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SUMMARY 

Climate change is a topic of extreme importance, and it has been leading to several studies in which 
consider the possible changes that may happen in the future society and how to overcome those changes. 
In 2015, 195 countries signed the Paris agreement in which they committed to helping in the reduction of 
the global temperature. To be able to reach these reduction changes are needed, such as in consumption 
patterns, deforestation, change in the energy mix.  

Concerning the energy mix, it changes considerably per country. Brazil is a compelling case, once that 
more than 40% of it comes from renewables (especially hydro e biomass). However, due to changes in 
the population patterns in the country, the increase of renewables will be necessary for Brazil, therefore 
strategies need to be considered. Studies point out that bioenergy is one of the best choices for the 
country due to its accessibility in the future. 

Brazilian National reports indicate an increase in the grown of crops by 30% until 2025. However, those 
account only the land availability and not the possible changes in the climate that may occur in the future. 
Therefore, the literature shows studies that examine possible changes in the temperature and how it 
would affect the crops production in Brazil. On the other hand, additional factors are essential for the 
growth of crops, such as precipitation (used significantly in Brazil once that the crops are mainly rainfed). 

So, this study aims to estimate the availability of crops in 2050 that can be used as an energy source in 
Brazil, regarding possible changes in the rainfall patterns due to climate change. 

For that, it is used the soil water balance method, by means of an excel model that analyzes the availability 
of water in the soil (ARM) considering for four types of crops (rice, sugarcane, maize, and soybeans), in 
the five brazilian macro-regions (North, Northeast, Mideast, Southeast and South) and three types of soil 
(sandy, medium and clay texture). Firstly, two observational analysis (using data from 1997 until 2017) 
verify the correlation between the ARM and the yields of the four types of crops to check which kind of 
crop, soil, and region show the most significant correlation. 

Those analyses point out that the crop that is more affected by the availability of water in the soil (which 
considers rainfall and temperature patterns) is the soybeans, especially in the South macro-region of 
Brazil. There is no statistical significance among types of soil, the other macro-regions or between the 
other crops (rice, maize, and sugarcane).  

Also, a future scenario analysis (using the IPCC RCP scenarios 4.5 – moderate and 8.5 – high GHG 
emissions) extrapolates values for ARM, and by making use of the trends of the observational analyses 
make projections of soybeans yields by 2050. It verifies that the South region of Brazil will be the most 
affected by the decrease of availability of water in the soil and it will mainly disturb the growth of the 
soybeans (leading to a reduction of more than 10 Mt of the production of the southern states of Brazil). 

In conclusion, there is potential for the use of crops as bioenergy in the future in Brazil when considering 
the amount of precipitation in the future if considering sugarcane, maize, and rice. On the other hand, 
soybeans (in the South macro-region of Brazil) may suffer the impacts of climate change. Also, due to 
possible changes in the precipitation, it might lead to geographical changes in the production of crops, as 
well as investments in adaptative strategies, such as irrigation. 
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LIST OF ABBREVIATIONS 

 
- Kc = crop coefficient 
- CAD = Acronym for maximum capacity of water stored in the soil for a specific crop in 

Portuguese (Capacidade de Água Disponível as seen in the literature used)  
- ARM = Acronym for availability of water in the Soil in Portuguese (Armazenamento as seen in 

the literature used) 
- P = Precipitation 
- Dr = Drew  
- Cap = Capillary ascension  
- Dd = Deep drainage  
- Etp = Potential evapotranspiration  
- Ri = Surface run-in 
- Risub = Subsurface run-in  
- Ro = Surface runoff and the  
- Rosub = Subsurface runoff  
- ALT = Difference of storage of water in the soil  
- ETr = Real evapotranspiration  
- DEF = Deficit of water  
- EXC = Surplus of water  
- F = Humidity at field capacity  
- PWP = Moisture at permanent wilting point 
- d = Density of the soil 
- Dep = depth of the root system 
- Temp = Actual temperature in oC in the month 
- I = Thermal indez 
- a = Constant  
- h = Number of hours in the month 
- n = Number of days in the month 
- ALT = Alteration of the soil humidity 
- yld = Yields 
- Prod = Production obtained 
- A = Area planted 
- SS = Sum of squares 
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1. INTRODUCTION 

Brazil is one among several countries that committed itself to assist in the reduction of the global 
temperature (below 2o C above pre-industrial levels) by signing the Paris agreement in 2015 (Federative 
Republic of Brazil, 2016). In order to reach this goal, different changes are necessary for the country, such 
as in the agricultural patterns, in the land use and a shift towards a renewable energy mix (Lapola et al., 
2014).  

The Brazilian National Plan of Energy from 2018 (Empresa de Pesquisa Energética, 2018) showed that the 
domestic electricity supply of the country is of more than 80 % from renewables, while the world share is 
23%. Also, Brazil presents a high energy mix of renewable fuels (43%) (sugarcane for ethanol and soybeans 
for biodiesel) when compared to the world (7%) (IEA). Considering the population growth by 2030, the 
Brazilian greenhouse gas emissions are expected to increase. Based on that, the Energy Resources 
Potential (Empresa de Pesquisa Energética, 2018) developed a technical, economic and socio-
environmental analysis in order to verify the possible energy sources in Brazil by 2050.  It shows that the 
country presents a potential of renewables of more than 7 Mtep (an equivalent ton of petrol), in which 
biomass represents a share of more than 50%, due to its accessibility (Empresa de Pesquisa Energética, 
2018). Also, Lap et al. (2018) verify that biofuels can play an essential role in the future energy supply of 
Brazil, by having an increase up to 3 times more in 2050 when compared to 2010 (depending upon its 
scenarios).  

Based on this data, it is possible to notice that biomass is a potential source for the energy mix of Brazil.  
Crop production is expected to increase by 30% until 2025/2026 (Abastecimento, 2017) due to 
development of infrastructure, researches, and financing. The crops that will have the main increase are 
soybeans, sugarcane, wheat, and maize. However, this study was developed only to show possible 
trajectories of the agribusiness in order to help the development of this sector and did not take into 
consideration the environmental factors that may affect this development (Abastecimento, 2017). 
Despite this data pointing out important economic and territorial projections of crops production, there 
is still a gap in terms of the downsides that the climate change can have over crops productivity and so to 
the energy projection of Brazil. Portugal-Pereira et al. (2015) analyze the use of residues of biomass to 
assess its potential for bioenergy. Sugarcane, soybeans, and maize are the major primary sources’ 
potential in the South, Southeast and Mideast macro-regions of Brazil. It still does not consider the 
capability of the crops and their relation to the changes in climate, once is only based on the current 
situation. 

Due to climate change, variations will occur, and this can lead to an impact in the electricity mix 
projections of Brazil, for example in the hydroelectricity and biomass.  De Lucena et al. (2009) shows that 
the temperature changes, caused by global climate change, affect the distribution of sugarcane and 
oilseed crops. However, the authors do not consider other changes, such as alteration in the water 
regimes, which is an essential factor for the growth of crops and may happen due to climate change. 
Rainfall patterns and other possible factors such as the use of fertilizers and the price of crops can be 
significant factors for a different availability of crops in the future (Lapola et al., 2014).  

