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RESUMO 

Garcia, J.G.A. (2022). Segurança hídrica futura baseada na evolução do clima e da demanda de 

água. Dissertação de Mestrado, Faculdade de Engenharias, Arquitetura e Urbanismo, e 

Geografia, Universidade Federal de Mato Grosso do Sul, Campo Grande, MS. Brasil. 

 

Mudanças no clima podem aumentar as incertezas na gestão de recursos hídricos, aliadas aos 

desafios quanto ao aumento da demanda hídrica conforme ocorre o desenvolvimento. Neste 

trabalho, nós avaliamos o futuro da segurança hídrica, sob cenários de mudança climática e de 

demanda de água. Indicadores de escassez e de vulnerabilidade hídrica foram utilizados 

considerando as dimensões ambiental, hidrológica e socioeconômica da segurança hídrica. 

Uma bacia socioeconomicamente relevante foi escolhida como área de estudo para nossa 

proposta, bem conhecida por problemas na gestão de recursos hídricos no leste brasileiro, a 

Bacia Hidrográfica do Rio São Francisco. Nossas descobertas expõem a fragilidade das 

atividades de uso intensivo de água durante as estações de seca (junho a agosto) nas próximas 

décadas. Apesar da previsão de aumento da disponibilidade hídrica na bacia nos cenários de 

mudança climática, as previsões para a demanda hídrica podem causar períodos críticos de 

insegurança hídrica. Assim, este trabalho fornece informações valiosas para apoiar o sistema 

de emissão de outorgas de direito de uso de recurso hídrico no longo prazo, adaptando 

estratégias para lidar com a potencial insegurança hídrica em base mensal no futuro, tais como 

o fortalecimento da cobrança do uso e o enquadramento de recursos hídricos. 

 

Palavras-chave: segurança hídrica; demanda hídrica; mudanças climáticas; bacia hidrográfica 

do rio São Francisco. 
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ABSTRACT 

Garcia, J.G.A. (2022). Future Water Security Based on Climate and Water Demand Evolution. 

Master Dissertation, Faculty of Engineering, Architecture and Urbanism, and Geography, 

Federal University of Mato Grosso do Sul, Campo Grande, MS. Brazil. 

 

Changes in climate might increase uncertainties in water resources management, in addition to 

challenges from an increasing water demand as development occurs. We evaluate the future of 

water security, under climate change and water demand scenarios. Scarcity and vulnerability 

indicators were used by approaching the environmental, hydrological and socioeconomical 

dimensions of water security. A socioeconomically relevant basin was chosen to perform our 

proposal, well known for several water management issues along the Eastern Brazil, São 

Francisco River Basin. Our findings expose the fragility of water-intensive activities during dry 

seasons (June to August) along the next decades. Despite the predictions of increase in water 

availability in the basin under climate change scenarios, the water demand predictions may 

cause critical periods of water insecurity. It provides valuable information to support the water 

permits system in a long-term perspective, adapting strategies to cope with potential future 

water insecurity in a monthly basis, such as strengthening the charge of water resources use and 

classification of water bodies. 

 

Keywords: water security; water demand; climate change; São Francisco River Basin. 
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1. CHAPTER 1 

1.1. Background and Problem Statement 

Uncertainties regarding future climatic conditions, trends in population growth and 

changes in lifestyle can cause an increase of risks to human and environmental water security. 

The 2018 edition of the United Nations World Water Development Report estimated that 3.6 

billion people (nearly half the global population) live in areas that are potentially water-scarce 

at least one month per year, and this population could increase to some 4.8–5.7 billion by 2050 

(UNESCO, 2018). This is the result of increasing demand for water, reduction of water 

resources, and increasing pollution, driven by dramatic population and economic growth.  

Predictions provided by the National Water and Sanitation Agency (in Portuguese, 

Agência Nacional de Águas e Saneamento Básico – ANA) estimated that 55% of Brazilian 

cities would experience significant levels of water scarcity in the next years, considering the 

insufficient water source and supply infrastructure for an increasing population (ANA, 2010). 

The future of water security has been explored by the Brazilian National Water Security Plan, 

predicting that, in 2035, 14.34 million people in Brazil will be at imminent risk, while 59.41 

million will effectively be at post-deficit risk, totaling 73.75 million inhabits exposed to the risk 

(ANA, 2019c). In addition, Gesualdo et al. (2019) assessed such future conditions, based on 

climate change projections (RCP4.5 and RCP8.5), in the São Paulo metropolitan region using 

indicators regarding water security as proposed by Rodrigues et al. (2014).  

In this context, we assessed the future of water security through a framework that 

connects variables of the main dimensions: environment, hydrology and socioeconomical 

activities. Then, we analyzed three future periods starting from 2020: -2030, -2040, -2050, 

under scenarios of changes in climate and water demand applied to scarcity and vulnerability 

indicators. Therefore, we propose an innovative approach by calculating these indicators 

separately for future decades instead of a unique time-horizon evaluation. Also, the analyses 

were conducted individually for water demand evolution and for climate change, in order to 

later combine them to verify their synergy and impacts on future water security. For this, a 

socioeconomically relevant basin was chosen to perform our proposal, well known for several 

water management issues along the Eastern Brazil, São Francisco River Basin, an interstate 

river basin (641,844 km²) that covers seven states and multiple water uses. 

São Francisco River Basin is considered a plateau river that rises in the state of Minas 

Gerais and flows in the south-north direction of the country, crossing a dry Brazilian region in 

the northeast, and flowing into the Atlantic Ocean. The São Francisco River is a perennial river, 

that is, even in times of low rainfall, it does not dry up. 
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The São Francisco River is one of the most important rivers in the country, with more 

than 2,000 km of navigable extension. Furthermore, aiming to supply several regions in the 

northeast of the country that suffer from critical periods of drought, the São Francisco River 

transposition was a project completed in May 2021 by the Brazilian Federal Government. The 

project for the São Francisco River Transposition (a network of canals carrying the São 

Francisco River water to temporary rivers in arid areas in Northeast Brazil) included the 

building of over 600 km of concrete-lined canals in two large axes (North Axis and East Axis) 

along the territory of four states (Pernambuco, Paraíba, Ceará and Rio Grande do Norte). 
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1.2. Objectives 

1.2.1. General objective  

The main objective of this study is to assess future water security, in terms of scarcity 

and vulnerability, in a large-scale river basin under climate change and water demand scenarios. 

