

We have to inform that FAPESP approved the Report of Year 4. 

 

4. New Developments on the future of the INCTs 
 

In July 2021 there was a meeting  of INCT coordinators, led by Prof. Jailson Andrade from the 

UFBA with the Ministry of CTI to discuss the future of the INCTs. The meeting was to discuss 

the harmful and continued attacks on Science and Scientists. The INCTs looked to act 

strategically and articulately, with the help of the ABC and SBPC to produce a manifesto in 

support  of C,T&I, ready, articulated and demonstrating a vital Structuring Program of the 

INCTs for the country.  There was an important meeting of presentations of the INCTs by Prof. 

Jailson representing all INCTs with the occasion of the 70
th
 anniversary of CNPq. On May 2022 

The ABC and CNPq organized s series of Webinars on  themes relevant to the INCTs: "Os 

INCTs e o Futuro da CT&I no Brasil.  O INCT MC2 was presented on the first webinar (see 

annexes for information. In July 22, during the 57th Annual Meeting of the Brazilian Society of 

progress of Science (SBPC) in Brasilia there will be a virtual meeting of coordinators of INCTs 

to discuss some of the common problems the IMNCT face amd also on the future of the INCT 

program. 

 

By September 2021 we were informed of the intensions of the CNPq to extend the INCT for 

two more years, with capital and ñcusteioò resources as well as for bolsas.  The resources 

provided were for about 30% of the requested total budget, and were provided by CNPq only, 

not for the FAPS nor CAPES.  All information on the approved amounts for capital custeio and 

bolsas for the INCT MC2 are listed at the annex section. The project will continue until July 

2025 funded by CNPq, but the funding from FAPESP will end in June 2023. 

 

mailto:ambrizzi@model.iag.usp.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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Figure 1. Resources granted buy CNPq for an extension of 2 years for the INCT MC2. Upper 

side: Number of months for each type of bolsa granted for each component, Lower side: 

distribution of resources (bolsas, capital and custeio) for two more years. 

 

5. Reports by component  
 

In the following we focus on the reports from each sub component 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 4.  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 4 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 

dedicated 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 journal, magazines and the Revista Pesquisa FAPESP.  This is being done 

since the beginning of the project and constitutes a background fall all components. 
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In the following we report some of the major studies developed by the coordination. As 

mentioned in Year 4, the coordination works on some comprehensive e studies dealing with 

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 for 2 more 

years of the project.  

 

5.1.1 State of Climate for Latin America and Caribbean 2021 (WMO document 

prepared by Jose A. Marengo and other representatives from the region) 

 

Extreme weather and climate change impacts including mega-drought, extreme rainfall, land 

and marine heatwaves and glacier melt are affecting the Latin America and the Caribbean 

region, from the Amazon to the Andes and from Pacific and Atlantic Ocean waters to the snowy 

depths of Patagonia. The World Meteorological Organization (WMO) State of the Climate in 

Latin America and the Caribbean 2021 highlighted the far-reaching repercussions for 

ecosystems, food and water security, human health and poverty.  Deforestation rates were the 

highest since 2009, in a blow for both the environment and climate change mitigation. Andean 

glaciers have lost more than 30 percent of their area in less than 50 years. The ñCentral Chile 

Mega droughtò is the longest in at least 1,000 years. The report shows that hydrometeorological 

hazards, including droughts, heatwaves, cold waves, tropical cyclones and floods, have 

unfortunately led to the loss of hundreds of lives, severe damages to crop production and 

infrastructure and human displacement. 

 

Increasing sea-level rise and ocean warming are expected to continue to affect coastal 

livelihoods, tourism, health, food, energy, and water security, particularly in small islands and 

Central American countries. For many Andean cities, melting glaciers represent the loss of a 

significant source of freshwater currently used for domestic use, irrigation, and hydroelectric 

power. In South America, the continued degradation of the Amazon rain forest is still being 

highlighted as a major concern for the region but also for global climate, considering the role of 

the forest in the carbon cycle. 

 

The report was released during a WMO Regional Technical Conference for South American 

countries, organized by WMO in Cartagena, Colombia, on 22 July 2022.This is the second year 

that WMO has produced this annual regional report, which provides decision-makers more 

localized information to inform action. It is accompanied by an interactive Story Map (Figure 2) 
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Figure 2. State of the Climate in Latin America and the Caribbean 2021 (WMO 2022) 

 

Worsening climate change and the compounding effects of the COVID-19 pandemic have not 

only impacted the biodiversity of the region, but have also stalled decades of progress against 

poverty, food insecurity and the reduction of inequality in the region.  

Addressing such interconnected challenges and their associated impacts will require an 

interconnected effort. No matter how it is taken, action must be informed by science. The State 

of the Climate in Latin America and the Caribbean report, the second of its kind, is a critical 

source of science-based information for climate policy and decision-making.  

 

Key findings: 

¶ Temperature: The warming trend continued in 2021 in Latin America and the 

Caribbean. The average rate temperature increase was around 0.2°C/decade between 

1991 and 2021, compared to 0.1°C/decade between 1961 and 1990. 

¶ Glaciers in the tropical Andes have lost 30% and more of their area since the 1980s, 

with a negative mass balance trend of -0.97 m water equivalent per year during the 

1990-2020 monitoring period. Some glaciers in Peru have lost more than 50% of their 

area. Glacier retreat and the corresponding ice-mass loss has increased the risk of water 

scarcity for the Andean population and ecosystems. 

¶ Sea levels in the region continued to rise at a faster rate than globally, notably along the 

Atlantic coast of South America south of the equator (3.52 ± 0.0 mm per year, from 

1993 to 2021), and the subtropical North Atlantic and the Gulf of Mexico 

(3.48 ± 0.1 mm per year, from 1993 to 1991). Sea level rise threatens a large proportion 

of the population, which is concentrated in coastal areasðby contaminating freshwater 

aquifers, eroding shorelines, inundating low-lying areas, and increasing the risks of 

storm surges.   

¶ The ñCentral Chile Mega Droughtò continued in 2021, at 13 years to date, this 

constitutes the longest drought in this region in at least one thousand years, 

exacerbating a drying trend and putting Chile at the forefront of the regionôs water 

crisis. Additionally, a multi-year drought in the Parana-La Plata Basin, the worst since 

1944, affected central-southern Brazil and parts of Paraguay and Bolivia. 

¶ The Parana-La Plata basin drought-induced damages to agriculture reduced crop 

production, including soybean and corn, affecting global crop markets. In South 
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America overall, drought conditions led to a decline of -2.6% in the 2020-2021 cereal 

harvest compared with the previous season. 

¶ The 2021 Atlantic Hurricane season had the third highest number of named storms on 

record, 21, including seven hurricanes, and was the sixth consecutive above-normal 

Atlantic hurricane season. Some of these storms directly impacted the region.  

¶ Extreme rainfall in 2021, with record values in many places, led to floods and 

landslides. There were substantial losses, including hundreds of fatalities, tens of 

thousands of homes destroyed or damaged and hundreds of thousands of people 

displaced. Floods and landslides in the Brazilian states of Bahia and Minas Gerais led to 

an estimated loss of US$ 3.1 billion. 

¶ Deforestation in the Brazilian Amazon rainforest doubled compared to the 

2009-2018 average, reaching its highest level since 2009. 22% more forest area was lost 

in 2021 compared to 2020.  

¶ A total of 7.7 million people, in Guatemala, El Salvador and Nicaragua, experienced 

high levels of food insecurity in 2021, with contributing factors including continuing 

impacts from hurricanes Eta and Iota in late 2020 and COVID-19 pandemic economic 

impacts.  

¶ The Andes, northeast Brazil and the northern countries in Central America are among 

the most sensitive regions to climatic-related migrations and displacements, a 

phenomenon that has increased in last 8 years. Migration and population 

displacement have multiple causes. Climate change and associated extreme events are 

amplifying factors, which exacerbate social, economic and environmental drivers. 

¶ South America is among the regions with the greatest documented need for 

strengthening of early warning systems. Multi-hazard early warning systems 

(MHEWS) are essential tools for effective adaptation in areas at risk from weather, 

water and climate extremes. 

 

The two great oceans that flank the continentðthe Pacific and the Atlanticðare warming and 

becoming more acidic as a result of carbon dioxide while sea level also rises. Unfortunately, 

greater impact is in store for the region as both the atmosphere and ocean continue to rapidly 

change. Food and water supplies will be disrupted. Towns and cities and the infrastructure 

required to sustain them will be increasingly at risk.  Human health and welfare will be 

adversely affected, along with natural ecosystems.  Amazonia, northeastern Brazil, Central 

America, the Caribbean, and some parts of Mexico will likely see increased drought conditions, 

while hurricanes impacts may increase in Central America and the Caribbean. Climate change is 

threatening vital systems in the region, such as the glaciers in the Andes, the coral reefs in 

Central America, the Amazon forest, that are already approaching critical conditions under risk 

of irreversible damage. 

 

In addition to impacts from the COVID-19 pandemic, in the LAC region the United Nations 

Office for Disaster Risk Reduction registered a total of 175 disasters during the 2020-2022 

period. Of these, 88% have meteorological, climatological and hydrological origins. These 

hazards accounted for 40% of recorded disaster-related deaths and 71% of the economic losses.   

 

To reduce adverse impacts of climate-related disasters and support resource management 

decisions and improved outcomes, climate services, end-to-end early warning systems, and 

sustainable investments are required but are not yet adequately deployed in the LAC region. It is 

vital to strengthen the climate services value chain across its constituent components ï 

including observing systems, data and data management, better forecasting, strengthening of 

weather services, climate scenarios, projections, and climate information systems While the 

report is regional most of the information from Brazil comes from results of the INCT MC2  
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5.1.2   Deadly disasters in Southeastern South America: Flash floods and landslides of 

February 2022 in Petrópolis, Rio de Janeiro 

 

On February 15, 2022, the city of Petrópolis in Rio de Janeiro, Brazil, received an unusually 

high volume of rain within three hours (258 mm). It resulted in flash floods and subsequent 

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

this paper, we analyzed the root cause 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, while other remote sensing data from 1985 to 

2020, were utilized to map the landslide scars, soil moisture, terrain attributes, line-of-sight 

displacement (land surface deformation), and urban sprawling. The results showed that the 

average monthly rainfall for February 2022 was 200 mm, the heaviest recorded in Petrópolis 

since 1932.  

 

From the rainfall spatial distribution, heavy rainfall was also recorded mostly in regions where 

the landslide occurred. As for terrain, 23% of slopes between 45-60° 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. From our land 

deformation assessment, the area is geologically stable, and the landslide occurred only in the 

thin layer at the surface of the 1,700 buildings found in the region of interest, 1,021 are on the 

slope between 20 to 45° and about 60 houses were directly affected by the landslides. As such, 

we conclude that the heavy rainfall was not the only cause responsible for the catastrophic event 

of February 15, 2022; a combination of unplanned urban growth on slopes between 45-60°, 

removal of vegetation, and the absence of inspection were also significant elements of this 

natural disaster.  

 

The weather forecasts issued by INMET and CEMADEN for the mountainous region of Rio de 

Janeiro released earlier on February 14 warned about isolated convective rainfall, which could 

occur in some areas of the city. However, no meteorological model predicted such significant 

amounts of rainfall over the region. The heavy rainfall that occurred in the city of Petrópolis on 

February 15 was caused by the action of a meteorological phenomenon known as mesoscale 

convective cell, with extraordinary characteristics without known recorded antecedents. The 

situation was influenced by the presence of the South Atlantic Convergence Zone (SACZ), that 

at the time was positioned over the state of Rio de Janeiro and created a favorable environment 

for atmospheric convection.  

 

The other key element that led to the extraordinary rains in the center of Petrópolis was the 

passage of a cold front, with very particular characteristics, which occurred at the exact moment 

when the rain showers began to form over the city. This cold front, on the one hand, was weak 

enough to not be able to dissipate the instability necessary to form the storm clouds and, on the 

other hand, it was strong enough to change the wind direction, which came from the south, 

exactly perpendicular to the Petrópolis mountain range. As a result of this combination of 

factors, the mesoscale convective cell cloud (technically called of cumulonimbus), which should 

have lasted a few minutes, lasted several hours due to the interaction of the southerly winds 

associated with the cold front with the mountain. Figure 12 shows the surface winds and 

temperature for the 18:00 UTC on February 15 (Figure 3). It is noticed the cold front with the 

temperature gradient and changes in wind direction. Southerly winds on the mountain region 

where the urban part of the of the city of Petrópolis (region prone to landslides) turned the 

"orographic cloudò (cloud that positions on the top of mountains for hours and that normally do 

not precipitate) into a convective cell, which is very rare.  Due to the sudden formation and the 

null displacement of the storm, the weather radars also did not allow its anticipated tracking.  It 

is noteworthy that the current state of knowledge and meteorological forecast does not allow 

predicting where each individual cloud will form, with which this event could not be predicted 

in advance. 
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Figure 3.  GFS analysis at 18:00 UTC for February 15 2022 for the Petrópolis region.  Shades 

represent surface temperature, isolines represent sea level pressure and the barbs shows wind 

speed (in knots).  

 

Figure 4 (lower side) shows the radar images of Pico do Couto site, where the formation of the 

cloud can be seen exactly above the center of the city of Petrópolis.  It should be noted that only 

the residential area of the municipality was affected by the rain, which lasted more than three 

hours. The accumulated rainfall over the Petrópolis station (Figure 4 upper side) shows the most 

intense rain between 19:00 and 21:00 UTC.  The highest record of 260 mm in just 4 hours, 

occurred between the afternoon and evening of February 15, is unprecedented in the city. It can 

also be noted the curvature of the storm produced by the southerly winds (represented by blue 

arrows in the figure) which resulted in its long persistence. 

  

 
 

Figure 4.  (upper side) Hourly rainfall for various CEMADENôs weather station in the city of 

Petropolis during February 13-16 2022; (lower side) radar images at the Pico do Couto site 

between 19:00 to 20:30 UTC for February 15 2022. (Source-=CEMADEN) 

According to CEMADEN, from a hydrological point of view, the events recorded on February 

15, 2022, in the city of Petrópolis were characterized as landslides, flood and flash flood 

typologies. The municipalityôs hydrography indicates the convergence of rivers and streams, 

which are in an anthropized hydrographic basin while its topographic characteristics resulted in 

high speed and energy surface runoff. Due to these characteristics and the meteorological event 

that hit the municipality, there was an increase in the levels of rivers and streams during the 
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intense and concentrated rains. The drainage systems were overloaded and, as a result, the 

rainwater runs off the surface, causing flash floods and floods.  

 

Regarding the occurrence of landslides, the Geotechnical Stations of CEMADEN installed in 

the municipality of Petrópolis indicate that there was a significant increase in soil moisture 

during the rainfall event that occurred between 15:30 and 19:00 on February 15, 2022. The 

monitoring station also indicated that prior to the event, soil moisture was already high since the 

previous rains exceeded 220 mm/14 days and 350 mm/21 days (recorded in some of the 

CEMADEN stations). The preceding rise in soil moisture was an inducing, preparatory factor 

for the occurrence of landslides. The abrupt elevation of soil moisture in a short time interval, 

due to intense and concentrated precipitation and consequently, the oversaturation of the 

ground, provided the triggering of mass movement processes. On the other hand, it was also 

verified that very high soil moisture was not recorded at deep levels (sensors in depths 2.0 m, 

2.5 m and 3.0 m). In other words, a priori, the processes were closely related to intense surface 

runoff and percolation with very high positive pressure in fractures. The high fracture density 

favors the formation of large blocks of rocks on the slopes. Blocks of rocks and colluvial soil 

deposits were incorporated into the mass of debris and deposited in valley bottom as a poorly 

sorted material (Alcantara et al 2022). 

 

5.1.3 Cold Waves of Winter 2021 in central South America: Characteristics and impacts 

 

During the austral winter of 2021, the meteorological services of Brazil, Argentina, Peru, 

Paraguay, Bolivia, and Chile all issued forecasts for unusually cold conditions. Record-low 

minimum temperatures and cold spells were documented, including two strong cold waves. In 

this study, we define a cold wave as a period in which daily maximum and minimum air 

temperatures are below the corresponding climatological 10th percentile for three or more 

consecutive days. From JuneïAugust 2021, two intense cold wave events: in the last week of 

June and again at the end of July, resulted in record-breaking minimum daily temperatures in 

several places in central South America and Chile. Several locations had temperatures about 10 

°C below average,  central South America had freezing conditions, and southern Brazil even 

saw snow. In both events, the cold air intrusion was characterized by an intense upper-air trough 

located close to 35 °S and 70 °W. The southerly flow to the west of this trough brought very 

cold air northward into subtropical and tropical South America. A northward flow between the 

cyclonic and anticyclonic perturbations caused the intense southerly flow between the ridge and 

trough. This condition facilitated the inflow of near-surface cold air from southern Argentina 

into southeastern Brazil and tropical South America east of the Andes. In the city of São Paulo, 

these cold waves killed 13 homeless people, from hypothermia. The frost and snowfall across 

southern and southeastern Brazil caused significant damage to coffee, sugarcane, oranges, 

grapes, and other fruit and vegetable crops. Wine and coffee production fell, the latter by 30%, 

and prices of food and commodities in the region rose.   