Studies analyze possible correlations of water usage or rainfall patterns and the use of biomass in Brazil. 
Gerbens-Leenes et al. (2012) aimed to relate the water scarcity with water needed for biofuels production 
in 2030 for several countries, including Brazil. It shows that with the increase of biofuels by 2030 it is 
expected a growth of the water footprint of the transportation sector, in which Brazil, China, and the USA 
will represent more than 50% of the total biofuel production. This study presents Brazil as being the 
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second highest consumer of ethanol and the fifth of biodiesel in the world, pointing out the importance 
of biofuels for the country, mainly used for road transportation. Rossato et al. (2017) verify the 
relationship between yield, rainfall and storage of water in the soil in the Northeast macro-region of Brazil 
from 2000 until 2012. That study shows that in drought years, it is possible to see a reduction in the yields. 
Further, it displays a higher correlation of yield and rainfall patterns than with the storage of water in the 
soil, what may be related to the depth of the root used in the assumptions (100 cm used at the model, 
and most crops analyzed have a root depth of 40 cm).  

Also, Jaiswal et al. (2017) analyze the use of sugarcane as a bioenergy possibility for the energy mix in 
Brazil until 2045. It finds that climate change can have positive and negative effects in the growth of the 
sugarcane depending on the location, being negative affected in the North macro-region of Brazil and 
coastal areas in the South, mainly related to the decrease in precipitation.  Additionally, study of Sentelhas 
et al. (2015) verifies the use of one single crop as biofuel, the soybeans. In this case, it checks the yield 
gaps of soybeans in a historical data frame of 32 years, in which compares a typical year to a La Nina and 
El Nino year. It shows that the main problems for soybeans yields are the water deficit. Those studies 
focus on specific crops, while there are still other crops that show potential for delivering bioenergy. 
Besides that, Roberts et al.  (2017) indicate that a simulation model is not necessary to show the effect of 
precipitation on yields’ growth. 

In accordance, studies from Assad et al. (2008) and Embrapa and Unicamp (2008) use the agricultural 
zoning of climatic risks to understand the relationship of the growth of crops and the limiting factors as 
temperature and rainfall by using the soil water balance. Both studies do not how is the calculation of the 
correlation between the availability of water in the soil and rainfall. While one (Embrapa and Unicamp, 
2008) considers different crops, including sugarcane (that was found to be the least affected by the lack 
of water), the other (Assad et al., 2008) does not consider the sugarcane.  

Despite several studies with different approaches regarding the bioenergy in Brazil, some gaps remain in 
the literature. Such as the lack of analysis of possible changes that may occur in the temperature and 
rainfall availability due to climate change. Also, no study analyzes the total biomass potential considering 
multiple crops, as they focus mostly on single agricultural crops (e.g., soybeans and maize). Furthermore, 
studies mainly examine only one environmental factor of change (like temperature), not considering the 
rainfall, or if so, do not verifing the availability of water in the soil (by using the soil water balance), but 
the precipitation itself. Moreover, to finish, some do use the soil water balance but do not show the steps 
of calculation, which makes it challenging to redo and/or verify the results.  

Based on that, it is essential to understand the availability of crops that can be grown in Brazil in the future, 
not considering only the land availability but also other factors related to the climate change, such as 
rainfall and temperature patterns. Therefore, the general aim of this research is to assess the availability 
of crops in 2050 that can be used as an energy source in Brazil, regarding possible changes in the rainfall 
patterns due to climate change.  

To develop this research, there are three specific aims. Firstly, understanding the relationship between 
rainfall patterns and crops growth by making use of observational data. Then, have an in-depth analysis 
of the region and crops that present the most significant correlation between the yields and rainfall. Lastly, 
use the trends between water available in the soil and crop productivity to calculate the possible changes 
in yields by taking into account possible changes in rainfall patterns due to climate change in 2050. 

To analyze the desired outcomes, the main research question of the project is: 
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- Will the total crop production that can be used as energy sources changes in the Brazilian energy 
mix in 2050, regarding changes in the rainfall patterns due to climate change? 

So, to support the development of the research four sub-questions are developed: 

- What is the best method to understand the relation between rainfall patterns (mm) and crops 
productivity (ton/ha) at the Brazilian’s states? 

- Is there any relation between rainfall patterns (mm) and crops yields (ton/ha) at the Brazilian’s 
states? 

- How to include and extrapolate possible changes due to climate change in the rainfall patterns 
until 2050? 

- What is the relation between crop productivity and rainfall patterns change in 2050? 
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2. SYSTEM ANALYSIS 

This chapter describes the analysis of the system used in this research. It is pointed out the climatic 
characteristics of Brazil, its relation with crop productivity and how it may be affected in the future due 
to changes in the rainfall patterns because of climate change. 

2.1 Morphoclimatic Domains in Brazil 

Brazil is a wide country with 8.5 million m2 of area, comprising of 5 macro-regions which have 27 states. 
Due to the country’s size, it has a broad range of ecosystems and climate systems. In 1970, Aziz Ab’Saber 
developed the morphoclimatic domains of Brazil, which is one way to describe the ecosystems and 
climates of the country. Brazil has six different morphoclimatic domains, which considers the 
geomorphological, climatic, hydrological, pedological and vegetative characteristics of each region, 
focusing on the climatic and vegetative ones (Ab’Saber, 1970). Brazilian morphoclimatic domains are the 
Amazônico, the Cerrado, the Mares de Morros, the Caatinga, the Araucárias, the Pradarias and the 
Transition areas (Figure 1). 

 

 

Figure 1. Morphoclimatic Domains (plus the transition areas) of Brazil, which considers geomorphological, 
climatic, hydrological, pedological and vegetative characteristics of each region, focusing on the climatic 
and vegetative ones (Ab’Saber, 1970). Those are the Amazônico, the Cerrado, the Mares de Morros, the 
Caatinga, the Araucárias, the Pradarias Domains and the Transition areas (Oliveira-costa and Filho, 2012) 

 

The explanation of each domain has as basis the study of Aziz Ab’Saber (1970) in a description realized by 
CECIERJ (2016). The Amazônico domain, placed on the North macro-region of Brazil, has as main 
characteristics a very hot and humid climate, in a region of plains and depression, with a dense and 
heterogeneous forest (the Amazon forest) that has been devastated mainly to the use of wood and 
soybeans production.  
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On the central region of Brazil (mainly the Mideast macro-region) it is the Cerrado domain. This domain is 
composed by a plated relief, with a humid and dry climate (especially in winter, which leads to several 
fires) and shrub vegetation with branches and trunks twisted. This region is under pressure due to 
increasing expansion of agricultural activities, which results in the clearance of the natural vegetation. 

The Mares de Morros domain is at the coastal areas in Brazil that go from the Northeast macro-region 
until the Southeast macro-region. It has a humid and hot climate due to its location, formed by hills due 
to the erosion of some mountain ranges (like the Serra do Mar). The vegetation at this domain is the 
Tropical forest Mata Atlântica, which presents only 8% of its original amount due to the economic 
activities developed at this domain. 

Situated at the Northeast macro-region of Brazil in a region known as the polygonum of the drouths due 
to its semi-arid climate it is the Caatinga domain, which has sparse vegetation. The main characteristic of 
this domain is a relief formed by a depression situated between two plateaus.  