1.2.2. Specific objectives  

i. To assess the climate change effects on hydrological behavior of a large-scale 

river basin by employing a machine learning model and climate projections based 

on emission scenarios. 

ii. To assess water scarcity and vulnerability under climate change scenarios based 

on emission scenarios. 

iii. To assess water scarcity and vulnerability under water demand evolution based 

on economic scenarios from the basin management plan. 

iv. To assess water security combining climate change and water demand evolution 

scenarios. 

1.3. Organization of the dissertation 

This dissertation is organized into two chapters. Chapter 1 (General introduction) gives 

background and problem Statement and the specific objectives of this research. Chapter 2 

discusses how different climate change and water demand evolution influence future water 

security, in terms of scarcity and vulnerability. We intend to give a perspective on providing an 

overview and possible strategies to ensure future water security. Finally, our conclusions are 

given. 

Indeed, we intend to publish one paper on internationally peer reviewed scientific 

journals regarding the work in Chapter 2. 
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2. CHAPTER 2: FUTURE WATER SECURITY BASED ON CLIMATE AND WATER 

DEMAND EVOLUTION 

Changes in climate might increase uncertainties in water resources management, in addition to 

challenges from an increasing water demand as development occurs. We evaluate the future of 

water security, under climate change and water demand scenarios. Scarcity and vulnerability 

indicators were used by approaching the environmental, hydrological and socioeconomical 

dimensions of water security. A socioeconomically relevant basin was chosen to perform our 

proposal, well known for several water management issues along the Eastern Brazil, São 

Francisco River Basin. Our findings expose the fragility of water-intensive activities during dry 

seasons (June to August) along the next decades. Despite the predictions of increase in water 

availability in the basin under climate change scenarios, the water demand predictions may 

cause critical periods of water insecurity. It provides valuable information to support the water 

permits system in a long-term perspective, adapting strategies to cope with potential future 

water insecurity in a monthly basis, such as strengthening the charge of water resources use and 

classification of water bodies.  

 

Keywords: water security; water demand; climate change. 

 

Highlights 

• The framework identifies threats to human water security as water demand increases 

under basin plan predictions. 

• Integration of historical and future hydrologic, ecosystem and human information on an 

average monthly basis. 

• Results reveal temporal patterns of water scarcity and vulnerability within the next 

decades. 

• Future water security will be determined by choices that society makes today regarding 

water use, and therefore these results can help a better planning. 

2.1. Introduction 

Uncertainties regarding future climatic conditions, trends in population growth and 

changes in lifestyle can cause an increase of risks to human and environmental water security. 

Acceptable levels of water risk, related to droughts and floods, involve the interaction of water 

availability with human well-being, socio-economic development and conservation of aquatic 

ecosystems (UN Water, 2013). The 2018 edition of the United Nations World Water 

Development Report estimated that 3.6 billion people (nearly half the global population) live 
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in areas that are potentially water-scarce at least one month per year, and this population could 

increase to some 4.8–5.7 billion by 2050 (UNESCO, 2018). This is the result of increasing 

demand for water, reduction of water resources, and increasing pollution driven by dramatic 

population and economic growth.  

Although Brazil has a privileged position in the world regarding water resource 

availability, accounting for about 12% of the world’s freshwater (Shiklomanov et al., 2000), 

water resources are constantly under pressure as demand for water, energy, and food is 

increasing due to global population growth and enrichment of nations (Wada et al., 2016). 

Brazil has 12 hydrographic regions that face different challenges to maintain their water 

availability and quality. In the North Region, the impact in river basins comes mainly from the 

expansion of hydroelectric power generation. In the Midwest, it is the expansion of the 

agricultural frontier that most challenges the conservation of water resources. The South and 

Northeast regions face water deficit, and the Southeast region also has the problem of water 

pollution. At a global level, there is a challenge to contain or mitigate the increase in 

temperature, a factor that generates heat waves and extreme events which can affect water 

availability (Agência Brasil, 2018). 

A proposal for operationalizing the assessment of water security was initialized by 

Rodrigues et al. (2014) through indicators of water scarcity and vulnerability that computes 

variables of human, ecosystem and hydrology dimensions in different probabilistic levels. 

Later, these indicators were applied in several contexts: uncertainties management at Cantareira 

water supply system, Brazil (Rodrigues et al., 2015), water security assessment in the Savannah 

River Basin, USA (Veettil & Mishra, 2016), and climate change influences in the São Paulo 

metropolitan region (Gesualdo et al., 2019).  

The Brazilian National Water Security Plan aims to reduce the negative impacts of 

droughts and floods on water resources, using a set of infrastructure improvements, by 2035 

(ANA, 2019c). Although investing in infrastructure is necessary, the adoption of non-structural 

measures is vital to minimize environmental and socioeconomic losses (Gesualdo et al., 2021). 

Climate change is stated as one of the main challenges regarding water security worldwide. 

Nonetheless, the Brazilian National Water Security Plan (ANA, 2019c) does not consider 

climate change scenarios and projections in defining its objectives and developing its strategies. 

This represents a major limitation in the implementation of the plan, exposing National water 

security to fragilities under an uncertain future (Gesualdo et al., 2021). 

Although uncertainties remain related to the future climate and demand evolution, 

several countries are already struggling to overcome the negative impacts of climate change on 

the environment, society, and economy in some periods of the year, including Brazil. Moreover, 
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Ayensu (1999) also stated that water policies and action plans must account for possible climate 

scenarios to address the current and future challenges. The Brazilian Northeast, covered by 

semi-arid climate, has historically suffered from low water availability due to low precipitation 

rates, variable regimes, high temperatures throughout the year, low soil water storage capacity, 

among other factors (ANA, 2019b). In the past few years, part of the Midwest and Southern 

Brazil, covered by tropical climates, also experienced extremely low precipitation levels during 

the rainy season. During the 2020 drought, the water supply was interrupted several times in 

those regions which stand out not only due to the high population but also for their extensive 

agricultural production (Grimm et al., 2020; Marengo et al., 2021). Before this, between 2014 

and 2015 the Southeast, a region home to 85 million people, was exposed to a crippling water 

crisis (Escobar, 2015). 