 

To define cold waves, Figure 5 identifies cold episodes between June 1 and August 31, 2021. It 

features minimum and maximum temperature data from weather stations. The blue color 

indicates when daily minimum and maximum temperatures were both below the corresponding 

climatological 10th percentile, representing cold days.  The red frame delimits the cold wave 

events. Cold waves were detected from June 27 to July 2, and from July 26 to August 2. The 

first was longer and affected four countries and reached lower latitudes.  Figure 3 shows also 

that in addition to the cold waves, cold spells occurred in other periods and regions: around June 

19,  July 19-20, and August 12 and 26, where the minimum or maximum temperatures dropped 

below the 10
th
 percentile and the spatial coverage of the cooling was lower than the cold waves 

in the last week of June and July.    

 

In Argentina, minimum temperature reached -6.2 
o
C in Catamarca on June 28 (LTM: 8.6 

o
C, 

with the previous record of -5.8 in June 15, 1961), and the station Presidente Roque Saenz Peña 

detected -2.5 
o
C in June 28 (previous record of -7.1 

o
C, LTM: 11.0 

o
C) and in Formosa 
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minimum temperature reached -1.3 
o
C (previous record of -2.3 

o
C, LTM: 12.0 

o
C) on the same 

day. On July 29 minimum temperatures of -7.4 
o
C and -2.5 

o
C  were detected in Presidente 

Roque Saenz Peña and Formosa, respectively (LTM: 10.0 
o
C and 11.7 

o
C, respectively). Those 

were new  monthly historical records, being the previous ones -7.1 
o
C on July 18, 2017, and -2.3 

o
C on July 1, 1976).   In Formosa and Presidente Roque Saenz Peña the episodes of June 28-30 

and July 27-29 were cold waves, while in Catamarca these cold events were classified as cold 

spells and not cold waves.  

 

On July 29 the station of Bom Jardim da Serra in the State of Santa Catarina registered a 

minimum temperature of -8,6°C with snow.  This was considered the coldest day in Brazil in 

2021.  On 28 June ï 2 July, Vilhena, State of Rondônia, Brazil, reached 8.2 °C (1981-2010 

monthly average: 19.2 °C). On 26 June, Campo Grande, State of Mato Grosso do Sul, 

experienced 4 °C (1981-2010 monthly average: 15.8 °C).  
 
(INMET).    

 

In Paraguay, record low temperatures and cold waves were recorded at Pedro Juan Caballero on 

June 29 (1.0 °C, LTM : 8.4 
o
C), San Juan Bautista on June 30 (-1.0 

o
C, LTM: 11.9 

o
C) and Pilar 

on June 30 (0.4 
o
C, LTM: 12.2 

o
C).  However, the cooling in Mariscal Estigarribia June 30 (-2.6 

°C, LTM: 13.6 
o
C) was classified as cold spell (DMH).  In Bolivia the all-time lowest 

temperatures were recorded in some stations of the Chiquitania and Pantanal regions and new 

historical minimum temperature records were established on 30 June (SENAMHI). 

 

From June 26 to July 2, the anomalies extended from central and southern Brazil, central and 

northern Argentina and Paraguay to eastern Bolivia, western Brazil and the Peruvian Amazon, 

with maximum daily temperatures 3ï4 
o
C below average.  Minimum daily temperatures of at 

least -4 
o
C less than baseline occurred in the same regions and extended further into central and 

southern Chile. During the cold wave episode from July 27 to August 1, maximum daily 

temperature anomalies (at least -4 
o
C lower than baseline) arose in southeastern Brazil, northern 

Argentina, and Paraguay. Anomalies in Bolivia and western Amazonia were in the range of -1 

to -3 
o
C. Minimum temperature anomalies (-4 ęC or more) concentrated in southeastern Brazil, 

Uruguay, Paraguay, northern and central Argentina, and central Chile, extending further into 

those regions than the June cold wave had.  

 
 

Figure 5.  Identification of cold waves based on simultaneous occurrence of daily minimum and 

maximum temperatures below the corresponding climatological 10
th
 percentile (blue) and cold 

wave event (red frame) for weather stations in the study area. Stations from Argentina, Bolivia, 

Brazil, Paraguay, and Peru are organized showing the northernmost stations at the top and 

southernmost station at the bottom.  Countries are indicated by color boxes. (Marengo et al 

2022b).  
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5.1.4  Heavy rainfall associated with natural disasters in southeastern Brazil in November-

December 2021:  Meteorological context, trends in extremes and impacts 

 

In Southeast Brazil, floods and landslides are responsible for most of the loss of lives due to 

heavy precipitation events, mainly during summer. In November and December 2021, the 

northern area of the State of Minas Gerais and the southern part of Bahia were affected by 

disasters after periods of heavy rain. This study evaluated the meteorological conditions leading 

to December 22-29 th, when it rained up to 300 mm. Soil saturation reached higher levels in this 

period, resulting in landslides and floods exacerbated by extreme rainfall events in previous wet 

periods, November and December. While precipitation was heavy, they claimed fewer lives 

when compared with previously documented disasters in the region from 2011 and 2020 that 

caused more fatalities. The estimated losses in both states were about 3.1 billion dollars in 

November-December 2021. Monitoring and issuing risk alerts for these disasters helped 

minimize related damage and protect human lives and properties. 

 

The South Atlantic Convergence Zone (SACZ) is one of the atmospheric system's components 

of the South American Monsoon System. The SACZ is a convective band that extends 

northwest-southeast from the Amazon Basin to the subtropical South Atlantic Ocean, being 

identifiable by persistent cloudiness and frequently configured in the austral summertime. These 

variations relate to the propagation of mid-latitude wave trains east of South America that 

modify circulation and moisture transport in the tropics and subtropics from the Amazon region 

by the South American Low-Level Jet east of the Andes LLJ. Various studies have shown that 

the regional distribution of extreme precipitation depends on both the intensity and form of the 

convection in the SACZ. In addition, the north-south Atlantic SST gradient influences SACZ, 

LLJ, and continental rainfall.  

 

While rainfall peaks in December-January in NMG and SBA maximum occurs in March-April. 

So, the SBA's heavy rainfall events in November and December 2021 were atypical in terms of 

timing and intensity. As shown in Figure 6a-f, over the SBA-NMG region, November and 

December climatology should be between 150-200 mm. In December 2021, it rained more than 

250 mm, and rainfall anomalies show more than  200 mm above average, meaning that rainfall 

in the region in December 2021 was several times above normal. Based on that, the study region 

is defined and shown in the red boxes in Figure 1 e-f, and further analyses will focus on that 

region for stations in SBA and NMG that surpassed 200 mm in December 2021. 

 

Starting in November 2021, Brazil's SBA and NMG regions have been affected by heavy rains 

and subsequent floods and landslides. In SBA, According to INPE (www.cptec.inpe.br), SACZ 

episodes were detected on November 1
 st

 to 8
 th

 and 10
 th

 to 17 
th
 that affected the same region, 

plus the state of Espirito Santo in the latter event. Another SACZ episode by 27
 th

 -30
 th

 

November 2021 affected Bahia Espirito Santo and Rio de Janeiro (Figure 2). According to the 

INMET (www.inmet.gov.br) and CEMADEN (www.cemaden.gov.br), in December 2021, three 

episodes (December 1 
st
 -4

 th
, 7 

th
 -11 

th
, 23 

th
 -27 

th
) of the SACZ affected the region between the 

SBA and NMG. On December 7
 th

, storms caused by the passage of a subtropical cyclone 

formed near the coast of Rio de Janeiro that combined with moisture convergence and the 

SACZ produced heavy precipitation that affected several cities in the SBA (Figure 6).  

 

According to INMET, in four days, it rained 491 mm in Itamaraju, 253.6 mm in Porto Seguro, 

216.1 mm in Ilhéus, which are cities in SBA where the December rainfall climatology oscillates 

between 150-200 mm. In Itamaraju, according to CEMADEN, it rained 769.8 mm in December 

2021 (climatology of 148 mm), the previous record in December 1989. In that year, abundant 

rainfall caused overflowing rivers and flooding, closing on highways, including the BR 101, 

near the city of Itamaraju. Consequently, 2 people died, 267 were injured, 6,371 were left 

homeless, 15,199 were displaced, and 220,297 were affected by the floods.   

 

https://www.sciencedirect.com/topics/engineering/soil-saturation
http://www.inmet.gov.br/
http://www.cemaden,gov,br/
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In Salvador, the capital of Bahia, it rained 175.65 mm from December 1
st
 -10 

th
, where the 

climatology is 58.1 mm. On December 13 
th
, according to Noticias Agricolas 

(www.noticiasagricolas.com.br/noticias/soja/304834-excesso-de-chuvas-atinge-lavouras-de-

soja-na-Bahia-com-alagamentos-e-plantas-mortas.html#.YfE7NWBvBI, last accessed on March 

1
st
, 2022), the abundant rainfall affected soybean fields in the state of BA with floods and dead 

plants due to wet soil on the field. While the planting for 2021/2022 was benefited from early 

rainfall in October, rainfall increased and triggered floods. The rains persisted in significant 

volumes. On December 15
 th

, another ZACS episode provided high accumulated rainfall values 

such as 86.2 mm in Vitoria da Conquista, 70.8 mm in Salvador, and 57.0 mm in Cruz das 

Almas. 

 

From December 22 
th
 to 29 

th
, some atmospheric trough episodes occurred in the coast of the 

state of Bahia, in addition to the convergence of moisture in the middle and lower layers coming 

from Amazonia and evaporation from a warmer tropical South Atlantic off the coast of the State 

of Bahia (around 2-2.5°C warmer than average since November 2021) provided more rainfall to 

SBA. As a result, by December 26, greater daily rainfall totals were detected in locations in 

SBA: 127.6 mm in Itiruçu, 77.6 mm in Barreiras, 66.8 mm in Guanambi 63.8 mm in Salvador, 

and 58.6 mm in Ilhéus.   

 

By December 27 th, in Itabuna, in SBA, the Cachoeira river that crosses the city raised by about 

10 m, bridges were closed, energy was shut down, and the isolated population had to be rescued 

by helicopter (SBT News 2021-www.sbtnews.com.br/noticia/primeiro-impacto/191765-chuvas-

na-Bahia-Rio-em-Itabuna-sobe-quase-10-metros, las accessed o January 27
 th

, 2022). During 

that period, the heavy rains in southern Bahia continued to claim victims across the state, two 

dams broke due to the storms, and dozens of cities are still entirely flooded. In addition, rescue 

and relief operations have been highly complex and time-consuming due to flooding on roads 

and the continuation of rains in the region. 

 

In November, while the rainfall amount was much higher during the first two periods, it is 

noticed that rainfall started in NMG and later moved to SBA. This is more obvious on 10
 th

 -17 
th
 November when from 10

 th
 -13

 th
 intense rainfall affected NMG, and from 14 

th
 to -17 

th
 

November the intense rainfall migrated SBA with the almost same intensity. CPTEC/INPE and 

INMET [42, 43] identified episodes of SACZ on 2
 nd

 -7
 th

,12 
th
 -15

 th
 and 20

 th
 -23

 th
 November 

2021, and on 7
 th

 -11
 th

 and 22
 th

 -29
 th

 December 2021. In the third period, the two regions 

experienced heavy rainfall almost simultaneously, even though less heavy than in the other 

periods. However, the impacts were much higher because the soil was wet due to the 

accumulated heavy rainfall in previous periods in November and early and middle December.  

 

Based on these criteria, we have selected three periods with intense rainfall in the region for 

detailed analysis of rainfall distribution: 1
 st

 -8 
th
, 10 

th
 -17 

th
, and 27 

th
 -30 

th 
November 2021 and 

two from December 2021: 7
 th

 -11
 th

 and 22
 th

 -29 
th
 December, considering data from the 

CEMADEN network (Figures 2). In addition, some special analyses were performed for the 22
 

th
 -29 

th
 December period, which was very wet in both regions. It was when the disasters 

triggered by heavy rainfall left more fatalities (Figure 6) 

 

http://www.noticiasagricolas.com.br/noticias/soja/304834-excesso-de-chuvas-atinge-lavouras-de-soja-na-bahia-com-alagamentos-e-plantas-mortas.html#.YfE7NWBvBI
http://www.noticiasagricolas.com.br/noticias/soja/304834-excesso-de-chuvas-atinge-lavouras-de-soja-na-bahia-com-alagamentos-e-plantas-mortas.html#.YfE7NWBvBI
http://www.sbtnews.com.br/noticia/primeiro-impacto/191765-chuvas-na-bahia-rio-em-itabuna-sobe-quase-10-metros
http://www.sbtnews.com.br/noticia/primeiro-impacto/191765-chuvas-na-bahia-rio-em-itabuna-sobe-quase-10-metros
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Figure. 6. (Upper panel) rainfall in the States of Bahia and Minas Gerais in southeast Brazil. 

A)Climatology for November, B) Climatology for December, C) Accumulated rainfall in 

November 2021, D) Accumulated rainfall in December 2021, E) Rainfall anomaly for 

November 2021, F) Rainfall anomaly for December 2021. Units in mm/month. The color scale 

is shown on the upper left side of each panel. Anomalies are relative to 1981-2010. The area of 

interest covering the southern part of the state o Bahia and the northern region of Minas Gerais 

is shown inside the red square. Source of data: CHIRPS. (Lower panel) Maps of accumulated 

rainfall for the Southern Bahia and the northern Minas Gerais States during the wet periods 

identified in Figure 2 for November (A, B, C) and December (E, F) in mm. Figures D and G 

show the monthly rainfall accumulated for November and December 2021, respectively. The 
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color scale is shown on the upper left side of each panelðSource of data: CEMADEN 

Network.   

 

5.1.5 Increased climate pressure on the agricultural fr ontier in the Eastern Amazonia-

Cerrado transition zone  

 

Several large-scale drivers of both anthropogenic and natural environmental changes are 

interacting nonlinearly in the transition zone between eastern Amazonia and the adjacent 

Cerrado, considered to be another Brazilian agricultural frontier. Land-use change for 

agrobusiness expansion together with climate change in the transition zone between eastern 

Amazonia and the adjacent Cerrado may have induced a worsening of severe drought conditions 

over the last decade.  Here we show that the largest warming and drying trends over tropical 

South America during the last four decades are observed to be precisely in the eastern 

Amazonia-Cerrado transition region, where they induce delayed wet-season and worsen severe 

drought conditions over the last decade. Our results evidence an increase in temperature, vapor 

pressure deficit, subsidence, dry-day frequency, and a decrease in precipitation, humidity, and 

evaporation, plus a delay in the onset of the wet season, inducing a higher risk of fire during the 

dry-to-wet transition season. These findings provide observational evidence of the increasing 

climatic pressure in this area, which is sensitive for global food security, and the need to 

reconcile agricultural expansion and protection of natural tropical biomes. 

 

Land-use change for agrobusiness expansion together with underlying climate change may 

induce higher frequency of extreme climate events, increasing the exposure and vulnerability of 

tropical forests and Cerrado.  The transition zone between the Eastern Amazon and the Cerrado 

(EAC) biomes comprises the largest area of contact between forest and savanna in the tropics, 

with the Cerrado recognized as the worldôs most biodiverse savanna.  The hypothesis of  

ñsavannizationò of Amazonia suggests that such a new equilibrium state becomes more likely as 

the climate gets warmer and drier, deforestation advances and fires become more frequent. The 

expected result of this interplay of processes is a contraction of the humid and dense forests 

giving way to a Cerrado-like biome. Modeling studies show that the Amazon may have ñtipping 

pointsò linked to their exceeding of deforestation and temperature thresholds. Satellite-based 

observations have recently revealed that the area of degradation and natural disturbance there is 

surpassing that impacted by deforestation in the Amazon region. Acting synergistically with 

processes already in play in the Amazon, the deterioration described here may increase climate 

change pressure in the region, especially putting  at risk productive areas responsible for 

supporting global food security.  

 

Compound changes in hydrological and climate variables. Regions suffering a long-term 

warming and/or drying trend (1981-2020) are identified through the analysis of spatial patterns 

of these trends for different radiative, atmospheric, and hydrological variables (Fig. 7). EAC 

experienced a widespread and significant warming trend (0.38°0.15ºC/decade, p<0.05) during 

the  dry-to-wet transition season July-October (JASO) over last four decades (Fig. 1a). The 

observed actual evapotranspiration (EVP) reduction (Fig. 7b) tends to elevate temperature, 

which  increases sensible flux to offset the net downward radiative flux. Generally, an increase 

of surface net radiation and consequent increase of temperature lead to an increase of EVP if 

there is sufficient moisture in plants and soil. The widespread increase of vapor pressure deficit 

(VPD, Fig. 1c) is in line with the spatial pattern of warming observed in air temperature. This 

also agrees with global increases of VPD leading to reductions in vegetation growth
46

. 
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Figure 7. Spatial patterns of trends and compound changes. Trends (1981-2020) for the JASO 

seasonal period in air temperature T2m (a), actual total evapotranspiration EVP (b), vapor 

pressure deficit VPD (c), precipitation PP (d), frequency of dry days DDF (e), atmospheric 

water vapor content TCWV (f), omega at 500 hPa (g) and wet season onset WSO (h). Values of 

trends given in units per decade. Only pixels statistically significant at the a = 0.05 level are 

displayed. Hydrological and climate changes are combined to display those pixels where 

positive trends in T2m, VPD and DDF, and negative trends in PP, EVP and TCWV are 

simultaneously observed (i). Compound trends are categorized into three levels: pixels without 

statistical significance (All p), pixels statistically significant at p<0.2, and pixels statistically 

significant at p<0.05. In all maps, the Amazon and MATOPIBA regions are marked by black 

and blue contour lines, respectively. 