The Araucárias domain is at the South macro-region of Brazil that has as main relief the plateaus, with a 
high fertility soil (the purple land). It has a sub-tropical climate and vegetation of homogenous forest 
known as Araucárias forest (composed by Araucárias or pine trees) that has suffering pressure due to the 
use of celluloses and to the furniture industries. 

Also, at the South macro-region of Brazil, there is another one called the Pradarias domain, which is in a 
region of low relief with soft undulations and subtropical climate. The primary vegetation is the 
underbrushes that are suffering sandstone process. This domain has production of soybeans and cattle. 

To finish, the Transition areas are those areas in which present characteristics of two or more domains, 
depending on the region, once that the transition to one domain to another is gradual. The main 
characteristics of each domain are in Table 1.  

Those differences make each Region of Brazil distinct with specific characteristics related to the growth 
of crops. Therefore, the type of climate, vegetation, and relief are essential determinants in proper crop-
selection to obtain optimum growth rate. 

 

Table 1. Main characteristics of the Brazilian Morphoclimatic Domains 

Domain Relief Climate Vegetation 

Amazônico Plains and depression Hot and humid Forests 
Cerrado Plated Hot and dry Shrubs 
Mares de Morros Hills Hot and humid Tropical forest 
Caatinga Depression and plateaus Semi-arid Sparse 
Araucárias Plateaus Sub-tropical Araucária forest 
Pradaria Low with soft ondulations Sub-tropical Underbrush 
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2.2 Crops in Brazil 

Agriculture is one of the most important economic activities in Brazil. Together with the agribusiness, they 
represented 23,5% of the GDP in 2017 (IBGE, 2017; Ministério da Agricultura, 2017). 

Brazil produces more than 200 million tons of crops throughout the whole country yearly (Conab, 2018), 
which can be divided into two main subgroups, the crops used for food purposes and the energy crops 
(crops used for energy purposes). The latter mostly involved in the production of biofuels include 
sugarcane and soybeans. 

There are several crops produced in the country. However, there are some that represent the most 
significant ones. The sum of the production of sugarcane, soybeans, and maize represent more than 90% 
of the total production in Brazil (Table 2).   

The crops’ production in Brazil is mainly focused on specific regions. This focus happens due to several 
characteristics of the region that makes it an appropriate place to produce, such as the type of soil, the 
climate of the region and the economics (which crop is the most competitive in the market). The 1st and 
2nd states that are the main producers of each type of crop and the percentage of the total production 
that they retain are in Table 2. In some cases, like cotton and rice, the two states main producers represent 
more than 80% of the total production of the country. 

 
Table 2. Brazilian crops production of 2017 (Mt) and the states that are the main producers of each type 
of crop (IBGE – LSPA, 2017) 

Crop Brazilian production 
2017 (Mt) 

1st state main producer  (% of 
total production) 

2nd state main producer (% 
of total production) 

Sugarcane 687.810 São Paulo (53%) Goiás/GO (11%) 
Soybeans 114.983 Mato Grosso/MT (27%) Rio Grande do Sul/RS (16%) 
Maize 99.546 Mato Grosso/MT (30%) Paraná/PR (13%) 
Cassava 20.606 Pará/PA (21%) Paraná/PR (15%) 
Orange 18.667 São Paulo/SP (77%) Bahia/BA (5%) 
Rice 12.453 Rio Grande do Sul/RS (70%) Santa Catarina/SC (9%) 
Wheat 4.242 Paraná/PR (52%) Rio Grande do Sul/RS (29%) 
Cotton 3.839 Mato Grosso do Sul/MS (67%) Bahia/BA (22%) 
Bean 3.291 Paraná/PR (22%) Minas Gerais/MG (6%) 
Coffee 2.777 Minas Gerais/MG (53%) Espírito Santo/ES (14%) 
English Potato 2.311 Paraná/PR (25%) Minas Gerais/MG (25%) 
Sorghum 2.148 Goiás/GO (36%) Minas Gerais/MG (34%) 
Onion 1.719 Santa Catarina/SC (30%) Bahia/BA (18%) 
Barley 0.286 Paraná/PR (58%) Rio Grande do Sul/RS (40%) 
Cocoa 0.214 Pará/PA (54%) Bahia/BA (39%) 
Peanut 0.063 São Paulo/SP (94%) Minas Gerais/MG (2%) 
Oats 0.061 Rio Grande do Sul/RS (67%) Paraná/PR (22%) 
Cashew 0.012 Bahia/BA (89%) Mato Grosso/MT (5%) 
Triticale 0.004 Paraná/PR (53%) São Paulo/SP (32%) 
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2.3 Biological aspects related to the growth of crops 

To understand how and where there is crops production, it is essential to understand the basic 
requirements for their growth. Crops require different biotic and abiotic components to grow. The 
principal and limiting factors are light, water, air, nutrients and temperature. Insufficient supply of any of 
these factors can lead to lower yields. 

Water is one of the most critical factors: crops need a specific amount of water to use for different 
purposes, such as to regulate the temperature of the leaves, to absorb minerals from the soil by the roots, 
and to perform photosynthesis. Temperature is also a crucial factor once that each type of crop has its 
optimum temperature to grow, which depends on the climate as well as on the latitude, altitude, and 
topography (Florida, 2015).  

The relative contribution of each of these factors to the crop depends upon the stage of its growth. All 
those stages of growth combine to form the growing season of the particular crop. The growing season of 
a crop is composed of four main periods: 1. The germination (initial); 2. The establishment (crop 
development); 3. The grand growth (mid-season); 4. The Ripening (late season). Depending on the type 
of crop, the latitude and altitude, there is a difference in water and temperature requirements for each 
period of the growth of crops. 

An example is in Figure 2. It is possible to check the growing season of sugarcane in which shows the crop 
coefficient (KC). This parameter takes into consideration crop and soil characteristics by considering the 
different water requirements (by referring to the evaporation), therefore implying the amount of water 
needed to obtain the maximum yields per period of the growing season (FAO).  

 

 

Figure 2. The growing season of the sugarcane by showing the different values of the crop coefficient (kc), 
which implies the necessity of water to obtain the maximum yields during the various stages of the 
growing season (FAO) 
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The knowledge of the growing season for any crop is essential to make an informed decision about the 
region and the period to grow crops, which in turn, is consequential for an agriculture-dependent country 
like Brazil.  

2.4 Climate Change and Future Scenarios 

Climate change affects precipitation and temperature patterns all over the globe. Those changes may 
have different influences, such as energy production and crops productivity (IPCC, 2014). This knowledge 
is of importance, e.g., Brazil which is an agriculture-based country. 

Climate change is a statically significant change in the climate for a long period of time that can be caused 

by natural or anthropic activities (IPCC, 2014). It became a more urgent issue due to the changes in the 

temperature and more extreme events that are happening in the current days. Human activities intensify 

those changes by the increasing of the greenhouse gases (GHG) emissions. 

The Intergovernmental Panel on Climate Change (IPCC) has developed several scenarios to project the 

possible changes in the climate considering the anthropogenic GHG emissions and its possible changes in 

the future. The Representative Concentration Pathways (RCP) shows four different possible paths of the 

CO2 emissions. The first is the RCP 2.6 which is a mitigation scenario, and for this one, it is necessary efforts 

to keep the global warming below the 2o C after the pre-industrial temperatures. Additionally, there are 

two intermediate scenarios, RCP 4.5 and RCP 6.5, and to finish the RCP 8.5 which consists of a high GHG 

emissions scenario. If no mitigation efforts are developed, it is expected to reach RCP 6.5 or 8.5 (Figure 3) 

(IPCC, 2014). 