Predictions provided by the National Water and Sanitation Agency (ANA) estimated that 

55% of Brazilian cities would experience significant levels of water scarcity in the next years, 

considering the insufficient water source and supply infrastructure for an increasing population 

(ANA, 2010). The future of water security has been explored by the Brazilian National Water 

Security Plan,  predicting that, in 2035, 14.34 million people in Brazil will be at imminent risk, 

while 59.41 million will effectively be at post-deficit risk, totaling 73.75 million inhabits 

exposed to the risk (ANA, 2019c). In addition, Gesualdo et al. (2019) assessed such future 

conditions, based on climate change projections (RCP4.5 and RCP8.5), in the São Paulo 

metropolitan region using indicators regarding water security as proposed by Rodrigues et al. 

(2014).  

Brazilian River Basins’ Management Plans, in general, do not consider the climate 

variable on its water demand and availability projections, considering economic aspects 

otherwise. The United Nation Environment Programme (UNEP) recommends that these 

plannings need to explicitly introduce climate change with water adaptive strategies, like 

nature-based solutions and insurance mechanisms (UNEP, 2021). Doing so, these plans can 

become effective tools to prevent and even contain (through well-defined strategies) possible 

situations of water scarcity and vulnerability. 

In this context, we assessed the future of water security through a framework that 

connects variables of the main dimensions: environment, hydrology and socioeconomical 

activities. Then, we analyzed three future periods starting from 2020: -2030, -2040, -2050, 

under scenarios of changes in climate and water demand applied to scarcity and vulnerability 

indicators. Therefore, we propose an innovative approach by calculating these indicators 

separately for future decades instead of a unique time-horizon evaluation. Also, the analyses 

were conducted individually for water demand evolution and for climate change, in order to 
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later combine them to verify their synergy and impacts on future water security. For this, a 

socioeconomically relevant basin was chosen to perform our proposal, which is well known for 

several water management issues along the Eastern Brazil, São Francisco River Basin, an 

interstate river basin (641,844 km²) that covers seven states and multiple water uses. 

2.2. Material and methods 

2.2.1. Study area 

The framework proposal for assessing the future water security was performed in the 

São Francisco River Basin, an interstate large scale basin (641,844 km²) (Figure 1). The river 

basin drains areas of 611 cities spread across six states of (Minas Gerais, Goiás, Bahia, 

Pernambuco, Alagoas, and Sergipe), as well as part of Brasília, the country’s capital (ANA, 

2018). The current situation and perspectives on human occupation of the study basin has been 

addressed by a Basin Management Plan (BMP), including future water demand estimations. 

 
Figure 1. Study area location and characterization. 

Source: Köppen climate classification map for Brazil (Alvares et al., 2013), land cover by MapBiomas (Souza et 

al., 2020), National Water and Sanitation Agency (ANA, 2021), and Brazilian Institute of Geography and 

Statistics (IBGE, 2021b). 
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According to the Köppen climate classification, São Francisco River Basin 

predominantly shows a tropical with dry winter climate (64.23% of the area), where the driest 

month having precipitation is less than 60 mm, and savanna climate (26.28% of the area); with 

the driest month having precipitation less than 100 mm (Alvares et al., 2013). As can be seen 

in Figure 1, the land use is essentially grass, shrub and forest, and according to the BMP, we 

can see that São Francisco stands out for agriculture uses. The main features (e.g., precipitation, 

climate classification and biome) of the river basin are summarized in Table 1. The river basin 

area covers 7.50% of the Brazilian population, considering the country’s population estimative 

for 2021 (IBGE, 2021c). The average annual rainfall in the river basin is ~930 mm, representing 

~53% of the average annual rainfall in Brazil (1,760 mm). Due to its variability in precipitation 

regimes and biomes, the river basin is divided into four hydrographical regions: Upper, Middle, 

Sub-middle and Lower. The entire Sub-middle SFB, and most of the Lower and Middle SFB, 

are in the Brazilian Semiarid climate zone, which is considered the driest region in the country 

due to prolonged droughts. On the other hand, the Upper region’s mean precipitation is 

estimated in 1,395 mm per year (Lucas et al., 2021).  

The São Francisco Basin involves multiple water uses and is well known for several 

water management issues along the Eastern Brazil, therefore a socioeconomically relevant 

basin. Irrigated agriculture is the most important economic activity, and several dams have been 

built in the river basin. Such basin is challenged by water conflicts for multiple uses, with 

irrigation for food production representing the largest (Lucas et al., 2021). Also, it is responsible 

for supplying water to approximately 16 million people in 521 municipalities.  

Table 1. Main features of the study area. 

Feature Description Reference 

Area 641,844 km² (ANA, 2018) 

Population 16 million people (7.50% of the Brazilian population) 

(ANA, 2018; 

CODEVASF, 2016; 

IBGE, 2021c) 

Mean P 929.86 mm year-1 (Brazil average: 1,760 mm) 
(Almagro et al., 2021; 

ANA, 2019a) 

Mean ET 738.15 mm year-1 (Almagro et al., 2021) 

Biome Caatinga (50.37%), Cerrado (46.55%), Mata Atlântica (3.08%) (IBGE, 2021a) 

Climate 
Aw (64.23%), BSh (26.98%), Cwa (5.24%), Cwb (2.95%), 

BWh (0.60%) 
(Alvares et al., 2013) 

Land cover 

Forest (47.2%), Farming (41.2%), Urban area (0.5%), Non 

vegetated Area (0.4%), Non Forest Natural Formation (0.4%), 

Water (1.0%) 

MapBiomas (Souza et al., 

2020) 

Water use 
Agriculture (82.0%), Urban (10.0%), Industry (6.0%), 

Transposal (1.5%), Rural (0.5%) 
CBHSF (2016) 

Q7,10 (1980-2010) 1,065.58 m³s-1 (Almagro et al., 2021) 
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The São Francisco River is one of the most important rivers in the country, with more 

than 2,000 km of navigable extension. Furthermore, aiming to supply several regions in the 

northeast of the country that suffer from critical periods of drought, the São Francisco River 

transposition was a project completed in May 2021 by the Brazilian Federal Government. The 

project for the São Francisco River Transposition (a network of canals carrying the São 

Francisco River water to temporary rivers in arid areas in Northeast Brazil) included the 

building of over 600 km of concrete-lined canals in two large axes (North Axis and East Axis) 

along the territory of four states (Pernambuco, Paraíba, Ceará and Rio Grande do Norte). 