 

Overall, precipitation trends during the dry-to-wet transition season do not show a statistically 

significant widespread spatial pattern, but negative trends predominate over southern and 

southeastern Amazonia (Fig. 7d). A delayed wet season onset (WSO) is also noticed over 

eastern Amazonia (Fig. 7h), associated  with an increase in atmospheric subsidence, as 

suggested by the positive trend in vertical velocity (omega) at 500 hPa over this region (Fig. 

7g). Accordingly, EAC is characterized by a significant increase of the frequency of dry days 

(DDF, Fig. 7e). The observed DDF increases associated with increased subsidence over this 

region, are partially related to an intensification of the Hadley and Walker cells, and a higher 
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frequency of winter weather types during September-October. Moreover, the increase in DDF 

over this region is related to a warming of the northern tropical Atlantic Ocean and a weakening 

of moisture transport from the tropical Atlantic Ocean. This is consistent with previous findings 

demonstrating the increased dry season length, also observed through the delayed WSO (Fig. 

7h). There  is a reduction in the atmospheric water vapor content (TCWV) in eastern Amazonia 

(Fig. 7f), and a northwest to southeast gradient, wet over the north and dry over the south.  

 

In water-limited areas such as the eastern Amazon, however, an increase of temperature is 

unlikely to increase EVP, especially in the dry and dry-to-wet seasons.  Variation in water 

availability governs EVP in the seasonally dry tropical forests in the south and southeast 

Amazon, towards the transition with the Cerrado biome. Dry-adapted plants can control stomata 

opening or shed their leaves in response to water deficits, but unadapted plants cannot. If the 

stomata are closed for too long, an increase in plant mortality by carbon starvation is expected. 

On the other hand, if plants are unable to avoid water loss, mortality is likely to increase 

because of cavitation. All these processes are fundamentally linked to canopyïatmosphere 

coupling, with complex interactions between climate and plant phenology.  

 
The analysis of long-term trends (Figs. 7a-h) evidenced that some of the hydrological and 

climate changes are already widespread in EAC, whereas other changes are focused on 

southern/southeastern Amazonia or even finer regional scales. By combining changes of all the 

variables into  a single compound indicator (Fig. 7i), we show that EAC is suffering a combined 

dry and warming trend. The EAC sensitive region is mainly composed of Cerrado and 

encompasses roughly the MATOPIBA region. Therefore, the MATOPIBA region shows the 

strongest  heating and drying trends observed across the whole of the Amazon and Tocantins 

basins and Cerrado biome. This agrees with the fire distribution focused across the southern 

boundary of the Amazon basin and in the EAC during the May-August dry season because the 

disturbed forests are more prone to burning in the dry-to-wet transition season than in the wet 

and dry seasons. 

 

5.1.6 Intraseasonal Drivers of the 2018 Drought Over São Paulo, Brazil  

 

Dry conditions occurred over São Paulo state (southeastern Brazil) from February to July 2018, 

causing the driest semester in 35 years. Socioeconomic impacts included a record number of fire 

spots, most adverse conditions to pollutant dispersion in 3 years and the winterôs lowest water 

reservoirs stored volume in 17 years. This study discusses climate drivers to the onset and 

persistence of the dry conditions, with special attention to the intraseasonal forcing. Barotropic 

atmospheric circulations forced by the intraseasonal Pacific-South America teleconnection 

pattern (PSA), embedded in the lower frequency setup of the Pacific Decadal Oscillation and 

the Atlantic Multidecadal Oscillation, were identified as main large-scale forcings to reduce 

precipitation. Drought evolution was modulated by other intraseasonal drivers such as the 

Madden Julian Oscillation (MJO), Antarctic Oscillation (AAO) and 10ï30 days Oscillations. A 

break in the 6-month dry condition, in March 2018, highlighted the important role of such 

oscillations in determining precipitation anomalies over São Paulo (SP). Results show that 

intraseasonal phenomena and their interactions control drought characteristics such as 

magnitude, persistence and spatial distribution within a setup determined by lower-frequency 

oscillations. The intraseasonal timescale seems to be key and must be considered for a complete 

description and understanding of the complex drought evolution process in São Paulo. 

 

In order to summarize the finds described above, a schematic representation of the main climate 

drivers for the February 2018 and April 2018 dry conditions are presented in Fig.8. In both 

months, intraseasonal PSA and MJO signals were the most important drivers. A distinction 

between summer and autumn is seen in the role of South Atlantic Convergence Zone (SACZ) in 

the former, and South Atlantic Surface High (SASH) and Intertropical Convergence Zone 

(ITCZ) in the latter. The intraseasonal AAO also contributed to this scenario, enhancing the 

drought in February, during the positive phase, and weakening it in the following months. The 
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precipitation pattern change between February and March was in part due to the AAO turning 

from positive to neutral, illustrating the importance of this oscillation to characterize monthly 

dry conditions over SP. But the role of AAO in SP drought seems not limited to its intraseasonal 

variability. The Oscillation also presents an interannual variability that, albeit much smaller than 

the intraseasonal one, may contribute to longer wet and dry periods over SP. 

 

 
 
 
Figure 8: Schematic representation of the main climate drivers for the (A) February 2018 and 

(B) April 2018 dry conditions. 
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5.2 Food security 
 

This subcomponent is divided into three activities 

 

- Activity 1 - Climate, agriculture and implications for food security  (Year 5) 

- Activity 2 - Economy, Climate and implications for food security (Year 6) 

- Activity 3 - Climate, livestock and implications for food security  (Already reported in  Year 

4). 

 

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

 

In this stage of the work, studies were developed to assess food security vulnerability due to 

changes in crops and pastures (such as new production systems and production intensification) - 

based on the estimate of land use change from 1985 to 2018 made by MAPBIOMAS In Figure 

9 this variation between 1985 and 2020 is indicated  agriculture and cattle-raising: 263 million 

hectares 
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Figure 9. Variation of land use in Brazil, from 1985 to 2020. 

 

The period concerned the occupied area grew by 68% and productivity by more than 200%. The 

country is the world's largest exporter of soy, coffee, sugar, orange juice, sugar cane ethanol, 

beef and chicken. 

 

From 1960 to 2020, the agribusiness export agenda reached more than 350 items. In 2020, 

agribusiness exports were on the order of US$ 100.7 billion, increasing 3.98% from the US$ 

96.8 billion obtained in 2019. Basically, Brazil has become an exporter of commodities, where a 

great part of these exports are not reflected in the Brazilian people's diet. What was observed 

was the increase in hunger in the country, which is reflected mainly in the basic food basket 

items. Table 1 shows the Brazilian consumption levels, in kilograms of food per inhabitant, over 

the last 35 years. What can be observed is that the average consumption has decreased. These 

figures may indicate production strategies to ensure food security in the country. 

 

Table 1. Per capita consumption of 4 basic food basket items in the last 35 years, in 

kg/inhabitant. 

       Rice  Bean cassava wheat 

1985 67 19 171 32 

1990 74 16 159 37 

1995 65 21 151 13 

2000 67 16 120 14 

2005 71 16 129 31 

2010 65 18 125 31 

2015 60 16 114 26 

2020 49 14 83 26 

 

With the increase in temperature and rainfall, the food production situation can be affected. In 

recent years, climate change has had a strong impact on the production of soy and corn, 

reducing harvests by more than 25 million tons. 

 

Assessment of climate change and agricultural impacts in the pilot area of the São Francisco 

River Basin. 

 

This part of the work was done with the Federal University of Ceará, Civil Engineering 

Department and IFAL, Federal Institute of Alagoas. The main result of this interaction was at 

the end of the studies the publication of a book entitled "Nexus Recursos hídricos, Agricultura e 

Energia, na Bacia  estendida do Rio São Francisco ", with 4 chapters, indicating the application 

of the relationship between food security, water security and energy security. 

 

Main results  

 

The main results of the work on the spatial-temporal characterization of the BESF using the 

MapBiomas products are presented; then aspects of drought perception will be addressed as a 

way of subsidizing water security and the impact of climate change on water levels in the 

BESF; results related to agricultural production are also presented. Assessments of greenhouse 

gas emissions (GHG), and carbon sequestration by soil will be presented in the next report.  

 

 Spatial-temporal characterization of the BESF 
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Starting from the need for LULC maps for the entire BESF, the proposal was to demonstrate the 

structuring, reclassification, and validation of the annual MapBiomas LULC maps for the 

Extended São Francisco Basin. 

 

The data series used in the characterization of the BESF correspond to collections 3.1 and 4.1 

(1984 to 2018). The classification adopted by MapBiomas is subdivided into 27 classes. 

However, since in the scope of the project the classifications would be used in simulations and 

diverse modeling, it was decided to group the classes into more comprehensive groups. Some 

groups were composed of only one class of interest to the project, such as the six agricultural 

use classifications and the urban infrastructure class. Figure 10 illustrates the adopted legend 

code and the composition of the LULC groups adopted in the reclassification operation. 

 

Figure 10 - Legend codes after reclassification of MapBiomas products

 
 

MapBiomas, through the availability of annual land use and land cover mapping data, allows 

interested parties to analyze changes and transitions in land use at various geographic scales, 

from a local micro scale to a regional or national scale. One can see that there are a number of 

complexities involved in both land use and land cover change and the newly formed BESF. 

The study points out that between 1985 and 2018, the biggest change observed refers to the 

reduction of vegetation that reached just over 3% of the total area of the extended watershed. 

Agriculture and cattle ranching, on the other hand, grew just under 2% in area. Another factor 

worth noting is that as urban infrastructure expanded, water bodies reduced in the same 

proportion, around 0.08%. 

 

Figure 11 - Land Use and Land Cover for the years 1985, 1995, 2005, and 2018 in the Extended 

São Francisco River Basin.  
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All 34 maps extracted from MapBiomas were quantified and used by the various researchers of 

the project team as input for simulation models (carbon stock, hydrological models, etc.). The 

possibilities of use in subdivisions of the BESF as sub-basins allowed for diverse analyses as 

can be seen in several chapters of the book ñ Nexus Recursos h²dricos, Agricultura e Energia, na 

Bacia  estendida do Rio São Francisco (Figura 11) 

 

Impact of climate change on the flow regime  

 

 Climate change is a global phenomenon, anthropically caused, with impacts that are 

likely to compromise the current form of economic production and social organization on the 

planet. Projecting and quantifying these impacts are necessary steps in the construction of 

mitigation strategies. In the São Francisco River Basin, the intricate Water-Energy-Food 

NEXUS makes the socio-environmental system even more sensitive to climate change. Among 

the projected impacts, changes in the flow regime have implications for the water supply for 

food and energy production.  

In this component of the SHAE IP, the Global Climate Model (GCM) projections made 

available in the sixth cycle of the Coupled Model Intercomparison Project (CMIP6) were 

combined with rainfall-runoff modeling to assess the impacts of climate change on the flow 

regime in the São Francisco River Basin. The impacts were assessed specifically on the 

catchments of the tributaries of the Três Marias, Sobradinho, Retiro Baixo, and Queimado 

reservoirs. 

 

In the IPCC6, the scenarios for climate change assessment combine the emission trajectories, 

represented by the RCPs, with possible socio-political dynamics of global development, which 

may rely on mitigation actions or result in intensified impacts. The socio-political trajectories 

are condensed into five scenarios called Shared Socioeconomic Pathways (SSPs) (Riahi et al., 

2017), which correspond to narratives for global development. 

 

In this study, the scenarios SSP 2 - 4.5 and SSP 5 - 8.5 were considered, which combine, 

respectively, the SSP 2 and SSP 5 scenarios with RCPs 4.5 and 8.5. In this way, two distinct 

trajectories were represented: a first more optimistic one and a second one considering the most 

intense impact level. 

 

For each of these scenarios, the eight CMIP6 climate models were considered: BCC-CM2-MR, 

CanESM5, FGOALSg3, MIROC6, MPI-ESM1-2-HR, MRI-ESM2-0, NESM3, and IPSL-

CM6A-LR. Precipitation and maximum and minimum temperature data were extracted from 

each model, in historical model simulations and in projections for the 21st century. 

In the historical simulations, the period 1980-2015 was cut out for precipitation data and the 

period 1980-2013 for temperature data. For the projections, the period 2021-2100 was 

considered, which was broken down in the analysis into subperiods of 30 years (with a step of 

10 years and overlapping of 20 years), that is, 2021-2050, 2031-2060, until 2071-2100. 

 

The following will only present the results related to the Sobradinho reservoir (Figure 8), the 

others are available in the Book ñNexus Recursos h²dricos, Agricultura e Energia, na Bacia  

estendida do Rio S«o Franciscoò 

 

The CMIP6 climate change models project for the São Francisco River Basin a consistent 

increase in temperature over the 21st century, following the global trend. Consequently, an 

increase in ETP is projected. On the other hand, the eight models evaluated do not agree 

regarding the direction of the projected trend for the region's precipitation regime. Yet, at least 

four models point to significant variations in average precipitation (between -48% and +119%). 

The framework developed for assessing the effect of climate change on the flow regime showed 

that the projected trends for precipitation and ETP are combined and result in more intense 

variation trends in the flow regime, with the most extreme models showing variations as high as 
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-97% and 627%. Significant variations are observed already in the SSP2-4.5 scenario, with an 

intensification of the trends occurring in the SSP5-8.5 scenario (Figure 12). 

 

 

 

Figure 12 - Time evolution of hydrological variables (precipitation, ETP and flow) projected by 

eight MCGs in the SSP2-4.5 and SSP5-8.5 scenarios in Sobradinho reservoir. 

 
 

Even though the projections differ on the trend of the flow regime, implying great uncertainty in 

the evaluation of water supply, the projection of an increase in ETP implies an increase in 

demand per unit of planted area, considering the maintenance of irrigation techniques. If the 
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total irrigated area is maintained, there will be an increase in demand. In the worst of the 

projected scenarios, there will be a decrease in supply (which could reach -97%) accompanied 

by an increase in demand, intensifying competition among water uses in the region. 

 

 Agriculture and cattle ranching indicators: current data and future climate change scenarios 

 

In the context of the SHAE IP, this component collected data related to livestock (cattle) and 

agriculture (harvested area, production and productivity of rice, sugarcane, beans, cassava, corn 

and soy crops) for the period 2005 to 2017, and generated projections of these variables under 

climate change scenarios. The survey of this data had two objectives: i) compile the primary 

data used in the estimates of greenhouse gas emissions in the BESF; ii) evaluate the dynamics 

of the activities of the agricultural and livestock sector in the period 2005 to 2017, and the 

impacts of climate change on the indicators of production and productivity in the BESF. To 

estimate productivity for the BESF, the climate databases from Xavier (2015) and the 

HadGEM2-ES global climate model were used. Both contain 11,299 points gridded at 0.25° and 

their importance lies in daily information on climate parameters such as maximum temperature, 

minimum temperature, and rainfall.  

 

Only a few results about the productivity indicators for agricultural crops and pastures, as well 

as livestock projections will be presented here. Considering the average data for all the 

municipalities in the BESF, the simulations with climate change scenarios point to an increase 

in productivity for most crops in the region. Only the rice crop showed a reduction in 

productivity levels. For example, comparing the period 2041-2050 with 2017 (base year), an 

average reduction of 3.4% was estimated. The other crops are expected to show productivity 

gains of 5.9, 10.8, 8.2, 14.7, and 21.1% for sugarcane, beans, cassava, corn, and soybeans, 

respectively (Figure 13). The plants have their own adaptation to the prevailing climatic 

conditions in their environment, allowing for technological development that indicates new crop 

accommodations considering the new climate through climate risk zoning for agriculture in the 

BESF region. 

 

Figure 13 - Current and projected agricultural productivity (t ha-1 ) of the main crops in the 

BESF in 2017 and based on climate change scenarios. 

 
The pastures, on the other hand, showed a tendency to increase biomass productivity in the 

period 2031-40, with a median indicating productivity of 11,159.31 kg ha-1, with a small 

reduction in the period 2041-50 in the BESF. The greatest variability in pasture biomass 
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productivity is observed in the period 2021-30, however, presenting the lowest median among 

the periods (8,527.83 kg ha-1) (Figure 14). 

  

 

Figure 14 - Pasture biomass in different periods of climate change, considering all the 

municipalities in the BESF. 