 

 

Figure 3. IPCC RCP (Representative Concentration Pathways) Scenarios that shows the different possible 
pathways of CO2 emissions by 2100 (IPCC, 2014) 
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Those changes in the CO2 emissions can lead to different changes in the climate all over the world, 

depending on the scenario. Each country has its specificities and changes in precipitation and 

temperature, for example, will depend on the region. IPCC (2014) developed an indication of possible 

changes in those two parameters by considering the average from 1986-2005 and 2081-2100 in the RCP 

2.6 and 8.5. Figure 4 (left figures) shows a scenario in which mitigation strategies are taken, and, the right 

figures shows a scenario with high GHG emissions (IPCC, 2014). Those differences in precipitation and 

temperature are essential for the countries to develop strategies for the reduction of GHG emissions as 

well as to plan for activities dependent on the climate, like agriculture, which is the case of Brazil. 

 

 

Figure 4.Changes in temperature (a) and precipitation (b) over the world considering the IPCC RCP 
Scenarios (2.6 at left and 8.5 at right). Average from 1986 until 2005 and from 2081-2100 (IPCC, 2014) 

 

2.5 Observational data versus models 

There are different methods to show how climate change can influence yields growth. The two main 
methods used are the statistical models and process-based simulation models (Lobell and Asseng, 2017; 
Roberts et al., 2017). 

Statistical models use observational data, that is the data available which can be collected in the field, 
found in national databases or even in surveys, for example. This method uses data available, e.g., about 
yields and precipitation, and with linear regression analysis verifies if there is a correlation between the 
variables. This method can check whether some crop yields will suffer or not influence due to climate 
change as the literature show. An advantage of this method is the increasing availability of observational 
data. Contrarily, a disadvantage of this method is that it can underlie some factors in the analysis, like the 
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physiological mechanisms, e.g., parameters recognized in laboratory tests that are important for crop 
productivity (Lobell and Asseng, 2017). 

On the other hand, the process-based simulation models are the ones which use modeled data based on 
different parameters that when combined in a model predict possible changes in the weather or yields 
that may occur due to the climate change. This is an important method to use when there is a lack of data. 
Otherwise, this method simplifies some process what can turn into errors in environmental studies as well 
as cannot insert factors like pests or fertilizers. This type of model is based on experimental data and rely 
on calibration (Lobell and Asseng, 2017).  

Roberts et al. (2017) analyzed those two different models separately and combined to verify which one 
would be the best to compare crops yields and climate change. It checked that the combination model 
showed similarities with the statistical model for precipitation while for temperatures, it proved more 
severe effects for the combined and statistical when compared to the process-based model. Therefore, 
the combination of process-based models and statistical models are a well seeing combination for 
predictions of crops yields when considering the possible changes that may occur due to the climate 
change. 

2.6 Soil Water Balance 

In Brazil most agriculture is rainfed (Ministry of Agriculture Livestock and Food Supply, 2017). Therefore 
the relation between precipitation and crops productivity is an important aspect to understand. However, 
comparing only the relationship between crops yields and rainfall would not be accurate enough, since 
not only precipitation is determinant when analyzing the period of growth, but also other factors, e.g., 
the temperature, the geographical characteristics of the soil and the characteristics of the crop (Roberts 
et al., 2017). One of the methods used to analyze how those factors influence the availability of water for 
the crop in a specific region is the soil water balance. 

It calculates the availability of water in the soil by taking into account precipitation, temperature, and 
latitude of the location. The system is composed of inputs and outputs that are vertical and horizontal 
flows (Figure 5) (Méllo Jr. and Garcia, 2016). 

 

 

 

 

 

 

 

 

 
Figure 5. Soil Water Balance flows 
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It is important to highlight that there is a maximum amount of water that can be stored in a specific soil, 
and that can be taken up by a particular crop (CAD1), which is the dashed box at the Figure 5. On the other 
hand, the black box considers all the water present in the soil (not necessarily accessible to the crop). 
However, the amount of water stored in the soil which is available to the crop (ARM2)  is not always this 
maximum, as it depends on the difference between the precipitation and evapotranspiration.  

This system is often used to study the relation between the crop yields and rainfall in different regions by 
making use of the amount of water stored in the soil (ARM) as the deterministic variable.  

  

                                                           
1 CAD = Acronym for maximum capacity of water stored in the soil for a specific crop in Portuguese (Capacidade de 
Água Disponível as seen in the literature used) 
2 ARM = Acronym for availability of water in the Soil in Portuguese (Armazenamento as seen in the literature used) 



18 
 

3. METHODS 

This chapter explains the method used and the calculations developed to verify the relation between 
crops productivity and rainfall patterns in Brazil and how it can be affected by climate change in 2050.  

This study considers the 27 Brazilian states that are part of the five macro-regions (North, Northeast, 
Midwest, Southeast, and South). The selection of the crops (rice, sugarcane, maize, and soybeans) are due 
to their production volumes. 

This research consists of three different steps that are codependent (Figure 6). Firstly, the observational 
analysis 1 assesses the correlation between the yields and the availability of water stored in the soil (ARM) 
during the growing season of the crop. Observational data of rainfall and temperature are the inputs for 
calculating the soil water balance, and data of production and area of crops as inputs for yields calculation. 
Furthermore, three different factors are considered that influence the results of the soil water balance, 
namely: the region, the crop, and the soil. The analyzed period is 1997-2017 in the states that have the 
highest production values for each type of crop (Figure 6).  

Secondly, in case of a significant correlation between yields and ARM in observational analysis 1, a second-
step analysis (observational analysis 2) is conducted to study the overall production of the crop, by 
verifying all the states producers (from 1997-2017). This second analysis also uses observational data of 
precipitation and temperature as inputs for calculating the soil water balance, and data of production and 
area of crops as inputs for yields calculation. As an output, it verifies the region in which shows a significant 
correlation between yields and ARM (Figure 6). 

To finish, a future scenarios analysis (2018-2050) is carried out for the same set of crops, and the regions 
that show a significant correlation in the previous analyses. The main output of this analysis is a projection 
of the future yields of the significant crops in the significant regions, by using projections regarding rainfall 
patterns in the future. This last analysis uses the trends developed in observational analysis 1 and 2 to 
extrapolate and calculate the future yields’ projection (Figure 6).  
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Figure 6. Flowchart of the research steps that is composed of 3 different moments. Firstly, it is verified the existence of a significant correlation 
between the yields and ARM by considering different factors, such as regions, types of crops and types of soil (observational analysis 1). In case a 
significant correlation does exist, a second-step analysis was developed to study the overall production of the crop (observational analysis 2). 
This is further explored with a Future Scenarios Analysis for the same set of crops having as the main output the projection of the future yields of 
those specific crops. 
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Figure 7. Calculation steps of the research composed by the calculations of the soil water balance, the yields and the linear regression 
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3.1 Soil Water Balance 

The main method in this research that is present in all the steps is the soil water balance (Rolim et al., 
1998; Thornthwaite and Mather, 1955). This method differs per author and region of analysis. For 
Brazil, the one mainly used due to country’s characteristics is the one from  Thornthwaite and Mather 
(1955). This method considers vertical and horizontal flows as inputs and outputs (Figure 5). The 
vertical flows are precipitation (P), dew (De) and capillary ascension (Cap) as inputs, and deep drainage 
(Dd) and potential evapotranspiration (Etp) as outputs. The horizontal ones  Run-in (Ri), sub superficial 
Run-in (Risub), Runoff (Ro) and sub superficial Runoff (Rosub) (Ri ~ Ro; Risub ~ Rosub) are not 
considered in the calculation, such as the De and Cap once are deemed to be similar or its effect is 
negligible when compared with the other flows (Méllo Jr. and Garcia, 2016).   