2.2.2. Assessment of water security 

A framework proposal was used to assess the current and future situation of water 

security through connection of main dimensions variables: environment, hydrological and 

socioeconomical activities (Figure 2). We analyzed three future periods starting from 2020: 

2030, 2040, 2050, under scenarios of demand for human activities and changes in precipitation 

and temperature. Those changes were applied to scarcity and vulnerability indicators proposed 

by Rodrigues et al. (2014) that integrate the dimensions variables with probabilistic levels of 

water provision. 

 
Figure 2. Study delineation for the water security assessment. 

The water scarcity and vulnerability indicators contrast water use (abstraction and 

consumption) with probabilistic levels of water provision, based on the fulfillment of 

Environmental Flow Requirement (EFR) (Eq. 1). In this way, we applied the “blue water” part 

of the methodology of Rodrigues et al. (2014), referring to the water flowing through surface 

pathways that can be directly used for human activities.  

Specifically, the water scarcity indicator (Eq. 2) assesses the impacts of consumptive 

water use on median water availability for consumption, while the water vulnerability (Eq. 3) 
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indicator expresses the susceptibility of water withdrawals (or water abstraction) under low 

water provision, or drought-like, conditions: 

water provision
(i,x,t)

= Q
(x,t)

− EFR(i,x,t) Eq. 1 

water scarcity
(i,x,t)

=
water consumption

(x,t)

median water provision
(i,x,t)

 Eq. 2 

water vulnerability
(i,x,t)

=
water abstraction(x,t)

low water provision
(i,x,t)

 Eq. 3 

Where Q(x,t) is the daily streamflow in the river (L3T-1), and EFR(i,x,t) is the fraction of 

river discharge maintained to meet environmental conservation objectives (L3T-1), and Water 

Provision(i,x,t) is computed for EFR method (i), specific location (x), time of the year (t) in daily 

time step (L³ T−1). Similarly, Water consumption(x,t) represents the consumptive water use for 

human activities at a specific time (month) of the year. Finally, water abstraction(x,t) is the 

corresponding sum of abstractions within the basin (L³T−1) obtained from the Basin 

Management Plan’s diagnosis. Median water provision(i,x,t) takes the 50th percentile of water 

provision(i,x,t) into account, and low water provision(i,x,t) is the low-flow volume of water 

provision (the 30th percentile). Note that the indicators will be shown in a scale from 0 to 2, 

considering that results above 1 already represent critical conditions of the relation between 

provision and demand. 

To individually analyze the climate change potential effect on water security, we 

calculated the indicators considering the historical water demand as fixed through the future 

decades (2021-2030, 2031-2040, and 2041-2050), while the streamflow varied among two 

climate scenarios (SSP-2.45 and SSP-5.85). On the other hand, to study the impact that the 

evolution of water demand has on water security, a ceteris paribus (isolated tests) analysis was 

carried out considering the historical streamflow (1980-2010 timeseries), and demand 

quantities varied according to the three scenarios obtained from the São Francisco’s Basin 

Management Plan (BMP), as described in Section 2.2.2.3. Figure 3 summarizes the analyses 

conducted. 
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Figure 3. Description of the analyses conducted. 

2.2.2.1.Hydrological Dimension 

To represent the hydrological dimension, we obtained the historical streamflow time series 

from the Catchments Attributes for Brazil (CABra) database, which consists of a large-scale 

dataset with multiple sources, multi-temporal and multi-spatial, for attributes of 735 Brazilian 

catchments (see details in Almagro et al., 2021). CABra provides daily time series of climate and 

streamflow variables for a 30-year period (1980 to 2010). This database has an easy-to-access 

configuration and high-quality data, useful in hydrometeorological modelling and evaluation 

(Almagro et al., 2021). The historical streamflow time series is shown in Figure 5. 

The future streamflow was projected until year 2050 under two Shared Socioeconomic 

Pathways (SSPs), SSP 2 (Middle of the road) and SSP 5 (Taking the highway). The first 

scenario used in our study is the SSP-2.45, which is an expandable variation of the SSP 2, 

named the “The middle of the road”, and where the population growth is moderate until the 

middle of the century, with stability toward the end of the century. The fossil fuel dependency 

slowly decreases, even with the slow progress of nations in achieving sustainable development 

goals (O’Neill et al., 2017). This scenario can be considered a central case that does not 

markedly shift from the historical patterns (O’Neill et al., 2017; Riahi et al., 2017). 

SSP-5.85 is derived from SSP 5 (“Taking the highway”) and can be considered an extreme 

condition for the world’s development. In this scenario, the world is in rapid development, with 

an integrated global market increase (O’Neill et al., 2017). There is a push for economic and 

social development, coupled with an intensified exploitation of fossil resources, which leads to 

intensive greenhouse gas emissions, producing high challenges to the climate change impacts 

mitigation, although with high adaptive capacity (Kriegler et al., 2017). This scenario considers 

the highest CO2 emissions among all SSP scenarios due to its large coal use. 