 
 

With the changes in pasture biomass simulated under different climate change scenarios, it was 

estimated that in the period 2041-50 the herd could be 36.7 million of heads, an increase of 

24.6% compared to 2017 (Table 2). The largest increase were observed for beef cattle 

(+36.8%), dairy cattle (+33.0%) and bubalines (+33.3%), while sheep, goats and horses will 

have their herds increased by 6.1, 10.4 and 19.7%, respectively. 

 

Table 2 - Animal population projection under future climate scenarios in the Extended São 

Francisco River Basin for the periods 2021-30, 2031-40 and 2041-50. 

Herd 
2017 2021-30 2031-40 2041-50 

Number of animals (in millions of heads) 

Beef Cattle 14,69 
 

14,99 
 

21,56 
 

20,10   

Dairy Cattle 2,15 
 

2,38 
 

2,97 
 

2,86   

Goats 5,36 
 

4,76 
 

6,09 
 

5,92   

Sheep 6,51 
 

6,00 
 

7,07 
 

6,91   

Equines 0,71 
 

0,65 
 

0,90 
 

0,85   

Bubalines 0,03 
 

0,03 
 

0,05 
 

0,04   

Total 29,45 
 

28,80 
 

38,64 
 

36,69   

 

The analysis of the dataset from the present period (2005-2017) allowed for the identification of 

important trends in the BESF. With regard to livestock, the results show that there has been an 

increase in the yield of several species, indicating that even in the face of the climate, soil, and 

socioeconomic limitations that characterize the region, producers have managed to improve 

productivity indicators. Clear examples of this change are: i) the 65.5% increase in the high 

productivity cattle herd; ii) the 46.4% increase in poultry raising; and iii) the approximately 

38% increase in industrial swine raising in detriment of subsistence raising. There was also a 
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50.6% increase in the sheep herd, while the beef cattle and goat herds remained stable in the 

period studied.  

 In agriculture, considering the six crops studied, the results show productivity gains in 

the ESBS, since the area harvested with these crops grew only 2.9%, while production increased 

40.5% in 12 years. The negative highlight comes from manioc, which showed significant 

reductions both in harvested area (-57.2%) and productivity (-22.5%).  

Finally, the results of the climate change scenarios point to a tendency for an increase in the 

biomass production of pastures, which will allow for an increase in livestock activity. The same 

should occur with agricultural crops, since the results indicate increases in the average 

productivity of the crops covered in this study. However, it is necessary to take into 

consideration the prospect of an increase in the frequency and intensity of extreme events, 

which can mitigate the theoretical gains in productivity and agricultural production, and 

negatively impact water, energy and food security in the BESF. 

 

Agricultural production losses and extreme weather events in the BESF  

 

 The data from the previous topic showed that between 2005 and 2017 there were 

significant increases in productivity and production of agricultural and livestock production in 

the ESFS, which is important to help ensure food security in the region. However, the increased 

frequency of occurrence and intensity of extreme events due to climate change is expected to be 

a challenge for the region. According to Carvalho et al. (2020), droughts hit the northeast region 

most intensely in the years 2010, 2012, 2014, and 2017, causing reductions in rainfall ranging 

from 15.0% to 70%. In this context, this chapter aimed to evaluate agricultural production 

losses from planting to pre-harvest in the Extended São Francisco River Basin (BESF) in the 

period 2005 to 2017, and correlate these data with extreme drought.  

 Figure 15 shows the results of loss rates from planting to pre-harvest of the main crops 

present in the BESF between 2005 and 2017. The results show that the loss rates can reach 

levels close to and above 30%, as occurred in the crops of beans, cassava, and corn, which 

obviously significantly impacts the entire production chain. It was also observed that the years 

2012, and 2015 to 2017 were the most critical for almost all crops. The year 2012 had high 

losses in all crops (except soybeans), while the period between 2015 and 2017 was marked by 

significant losses, for example, in rice, beans, and corn. Among the crops evaluated, sugarcane 

was the least susceptible to losses until pre-harvest. 

 

Figure 15 - Loss rates from planting to pre-harvest of the main crops present in the BESF 

between 2005 and 2017. 
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Figure 16 shows the spatialized results by municipality in the BESF. For the bean crop it is 

observed that there were losses of up to 96% in 2017. These losses presented in 2017 occurred 

in almost the entire length of the basin, reaching a greater number of municipalities when 

compared to 2005. The data for the other crops can be seen in Book Nexus Recursos hídricos, 

Agricultura e Energia, na Bacia  estendida do Rio São Francisco. These results for the bean crop 

serve to illustrate the impact of droughts on agricultural production, demonstrating that the 

increased frequency and intensity of extreme events, in this case droughts, can substantially 

affect and hinder food security in the BESF.    

 

Figure 16 - Index of agricultural losses (%) from planting to pre-harvest of beans in the years 

2005 (A) and 2017 (B) in the municipalities that make up the Extended São Francisco River 

Basin. 

 
 

Activity 3 was reported in Year 4. 

 

5.3 Water security  
 

 5.3.1 Highlights 

 

The noteworthy results achieved during the 5th year of the INCTMC2 project were the 

continuous promotion of INCTMC2 water security goals on (see Figure 17, 18 and Table 3, 

with a Summary and Appendix enclosed): 

- COVID+IPCC/AR6 communication strategies for society and users, 

- synergic alliances with other interdisciplinary groups, and  

- accelerating action with UNESCO-IHP-IX for science-to-policy adaptation.  

These achievements were developed through strategies of:  

(1) water security-designed courses, workshops and webinars with InnSciD SP 2021 + TWAS 

Science Diplomacy LAC  and UNESCO-IHP-IX (2022-2029); 

(2) synergy and sharing knowledge with granted projects around INCTMC2ôs goals with 

FAPESP Research, Dissemination & Innovation Center (CeMEAI-ñApplied Maths for 

Industry"), FAPESP Engineering Research Center (C4AI-ñArtificial Intelligenceò), and 

FAPESP-Belmont Forum (MADIS-ñManagement of Disaster Risk and Societal Resilienceò, 

new title) 

(3) participation in co-authored publications in high-impact journals (Nature) with early-career 

https://2021.innscidsp.com/program/
https://2021.innscidsp.com/program/
https://unesdoc.unesco.org/ark:/48223/pf0000381318
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/105714/center-for-artificial-intelligence/
https://bv.fapesp.br/en/auxilios/106993/toco_dr-theory-of-change-observatory-on-disaster-resilience/
http://www.nature.com/articles/s41586-022-04917-5
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scientists and with comparative datasets promoting INCTMC2,   

(4) updating INCTMC2 water security timeplan (see Table 1) with premises from the WMO 

State of the Climate in Latin America and the Caribbean and the UNESCO recommendation 

on open science  

 

 

Figure 17. Summary of achievements of the INCTMC2 water security in the period 2021/2022. 

 

Table 3. State of objetives and goals of INCTMC2-Water Security (adapted from Marengo, 

2014). Shaded cells represent workable topics of CNPq DTI scholarships (CEMADEN + 

APAC) 

 10.2.3 Main objectives      (page 34) 
2017/1

8 

2018/1

9 

2019/2

0 

2020/

21 

2021/2

2 

2022/2

3 
1. Identification of strategic river basins to 

systematize data collection of water supply 

and demand with hydro-climate models to 

      

2. Calibration and validation, spatially-

distributed, of hydrological processes, i.e. 

rainfall- evapotranspiration, and runoff, under 

conditions of quasi-stationarity for several 

      

3. Simulation of calibrated models, coupling 

with climate models of medium-and long-

term, for prospecting indicators of 

vulnerability and risk of hydrological 

      

4. Evaluation of new adaptation strategies for 

water security for multiple uses under 

nonstationary conditions using classical and 

      

5. Proposition of strategies for improving 

water security communication among 

stakeholders, scientific community, policy 

makers and vulnerable population to 

      

10.2.5 Expected Goals (page 36)       

[1.] Strengthening information and databases 

for present and future climate-hydrology 

information in strategic basins under growing 

      

[2.] Consolidation of a cooperative research 

network from institutions of excellence in 

Brazil to evaluate the water security to the 

     
 

[3.] Promotion of adaptation strategy of 

climate-water-resilience for sustainable 
      

INCTMC2 water 
security alliances with 
other FAPESP 
interdisciplinary 
projects (C4AI 
#2019/07665-4 , 
MADIS #2019/23393-
4, CeMEAI 
#2013/07375-0) 
through: NbS efficiency 
under LULC (SSP) & 
climate (RCP), EbA 
valuation & water risk 
management  

INCTMC2 water 
security  alliances 
with international 

initiatives of: 
UNESCO-IHP IX 

Phase (2022-2029), 
UNEP 

WWQA/GEMS, 
WMO Strategic Plan, 
#Act4SDGs, IBPES 

& COP27 to 
accelerate science-

COVID-induced interdisciplinary 
communication among 

INCTMC2ôs partners & pos-
IPCC/AR6 intersectorial dialogue 
with international stakeholders 

under new regulation 
frameworkd of the Brazilian 

Water Security Plan (PNSH, 2019-
2035), the New Brazilian Water 
Security Act (#14026/2020) and 

2021/2022  
achievement

s of 
INCTMC2 

water 
security 

subcompon

https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate/LAC
https://public.wmo.int/en/our-mandate/climate/wmo-statement-state-of-global-climate/LAC
https://unesdoc.unesco.org/ark:/48223/pf0000379949.locale=en
https://unesdoc.unesco.org/ark:/48223/pf0000379949.locale=en
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[4.] Providing technical tools for policies with 

strategies of adaptation to future changes 

aimed at mitigating hydrological 

      

[5.] New courses of water security in graduate 

programs, including interdisciplinary 

seminars and crosscutting training courses for 

      

[6.]Postgraduate Award of Brazilian 

researchers on the subject of water security 

with increased participation in national and 

international projects, and with public-private 

     
 

[7.] Publication of research results in media 

accessible to interested parties, as well as in 

international journals of high impact and 

      

[8.] Expansion of participation of Brazilian 

researchers in international forums for 

innovation and solutions on water security. 

      

[9.] Promotion of a science-to-policy network 

for the 2019-2035 Brazilian Water Resources 

Plan (ANA), under the legal framework ( 

9.433/97, Braz. Wat. Res. Act; 12.187/09: the 

Braz. Climate Change Act;12.608/12, Braz. 

      

 

5.3.2 Scientific and Management Activities (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 affiliated networks from ABRHidro. Activities were subdivided into 

sections of advances in water security at local scales, climate change and trends in selected 

scales, earth observation for water management, and combined strategies with key stakeholders. 

Detailed information can be consulted in respective publications (section XX)  After COVID, 

highlights of the 5th year were addressed in how Brazilian INCTMC2-WS' actions met global 

programs of UNDRR, UNFCCC, UN-Habitat, UNESCO-IHP-IX (2022-2029) and socio-

hydrology initiatives of IAHS/Panta Rhei and IAHS/Unsolved Problems in Hydrology (UPH). 

Moreover, being Brazil a global player in natural capital has the INCTMC2 water security 

subcomponent decided to include the Intergovernmental Science-Policy Platform on 

Biodiversity & Ecosystem Services (IPBES) and the Convention of Biological Diversity (CBD) 

as programs for linking INCTMC2-WSô science-for-policy goals.  

 

The polycentric governance statement of the INCTMC2-WS is: ñhow new sustainable, resilient 

PPPs 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:  

 - Nationally Determined Contributions of Parties (NDC) for UNFCCC,  

 -  Nature's Contribution to People (NCP) for CDB & IPBES, 

 - Digital Sequence Informationò (DSI) for Natural Capital from CBD, 

with flexible, adaptable and participatory mechanisms of: 

 -  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 of Sustainable Insurance (PSI-UNEPFI) and Green Bonds,  

 -  Waste Wise Cities from UN-Habitat,  

 -  Water, Sanitation & Hygieneò(WASH) services from UN-Agenda 2030, 

using resilience-driven (absorptive, adaptive, transformative) methods of: 

 - Nature-based Solutions (NbS),  

 - Ecosystem-based Adaptation(EbA),  

 - Community-based Adaptation(CbA),  

 - Participatory Action Research (PAR)ò.   
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Hence, this 5th year of the INCTMC2-WS was consolidated through relevant research-into-

policy networks with the IAHS Panta Rhei benchmark dataset with socio-hydrological data of 

paired events of floods and droughts, the UNESCO-IHP-IX Operational Plan (2022-2029), the 

IWA 'Earth Observation for water management' Community of Practice, Brazilian open datasets 

on water security (PNSH/ANASB, CAMELSôBR & CABra).  

 

5.3.3 Advances at Multiple  Scales of Water Security 

 

In this 2021/2022 period, research groups of INCTMC2-Water Security have gained advances 

despite of COVID pandemic like continental river flowsô   datasets, forecasts and post-

processing skills, when appropriate (A.1.1),  

 

-Continental river flow datasets, forecast and post-processing 

 

In early 2022, the first Brazilian PhD Thesis on South America river flow datasets, forecasts 

and post-processing assessment was defended under examination board of scientists of 

INCTMC2 water security subcomponent. For short-term water resilience maps, Siqueira et al 

(2021, doi:10.1016/j.jhydrol.2021.126520) use the Reliability Index maps depicting regionally 

the deviation from flatness, and the Ensemble Model Output Statistics (EMOS) and the 

Ensemble Copula Coupling ñtracesò (ECC-T) (Figures 18, 19) 

 

Figure 18. RI maps of ensemble streamflow forecasts for a lead time of seven days. Results are 

shown for the raw ensemble (left), EMOS univariate postprocessing (center) and EMOS-ECC-T 

multivariate postprocessing (right). Source: Siqueira et al (2021).  

 

 

 

 

 

 

 

http://www.apple.com/
http://www.apple.com/
https://unesdoc.unesco.org/ark:/48223/pf0000381318
https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
https://pnsh.ana.gov.br/home
https://essd.copernicus.org/articles/12/2075/2020/
https://hess.copernicus.org/articles/25/3105/2021/
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Figure 19. Examples of streamflow forecasts issued for selected locations and selected dates in 

SA (reservoirs of the Brazilian SIN). Forecasts are presented for the raw ensemble (left) and 

EMOS predictive distributions together with postprocessed ensemble traces derived using the 

ECC-T (right). Observed discharges and ensemble members are shown in black (thick) and gray 

(thin) lines, whereas the centered 50 % and 90 % EMOS prediction intervals are presented in 

dark and light blue colors, respectively. Source: Siqueira et al (2021). 

 

 

5.3.4 Datasets on unprecedented droughts-and-floods  

 

One of them is the participation of INCTMC2-Water Security subcomponentôs scientists in a 

global comparative study published in the scientific journal Nature (Kreibich et al (2022) The 

challenge of unprecedented floods and droughts in risk management, Nature, 

https://doi.org/10.1038/s41586-022-04917-5).  

https://doi.org/10.1038/s41586-022-04917-5
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On the one hand, the paper has shown that gearing risk management measures to the worst-case 

event experienced to date is not enough to reduce impacts from unprecedented events. This 

paper depicts the despite the impact of such natural hazards can be reduced through appropriate 

risk management if  the causes of the increasing damage are known, however, this has so far 

been hampered by a lack of empirical data. So, a large-scale international collaborative effort by 

researchers from the International Association of Hydrological Sciences () has now led to 

important lessons from past events. A unique data set of two successive extreme flood or 

drought events in the same area was compiled and studied. Regions with large differences in 

population structure, socio-economic, climatic and hydrological conditions on all continents 

were studied. The analyses confirmed the assumption that appropriate risk management 

generally helps to reduce damage.  

 

However, on the other hand,  is particularly difficult  to reduce the impact of extreme events 

whose magnitude has not been seen in the past in the affected area because of two factors. First, 

infrastructures such as dams and reservoirs have an upper design limit  up to which they are 

effective, but once a threshold is exceeded, they become ineffective. Second, risk management 

is usually introduced or adjusted reactively after major floods and droughts, while proactive, 

anticipatory strategies are rare. The reason for this behaviour is partly due to a cognitive bias 

related to the rarity and previous uniqueness of these extreme events, as well as to the nature of 

human risk perception: events that one has already experienced oneself are more likely to be 

expected again in the future. Thus, this INCTMC2-contributed paper states worldwide 

approach, that applying these success factors can counteract the current trend of increasing 

damage from extreme events under climate change conditions. 

 

-Digital Water for Resilience  

 

The INCTMC2 Water Security has developed new insights to combine a new, three 

dimensional approach to water security from ñreal waterò(X), ñvirtual waterò (Y) and ñdigital 

waterò (Z), through operational questions to follow in the sixth year with the 'Earth Observation 

for water management' Community of Practice (https://iwa-network.org/projects/earth-

observation-for-water-management-community-of-practice/), namely :  

 

1. How INV+O&M costs of online digital water monitoring (measured in $/bytes/Liter) are 

reshaping: (1)  pre-COVID expected Return of Investment (ROI*), and (2) post-COVID 

unexpected "digital water gap" (DWGap) between projects in developED and projects in 

developING countries, 

 

2. How can we visualize and interpret DWGap when comparing INV+O&M costs between 

projects in developed countries and in developing ones?  