In this research, the Soil Water Balance is assessed in Excel by using an already existing model 
developed by the University of São Paulo, at the Luiz de Queiroz Superior School of Agriculture (Esalq-
USP) by the Department of Physics and Meteorology (Rolim et al., 1998) which is an approved and 
highly used model in researches. The main parameters calculate in the soil water balance are the CAD, 
Etr (real evapotranspiration) and ARM (Figure 7). 

All three analyses consider the growing season of the different crops based on the 2017 Calendar of 
Planting and Harvesting of Grains in Brazil and the Brazilian Accompanying of Sugarcane Harvest 
(Conab, 2017a, 2017b).  

The Soil Water Balance has different steps of calculation. To start, it calculates the maximum water 
retention in a specific soil-type (CAD, in mm). This depends on the hydro physic characteristics, which 
is composed of the physical characteristics of the soil (such as texture, structure, porosity) (M. Susan 
Erich, 2001) and the crop (root length). In order to estimate this variable, the humidity at field capacity 
(F, in % weight) minus the moisture at permanent wilting point (PWP, % weight) are multiplied by the 
density of the soil (d, in % density) and the depth of the root system (Dep, in cm) and divided by 10 
(Eq. 2.1). This variable is important because it defines the maximum available water, that can be 
retained in the soil and can be accessed by the crop.  This variable change over time (on a monthly 
basis) during the growing season of the crop. 

𝐶𝐴𝐷 (𝑚𝑚) =
((𝐹 − 𝑃𝑊𝑃) × 𝑑 × 𝐷𝑒𝑝) (cm)

10 
 

Next step includes the calculation of the potential evapotranspiration (Etp, in mm per month, m). To 
calculate this variable, the actual temperature (Temp, in oC) is multiplied by 10 and 16 and divided by 
the sum of the annual thermal index (I) which are elevated by a constant. All this is multiplied by the 
number of hours (h) divided by 12 (only sunny hours) and by the number of days (n) divided by 30 (to 
convert into monthly data) (Eq. 2.2). The units are confirmed by previous studies and by the approved 
model used in this research (Rolim et al., 1998). Etp is used as an input to calculate the real 
evapotranspiration (Etr, in mm per month, m) that is of interest in this research. This variable is on a 
monthly basis (changing over time) during the growing season of the crop. 

𝐸𝑡𝑝 (𝑚𝑚) = (16 ×
10 × 𝑇𝑒𝑚𝑝

∑ 𝐼
)

𝑎

× (
ℎ

12
) × (

𝑛

30
)

3

 

The real evapotranspiration (Etr, in mm) is the comparison between precipitation (P, in mm) and 
potential evapotranspiration (Etp). To calculate this variable, it uses an if condition. In case the 
precipitation (P, in mm) minus the Etp is lower than 0, then the real evapotranspiration (Etr) is the 
precipitation plus the alteration of the soil humidity (ALT, in mm) of this month in relation to the last 
month (Eq. 2.3). On the other hand, if P minus Etp is equal or bigger than 0, then Etr is the same as the 

(Eq. 2.1) 

(Eq. 2.2) 
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potential evapotranspiration (Etp) (Eq. 2.4). This variable change over time during the growing season 
of the crop, on a monthly basis. 

𝐼𝑓 = (𝑃 − 𝐸𝑡𝑝 < 0) 𝑡ℎ𝑒𝑛 𝐸𝑡𝑟 (𝑚𝑚) = 𝑃 + |𝐴𝑙𝑡|(𝑚𝑚) 

𝐼𝑓 = (𝑃 − 𝐸𝑡𝑝 ≥ 0) 𝑡ℎ𝑒𝑛 𝐸𝑡𝑟 (𝑚𝑚) = 𝐸𝑡𝑝(𝑚𝑚) 

Finally, the precipitation (P) minus the real evapotranspiration (Etr) calculates one of the determinant 
variables of this research, the amount of water that is stored in the soil (ARM, in mm) (Eq. 2.5). This 
variable is on a monthly basis (changing over time) during the growing season of the crop.  

𝐴𝑅𝑀 (𝑚𝑚) = 𝑃 − 𝐸𝑡𝑟 (𝑚𝑚) 

ARM changes over time (Eq.2.6), once that the amount of water available in the soil in 
the present month also takes into consideration the amount retained in the previous one (Eq. 2.6). The 
limiting factor of ARM is the CAD value (the maximum amount of water that can be stored in the soil 
for a specific type of crop). 

𝐴𝑅𝑀 (𝑚𝑚) = 𝐴𝑅𝑀𝑚 + 𝐴𝑅𝑀𝑚−1 (𝑚𝑚) 

3.2 Yields and Linear Regression 

Besides the soil water balance, another calculation is essential. Yield (yld, ton/ha) is the division of the 
production obtained (Prod, in ton) by the area planted (A, in ha) (Eq. 2.7) (OECD, 2013). This variable 
is on a yearly basis (changing over time) considering the growing season of the crop. 

𝑦𝑙𝑑 (
𝑡𝑜𝑛

ℎ𝑎
) =

𝑃𝑟𝑜𝑑 (𝑡𝑜𝑛)

𝐴 (ℎ𝑎)
  

The values of yields (yld) and the amount of water available in the soil (ARM) are then used to calculate 
the correlation between them (linear regression). This correlation verifies the existence of a significant 
or an insignificant correlation between those variables. All data points are on a yearly basis. Therefore 
the monthly data of the ARM is transformed into yearly values, by considering the sum of all the water 
stored in the soil (ARM) during the growing season year of the crop. The result of the linear regression 
gives the R2 value that indicates correlation (Eq. 2.8) and a trendline (Eq. 2.9) that is used for the 
projections of yields in the future scenario analysis. 

𝑅2 = 1 −
𝑆𝑆𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠

𝑆𝑆𝑡𝑜𝑡𝑎𝑙
 

𝑦 = 𝑏 × 𝑥 + 𝑐 

This research assumes that when R2 is higher than 0.1 (10%) the correlation between yield and ARM 
(that considers the precipitation) is significant.  

All calculations, inputs, formulas, and relations are in Figure 7. 

3.3 Observational analysis 1 – all crops 

The first observational analysis gives an overview of which type of crop, soil, and region present a 
significant correlation between the precipitation (by considering the availability of water in the soil – 
ARM) and crops productivity (yields). This analysis uses data from 1997-2017 for the crops that 
represent the most significant productuion volumes in Brazil (rice, sugarcane, maize, and soybeans), 

(Eq. 2.3) 

(Eq. 2.5) 

(Eq. 2.7) 

(Eq. 2.8) 

 
 (Eq. 2.9) 

(Eq. 2.6) 

(Eq. 2.4) 
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considering the three main producing states for each crop, and taking into consideration three 
different types of soil (sandy, medium, and clay texture). 