The future scenarios of streamflow were based on climate change projections of Coupled 

Model Intercomparison Project Phase 6 (CMIP6) models, developed by World Climate 

Research Program (WCRP) (Eyring et al., 2016), which reproduce the responses of terrestrial 

ecosystems to global changes through a plenty of earth system models. A group of 11 CMIP6 

models utilized here can be checked in Table 2, which were selected considering the spatial e 
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nominal resolutions. They were chosen based on their spatial resolution (not lower than 250 km 

of nominal resolution), temporal resolution (daily scale), availability of Shared Socioeconomic 

Pathways (SSP) scenarios (SSP-2.45 and SSP-5.85), and climate variables (precipitation and 

temperature). We performed a multi-model ensemble of such group considering all the 

individual ensemble members' projections were area-averaged for the São Francisco River 

Basin, and then averaged among themselves at a daily scale, to ensure an equal weighing. 

Table 2. CMIP6 models utilized for climate projections over the 21st century in São Francisco 

River Basin. 

Institution Name 
Spatial 

resolution 

Nominal 

resolution 
Reference 

Commonwealth Scientific and Industrial 

Research Organisation, Australia 

ACCESS-

CM2 
~1.9°x1.3° 250 km (Bi et al., 2020) 

JAMSTEC, AORI, NIES, R-CCS, Japan MIROC6 ~1.4°x1.4° 250 km (Tatebe et al., 2018) 

Centro Euro-Mediterraneo sui 

Cambiamenti Climatici, Italy 

CMCC-

ESM2 
~1.3°x0.9° 100 km (Cherchi et al., 2019) 

EC-Earth-Consortium, Europe EC-Earth3 ~0.7°x0.7° 100 km (Döscher et al., 2021) 

Institute for Numerical Mathematics, 

Russia 

INM-

CM4-8 
~2.0°x1.5° 100 km 

(Evgenii M. Volodin et 

al., 2018) 

Institute for Numerical Mathematics, 

Russia 

INM-

CM5-0 
~2.0°x1.5° 100 km 

(E. M. Volodin et al., 

2017) 

L'Institut Pierre-Simon Laplace, France 
IPSL-

CM6A-LR 
~2.5°x1.3° 250 km (Boucher et al., 2020) 

Met Office Hadley Center, UK 
UKESM1-

0-LL 
~1.9°x1.3° 250 km (Sellar et al., 2019) 

Max Planck Institute for Meteorology, 

Germany 

MPI-

ESM1-HR 
~0.9°x0.9° 100 km (Mauritsen et al., 2019) 

Meteorological Research Institute, Japan 
MRI-

ESM2-0 
~1.1°x1.1° 100 km (Yukimoto et al., 2019) 

National Center for Atmospheric 

Research, USA 

CESM2-

WACCM 
~0.9°x1.3° 100 km 

(Danabasoglu et al., 

2020) 

In the last few years, LSTM networks have been tested and studied in watershed 

hydrological modelling, and their potential has been demonstrated in many applications, such as 

river flow and flood predictions (Shen, 2018). Kratzert et al. (2018) applied the LSTM network 

to simulate the daily flows of 241 basins and found that it greatly outperforms hydrological 

models that are calibrated both at the regional level and at the individual basin level. Lee et al. 

(2018) developed an LSTM for daily runoff simulations based on the water level data of 10 

stations at the upper Mekong River and showed that the LSTM performs better than the Soil and 

Water Assessment Tool model (SWAT) in the case studied.  

Also, Hu et al. (2018) tested an LSTM model on 98 flood events and indicated that the 

LSTM model outperformed conceptual and physical models. Yan et al. (2019) constructed an 

LSTM with historical flow and weather data and weather forecasts and indicated that the LSTM 

outperforms support vector machines in flood predictions, especially for flood peak flow 

forecasts.  
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Later, Xu et al. (2020) performed an assessment of the performances of LSTM networks 

in river flow predictions in terms of LSTM structures and parameters, in two different rivers: a 

100.23 (104 km2) Upper Yangtze River, and the 1.48 (104 km2) Hun River. Compared with several 

hydrological models, the Long Short-Term Memory (LSTM) network achieves satisfactory 

performance in terms of three evaluation criteria, i.e., coefficient of determination, Nash–Sutcliffe 

Efficiency and relative error, which demonstrates its powerful capacity in learning non-linear and 

complex processes in hydrological modelling (Xu et al., 2020). 

In this study, the time series of variables representing the future climate, temperature, and 

precipitation, were used as input for a LSTM, a machine-learning algorithm to estimate the future 

streamflow data. This model simulated the water fluxes through the river basin using three inputs: 

precipitation (water input), temperature (energy input), and the 10-day accumulated precipitation 

(representing soil moisture input). To operate the LSTM, we employed 60% of the observed data 

as the training sample, 20% as the validating sample, and 20% as the testing sample. The training 

and validating period comprise 8,766 days between October-1980 and September-2004, while 

the testing period comprises 2,191 days between October-2004 and September-2010. The 

network training, validating, testing and posterior prediction were carried out at the MATLAB 

Deep Learning Toolbox.  

An LSTM system can learn a process by incorporating a cell state and three different 

ports: the input gate (Eq. 4), the forget gate (Eq. 5), and the output gate (Eq. 7), as shown in 

Figure 4. At each time step, the cell can decide what to do with the state vector: read, write, or 

delete, thanks to an explicit gating mechanism. With the gateway (Eq. 6), the cell can decide 

whether to update the cell status or not. With the forgetting port, the cell can erase its memory 

(Eq. 8), and, with the outgoing port, the cell can decide whether to make the outgoing 

information available or not. The LSTM concept was presented by Gers et al. (1999) and a 

complete description of the algorithm can be found in detail in Kratzert et al. (2018). 