 

3. What type of new acceptable risk-aversion can we accept with decreasing ROI* on digital 

water monitoring in developing countries where COVID has impacted the hardest? 

 

4. How could this new post-COVID DWGap help stakeholders (investors, users and utilities) 

accept decreasing ROI* on digital water monitoring for new projects in challenging sites, like 

Manaus City in Amazon Basin, Mumbai in India, or Lagos in Nigeria etc? 

 

5. With increasing inequalities to afford secure sanitation especially in COVID times (i.e. in 

Africa, LATAM, MESA and Asia),  it is expected that the DWGap and the ROI* would change, 

but up to what safe limits? 

 

6. How Digital Twins (DT) for Nature-based Solutions (NbS) contribute to better assess those 

safe limits for both ROI* and DWGap? 

 

https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
https://iwa-network.org/projects/earth-observation-for-water-management-community-of-practice/
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Thus, the INCTMC2-WSô scientists have also focused this 3D approach (real, virtual and digital 

water cycle) on ñbig betsò, i.e. Agriculture and Food, Climate Change, Environment, Natural 

Resources & Blue Economy, Environmental and Social Framework, Urban, Disaster Risk 

Management, Resilience & Land, Social Sustainability and Inclusion, and WaterWater Global 

Practice (GP), WIA (Water in Agriculture), Water Resources Management (WRM), Global 

Solutions Groups (GSGs), especially related with the ñState of Climate in Latin America and 

Caribbeanò (https://public.wmo.int/en/media/press-release/wmo-issues-report-state-of-climate-

latin-america-and-caribbean). 

 

5.3.5. Adaptation Measures of Water Security in Northeast Brazil  

 

Under the supervision of Prof Suzana G Montenegro and Prof A Ribeiro, a new study analysed 

adapting measures, both structural and non-structural, in the Rio Capibaribe and Rio Ipojuca 

basinsto coping with climate change (PhD student: Luiz Gustavo Costa Ferreira Nunes) The 

objective of the research aims to propose an adaptation plan to face climate change, listing 

mitigating measures to the different uses of water, considering the non-stationarity of 

hydrological and meteorological variables. Analyzing, through modeling, the vulnerability of 

the existing water infrastructure to future scenarios, in addition to simulating various mitigating 

measures, both structural and non-structural. Briefly, the methodology is divided into: (a) 

analysis and considerations about current flow and precipitation trends (diagnosis) and future 

scenarios (prognosis); (b) applying a rain-flow model (MODHAC) and then (c) allocating 

water; where, the vulnerability of the existing water infrastructure and the implementation of 

various adaptive measures in an isolated and combined manner will  be considered; finally, 

based on these results, (d) an adaptation plan will  be proposed listing the priority and most 

effective measures for tackling climate change.The data used were extracted from CMIP5, 

model HadGEM2-ES. This data set of climatic variables comprises the period from 1850-2100. 

However, this study must evaluate two distinct periods of 30 years: a base period (1981-2010) 

and a medium-long term future period (2051-2080), for the RCP8.5 scenario. The calibration 

and validation of MODHAC for the Capibaribe River and Ipojuca River Basin is described in 

Ribeiro Neto et al. (2014). The allocation model that will  be used will  be AcquaNET. The initial 

results showed that the best performance of the RCP8.5 model for the study basins was r1, with 

NSE = 0.22, NMRSE = 9.98% and PB = -13.31%; considered excellent by NMRSE (less than 

10%) and satisfactory by BP (between 25 and + 25%). Figure 1a illustrates the observed 

precipitation and the historical base period of RCP8.5 in the contribution basin of the Poço 

Fundo reservoir. The trend analysis was performed using the Mann-Kendall test and found 

changes in the trend for the future period in the sub-basins: Goitá (Capibaribe), Tapacurá 

(Capibaribe), Várzea do Una (Capibaribe) and Foz (Ipojuca). In all cases, the change occurred 

between the years 2055 and 2056. No trend changes were found in the observed period. Figure 

1b illustrates the intersection of the two statistical curves, U (tn) and U *  (tn), corresponding to 

the location of the approximate point of trend change for the Tapacurá sub-basin. 

 

-Climate change and trends of the rainfall of the city of Recife-PE 

 

Subject of  major  discussions,  recent  climate  changes show  the  impact  and  magnitude  of 

anthropic  actions  in  the  natural  environment.  The  magnitude  of  the  impacts  caused  by  

the changes reflects not only the major disasters caused by extreme events, but also the 

economic and social spheres, as these changes trigger an imbalance in ecosystems, as well as in 

climate configuration   and   hydrological   regimes.   Therefore,   this   study   aims   to   

analyze   the transformations  of  rainfall  over  time  by  detecting  trends  in  time  series of  

hydrological  data. The trends and fluctuations of the climatological variables, referring to the 

precipitation series obtained  from  4  rainfall  seasons  located  in  Recife-PE,  were  analyzed  

by  the  Mann-Kendall test. According to the Mann-Kendall sequential test, there was a period 

of significant increase in  rainfall  that  may  have  its  occurrence  related  to  extreme  events  

in  the  region.  Thus  the results express a non-significant reduction in rainfall patterns in 

Recife. 

https://public.wmo.int/en/media/press-release/wmo-issues-report-state-of-climate-latin-america-and-caribbean
https://public.wmo.int/en/media/press-release/wmo-issues-report-state-of-climate-latin-america-and-caribbean
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-Science Webinars For Open Science  

In several Brazilian postgraduate programs usually offer courses with syllabi related to water 

security and climate change. In the third year of the INCTMC2, with a partnership among 

UFPE, UFCG and USP postgraduate programs, using common schedule and syllabi, but 

independent internal codes, and with cofinancing of CAPES, CNPq and FAPESP, some of 

courses have addressed interdisciplinary and international topics on water security, global 

changes and regional impacts. http://climacom.mudancasclimaticas.net.br/3owebinario/. Also 

from óPapo coNexusô, the webinar on ô'Water overexploitation and closure of hydrographic 

basins: causes and consequencesôô, by Molle Fraçois, IRD/G-EAU, 

https://youtu.be/mGRbYxE4vQ0, has taken great attention to INCTMC2 Water Securityôs 

recommendations for the Sixth Year.  

-Open Science Repository, Popularization Outreach and Citizen Literacy on Interdisciplinary 

Water Security Under Global Changes 

During the Fifth Year of the INCTMC2, the Water Security Subcomponent has strongly 

promoted open science outreach and a wide popularization of international and interdisciplinary 

webinars through CEPED/SP website (www.ceped.eesc.usp.br). With INCTMC2ôs researchers 

and international guests through partnered initiatives, INCTMC2-water security scientists have 

followed the recommendations from the School of Advanced Studies on Water & Security 

under Change, with an open repository of syllabi, knowledge and thinking evolution available 

to support water literacy, social empowerment and policy making towards a low carbon, more 

sustainable and resilient society 

 

5.4 Human health and climate change 

5.4.1 According to the World Health Organization (2010, 2011) the policies for 

surveillance/control actions for neglected diseases must be aligned with agendas 

committed to the assessment of climate and environmental changes. 

 

Year 1: Projections were produced of the distribution of 04 vectors of American 

Cutaneous Leishmaniasis - ACL (Lutzomyia flaviscutellata, Lutzomyia whitmani, Lutzomyia 

intermedia and Lutzomyia neivai) in climate change scenarios. 

 

Year 2: Projections for other vector species Lutzomyia wellcomei, Lutzomyia complexa, 

Lutzomyia umbratilis, Lutzomyia migonei, Lutzomyia longipalpis and Lutzomyia cruzi, the last 

two as vectors of American Visceral Leishmaniasis - AVL.  

 

Year 3: The results were analyzed on the climate suitability scenarios for vectors 

studied individually, as well as their associations with the distribution of the respective ACL 

and AVL. 

 

Year 4: With the update of new IPCC scenarios, the modeling for the vectors is being 

updated once the database is ready. The vector distribution projections associated with 

socioeconomic variables and the incidence of leishmaniasis will serve as a basis for calculating 

vulnerability indices for Brazilian Municipalities. Such results, aggregated and analyzed by 

municipality, constitute important products to support the National Control Program for the 

Control of Leishmaniasis and the Secretariats, State and Municipal Health Departments in 

Brazil, aiming at better planning of surveillance and control actions.  

 

Year 5: Municipal vulnerability in the state of Rio de Janeiro/ Brazil, for transmission 

of American Visceral Leishmaniasis, human and canine Visceral Leishmaniasis, records of the 

vectors Lutzomyia (Lutzomyia) longipalpis and municipal classification.  

 

http://climacom.mudancasclimaticas.net.br/3owebinario/
https://youtu.be/mGRbYxE4vQ0
http://www.ceped.eesc.usp.br/
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The analysis of Lutzomyia (Nyssomyia) whitmani spatial distribution in association 

with vegetation cover and the six Spatial Circuits of ACL, showed a higher density of the vector 

in Dense Ombrophilous Forests, Seasonal Decidual Forests, Seasonal Semideciduous Forests, 

Savanna and Steppe. 

 

The systematic review of climatic conditions that might affect the Covid-19 distribution 

is under construction. Also, the modelling process to predict the Covid-19 distribution under 

climatic conditions effects in Brazilian territory is in process of production.  

 

5.4.2 Municipal vulnerability in the state of Rio de Janeiro/ Brazil, for transmission of 

American Visceral Leishmaniasis. 

 

The State of Rio de Janeiro (RJ) has a small number of human cases of AVL; but it 

should not be neglected due to the high number of infected dogs, mortality, the vector 

adaptation, urbanization, and expansion of the disease. Therefore, preventive measures in silent 

areas are crucial to avoid its spread.   This study aimed to identify vulnerable municipalities in 

RJ and guide future entomological surveys, by mapping the spatial distribution of the disease 

(human and canine) and its local vector, L. (L.) longipalpis.  

 

The occurrence of L. (L.) longipalpis, human and canine cases of AVL were obtained at 

the National Information System on Notifiable Diseases, from the Health Department of the 

State of RJ, from the National Reference Services on Leishmaniasis and from the literature. The 

data were integrated into a Geographic Information System/QGIS and classified according to 

the above mentioned criteria, established by the Brazilian Ministry of Health. In the period of 

2011-2022, human AVL occurred in 09 and canine VL in 41 of the 92 municipalities in RJ. In 

the last three years (2019-2021), 27 municipalities had records of canine VL (Figure 20). Five 

municipalities had records of human AVL; all classified as sporadic transmission, where Barra 

Mansa, Rio de Janeiro and Volta Redonda are municipalities with records of canine VL and the 

presence of the vector L. (L.) longipalpis.  

 

In the state, 62 (67%) vulnerable municipalities were identified, 09 (8%) of which were 

receptive, and only one municipality was classified as silent and not vulnerable (Aperibé) 

(Figure 21). Rio de Janeiro has only 17 (18%) municipalities with entomological survey and 

records of the vector (Figure 22). The transmission of AVL currently occurs in 32% of the RJ 

and classified as sporadic. Approximately 82% of all the state, and among the vulnerable 

municipalities, 85% municipalities do not have information on sandflies, which shows a clear 

need for entomological studies.  

 

It is known that notifications about human and canine cases of VL are still precarious, a 

fact that needs to be reviewed, since they are essential data for surveillance and control actions 

to be implemented efficiently in the state and in the municipalities. After the detection of the 

vector in vulnerable municipalities, the recommended control actions are: health education 

actions, environmental management, and canine investigation, aiming at the early detection of 

AVL cases. This type of study has as its main perspective to provide support for surveillance 

campaigns and prevention of AVL transmission, whose model could be applied to different 

regions of Brazil. 
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Figure 20: Occurrence of human and canine Visceral Leishmaniasis of the State of Rio de 

Janeiro. 

 
Figure 21: Classification of municipalities of the State of Rio de Janeiro according to the 

transmission of American Visceral Leishmaniasis.  

 

 
 

Figure 22: Entomological survey and records of the vector Lutzomyia (L.) longipalpis on the 

State of Rio de Janeiro. 

 

5.4.3  Vulnerability of Brazilian population to climate change: A case study of American 

Cutaneous Leishmaniasis (ACL) in association with the spatial distribution of Lutzomyia 

(Nyssomyia) whitmani (Diptera: Psychodidae: Phlebotominae), with emphasis on the State 

of Rio de Janeiro, in comparison with other states in the context of the Southeast Region. 
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Given the complexity and challenge of controlling ACL in Brazil, the indication of 

future risk scenarios for epidemic outbreaks can optimize costs and facilitate the planning of 

well-targeted actions with a focus on monitoring and surveillance of environmental impacts. 

The present proposal is organized in two main objectives having as target the State of Rio de 

Janeiro in the context of the Southeast Region. 

  

The first objective is to generate future projections of the geographic distribution of L. 

whitmani, the most important vector of ACL in Brazil, through ecological niche modeling; 

The second is to assess the vulnerability of the Brazilian population to the occurrence of 

ACL in climate change scenarios. With this, we intend to update the known distribution and 

generate maps of potential areas of occurrence of L. whitmani of greater relevance for the 

transmission of ACL in Brazilian territory. 

 

Future projections indicate a greater area of expansion of the climatic suitability of L. 

whitmani for the North region of Brazil, and reinforces the expansion trend towards the South. 

Although climate change scenarios show that the Amazon region will gradually become drier, 

the results indicate that L. whitmani will remain present in the region and should expand its area 

of climatic suitability. The models were able to identify that the continuous process of 

environmental degradation favors the establishment of L. whitmani and the occurrence of ACL. 

 

In this view and associated with the new epidemiological patterns resulting from drastic 

environmental changes, the epidemiological scenario for ACL points to a continuous increase in 

human cases. 

 

5.4.4 SARS-Cov2: Assessment of the relationship between climate and Covid-19 in 

Brazil: a systematic review. 

 

 For this topic, the present study aims to model the spatial distribution of communicable 

diseases in different scenarios of global warming and to understand how this will impact the 

probability of emergence of new cases. Although the etiological, clinical and epidemiological 

knowledge are evolving, some studies suggest that the incidence of SARS-CoV-2 might be 

influenced by environmental characteristics, such as regional climatic differences. 

 

In addition to weather conditions, air pollution had been studied as a co-factor for 

Covid-19 lethality since most of the pre-existing conditions that increase the risk of death from 

SARS-CoV-2 can also be affected by the long-term exposure to air pollution. Here, we 

investigate the regional climatic characteristics in the distribution of cases of Covid-19 in Brazil 

and the possible effects of air pollution on the lethality of SARS-CoV-2 in Brazil. This is an 

ecological study that seeks to estimate the probability of favorable climatic conditions for the 

occurrence of cases of COVID-19 and American cutaneous leishmaniasis using georeferenced 

cases for the period of 2020-2021; and secondly, the Covid-19 lethality rates in 2020/2021 for 

each municipality in Brazil will be related to the mean concentrations of fine particulate matter 

(PM2.5) extracted from the period 2003-2020. For the construction of models for predicting 

future warming scenarios for diseases, a species distribution model will be used (proposed to 

predict species distributions based on environmental covariates for each grid in a grid). The 

environmental variables will be extracted from the database generated from the IPCC 

regionalized climate model Eta-HadGEM2 ES RCP 8.5, for the IPCC 1.5ºC, 2.0ºC and 4.0ºC 

global warming scenarios for the years 2020 to 2100. These projections are used to assess 

impacts as a consequence of climate change using impact methodologies and models, where the 

input variables are present and future climate scenarios derived from the Eta-HadGEM2 ES 

models.  

 

As preliminary results, the analysis of suitability and contribution of bioclimatic 

variable to the modeling of high cumulative incidence of Covid-19 indicated that the variables 



Report Year 5, Thematic Project: INCT MC Phase 2 (National Institute of Science and Technology for Climate 

Change-Phase 2)  

 

 43 

annual mean temperature, temperature seasonality, annual temperature range, annual 

precipitation and precipitation seasonality indicated a greater contribution to the general model 

in relation to the other variables used. Of the five selected variables, the annual temperature 

range was the variable with the best relative contribution to the seven models selected for the 

modeling and the average annual temperature was the variable that made the smallest 

contribution to the modeling (Figure 23). The areas highlighted in red on the map presented 

points of high climatic suitability (i.e., greater probability that climatic factors are contributing 

to the high health indicators investigated), mainly in the North and South regions and in some 

points in the Central West region. 

 

 
Figure 23. Prediction of suitable environmental conditions for the high cumulative incidence of 

COVID-19 in the years 2020 and 2021, Brazil. 