The data (yields and meteorological) are from databases of the national government of Brazil. For 
information regarding crops cultivation, this research uses IBGE (Brazilian Institute of Geography and 
Statistics), while the meteorological data is from CPETEC-INPE (Weather Prevision Center and Climate 
Studies - National Institute of Spatial Research) and INMET (“National Institute of Meteorology”). 

The underlying assumption with each dataset differs from source to source; as such, it is crucial to 
define a method to make them comparable. For the yields data, the selection of the states is based on 
their production volume (top three). Within these states, the highest producing municipalities (top 
three) are selected to choose the meteorological data (IBGE). In case of absence of relevant 
meteorological data, by making use of Google Maps, it selects the closest possible weather station to 
the principal producing municipality.  

The main result of this first observation analysis is to ascertain the correlation between yields and 
precipitation using the soil water balance model. These results are further used in the second 
observation analysis.   

Table 3 shows the different regions and growing periods of each type of crop of the observational 
analysis 1. The locations and the rainfall data (average of the sum of the rainfall during the growing 
season) are in Table 4. 

Finally, this study contemplates different values for the maximum availability of water in the soil for 
the crop (CAD) by considering three different types of soil and the root length of the four crops (Table 
5). The soil types are sandy, medium and clay texture and the CAD values are from the normative 
instruction of the Ministry of Agriculture Livestock and Food Supply (Ministério, 2008). 

 

Table 3. Growing seasons of the observational analysis 1: main producers of all crops 

Crop Macro-region State Plantation Harvesting 

Rice South Rio Grande do Sul (RS) September May 

Mideast Mato Grosso (MT) October May 
South Santa Catarina (SC) August May 

Sugarcane Southeast São Paulo (SP) March February 
Southeast Minas Gerais (MG) January December 
South Paraná (SC) March February 

Maize South Paraná (SC) September May 
Mideast Mato Grosso (MT) October June 
Southeast Minas Gerais (MG) August June 

Soybeans Mideast Mato Grosso (MT) September April 
South Paraná (PR) September April 
South Rio Grande do Sul (RS) October May 
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Table 4. Selection of the location of the meteorological data and rainfall data from the observational 
analysis 1: main producers of all crops 

Crop Macro-region State Main Producer Latitude Rainfall (mm) 

Rice South Rio Grande do Sul (RS) Uruguaiana -29.75 384 

Mideast Mato Grosso (MT) Diamantino -14.4 229 
South Santa Catarina (SC) Campos Novos  -27.38 384 

Sugarcane Southeast São Paulo (SP) São Carlos  -21.96 423 
Southeast Minas Gerais (MG) Uberaba -19.73 379 
South Paraná (SC) Londrina  -23.31 576 

Maize South Paraná (SC) Londrina -23.31 203 
Mideast Mato Grosso (MT) Diamantino -14.4 141 
Southeast Minas Gerais (MG) Uberaba -19.73 134 

Soybeans Mideast Mato Grosso (MT) Diamantino -14.4 252 
South Paraná (PR) Londrina  -23.31 372 
South Rio Grande do Sul (RS) Cruz Alta -28.63 420 

 

Table 5. CAD values considering the different soil and crop types 

Crop Sandy Texture (Type 1) Medium Texture (Type 2) Clay Texture (Type 3) 

Rice 32 50 68 

Sugarcane 50 75 105 
Maize 20 40 60 
Soybeans 35 55 75 

 

3.4 Observational analysis 2 – significant crops 

The input data for this analysis comprises of crops which report significant correlation as a result of 
the observational analysis 1. The type of soil (CAD value) is also the one that shows the highest 
correlation value in the previous analysis. This analysis tries to understand in depth the regions which 
show a significant correlation between the yields and the ARM.  

The selection of data again is for the period from 1997 until 2017 by following the same approach in 
the observational analysis 1, to choose comparable yields and meteorological data. However, in this 
part of the analysis, all the producers of the particular crop within the country are considered, due to 
the large scale of production of the crops used in this research ( 

 

Table 2) and the expectation of the growth of crops productivity in different states (besides the main 
producers) (Abastecimento, 2017). Therefore, it is essential to verify the total production by analyzing 
which regions are affected by climate change, which can lead to a reduction of the crops productivity. 

The objective of this second-step correlation is to filter out the crop and the specific region within the 
states where there is a significant correlation. The analysis consists of all the states producers of this 
crop in Brazil by taking into account its specific growing seasons (Table 6) and the meteorological data 
of them (Table 7). The output of this analysis is then used in the future scenario analysis. 
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Table 6. Growing seasons of the observational analysis 2: all states producers of the significant crop 
(soybeans) 

Crop Macro-region State Plantation Harvesting 

Soybeans North Tocantins (TO) October May 

Northeast 
 

Bahia (BA) October April 
Maranhão (MA) October July 
Piauí (PI) October June 

Southeast 
 

Minas Gerais (MG) October May 
São Paulo (SP) September May 

South 
 

Paraná (PR) September April 
Rio Grande do Sul (RS) October May 
Santa Catarina (SC) October May 

Mideast 
 

Distrito Federal (DF) October April 
Goiás (GO) October April 
Mato Grosso (MT) September April 
Mato Grosso do Sul (MS) September April 

 

Table 7. Selection of the location of the meteorological data and rainfall data from the observational 
analysis 2: all states producers of the significant crop (soybeans) 

Crop Macro-region State Main Producer Latitude Rainfall (mm) 

Soybeans North Tocantins (TO) Pedro Afonso -8.96 213 

Northeast 
 

Bahia (BA) Bom Jesus da Lapa -13.26 66 
Maranhão (MA) Carolina -7.33 195 
Piauí (PI) Piripiri -4.26 176 

Southeast 
 

Minas Gerais (MG) Uberaba -19.73 240 
São Paulo (SP) Franca -20.58 263 

South 
 

Paraná (PR) Irati -25.46 420 
Rio Grande do Sul (RS) São Luiz Gonzaga -28.4 420 
Santa Catarina (SC) Campos Novos -27.38 420 

Mideast 
 

Distrito Federal (DF) Brasília -15.78 253 
Goiás (GO) Jataí -17.91 253 
Mato Grosso (MT) Diamantino -14.4 252 
Mato Grosso do Sul (MS) Paranaíba -19.75 174 

 

3.5 Future Scenarios Analysis 

To conclude, a future scenario analysis verifies the availability of water in the soil and whether it has a 
change in future yields. Therefore, it considers two different situations that may occur in Brazil 
regarding changes in temperature and rainfall by 2050. The inputs to this part include only those crops 
(observational analysis 1) and regions (observational analysis 2) that show a significant correlation. 