𝑖[𝑡] = 𝜎(𝑊𝑖𝑥[𝑡] + 𝑈𝑖ℎ[𝑡 − 1] + 𝑏𝑖) Eq. 4 

𝑓[𝑡] = 𝜎(𝑊𝑓𝑥[𝑡] + 𝑈𝑓ℎ[𝑡 − 1] + 𝑏𝑓) Eq. 5 

𝑔[𝑡] = 𝑡𝑎𝑛ℎ(𝑊𝑔𝑥[𝑡] + 𝑈𝑔ℎ[𝑡 − 1] + 𝑏𝑔) Eq. 6 

𝑜[𝑡] = 𝜎(𝑊𝑖𝑥[𝑡] + 𝑈𝑖ℎ[𝑡 − 1] + 𝑏𝑖) Eq. 7 

𝑐[𝑡] = 𝑓[𝑡]ʘ𝑐[𝑡 − 1] + 𝑖[𝑡]ʘ𝑔[𝑡]  Eq. 8 

ℎ[𝑡] = 𝑜[𝑡]ʘ tanh(𝑐[𝑡]) Eq. 9 

Where i[t] is the input gate; f[t] is the forget gate; o[t] is the output gate; g[t] is the cell 

input; x[t] is the network input; h[t-1] is the recurrent input; c[t-1] is the cell state from the 

previous timestep; W, U, and b are learnable parameters for each gate; σ and tanh are the 

sigmoid and hyperbolic tangent functions, respectively; and ʘ is an element-wise multiplicator. 
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Figure 4. Long Short-Term Memory cell structure used to simulate and project the river basin’s 

streamflow. 
Source: Adapted from Kratzert et al. (2018). 

The goodness-of-fit was assessed using two widely used performance metrics for 

hydrological modelling, the Nash-Sutcliff Efficiency – NSE (Nash & Sutcliffe, 1970) and the 

Kling-Gupta Efficiency – KGE (Gupta et al., 2009), which are overall recommended for this 

kind of analysis (Althoff & Neiva, 2021). After the LSTM network construction for the river 

basin, the climate projections from the models’ ensemble, considering SSP-2.45 and SSP-5.85 

scenarios, were applied to predict the future daily streamflow. 

2.2.2.2.Environmental Dimension 

The EFR quantifies the amounts of water that must be kept flowing down a river to 

maintain quality, quantity, and temporality required to achieve environmental goals, established 

by river basin management (O’Keeffe, 2009). In this way, various Brazilian river committees 

have used a variety of hydrological-based methods (Benetti et al., 2004), among the feasible low-

data requirement of ecohydrological techniques for EFR (Tharme, 2003). Note that EFR 

accounting must be performed using flow time series that represent naturalized conditions as 

closely as possible (Van Loon & Van Lanen, 2013). 

Based on the methodology used in the Basin Management Plan (BMP) and considering its 

wide usage in Brazilian public policies, the EFR values were established by the 7-day, 10-year low 

flow method (Q7,10), where the average annual 7 day minimum flow that is expected to be exceeded 

on average in 9 out of every 10 years, and is equivalent to the 10th percentile of the distribution of 

the 7 day annual minimum streamflow (Reilly & Kroll, 2003). For this, we used the daily 

streamflow timeseries of 30-year period (from 1980 to 2010) from CABra (Almagro et al., 2021) 

to generate the EFR pattern along the year. 
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2.2.2.3.Socioeconomic Dimension 

The approach of the socioeconomic dimension was carried out by two important concepts 

related to the uses of water for human activities: water withdrawal and water consumption. Water 

withdrawal (or water abstraction) is defined as the total amount of freshwater withdrawn from a 

surface water source, while the water consumption is the amount of withdrawn water minus the 

amount of water returned to water bodies. Thus, water consumption is a portion of water 

withdrawal that was consumed and does not return to the original water source (Gesualdo et al., 

2021).  

São Francisco’s Basin Management Plan (BMP) contains diagnostics data for water 

withdrawal and consumption, in addition to projections for water withdrawal reaching up to 2035 

(CBHSF, 2016). Hence, we considered the same proportion of return flow observed in 2010 for 

the future projections. As stated, we obtained the observed water demand from the diagnostics 

available in the BMP. The water abstraction in 2010 was estimated in 309.45 m³s-1, total return 

flow was estimated in 93.67 m³s-1 (30.27% of abstraction amount), and the water consumption in 

215.78 m³s-1 (CBHSF, 2016) which is applied for various uses, as can be seen in Table 1, being 

agriculture the predominant sector (82.0%). 

In order to analyze the impacts that the community lifestyle and the economic sectors can 

cause on water security, the assessment under demand evolution considered three demand 

scenarios for future periods, approached as pessimistic, trend, and optimistic, in according to the 

projections established by the BMP (CBHSF, 2016). The optimistic scenario is called “Water for 

all” and considers a more moderate water consumption that could be associated to a lower 

economic and social development in the river basin (CBHSF, 2016). On the other hand, the 

pessimistic scenario considers a high development and high demand in terms of water 

consumption, where investments and public expenditures for water resources protection and 

management are likely to be small, selective, and corrective – that is why it is called “Water for 

few” (CBHSF, 2016). 

In the meantime, the trend scenario, “Water for some”, results from the dynamics installed 

in the various sub-basins and uses (agriculture, industry, urban and rural human supply, and 

transposition). It is not considered a reference or desirable scenario, but only one that results from 

the projection of the dynamics already installed in the basin, either in demographic terms or in 

terms of the agricultural and industrial sectors. Therefore, it is called the "trend scenario". 

Investments and public expenditures for water resources protection and management are likely to 

be small, selective, and corrective. Investments and public expenditures for water resources 

protection and management are likely to be to be large, massive and, corrective (CBHSF, 2016). 
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2.3. Results and discussion 

2.3.1. Projections for climate and water demand 

The streamflow projections in each climate scenario alongside the historical streamflow 

in the river basin is shown in Figure 5. We can see that both climate scenarios foresee an 

increase in streamflow in the river basin, being less expressive in SSP-5.85 and more 

representative in SSP-2.45 (more optimistic scenario). The increase achieves 10.45% in SSP-

5.85 and 29.51% in SSP-2.45 scenarios, resulting in increment of water provision for human 

activities (Eq. 1). 

 

Figure 5. Historical daily streamflow (m³s-1) from 1980 to 2010 (a), and future daily streamflow 

(m³s-1) simulated by LSTM model for SSP-2.45 (more optimistic scenario) (b) and SSP-5.85 

(more pessimistic scenario) (c). Decadal streamflow averages are shown at historical and future 

time series. 
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After obtaining the streamflow time series from CABra database (shown in Figure 5 – 

a), we could generate the EFR pattern along the year, using the daily streamflow timeseries of 

30-year period (from 1980 to 2010). Then, São Francisco River Basin’s EFR was established 

as 1,065.58 m³s-1. Note that EFR stays fixed in every scenario analyzed, in order to represent 

the original environment requirements to properly maintain its functions. 