 

5.4.5 Analyzing the Sars-Cov 2 epidemic from a socio-climate perspective 

Acute viral infections of the respiratory tract (vARIs) are responsible for a high burden of 

acute diseases in all age groups and their association with local weather patterns in various parts 

of the world has long been demonstrated (Chadha et al., 2020; Li et al., 2019; Moura, Perdigão, 

& Siqueira, 2009; Shek & Lee, 2003; Stewart, 2016). The most common viral types are 

Influenza, an important cause of morbidity and mortality in humans and responsible for 

seasonal, pandemic and zoonotic outbreaks (e.g. H2N2, H3N2, H1N1, H5N1, H5N9). However, 

other non-influenza respiratory viruses have recently emerged or were detected such as the 

coronaviruses of severe acute respiratory syndrome (SARS-CoV and SARS-CoV-2) and of the 

Middle East respiratory syndrome (MERS-CoV), adenovirus type 14 (Ad14 ), human rhinovirus 

C (RV-C) and human bocavirus species (Dunn & Miller, 2014). 

 

In general, a fundamental role of temperature is observed in the seasonality of these 

viruses, including the frequent migration of influenza viruses from warmer to colder 

geographical regions. (Li et al., 2019; Sundell, Andersson, Brittain-Long, Lindh, & Westin, 

2016). In fact, almost all vARIs share the same seasonality in temperate regions, where cases 

are more prevalent in winter, while there is greater temporal diversity in the tropics (Li et al., 

2019; Stewart, 2016). However, the timing of vARI epidemics varies between and within 

countries (Bloom-Feshbach et al., 2013). 

 

Regarding coronaviruses, a study found that SARS-Cov probably behaved in a seasonal 

manner in China, appearing initially between late autumn and early spring, times when 

temperature, relative humidity and wind speed were the main meteorological factors affecting 

its transmission (Yuan et al., 2006). Sun et al. (2020) report that in the past 17 years two 

generalized SARS epidemics have occurred in China caused by the coronavirus, and that some 
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general patterns related to the epidemic are noticeable such as: the two epidemics appeared in 

the winter season, when a favorable condition for the survival of the virus is observed , and both 

occurred in times of severe drought, rare conditions in the locations where the epidemic broke 

out. 

 

Considering this context, it is possible that the seasonality of the new coronavirus 

(SARS-COv-2) may also rest in climatic aspects, given that its seasonality in the world and in 

Brazil is still practically unknown, but it can share similarities with other vARIS. Obviously, 

human behavior, globalization and control measures (ie wearing masks, social isolation, 

lockdown, among others) are non-climatic factors that, in fact, seem to have the greatest impact 

on the epidemiology of SARS-VOC-2, but the climatic factors should be better analyzed in the 

Brazilian context to help understand the epidemic in the country. This understanding can benefit 

both from vulnerability assessments that allow identifying the territories most susceptible to 

localized outbreaks, and from the climate approach in epidemiological models that provide a 

holistic view of the behavior of the new pathogen. 

 

Therefore, this research is justified since Covid 19 generated great social, concern. Due to 

the extension of the Brazilian territory, the intention is to use the state of Minas Gerais as a 

proxy for the possible socioeconomic and climatic relations that can be observed in other 

regions of the country with regard to the coronavirus epidemic. The state has 853 municipalities 

with very different human, economic, and climatic conditions, ranging from places such as the 

Jequitinhonha Valley and North region (semi-arid), with a hot, dry climate and greater human 

poverty, to the Triângulo Mineiro and Alto Paranaíba, with better living conditions and 

subtropical climate. The objective of the work is  i) to survey social and health system 

vulnerabilities in the municipalities of Minas Gerais and ii) to study climatic patterns that may 

be related to the SARS-COV-2 epidemic in the state during the first year of registered cases 

(March 2020 - February 2021). To this end, meteorological, social, economic, demographic, 

epidemiological and health data were produced/collected (Tables 4, 5). 

 

Meteorological data were being processed in partnership with Professor Marcelo de Paula 

Correa, Director of the Natural Resources Institute of the Federal University of Itajubá/MG 

(Unifei). Epidemiological, health, social and economic data were being collected on 

governmental websites. Data were analyzed using STATA version 16.0 software. In this, the 

accumulated incidence of COVID19 cases was calculated in each of the 14 macro-regions of the 

state of Minas Gerais, corresponding to the period between 03/01/2020 and 04/08/2021. 

Fourteen health and social-economic/housing variables were used in the study. 

  

The results showed that the macro-regions of Minas Gerais presented a diversity of 

housing and demographic conditions. Vale do Aço is the macro-region with the highest 

percentage of people in vulnerability due to sanitation conditions, followed by the East macro-

region. The macro North had the highest percentage of households with a high density of more 

than two people per bedroom. The percentage of women was similar among the twelve macro-

regions. 

 

The cumulative incidence of COVID-19 in the analyzed period was higher, respectively, 

in the macro-regions Triângulo do Norte and Vale do Aço, while the lowest cumulative 

incidence was identified in Jequitinhonha. The average incidence in the period was higher in the 

Centro macro-region, followed by Vale do Aço. 

 

The East macro-region had the highest minimum, maximum and average temperatures. 

The lowest minimum temperature was identified in the South macro-region, while the lowest 

maximum temperature was in the Central South macro-region. A statistically significant and 

very weak correlation was identified between the daily incidence of COVID-19 and the 

minimum temperature in the Central South, East, Northwest, West, South, North Triangle and 

Vale do Aço macro-regions. With average temperatures, the correlations were statistically 
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significant and very weak in the Center, East, South East, Northeast, Northwest, Southeast, 

South and Southern Triangle. With maximum temperatures, a statistically significant and very 

weak correlation was identified in the Center, East, South East, Northeast, Southeast and 

Northern Triangle macro-regions (Tables 6, 7).  
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Table 4- Multiple linear regression model considering the cumulative incidence of COVID-19 

as an outcome and sociodemographic and health variables as independent. 

 

Variáveis Erro padrão Coeficiente Valor de 

p 

IC95% 

Percentual em 

vulnerabilidade por 

condições de saneamento 

0,442 0,352 0,572 -5,272; 5,977 

Percentual de domicílios 

com alta densidade 

0,729 -0,478 0,631 -9,749; 8,793 

Estimativa populacional 

de zero a quatro anos 

0,050 0,017 0,790 -0,624; 0,650 

Percentual de mulheres 555.7976 232,569 0,748 -6829,508; 7294,648 

População residente 0,002 -0,001 0,709 -0,032; 0,0304 

Densidade populacional 0,054 -0,029 0,688 -0,732;0,665 

População residente com 

65 ou mais 

0,007 0,008 0,477 -0,088;0,104 

Auxílio emergencial 0,001 -0,0006 0,784 -0,023;0,021 

Famílias beneficiadas 

pelo Bolsa Família 

0,009 0,005 0,651 -0,114;0,125 

IFDM emprego e Renda 44.6340 11.360 0,841 -555,768;578,489 

Proporção da população 

atendida pela ESF 

0,493 -0,189 0,767 -6,463;6,084 

Gasto per capita com 

atividades de saúde 

0,015 0,006 0,755 -0,186;0,198 

Constante 208,3161 -99,804 0,716 -2746,711; 2547,102 

 

 

 

 

Table 5- Correlation between temperature variables and daily incidence of COVID-19 in the 

macro-regions of Minas Gerais between 03/01/2020 and 04/08/2021. 

 

 

Macrorregiões 

Temperatura 

mínima 

Temperatura média Temperatura máxima 

r  Valor 

de p
À
 

r  Valor de 

p
À
 

R Valor de p
À
 

Centro -0,002 0,968 0,099 0,048 0,126 0,011 

Centro Sul 0,122 0,014 0,076 0,129 0,065 0,195 

Jequitinhonha 0,025 0,620 0,087 0,082 0,092 0,067 

Leste 0,103 0,040 0,114 0,022 0,100 0,045 

Leste do Sul 0,076 0,128 0,126 0,011 0,115 0,022 

Nordeste 0,073 0,144 0,134 0,007 0,144 0,004 

Noroeste 0,101 0,043 0,101 0,043 0,044 0,379 

Norte 0,050 0,318 0,043 0,318 0,076 0,131 

Oeste 0,103 0,040 0,068 0,172 0,019 0,703 

Sudeste 0,075 0,136 0,106 0,033 0,113 0,024 

Sul 0,178 <0,001 0,140 0,005 0,029 0,560 

Triângulo do Norte 0,105 0,035 0,047 0,351 0,115 0,021 

Triângulo do Sul 0,047 0,346 0,102 0,040 0,026 0,595 

Vale do aço 0,099 0,048 0,079 0,115 0,083 0,098 
À 
Teste de correlação de Pearson. 
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Table 6- Correlation between temperature variables and daily incidence of COVID-19 in the 

macro-regions of Minas Gerais between 03/01/2020 and 04/08/2021. 

 

 

Macrorregiões 

Temperatura 

mínima 

Temperatura média Temperatura 

máxima 

r  Valor 

de p
À
 

r  Valor de 

p
À
 

R Valor 

de p
À
 

Centro -0,002 0,968 0,099 0,048 0,126 0,011 

Centro Sul 0,122 0,014 0,076 0,129 0,065 0,195 

Jequitinhonha 0,025 0,620 0,087 0,082 0,092 0,067 

Leste 0,103 0,040 0,114 0,022 0,100 0,045 

Leste do Sul 0,076 0,128 0,126 0,011 0,115 0,022 

Nordeste 0,073 0,144 0,134 0,007 0,144 0,004 

Noroeste 0,101 0,043 0,101 0,043 0,044 0,379 

Norte 0,050 0,318 0,043 0,318 0,076 0,131 

Oeste 0,103 0,040 0,068 0,172 0,019 0,703 

Sudeste 0,075 0,136 0,106 0,033 0,113 0,024 

Sul 0,178 <0,001 0,140 0,005 0,029 0,560 

Triângulo do Norte 0,105 0,035 0,047 0,351 0,115 0,021 

Triângulo do Sul 0,047 0,346 0,102 0,040 0,026 0,595 

Vale do aço 0,099 0,048 0,079 0,115 0,083 0,098 

 

Table 7- Correlation between variables of humidity, precipitation and O3 concentration and 

daily incidence of COVID-19 in the macro-regions of Minas Gerais between 03/01/2020 and 

04/08/2021. 

 

 

Macrorregiões 

Umidade Precipitação Concentração de 

O3 

r  Valor 

de p
À
 

r  Valor de 

p
À
 

R Valor de 

p
À
 

Centro -0,127 0,011 -0,035 0,485 -0,015 0,752 

Centro Sul 0,029 0,556 0,059 0,241 -0,029 0,564 

Jequitinhonha -0,054 0,278 0,024 0,631 0,029 0,558 

Leste 0,014 0,775 0,010 0,841 0,092 0,066 

Leste do Sul -0,100 0,046 -0,016 0,765 0,065 0,194 

Nordeste -0,060 0,228 -0,034 0,496 0,048 0,336 

Noroeste 0,044 0,379 0,001 0,982 -0,008 0,868 

Norte 0,076 0,131 -0,019 0,702 0,060 0,227 

Oeste 0,019 0,703 0,083 0,095 0,002 0,997 

Sudeste 0,113 0,024 -0,005 0,900 0,017 0,722 

Sul 0,029 0,560 -0,003 0,994 -0,004 0,924 

Triângulo do Norte -0,143 0,004 -0,004 0,935 0,117 0,019 

Triângulo do Sul -0,058 0,249 0,018 0,714 0,130 0,009 

Vale do aço 0,051 0,308 0,005 0,915 -0,015 0,755 

 

Data analysis and preliminary results were carried out between June 2021 and June 2022. 
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5.5 Energy security  
 

To assess the extent to which Brazilian economic development and the increase in energy use is 

compatible with the objectives of a sustainable and less carbon-intensive economy, further 

assessing the relationship between future climate and energy availability. 

 

5.5.1   Activities carried out during the fifth year  
 

a) Scientiýc and Administrative Activities developed in the 5
th
 year (July 2021 to Jule 2022), 

together with information from meetings and working groups where the INCT may have been 

presented. 

 

Integrated Assessment Modelling tools improvements and advances (COPPE) 

 

The energy security componentôs team at COPPE ended its participation in the Project in the 

end of February 2021, when the last CNPq scholarships allocated to the COPPE/UFRJ team 

were paid. As a consequence, no further activities were developed by the COPPE team to the 

project after February 2021. 

 

Burning biomass aerosols impact on incoming solar energy (INPE, UNIFESP) 

 

Problem statement 

 

Atmospheric aerosols are the most important factor for solar radiation extinction in cloudless 

conditions, followed by water vapor. Amazon and central Brazil burning season spanning from 

August to October causes large scale impact on the atmospheric transmittance due to high loads 

of burning biomass aerosols emitted to the atmosphere. During this period of the year, in 

Central Amazon, values of AOD at 500 nm between 0.75 and 1.0 are frequently found, while in 

the Southern Amazon values well above 1.0 are common. AOD up to 5.0 have been reported in 

years with more intense biomass burning activity. The higher aerosol optical depth affects solar 

irradiance reflection and scattering, reducing the amount of shortwave radiative energy reaching 
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the surface, also increasing the diffuse fraction. These aerosol plumes are transported for long 

distances, impacting regions of interest for solar power exploitation.  (Figure 24). 

 

Brazil has a vast potential solar energy resource and has experienced a boost in photovoltaic 

deployment in recent years due to government incentives and technological advances. In 

particular, concentrating solar power (CSP) technologies have shown a noteworthy potential for 

Brazil in scenarios of climate change mitigation, especially as a complementary heat supply for 

industrial processes or hybrid power generation. It should be noted, however, that some 

potential areas for CSP development, like the Central-West and the Southeast regions, are often 

affected by biomass burning haze during the dry season. 

 

Solar irradiance data are available only in a few locations in Brazil and are sparsely and 

heterogeneously distributed. Measurements of the direct component of irradiation are even more 

scarce, which makes it difficult to assess the potential of this technology. Numerical models 

came as an useful tool to improve the spatial monitoring of solar irradiance. The BRASIL-SR 

model is one of this model and has been used by LABREN/INPE  in partnership with the 

Federal University of São Paulo for the assessment of the solar energy potential of the entire 

country. 

 

BRASIL-SR model 

 

BRASIL-SR is a satellite-based model that estimates the downward surface solar irradiance 

developed by INPE. The core of the BRASIL-SR is a physically-based radiative transfer model 

that is executed for two atmospheric conditions: cloudless and overcast with a very high cloud 

optical depth. Then, the solar irradiance components at the surface for any cloud cover 

conditions are obtained by the interpolation between both solutions using the effective cloud 

cover index obtained from visible satellite imagery. For clear sky assessments, the model 

BRASIL-SR requires the following regional input data for each grid cell: longitude, latitude, 

altitude, surface temperature, relative humidity, total precipitable water vapor (PWV), total 

ozone in the column (O3), AOD in 550 nm and Angstrºmôs exponent (AE), biome 

classification, and the Moderate Resolution Imaging Spectroradiometer (MODIS) bi-directional 

reflectance distribution functions (BRDF) kernel parameters. Additionally, local data from 

observations (e.g., from the Aerosol Robotic Network-AERONET) of PWV, O3, AOD, and AE 

can be entered as input for a particular grid cell, overriding regional data. 

 

Methods 

 

During this period a new version of the BRASIL-SR clear-sky model was developed by the 

LABSOLAR/INPE, with partnership with the Federal University of São Paulo (UNIFESP), to 

improve the representation of aerosol radiative attenuation and reduce the uncertainties of the 

surface solar irradiance estimates in cloudless hazy conditions and clean conditions. The main 

advances were:  

ǒ Better assimilation of burning aerosols 

ǒ Improved aerosol spectral attenuation 

ǒ New surface albedo representation due to inclusion of Bidirectional Reflectance 

Distribution Functions (BRDF) 

ǒ Improved simulation of water vapor and ozone spectral attenuation processes. 

ǒ New approach for using delta-Eddington optical depth scaling in simulations 

 

The numerical experiments compared AOD inputs from local observations (AERONET) and 

regional gridded datasets (MERRA-2 reanalysis) for four sites in Central Brazil and Amazon: 

ARM_Manacapuru, Manaus_EMBRAPA, Brasilia_SONDA and Palmas_SONDA. 

ARM_Manacapuru, Manaus_EMBRAPA and Brasilia_SONDA have co-located AERONET 

stations, with the same name, that provide level 2.0 AOD , PWV, and O3 column content data. 

Additionally, spectral irradiance data were available from multifilter rotating shadowband 
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radiometers (MFRSR), operating at Manaus_EMBRAPA and ARM_Manacapuru. These two 

sites were part of the GoAmazon experiment under the classification of time point zero (T0e) 

and three (T3), respectively. In addition to the comparison with observational data, BRASIL-SR 

results were compared with two broadband clear sky models, McClear and REST2.  All 

comparisons were made for the dry seasons of 2014 and 2015 on a minute basis using clear-sky 

periods only. Cloudy samples were removed using appropriate algorithms. 