For this analysis, the IPCC RCP scenarios 4.5 and 8.5 (Ministério da Ciência, 2016) define the amount 
of precipitation and the values for temperature by 2050 (2018-2050). Those calculate the availability 
of water in the soil (ARM). After, there is a use of the trendlines (developed in the observational 
analyses) to calculate the projection of the future yields of the crops that present significant 
correlation. Data is in Table 8. 
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Table 8. Selection of the location of the meteorological data and rainfall data from the Future Scenarios 
Analysis: All states producers of the significant crop (soybeans) 

Crop Macro-
region 

State Main Producer Latitude RCP 4.5 - 
Rainfall (mm) 

RCP 8.5 - 
Rainfall (mm) 

 South 
 

Paraná (PR) Irati -25.46 414 411 
Rio Grande do Sul (RS) São Luiz Gonzaga -28.4 354 332 
Santa Catarina (SC) Campos Novos -27.38 420 420 
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4. RESULTS & OUTCOMES 

In this chapter, the results relate to the different analysis (observational analysis 1, observational 
analysis 2 and future scenario analysis). It is important to mention that this section describes the main 
results, and the extra ones are in Appendix 1, 2 and 3 (respectively related to the observational analysis 
1, 2 and the future scenarios analysis).  

4.1 Observational analysis 1 – all crops 

The linear regression (Table 9 and Figure 8) shows no significant correlation for any type of soil and for 
rice, sugarcane, and maize. Particularly for sugarcane the values for the correlation are extremely low. 
On the other hand, soybeans, especially in the South region of Brazil, present a significant correlation 
(R2 0.32 - 0.36 depending on the type of soil). It is also important to highlight that there is no significant 
difference for soybeans or the other crops when making a comparison between the different types of 
soil.  

Figure 8 shows the correlation graphs of the sum of the availability of water in the soil (ARM) and yields 
with and without the maximum values of the ARM (b) for the CAD type 1. There is no correlation for 
rice, sugarcane and maize (Figure 8a, Figure 8b, Figure 8c). On the other hand,  Figure 8d and Figure 
8e show the state that presents the highest correlation between the availability of water in the soil 
(ARM) and the yields data (soybeans for sandy texture soil). For the South region of Brazil, soybeans 
have a moderate correlation between the availability of water in the soil and the yields data. Figure 8e 
indicates this correlation by taking off the values of the maximum availability of water in the soil for 
that specific type of soil (ARM). This analysis shows that even by taking out the maximum values of 
ARM (once that with the maximum availability it is already expected to have high yields), a moderate 
correlation still exists. 

Therefore, those results show that the yield of sugarcane, maize, and rice are not affected by 
precipitation; on the other hand, soybean yields are.  

 

Table 9. R2 values for all crops considering the different values of CAD 

Crop Macro-region State R2 CAD Type 1 
Trendline 

R2 CAD Type 2 
Trendline 

R2 CAD Type 3 
Trendline 

Rice South Rio Grande do Sul (RS) 0.0317 0.0562 0.0343 

  y = -8.98x + 352.49 y = -13.05x + 564.29 y = -16.64x + 778.69 

Mideast Mato Grosso (MT) 0.0401 0.034 0.0296 
  y = 11.69x + 172.33 y = 16.07x + 286.29 y = 20.65x + 405.28 

South Santa Catarina (SC) 0.00 0.019 0.00 
   y = 0.09x + 368.55 y = -0.10x + 582.80 y = -0.27x + 798.03 

Sugarcane Southeast São Paulo (SP) 0.033 0.0022 0.0003 
  y = 0.64x + 340.25 y = 0.76x + 564.67 y = 0.40x + 890.48 

Southeast Minas Gerais (MG) 0.0853 0.0695 0.0009 
  y = 2.98x + 159.59 y = 4.07x + 293.08 y = 5.19x + 486.45 

South Paraná (SC) 0.0078 0.0053 0.0004 
   y = -1.12x + 552.04 y = -1.33x + 827.68 y = -1.75x + 1,185.34 

Maize South Paraná (SC) 0.0385 0.0666 0.0493 
  y = 6.43x + 141.40 y = 16.46x + 276.33 y = 20.96x + 454.94 

Mideast Mato Grosso (MT) 0.0006 0.028 0.0002 
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  y = -0.44x + 128.26 y = -0.48x + 264.80 y = -0.70x + 409.61 

Southeast Minas Gerais (MG) 0.0082 0.0454 0.004 
   y = 0.46x + 128.65 y = 1.07x + 266.67 y = 1.05x + 418.59 

Soybeans Mideast Mato Grosso (MT) 0.0072 0.0055 0.0045 
  y = 16.76x + 175.08 21.47x + 301.99 y = 25.07x + 438.75 

South Paraná (PR) 0.0149 0.0091 0.0039 
  y = 14.45x + 266.10 y = 17.67x + 449.10 y = 15.15x + 658.86 

South Rio Grande do Sul (RS) 0.3646 0.3445 0.3273 
   y = 45.81x + 281.45 y = 62.15x + 474.17 y = 74.34x + 678.91 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d) 

(e) 

(a) (b) 

(c) 

Figure 8. Correlation graphs of the sum of the availability of water in the soil (ARM) and yields 
data for (a) rice, (b) sugarcane, (c) maize and (d) soybeans considering and not considering the 
maximum values of the ARM (e) – CAD type 1 
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4.2 Observational analysis 2 – significant crops 

Table 10 shows the trendlines and R2 values for all the regions that produce soybeans in which it is 
possible to verify that only the South macro-region of Brazil present correlation. Even taking off the 
maximum values of ARM for the states of Paraná and Rio Grande do Sul, there still exists a moderate 
correlation between yields and ARM (respectively 0.317 and 0.3015). On the other hand, once that a 
lot of data points (nine) of Santa Catarina display maximum values, when not considering them, it 
shows an inverse correlation. It is not possible to explain this inverse correlation since there is a low 
amount of data points to analyze (due to the high amount of maximum values of ARM).  

Also, this research analyzes the South macro-region together, since some of the states present too 
many data points with maximum values (Figure 9), as well as to verify the behavior of this region as a 
whole. It is possible to see that when considering and not considering the maximum values of the 
availability of water in the soil (ARM) for the whole year, there is a moderate correlation between ARM 
and the yields in both cases (Figure 9a and Figure 9b, respectively).  

 

Table 10. R2 values for all states producers of soybeans 

Crop Macro-
region 

State R2 complete 
Trendline 

R2 without maximum 
Trendline 

Soybeans North Tocantins (TO) 0.0454 - 

  y = 14.96x + 170.46 - 

Northeast 
 

Bahia (BA) 0.0101 - 
 y = -9.24x + 99.29 - 
Maranhão (MA) 0.1051 - 
 y = 31.75x + 99.14 - 
Piauí (PI) 0.116 - 

  y = 21.06x + 87.75 - 
Southeast 
 

Minas Gerais (MG) 0.0252 - 
 y = 19.63x + 183.17 - 
São Paulo (SP) 0.0026 - 

  y = -4.61x + 266.36 - 
South 
 

Paraná (PR) 0.3254 0.317 
 y = 48.00x + 242.02 y = 45.31x + 243.25 
Rio Grande do Sul (RS) 0.2849 0.3015 
 y = 40.41x + 280.74 y = 38.19x + 278.01 
Santa Catarina (SC) 0.1136 0.1839 

  y = 15.29x + 363.66 y = -24.78x + 441.86 
Mideast 
 

Distrito Federal (DF) 0.0172 - 
 y = -8.62x + 246.57 - 
Goiás (GO) 0.0036 - 
 y = 5.51x + 213.79 - 
Mato Grosso (MT) 0.0072 - 
 y = 16.76x + 175.08 - 
Mato Grosso do Sul (MS) 0.00 - 

   y = -0.37x + 178.07 - 
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4.3 Future scenario analysis 

Based on the observational analysis 1 and 2, it is possible to verify that the only soybeans in the South 
macro-region of Brazil show a significant correlation between yields and ARM. Thus, those outputs are 
used to check where possible changes in the availability of water in the soil (ARM) could be expected 
in the future (2050) due to possible changes in the rainfall and temperature patterns. Therefore, IPCC 
RCP scenarios (4.5 – moderate and 8.5 – high GHG emissions) compare the average of the availability 
of water in the soil (ARM) from 1997-2017 to the Scenarios from 2018-2050. 