The process of modelling streamflow through LSTM structure revealed satisfactory 

metrics for the training (or calibration) period: NSE = 0.9465 and KGE = 0.9862, contrasting 

with validation period, being NSE = 0.0678 and KGE = -0.1531. The unsatisfactory validation 

metrics may be due to the significant number of reservoirs, as Três Marias, in the state of Minas 

Gerais, Sobradinho, Paulo Afonso and Itaparica, in Bahia, and Xingó, located between the 

states of Alagoas and Sergipe, which directly influence the streamflow regime. Despite the 

unsatisfactory metrics for the validation period, according to the Sixth Assessment Report 

(AR6) of the Intergovernmental Panel on Climate Change (IPCC), at a global scale, the 

precipitation will increase in high latitudes, the tropics and monsoon regions and decrease in 

the subtropics (Lee et al., 2021). The study area is indeed expected to have increases in annual 

mean precipitation in SSP-5.85 scenario, as can be seen in AR6 (Lee et al., 2021 - see Figure 

4.42, pg. 638). 

In relation to the three water demand scenarios analyzed, the BMP considers the planning 

for the time horizon from 2010 to 2035. In contrast, our data regarding climate change 

projections and its hydrological effects reaches up 2050. Then, the BMP’s water demand was 

extended to 2050 assuming a linear growth rate, which had the best fit among other functions, 

as polynomial and logarithmic (Figure 6). 

 

Figure 6. Projections of water demand evolution based on the Basin Management Plan (m³s-1) 

from 2020 to 2050: (a) optimistic scenario; (b) trend scenario; (c) pessimistic scenario.  

Caption: *Projection available in the Basin Management Plan (CBHSF, 2016); **Estimated trough a 

linear growth rate. 
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2.3.2. Future water security under climate change 

Since the projections pointed out an increase in average streamflow, approximately 

10.45% in SSP-5.85 and 29.51% in SSP-2.45 scenarios (Figure 5), both indicators of scarcity 

and vulnerability showed a positive perspective to the future of water security in the river basin 

when seeing climate as an isolate variable (Figure 7).  

 

Figure 7. Water security indicators under climate change scenarios for each decade until 2050: 

(a) SSP-2.45 (optimistic scenario), and (b) SSP-5.85 (pessimistic scenario).  

Based on the conducted methodology, we observe that climate change alone does not 

cause critical water security events – both indicators remain below the critical limit (1.0) in 

every month during next decades, being the present decade (2021-2030) the most worrisome 

within the ones analyzed. Due to the expected increases in streamflow, the indicators are, in 

most part, lower than the historical water security indices in the basin. 

The methodology applied by Kristvik et al. (2019) in reservoirs in Bergen, Norway, to 

study the impacts of climate change on water availability also leaded to changes, in general, 

positive (i.e. more precipitation) on an annual basis, however, they also imply increased 

variations between the dry spring and summer months during the year, similarly to our results 

as shown in Figure 7. On the other hand, Gesualdo et al. (2019) found that climate can cause 
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water scarcity events in the future in the São Paulo metropolitan region, in Southeastern Brazil. 

The results of climate projections vary with the location and the hydrological models to simulate 

processes in a basin, and the differences among them (e.g. in structure, the conceptual 

representation of the system and processes and the amount of model parameters) (Parra et al., 

2018).  

2.3.3. Future water security under water demand evolution  

Considering the historical and future water demand data gathered from São Francisco 

River basin's plan (Figure 6), the results regarding water scarcity and vulnerability indicators 

reveal a negative impact of water demand predictions on water security (Figure 8). It shows a 

high degree of insecurity risk in the far future is worsened by the pessimistic scenario. The most 

critical months are the ones with lower precipitation rates, from June to August (dry season). 

According to Brazilian Federal Law No. 9,433/1997, the priority use of water resources is 

human consumption and animal watering (Brazil, 1997), which could directly impact other uses 

in São Francisco River Basin, where 82.0% of the water is provided for agriculture uses, 

according to its management plan (CBHSF, 2016). As can be seen in Figure 8, the optimistic 

scenario indeed does not expose the basin to an alarming condition of water scarcity, being 

below 1.0 during all year long in the periods analyzed. However, in trend and pessimistic 

scenarios, from 2040 on, the basin can face vulnerable periods of “demand-provision” ratio, 

becoming worst in trend and pessimistic scenarios. 

On the other hand, periods of water vulnerability are likely to occur since a near future 

(2030) regardless of any type of scenario. The results show that even optimistic increases in 

water demand are a predominant factor for water insecurity, that is why public policies and 

effective measures, including investments in infrastructure, are essential to prevent or manage 

periods of scarcity between June and August – the most worrisome months. The indicators 

become worst with time and evolution in demand, as we can see in Figure 8. 
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Figure 8. Water security indicators under demand evolution for years 2030, 2040, and 2050: (a) 

Water scarcity indicator; and (b) Water vulnerability indicator. 

Moreover, the strategies involving the support capacity of São Francisco River Basin in 

the Water Resources National Plan have been revised in 2021 by the Ministry of Regional 

Development (MDR, 2022) and should be taken as a priority when seeking a long-term security 

and well-being of the vast amount of population supplied by the basin. The plan includes several 

strategies such as rationalizing the appropriation of water from the basin; making water use for 

electric energy production compatible with other sectors; implementing the charge for water 

use in the river basin; approval of the river basin’s classification (MDR, 2022). Such 

classification of water bodies in different classes of use is one of the instruments of Brazilian 

Water Resources Policy (Law 9433/1997) (Porto, 1998) and intends to balance specific water 

quality standards and waste treatment costs, either to keep the standards or to restore the quality 

of degraded rivers and lakes (Porto & Porto, 2002).  