 
Figure 24: Study area and ground stations used for validation (ARM_Manacapuru, 

Manaus_EMBRAPA, Brasilia_SONDA and Palmas_SONDA) 

 

 

Results 

 

Results for DNI without delta-Eddington scaling presented the best skill in all sites and for both 

experiments. Relative bias for DNI ranged from ī2.3% to ī0.5% when using in-situ AOD data, 

while it ranges from 0.1 to 2.1% for the regional AOD data. The overall skill of BRASIL-SR for 

the estimation of both GHI and DNI was improved during this work (Figures 25, 26) 

 
Figure 25: Combined violin and strip plots of the deviations of the BRASIL-SR GHI outputs in 

in-situ and regional experiments, McClear and REST2 for Brasilia_SONDA  
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Figure 26: Combined violin and strip plots of the deviations of the BRASIL-SR DNI outputs in 

regional experiments, McClear and REST2 for Brasilia_SONDA  

 

 
Figure 27: Spectral GHI, DNI and DHI at ARM_Manacapuru on 19 September 2015,   18:30 

UTC.  

 

Results indicate a good skill of BRASIL-SR for the estimation of both GHI and DNI. For the 

period of study, the model skill showed a comparable or superior skill than the obtained with 

broadband models McClear and REST2 at the measurements sites, except for Palmas_SONDA 

where McClear presented the best skill.  

 

The RMSD deviations of the GHI provided by BRASIL-SR using local AOD data (in situ 

experiment) was below 2.9% for all ground sites and below 5.7% for regional experiment. The 

bias for GHI were below 1.3% for the in-situ experiment, and below 2.1% for the regional 

experiment. Our results also confirmed former research outputs that delta-Eddington scaling in 

the two-stream approximation led to an overestimation of the DNI. For the in-situ experiment, 

the DNI bias without scaling varied from ī2.3 to ī0.5% while RMSD ranged from 2.3 to 4.7%. 

For the regional experiment, bias were slightly positive, ranging from 0.1 to 2.1% while RMSD 

ranged from 5.9 to 9.6%, except  for Palmas_SONDA that presented some quality issues in DNI 

ground data (Figure 27). 

 

In summary, this study confirmed that aerosol emitted to the atmosphere by biomass burning 

events can intensely attenuate incident solar irradiance to the surface. The new improved 

version of the model BRASIL-SR provides GHI and DNI outputs with low uncertainties for 

cloudless conditions for all aerosol loads. Future studies should cover more extensive 

timeframes and geographical areas, allowing a more comprehensive and detailed performance 
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benchmark for this model. There is work in progress to improve cloud representation in 

BRASIL-SR. The major goal is to develop a reliable spectral model providing GHI, DNI for 

any atmospheric condition concerning cloud or aerosol optical thickness in a tropical region. 

The fine spatial resolution of the GOES imagery and its cloud and aerosol products can help to 

overcome the ground data scarcity. In addition, a parameterization for circumsolar irradiation 

should be included in future versions of BRASIL-SR. 

 

5.5.2 Climate projections downscaling for solar and wind assessment in Brazil 

 

Renewable energies are in the core of current energy transition, contributing to reduce GEE 

emissions but may be exposed to climate change impact. Future wind and solar resource 

availability and variability is being assessed through CMIP6 datasets. Earth system models 

provide valuable information on climate response to global environmental changes, but results 

should be assessed carefully due to high uncertainties inherent in these models. In this work a 

statistical downscaling procedure is used to adjust models to observations and to produce more 

reliable projections, especially for extreme events. An uncertainty analysis, using large-

ensemble models is developed for defining confidence intervals and to rank the best performing 

models to build a smart multi-model ensemble. For this purpose, the activities below summarize 

the achievements during the last year by LABREN/INPE in partnership with the Federal 

University of São Paulo: 

    Å Development of a validation algorithm for observed solar radiation data from INMET 

and the SONDA network; 

Å Comparison of reanalysis data (CFSR, MERRA-2 and ERA5) to observed data to identify 

the best datasets for representing wind and solar resource; 

Å Bias correction of selected reanalyses to obtain refined databases for 100m-wind and 

solar irradiation; 

Å Development of codes for faster downloads of CMIP6 datasets; 

Å Definition of three target areas over Brazil to support comparisons between the models 

(Semi-Arid, Central and Southern Brazil). 

Å Performance evaluation of the CMIP6 models through the analysis of the spatial 

correlation between the historical long-term averages from models and observations for each 

target area. 

Å Performance evaluation of CMIP6 models ability to simulate the seasonal cycle, through 

the calculation of monthly averages within each target area. 

 

After the first steps (development of data quality check routines), the next stage was to 

determine which reanalyses dataset (MERRA-2, CFSR and ERA5) would be chosen to correct 

the climate models. This was made based on a trade-off analysis off the quantile map fit and the 

correlation analysis.  The more temporally correlated the observed and reanalysis data are the 

higher the odds that the quantile mapping transfer functions will improve the reanalysis 

performance. Figure 28 compares the daily series of the three sets of reanalysis with Brazilian 

Solar Atlas data for the 17 years of daily data. 

 

As a result from literature review, 20 climate models were selected among those available in 

CMIP6 to proceed in this analysis as described below: 

25km spatial resolution - CESM1-CAM5-SE-HR, CMCC-CM2-VHR4 and ECMWF-IFS-HR; 

50km spatial resolution - ECMWF-IFS-LR, ECMWF-IFS-MR and MPI-ESM1-2-XR; 

100km spatial resolution - CESM2, EC-Earth3, EC-Earth3-Veg, EC-Earth3-Veg, INM-CM4-8, 

INM-CM5-0, MPI-ESM1-2-HR and MRI-ESM2-0; 

250km spatial resolution - ACCESS-ESM1-5, FGOALS-g3, IPSL-CM6A-LR, IPSL-CM6A-

LR-INCA, KACE-1-0-G and MIROC6. 
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Figure 28: Temporal correlation coefficient (Pearson) between daily total irradiation data from 

the Brazilian Solar Atlas and reanalysis: a) MERRA-2; b) CFSR and c) ERA5. 

 

Three areas of interest were defined for the initial analysis of the models. These regions were 

proposed due different characteristics in terms of the climatology of solar irradiation, but with 

an important complementarity between solar-wind-hidro resources - a box in the Semi-Arid 

region, a box inside Central Brazil and a last one, considering the southern region. The map in 

Figure 29 shows the mean global irradiance of the bias corrected ERA5 and the areas of interest. 

 
Figure 29: Global solar irradiance mean estimated by ERA5 with the three 

areasof interest. 

 

Among the 20 CMIP6 climate models chosen for an initial evaluation, the spatial resolutions are 

distributed as follows. Some computational scripts were developed to download this data: 

ǒ 25km spatial resolution - CESM1-CAM5-SE-HR, CMCC-CM2-VHR4 e ECMWF-IFS-

HR; 

ǒ 50km  spatial resolution - ECMWF-IFS-LR, ECMWF-IFS-MR e MPI-ESM1-2-XR; 

ǒ 100km  spatial resolution - CESM2, EC-Earth3, EC-Earth3-Veg, EC-Earth3-Veg, INM-

CM4-8, INM-CM5-0, MPI-ESM1-2-HR e MRI-ESM2-0; 

ǒ 250km spatial resolution - ACCESS-ESM1-5, FGOALS-g3, IPSL-CM6A-LR, IPSL-

CM6A-LR-INCA, KACE-1-0-G e MIROC6. 

 

5.5.3 Preliminary evaluation of future solar resource 

 

For a preliminary assessment, the results of the ECMWF-IFS-L climate model - which 

presented one of the best spatial correlations in the three areas of interest - are presented in the 

optimistic and pessimistic SSP scenarios. The scenarios were divided into time-slices, which 

comprise the periods 2015-2040, 2041-2070 and 2071-2100. Figure 30 presents the map for 

each of these periods in the most optimistic scenario, SSP245. A gradual increase in the solar 

potential is observed as the simulations advance in time, being more significant in the period 

2071-2100, where positive variations between 1 and 5% are observed in the Brazilian territory, 

predominantly between MG and BA and in the western end of the territory. 
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Similarly, Figure 31 presents the SSP585 scenario, with potentially large impacts from climate 

change. The maps of the SSP585 scenarios show a significant increase in global solar radiation 

in several areas of Brazil and in all periods, eventually exceeding 3%. It is observed, in both 

scenarios, that the north of the Northeast and the south of Brazil did not present high gains in 

solar potential. 

 

 

 
Figure 30: Global irradiation difference maps for SSP245 scenario in three different 

time slices. 
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Figure 31: Global irradiation difference maps for SSP585 scenario in three 

Diferente time slices. 

 

 

5.6      Natural  disasters, impacts on physical infrastructure in urban  areas and 

urban development 

5.6.1 Introduction 
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In the fifth year of the project, despite the difficulties of conducting some steps of the sub-

project that involve fieldwork, due to the Covid 19 pandemic, the efforts were to prioritize the 

proposed activities. 

 

As previously highlighted in the years 1-4 report, the objective of the subcomponent ñNatural 

Disasters, urban areas, infrastructure, and urban developmentò of the INCT-MC2 project - 

FAPESP is to analyze the vulnerability of Brazilian municipalities in relation to natural 

disasters associated with climate change, in order to propose a methodology for adaptation 

strategies to promote urban development and sustainability. Therefore, it is hoped to contribute 

to improving scientific knowledge on extreme events, disaster risk management, and 

vulnerability of cities as strategies for mitigation and adaptation to climate change. 

 

The present report integrates and summarizes the research/contributions conducted during year 

5 by the groups from (i) National Center for Monitoring and Early Warning of Natural Disasters 

(CEMADEN), coordinated by Dr. Regina Célia dos Santos Alvalá; (ii) Federal University of 

Santa Catarina, coordinated by Dr. Regina Rodrigues Rodrigues and (iii) Oswaldo Cruz 

Foundation (FIOCRUZ), coordinated by Dr. Martha Barata. Additionally, the schedule for the 

year 6 is presented, in order to achieve the general objective of the sub-component. 

 

This section presents the main advances developed during the fifth year of activities, including 

interaction with another sub-project of the INCT-MC. 

 

5.6.2ï Collection of data to subsidize adaptation measures of the local level 

 

ï Economic losses related to disasters occurred from December 2021 to April 2022 

 

During the last summer season, between December 2021 and April 2022, 817 occurrences of 

disaster (emergency situations or state of public calamity) related to Local Convective Storm 

caused by heavy rains and windstorm were reported to the Civil Defense (COBRADE 13214, 

13215), in 626 municipalities in the states of Bahia (BA), Espírito Santo (ES), Minas Gerais 

(MG) and Rio de Janeiro (RJ). The spatial distribution of these municipalities is shown in 

Figure 32. 

 

 
Figure 32 ï States and its municipalities with occurrences of disasters related to Local 

Convective Storm caused by heavy rains and windstorms between December 2021 and April 

2022. 

 

According to the Report of Damages by the Integrated Disaster Information System, S2iD 

(BRASIL, 2022), the disasters analyzed resulted in total losses of approximately 
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R$12,832,571,014.77. Three municipalities in Minas Gerais accounted for 68% of these losses 

(Bom Despacho 32%; Monte Azul 25.3%; and Itabirito 11.1%). Two cities in Rio de Janeiro 

state accounted for 68% of the reported deaths (Petrópolis, 61% and Angra dos Reis, 7%). 

Three municipalities accounted for more than 50% of injuries (Petrópolis, RJ, 35%; Itabirito, 

MG, 10%; and Itabuna, BA, 7%). Table 8 presents a summary of the impacts, which include 

human and material damages and economic losses for the public and private sectors. 

 

Table 8 ï Summary of the impact of disasters caused by Local Convective Storm events, 

between December 2021 to April 2022, in the states of BA, ES, MG and RJ. 

 

 
Source: S2iD (Brasil, 2022) 

 

 

Table 9 shows the first 20 municipalities in the study area most affected in terms of deaths, 

injuries, damaged and destroyed homes and total losses.  

 

Table 9 ï Top 20 municipalities in the study area affected by Convective Storm between 

December 2021 and April 2022 

 
Source: S2iD (Brasil, 2022) 

 

Although the state of ES had no significant impacts compared to other states, it was observed 

that 30% of the municipalities in this state reported occurrences by Local Convective Storm. 

among which the municipalities of Bom Jesus do Norte stand out in the top 20 by frequency of 

occurrences (Table 10), with four registered events and Muniz Freire also with three. This last 

municipality also stands out for having a significant number of people affected (1560) in 

relation to its population density (27.15 inhab/km²). It is interesting to observe that Itapetinga 
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and Bom Jesus do Norte, with high HDI, did not register affected people and are not in the Top 

20 in the context of other variables analyzed. 

 

Table 10 ï Top 20 municipalities in the study area by storm frequency, with their corresponding 

cumulative number of affected people, inhab/km² and HDI. 

 
Source: S2iD (Brasil, 2022); HDI (PNUD, 2022) 

 

5.6.3  Analysis of extreme precipitation and streamflow  
 

ï Hydrological Droughts 
 

We investigate hydrological drought patterns affecting priority basins for hydropower 

generation, distributed in all regions of the country (see details in Cuartas et al., 2022). For this, 

the time series of the Standardized Precipitation Index (SPI), the Standardized Precipitation 

Evapotranspiration Index (SPEI), and the Standardized StreamFlow Index  (SSFI) were used. 

The SPI was calculated from the Climate Hazards Group Infrared Precipitation with Stations 

(CHIRPS), the SPEI dataset was obtained from the Global Drought Monitor available on 

(https://spei.csic.es/map/maps.html#months=7#month=4#year=2021) and the SSFI was 

calculated from discharge data, obtained from the National Water and Sanitation Agency 

(ANA) and from National Electrical System Operator (ONS).  

 

In general, the frequency analysis by decades showed that the last decade (2010ï2021) recorded 

the highest recurrence of severe droughts (indices values Ò ī1.3) since 1981 (Figure 33) for all 

of the time scales (12, 24, 36, and 48 months). SPEI and SSFI detected higher frequencies of 

severe drought events than SPI. 

 

 

https://spei.csic.es/map/maps.html#months=7#month=4#year=2021
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Figure 33 ï Frequency of severe droughts (indices values Ò ī1.3) by decades in the studied 

basins.  

 

Particularly in the last decade (2010ï2021), droughts also occurred concomitantly in several 

regions of the country, with noticeable impacts in different socio-economic sectors, which are 

currently still being experienced. In most of the basins, the MannïKendall trend test showed a 

downward trend in the SPI, SPEI, and SSFI time series from 1981 to 2021 (Table 11), 

indicating an increased frequency of drought events (see Cuartas et al., 2022). This situation 

highlights that the basins can be considered with critical situations regarding water availability 

and, therefore, the urgent need to establish a preparation plan to mitigate the effects of drought 

in these regions.  

 

Table 11 ï Tau statistic values from Mann-Kendall (MK) test.  

 

 
 

The results suggest that droughts are more intense and frequent due to the compound effect of 

decreased precipitation and increased temperature, probably linked to the global warming 

scenario. According to the IPCC, the decreased precipitation and increased surface temperature 

result in increased evapotranspiration and decreased soil moisture, leading to negative feedback 

processes that exacerbate drought events.  

 

Although Brazil has increased its hydropower capacity after the 2001 energy crisis, from 75,570 

MW in January 2006 to 108,739 MW in November 2021, the intense and severe drought events 

in the past decade have substantially impacted the hydroelectricity generation in all of the 

Brazilian regions, except for the northern region.  

 

In a second performed study (submitted to Water under Nº water-1756905), trends in 

streamflow, rainfall and potential evapotranspiration (PET) time series, from 1970 to 2017, 

were assessed for five relevant hydrological basins in Southeastern Brazil. The concept of 

elasticity was also used to assess the streamflow sensitivity to changes in climate variables for 

the annual dataset. Elasticity is a lumped representation of the hydrological effects of a 

multitude of processes affecting the response of streamflow to variations in climate variables 

(Zhang, Viglione & Blöschl, 2022). Elasticity estimators provide a measure of the streamflow 

resilience to changes in meteorological variables, such as rainfall and potential 

evapotranspiration, being particularly useful as initial estimates of climate change (Chiew et al., 

2014; Kim; Hong & Lee, 2013). Elasticity can also be understood as the percent change of 

streamflow resulting from a 1% change in precipitation or other climate variables. 

 

Significant negative trends in streamflow and rainfall, as well as significant increasing trends in 

PET were detected. Elasticity revealed that 1% decrease in rainfall resulted in 1.21% - 2.19% 

decrease in streamflow, while 1% increase in PET induced different reductions in streamflow, 
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ranging from 2.45% to 9.67% (Figure 34). Both PET and rainfall computed to calculate the 

elasticity showed positive results  for some basins.   

 

 
Figure 34 ï Rainfall and potential evapotranspiration elasticity of the streamflow calculated 

using the non-parametric method (red bars), simple linear regression (blue bars) and multiple 

linear regression (green bars). FUR: Furnas, EMB: Emborcação, MAS: Mascarenhas, TM: Três 

Marias and CAN: Cantareira. 