Consumption, catchment, and discharge uses are charged since July 2010 in the São 

Francisco River Basin (ANA, 2019a). In this context, intensifying actions to assure the charge 

of water resources use within the whole river basin must be taken, by conceding water permits 

to water users, which has proven to be an effective monitoring tool to maintain water resources 

in sufficient quality and quantity in other Brazilian areas. Charging the use seeks obtaining 

funds for the recovery of the hydrographic basins, stimulating investment in depollution, giving 
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the user a suggestion of the real value of water and, also, encouraging the use of clean 

technologies to save water resources (IMASUL, 2022). 

2.3.4. Future water security combining water demand evolution and climate change 

Adicionally to the previous analyses, we combined the possible influence of climate and 

water demand through the next decades.The Figure 9 and Figure 10 show the indicators resulted 

from combining water provision values expected in climate change scenarios and different 

quantities of water demand within the future. The results point out that climate might increase 

the streamflow in the river basin, causing a positive effect on both indicators. As can be seen, 

evolution of water demand by the various sectors in the basin is the most important variable to 

be closely observed. 

 

Figure 9. Water scarcity indicator under demand evolution and climate scenarios for years 2030, 

2040, and 2050: (a) SSP-2.45; and (b) SSP-5.85.  

According to Marengo (2007) and Cunha et al. (2019), in the last century, every 

Brazilian region faced extreme events, and they suggest these will become more frequent and 

intense in the future due to the climate change. Our results show that the increases in water 

demand exposes water security to vulnerable periods. Also, our results point that the river basin 

is already exposed to periods of water vulnerability and that increases in water demand by the 

actual and future economic sectors in the basin may be determinant in future water security. In 
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this aspect, cooperation between researchers and decision-makers is crucial and has the 

potential to deliver robust solutions for the current and future needs (Gesualdo et al., 2021). 

 
Figure 10. Water vulnerability indicator under demand evolution and climate scenarios for 

years 2030, 2040, and 2050: (a) SSP-2.45 (optimistic scenario); and (b) SSP-5.85 (pessimistic 

scenario). 

Contemporary global water demand has been estimated at about 4,600 km³ per year and 

projected to increase by 20%–30% to between 5,500 and 6,000 km³ per year by 2050 (Burek et 

al., 2016). Domestic water use, which roughly accounts for the remaining 10% of global water 

withdrawals, is expected to increase significantly over the 2010–2050 period in nearly all 

regions of the world, except for Western Europe where it remains constant. In relative terms, 

the greatest increases in domestic demand should occur in African and Asian sub-regions where 

it could more than triple, and it could more than double in Central and South America (Burek 

et al., 2016). According to UNESCO (2018), global water demand will continue to grow 

significantly over the next two decades, and this anticipated growth can be primarily attributed 

to an anticipated increase in water supply services in urban settlements. 

Industrial and domestic demand for water will likely grow much faster than agricultural 

demand, although agriculture will remain the largest overall user (UNESCO, 2018). Rosegrant 

et al. (2002) forecasted that for the ‘first time in world history’ absolute growth in non-

agricultural demand for water will exceed growth in agricultural demand, resulting in a fall in 
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agriculture’s share of total water consumption in developing countries from 86% in 1995 to 

76% in 2025. These projections highlight the importance of addressing water challenges facing 

agriculture where agricultural demand for water, and competition for it, are both set to increase. 

UNESCO (2018) stated that the agricultural development options adopted will be the most 

critical factor in determining the future for water security in agriculture and other sectors. 

2.4. Conclusions 

In this study, we projected the streamflow by using a LSTM model and future water 

demand estimations were generated for the São Francisco River Basin, in Southeast Brazil, in 

order to calculate water vulnerability and water scarcity indicators. We also evaluated two 

climate change scenarios (SSP-2.45 and SSP-5.85) alongside three water demand scenarios 

(optimistic, trend and pessimistic) comparing them to observed data in the river basin. 

Our results show that the expected changes in climate for the future are, in general, 

positive for the basin in relation to water security, as they increase the amount of precipitation 

and, consequently, streamflow quantities. Therefore, increases in water demand are the most 

critical factor for water security when analyzed individually comparing to the expected climate 

change effects in the São Francisco River Basin. We could see that the basin is already exposed 

to periods of water vulnerability in the present decade (2021-2030), being worsened in future 

decades, and to critical periods of water scarcity if the demand follows a pessimistic evolution 

pattern in the future (2031-2040). 

If the environmental policies follow the course of the last few years and water demand 

continues to increase, an aggravation of water stress and a rise in water conflict, along to 

increased variations between the dry spring and summer months, may be expected in the river 

basin. Even though natural variability will continue to occur, most of the difference between 

present and future climates will be determined by choices that society makes today and over 

the next few decades. The further out in time we look, the greater the influence of these human 

choices are on the magnitude of future water security. Therefore, a consciousness of actions 

and strategies is needed in the present to assure water in adequate quantity and prevent critical 

periods of water scarcity or vulnerability in the future in semi-arid and multiple-use basins, like 

the São Francisco River Basin. 

2.5. Limitations and opportunities 

Considering the results achieved in the present study, for future studies we recommend 

the incorporation of the "land use" component into the analysis, alongside water availability 

and climate change, seeking to assimilate the possible nature responses to the three parameters 

since their changes and impacts occur simultaneously over space and time. Likewise, the 
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analysis can be conducted considering the four hydrographical regions in the river basin (Upper, 

Middle, Sub-middle and Lower) since we utilized the streamflow data correspondent in the 

river mouth. 

 Also, the incorporation of uncertainty analysis aiming to quantify the variability of the 

output due to the variability of the data input into the model is also suggested. 

It is worth mentioning that the ensemble of the 11 models selected for the climate change 

analysis may have influenced the prediction of increased precipitation in the river basin, hence, 

this expected increase may be smaller or greater than the projections presented here. In addition, 

we also emphasize the limitations of using the model for the analyzed study area, which has 

several interferences, such as transposition and reservoirs, which make the training and 

validation process more complex. However, we emphasize that its use is already widespread in 

hydrological studies around the world, as presented in Section 2.2.2.1. 
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