 

The Três Marias and Mascarenhas basins yielded the highest elasticity values, as well as the 

lowest runoff and aridity indexes, which corroborates the concept of more sensitive streamflow 

in less rainy basins. The Cantareira System did not yield high elasticity values, although its 

rainfall and potential evapotranspiration anomalies were significant over the years (the largest in 

this study), which led the streamflow production to reach critical levels, corroborating the 

severe water crisis in the years 2014 to 2016. Considering the economic importance of SEB to 

the Gross Domestic Product of the country and for the water supply of the Metropolitan Region 

of São Paulo City, the Cantareira System is here highlighted, due to its greatest streamflow 

changes. 

 

The results showed that PET has a considerably larger influence on streamflow anomalies than 

rainfall. PET is well fitted by a quadratic in temperature with increases in PET following closely 

increases in temperature. The PET influence is associated with secular changes in the Southern 

Hemisphere circulation due to climate change. So it would seem that the PET contribution to 

SEB streamflow could also be a secular change due to climate change. Although droughts are 

not new in Brazil, the drought events in Southeastern Brazil are singular, not only for the 

immediate effects, but also for the associated long-term impacts. These new climate conditions 

have forced decision-makers to rethink public policies and management plans. 

 

ï Drought events and extreme heat 

 

In the context of the intensification of drought impacts due to extreme heat, we also evaluated 

the occurrence of compound drought-heat events in Central South America (see details in 

Marengo et al., 2021). For this compound analysis, daily maximum temperature and 

precipitation data from Climate Prediction Center (CPC) of NOAA, were used to estimate the 

heatwave (Warm Spell Duration Index - WSDI)  and SPI. Drought-heat compound events were 

identified in September-November 2020 over Central South America, mainly over the Pantanal 

wetland. In these regions, the SPI (Figure 35) shows exceptional drought conditions in areas 

where the WSDI reached the 95th or 99th percentile for a window of 7 days or more (Figure 

35b,c). Figure 35 shows the regions where the WDSI and SPI conditions required to define a 

compound drought-heat are displayed.  
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Figure 35 ï SPI3 through November 2020 capturing drought in the study area (red colors) and 

Warm Spell Duration Index (WDSI) for the 90 -99 th percentiles for B) 4 -7 days, and C) for > 

7 days, from September to November 2020. Source: Marengo et al., 2021. 

 

For September-October 2020, Figure 36 shows regions where the WDSI and the conditions for 

exceptional drought SPI 3 < -2.0.  The area affected by the drought-heat compound was 

identified over central-western Brazil, northern and eastern Bolivia, northern Argentina, and 

Paraguay, which cover the Pantanal wetland. This compound event was associated with specific 

hazards, such as high fire risk (Marengo et al., 2021). 

 

 
Figure 36 ï Spatial map showing the exceptional event of the compound drought-heat events 

from September to November 2020. (Exceptional event: WDSI > 7 days and SPI3 < -2). 

Source: Marengo et al., 2021. 

 

5.6.4 Assessment of historical disaster databases related to the Itajaí and Northeast 

Regions: DesInventar System and S2ID 
 

In the INCT-MC2 progress report for the year 4 of the project (2021), the results of the 

assessment of the economic costs of flash floods in the Itajaí River Municipalities were 

presented. Hydrological events, and especially flash floods, were responsible for the greater 

material, economic and social losses in the region, between 2010 and 2016. In the last year, an 

assessment of socioeconomic and environmental impacts of the flash floods in those 

municipalities was conducted. 

 

ï Analysis of hydrological, flash floods and other disasters in terms of human and 

environmental damage, from 2010 to 2016, in Itajaí basin municipalities. 
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The study area was selected based on the results of Aguilar-Muñoz (2014), who identified 24 

municipalities potentially exposed to flash floods in the Itajaí river basin. This basin covers an 

area of around 15.000km² (Figure 37), is part of the South Atlantic hydrographic region, whose 

rivers are born east of Serra Geral and have their mouths in the Atlantic Ocean. The largest 

channel is the Itajaí Açú River, formed by the confluence of the Itajaí do Oeste and Itajaí do Sul 

rivers. On its way from the municipality of Rio do Sul to its mouth, in the city of Itajaí, it 

encounters the rivers Itajaí do Norte (also known as Hercílio), Benedito, Luís Alves and Itajaí 

Mirim. The last section of the channel, from the meeting of the Itajaí Açú and Itajaí Mirim 

rivers to the mouth is called Itajaí. 

 
Figure 37 ï Study area. The numbers in the elevation model indicate the approximate location 

of the urban centers of the 23 municipalities: 1. Alfredo Wagner; 2. Ituporanga; 3. Aurora; 4. 

Taió; 5. Rio do Oeste; 6. Laurentino; 7. Rio do Sul; 8. José Boiteux; 9. Ibirama; 10. Lontras; 11. 

Apiuna; 12. Ascurra; 13. Doutor Pedrinho; 14. Benedito Novo; 15. Timbó; 16. Indaial; 17. 

Blumenau; 18. Gaspar; 19. Vidal Ramos; 20. Botuvera; 21. Brusque; 22. Luís Alves; 23. 

Itajaí/Navegantes. The letters indicate the sub-basins of the Itajaí basin: A) Itajaí do Sul; B) 

Itajaí do Oeste; C) Itajaí do Norte; D) Benedito; E) Luís Alves; F) Itajaí Mirim; e G) Itajaí-Açú. 

Source: Adapted from Aguilar-Muñoz (2014). 

 

Concerning to Human Damages, floods in Brazil caused the highest number of deaths 

compared to other events (58% - see Table 12) in the analyzed period. The same trend (37%) 

can be observed in the analyzed municipalities of the Itajaí basin (Figure 38). On the other hand, 

the percentage of people affected by flash floods was much lower (14%) for the country, but 

still high for the municipalities in this study (24%). 

 

Table 12 ï Comparison between the impacts of disasters in Brazil from the EMDAT and S2iD 

databases, period 2010-2016: total events and detail for hydrological events. 
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Figure 38 ï Proportion of human damage by type of events in the municipalities of the study 

area. 

The year 2011 was the worst of the analyzed period, with the highest proportion of human 

damage (categories analyzed: affected, dead, injured, evacuated and relocated) in all 

municipalities in the study area, caused by flash floods. In Figure 39, the number of people 

affected (82,598 inhabitants) and evacuees (11,302 people) stands out in relation to the other 

categories. 

 
Figure 39 ï Annual cumulative human damage by municipality. 
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Figure 40 shows that the municipality with the most people affected by disasters in the period 

was Blumenau (total hydrological events: 355,036). The second most affected in the period was 

Itajaí (total of events: 48,860; hydrological: 48,255), followed by Gaspar (total of events: 

45,806; hydrological: 30,462).  

 
Figure 40 ï Total number of people affected and evacuated by municipality and by event type. 

 

It can be seen in Figure 41 that the municipality with the most people affected by flash floods 

was Gaspar, with 30,462 people affected, followed by Navegantes (26,811: 20,891 in 2011 and 

5,920 in 2010) and Blumenau (22,036 this only for 2011 event). Almost all of those affected in 

Itajaí were due to hydrological events, 21,931 of which were due to flash floods. 

 
Figure 41 ïTotal affected and evacuated by flash floods and by municipality. 

 

From disaggregated information on the affected population, it is possible to identify patterns of 

behavior that can serve to develop prevention and adaptation campaigns, as observed by Terti et 

al. (2017). ñstudies on aggregated flood disaster death data provide a first indication of 

vulnerability factorsðnamely age, gender and activityðwhich are important for analyzing the 

causes of flood fatalitiesò (Jonkman and Kelman, 2005). Nevertheless, from S2iD data is not 

possible to know details about gender, age or mental or physical health conditions of affected, 

dead, injured, evacuated or homeless people; this type of information is useful for, for example, 

inferring the degree of vulnerability and/or exposure of these people: adult men tend to be more 

frequently exposed to risky situations, for example, crossing flooded streets (Knocke, 2007).  

 

-Environmental impacts 
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Concerning to Environmental Impacts, environmental sector damages have been severely 

simplified from AVADAN to FIDES; in AVADAN there were two categories of impact, (i) 

damage intensity (values from one to four) and (ii) estimated value. The data refer to natural 

resources in subcategories (i) water (sanitary sewage, industrial effluents, chemical residues, 

others), (ii) soil (erosion, landslide, contamination and others), (iii) air (toxic gasses, suspended 

particles, radioactivity and others) and (iv) flora and fauna (deforestation, burning, predatory 

hunting, others). In FIDES, only the presence or absence of the type of damage is recorded 

(water, air, soil and water resources) and it is only possible to select the percentage of the 

population affected by the municipality (0% to 5%, 5% to 10%, 10% to 20% and above 20%) 

and the percentage of fires in parks, environmental preservation areas (APA) and permanent 

preservation areas (APP) (up to 40% or above 40%). 

 

Additionally, analyzes were performed considering   each data period: AVADAN 2010 and 

2011; FIDES 2012 to 2016. 

 

AVADANS. Of the 31 registered occurrences (Table 6), 60% correspond to flash floods in 

Gaspar, especially in 2010. Although the main event is flash floods, in the formats it is stated 

that the damage was also related to other events, for example, landslides, soil erosion and deep 

fluvial and pluvial erosion. This is because several events usually occur in sequence. 

 

Table 12 ï Environmental damages reported at AVADAN. 

 
 

FIDES. In the FIDES period, ñwater contaminationò was the most reported variable, 

showing the highest percentages of the affected population (Figure 11). Vidal Ramos 

municipality stands out where the 2013 and 2015 flash floods affected more than 20% of the 

population, highlighting that ñDue to the heavy rains, there was an increase in the volume of 

water courses, causing barriers, landslides, and all the organic matter coming from the crops, 

went to streams and rivers, peaks of turbidity levels above 400 ppm occurred, causing great 

difficulty in the treatment of water distributed in the cityò (SC-F-4219200-12200-20150918). 

According to the Vidal Ramos Municipalityô FIDES report, soil damage is usually a 

consequence of landslides and garbage transported by water.  As an example, he highlights the 

2016 flood in Api¼na: ñIn the downtown district, due to the very large volume of water, we had 

some homes with a lot of garbage deposited inside or on the land. Also, in the locality of the left 

bank, we had houses invaded by the waters, bringing a lot of dirt and contaminating the soil in 

these places.ò (SC-F-4201257-12200-20161231). 

 

The proportion of environmental effects caused by flash floods reported in FIDES is small and 

is limited to soil and water, as seen in Figure 42. 
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Figure 42 ï Environmental damage recorded in FIDES, by year and type of event 

 

From the information recorded in the FIDES forms, it is not possible to make in-depth estimates 

of the environmental cost of disasters, although this sector is increasingly present in 

international guidelines on risk management. In the most recent Global Assessment Report 

(GAR), for example, it is mentioned that there are ñpitfalls in economic and governance systems 

[...]The first pitfall is the tendency to exclude key values, such as the value of human life and 

biodiversity [é]ò (UNDRR, 2022, p. 5). 

 

-Assessment of socioeconomic drought impacts in the semi-arid region from 2002 to 2020. 
 

In this project step, drought-related disaster data concerning the municipalities located in the 

states of Ceará and Pernambuco from 2002 to 2020 will be organized and used to assess the 

socioeconomic impacts of droughts.  

 

Historically, the northeast region is marked by droughts that can be understood as a climatic 

extreme caused by the precipitation deficit, which results in low water availability for different 

human activities. The effects of drought build up over a long period and continue for several 

years after the event ends. Therefore, drought can cause serious impact on the agricultural, 

environmental, social and health sectors (Van Loon, 2015). 

 

Various methods and indicators have been developed to identify drought events. Among the 

indicators, the Standardized Precipitation Index (SPI) developed by Mckee et al. (1993) is one 

of the most commonly used for drought monitoring.  

 

The present study (in progress) aims to qualitatively and quantitatively evaluate drought events 

in the state of Ceará, identifying the beginning and end, duration, intensity and severity as well 

as investigating social and environmental data in order to find patterns of associated impacts. 

For the analysis of droughts, data on rainfall, streamflow and storage level in reservoirs will be 

used. Aiming to investigate the correlation of the associated impacts, data on waterborne 

diseases, sanitation, agriculture and tourism will be analyzed as shown in Figure 43. Among the 

expected results are identifying drought events and the association of possible impacts on 

sanitation, social and health. The results will be disseminated in technical-scientific events. 
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Figure 43. Flow chart of steps to be carried out in this study as well as the expected results. 

 

ï "Drought Risk" in municipalities previously defined as priorities due to the recurrence 

of drought events 
 

Drought risk is composed of variables representing vulnerability, adaptive capacity, and drought 

hazard conditions. In this project phase, the drought risk was formulated and focused on 

smallholder agriculture. For this, information from the Brazilian Agricultural Census of 2017 

was used. The socioeconomic variables representing vulnerability (V) and adaptive capacity 

(AC) were organized on a municipal scale and included the income of the rural establishment, 

the proportion of establishments that are part of cooperatives and associations, and the financial 

dependence on their agricultural production. The drought hazard (H), in turn, is composed of 

precipitation data, the vegetation health index, and soil moisture. Then, the risk (R) is given by 

R = [(V+AC) × X) + (H × (1-X)], where X represents the weight of each component. 

 

Figure 44 shows the drought risk considering the planting occurred in January, March, July, and 

August 2021.  In general, the highest number of municipalities with moderate, high, and very 

high risk occurred from June to October of 2021. Figure 44b shows the drought risk for 

February, which is the critical period for planting in January; it is observed that 17 

municipalities are classified with moderate risk. Figure 44c shows the end of the cycle that 

started in January 2021, pointing out 13 municipalities with moderate risk and 87 with low risk. 

Figures 44c, f, i, and l, show the end of the cycle of the generic culture (up to 90 days) for the 

study area. The municipalities categorized with moderate to very high risks are those with 

greater chances of a possible impact on family farming. 

 

It is noteworthy that the municipalities whose planting was carried out in July ended the cycle 

with 7 municipalities classified as very high risk, 50 as high risk, and 14 as moderate risk 

(Figure 44l). The municipalities whose planting was carried out in July ended the cycle with 7 

municipalities classified as very high risk, 50 as high risk, and 14 as moderate risk (Figure 13-l). 

As for the municipalities with possible planting in August, the cycle ended with 44 

municipalities with very high risk, 13 high, and 13 moderate. Finally, it is worth mentioning 

that the methodology is still under construction and development and that this is a provisional 

result. In addition, it is important to highlight that drought risk mapping is essential to support 

drought impact mitigation actions and drought preparedness plans. From the drought risk 

mapping, it is possible to prioritize actions for the municipalities most affected by the drought. 
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Figure 44 - Case study: Drought risk considering planting in January, March, July, and August 

2021. 

 

ï Disaster vulnerability analysis of small towns in Brazil 
 

Considering that most of the global urban population lives in cities with less than one million 

inhabitants and that in Brazil it is estimated that more than 45% of the population lives in cities 

with up to 100,000 people, many of them prone to disaster risks, a study was conducted to 

assess the vulnerability and capacities of small Brazilian municipalities to reduce risks, 

especially those related to landslides and floods (Ribeiro et al., 2021). To this end, 234 

municipalities located in the South and Southeast regions of the country (113 and 121 cities, 

respectively) were classified into two population classes, that is, municipalities with 20,000 to 

50,000 inhabitants (Class A4) and those with 50,000 to 100,000 inhabitants (Class A4). A5). 

Such municipalities are characterized by high levels of municipal human development and the 

availability of municipal master plans. Statistical analysis of a set of 30 quantitative indicators 

and 40 qualitative indicators revealed that the vulnerability of populations and municipal 

capacities are mainly related to economic sectors, public policies and the size of cities, that is, 

vulnerability and coping capacity were associated the economic activities carried out in the 

municipalities, which were mainly characterized by: cities dependent on the agricultural sector; 

dependent on external resources; those characterized as labor reserves; and industrial cities. 
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Considering cities separately by population size, Figure 45 shows that Class A municipalities 

have greater vulnerability associated with populations with lower educational and income 

levels, whose municipalities have economies based mainly on the agricultural sector and that 

lack basic health services and transport. In Class A5, the greatest vulnerability is related to 

locations with precarious infrastructure, the result of rapid population growth rates that have not 

been accompanied by urban development. 

 

Therefore, municipal master plans and high levels of municipal human development do not 

guarantee better urban infrastructure or specific risk management legislation. Although legal 

tools recommending disaster risk management policies have been proposed, such tools are 

insufficient to reduce vulnerabilities and increase capacities in small Brazilian cities. 

 

 
Figure 45 - Distribution of overall municipalities related to all municipalities analyzed. Source: 

Ribeiro et al. (2021). 

 

 

ï Risk communication 
 

Considering the better conditions on the ongoing evolution of COVID-19 pandemic, we are 

organizing a live focus group with the public servants from the Blumenau municipal 

government city, which will be realized in the second semester of 2022. Focus groups consist in 

a research technique that collects data through group interaction on a topic determined by the 

researcher (Morgan, 1996). A moderator guides the participants' interaction to respond to open 

questions about topics of interest, allowing the group to explore them from as many angles as 

they want (Longhurst, 2003). This technique enables collating opinions of many people 

compared to individual interviews. The main advantage of focus groups compared to individual 

interviews is the creation of a potential synergy between the participants, resulting in a 