Figure 10a shows the sum of the amount of water available (ARM) during the growing season of 
soybeans in each state of the South macro-region. It shows that the annual availability of soil water 
decreases under higher levels of climate change. The upper error bars indicate the minimum increase 
of temperature and changes in precipitation, while the lower error bars show extreme events values 
of temperature and changes in rainfall. As expected, higher the temperature and lower the 
precipitation, the less amount of water is available in the soil.  

However, for the state of Santa Catarina (SC), there is no difference in the ARM for future scenarios. 
An explanation for this case is that this region has a high level of rainfall during the year (observational 
analysis 1 and 2), and even with possible changes in the patterns of precipitation and temperature, it 
will not be significant to change the amount of water available in the soil (ARM) for the crop. 

Figure 10b shows the yields projections of soybeans depending on the future scenarios (RCP 4.5 and 
8.5) for the southern states of Rio Grande do Sul (RS) and Paraná (PR). The state of Santa Catarina (SC) 
is not considered once it does not show differences in the ARM (Figure 10a). The trendlines of the 
observational analyses define this projection. A significant decrease of yields is expected for soybeans 
in the state of Rio Grande do Sul (less 37% in RCP 4.5 and less 64% in RCP 8.5) and Paraná (less 4% in 
RCP 4.5 and less 10% in RCP 8.5). This mean a reduction of more than 2 Mt of soybeans’ production 
for the state of Paraná and more than 10 Mt for the state of Rio Grande do Sul (having as main 
assumption that the area planted in 2050 is equal as the one in 2017) (Table 11). 

 

 

 

 

(a) (b) 

Figure 9. Correlation graphs of the sum of the availability of water in the soil (ARM) and yields data 
with (a) and without the maximum values of the ARM (b) for the South region of Brazil 
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Table 11. Soybeans’ production (Mt) projection by 2050 in the southern states of Brazil (Paraná/PR 
and Rio Grande do Sul/RS) considering the IPCC RPC scenarios. Main assumption is that the area of 
production on those states remain constant in 2050 in relation to 2017Future production projections 
(Mt) for soybeans in the states of Paraná (PR) and Rio Grande do Sul (RS) by 2050 if considering the 
area of production as a constant from 2017 

 2017 2050 (RPC 4.5) 2050 (RPC 8.5) 

Paraná (PR) 19.8 Mt 19.1 Mt 17.7 Mt 

Rio Grande do Sul (RS) 18.7 Mt 11.7 Mt 6.8 Mt 

 

  

(a) (b) 

Figure 10. (a) Future scenarios (RCP 4.5 and 8.5) for availability of water in the soil (ARM) for soybeans in 
the South macro-region of Brazil considering the average between years. The error upper error bars 
show the minimum increase of temperature and changes in precipitation, while the lower error bars 
show the extreme events values of temperature and changes in precipitation. (b) Yields projections of 
soybeans by showing percentage of yields’ decrease depending on the scenarios (RCP 4.5 and 8.5) for 
the South states of Rio Grande do Sul (RS) and Paraná (PR) 
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5. DISCUSSION 

5.1 Discussion of Results 

This study tries to understand the relationship between the rainfall patterns and crops productivity by 
making use of observational data, therefore analyzing how much it is possible to rely on bioenergy in 
Brazil in 2050. The soil water balance method (Thornthwaite and Mather, 1955; Rolim et al., 1998) 
uses rainfall and temperature data to calculate the availability of water in the soil (ARM), that is 
compared to the yields of specific crops (rice, sugarcane, maize, and soybeans). Firstly, two 
observational analyses (1997 until 2017) verify which type of crop and region show a significant 
correlation (≥10%) between crops’ yields and ARM. Following that, future scenarios estimate possible 
decreases in yields considering changes in the climate in Brazil (rainfall and temperature).  

The observational analyses show no significant correlation for rice, sugarcane and maize yields and 
ARM between 1997-2017. However, those analyses find a significant correlation for soybeans in the 
South macro-region of Brazil.  Those results match with the literature that use the same method (Assad 
et al., 2008; Embrapa and Unicamp, 2008; Nobre et al., 2018; Rossato et al., 2017b) such as with studies 
that use different methods (Jaiswal et al., 2017; Sentelhas et al., 2015). As a differential from others, 
this research also analyzes different soil types (sandy, medium and clay textures), as well as shows the 
calculation steps, which is also missing in the literature (Table 12). 

As an example of the findings in the literature, Embrapa and Unicamp (2008) use national data until 
2007 to verify the amount of water and temperature necessary for the growth of different types of 
crops by 2070. Sugarcane is the crop least affected by the changes in the water regimes, while 
soybeans would have a decrease of 609% if no genetic modifications is done in this crop. Nobre et al. 
(2018) show a study in which uses the 2013 and 2014 IPCC projections to verify the possible changes 
that may occur, for example, in the energy sector. It consideres that climate change would cause 
changes in the hydrological cycle which will affect hydropower as well as bioenergy (due to the 
necessity of the increase of irrigation) and possible geographical changes of production. This 
geographical changes in the growth of crops and the best locations to grow for the future are also 
present in the study from Lucena et al. (2009) (Table 12). 
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Table 12. Comparison of the results of the present study with other authors 

Research Method Crops Calculations 
showed 

Findings 

Present Study Soil Water Balance Rice, maize, 
sugarcane, and 
soybeans 

Yes All crops besides soybeans are possible to 
be used as bioenergy in 2050 and impact 
differs per region 

Assad et al., 2008 Soil Water Balance Several crops 
besides sugarcane 

No Focused on the impact of the temperature 
increase showing that rice, maize, and 
soybeans would suffer a considerable 
decrease in yields 

Embrapa and 
Unicamp, 2008 

Soil Water Balance Several Crops No Sugarcane least affected by water 
regimes, while soybeans will be the most 
by 2070 

Rossato et al., 
2017 

Soil Water Balance Rice, beans, cassava, 
and maize 

No Better correlation between yields and 
rainfall, than with the soil water balance 
(maybe for using general CAD value = 100 
mm) 

Nobre et al., 2018 Soil Water Balance Several crops No Report the changes in agriculture and 
energy sector considering changes in 
temperature and rainfall 

Sentelhas et al., 
2015 

Yield gaps and water 
deficits 

Soybeans No The main cause of yield gaps for soybeans 
due to water deficits 

Jaiswal et al., 
2017 

N leaf and 
photosynthesis 
parameters 

Sugarcane Yes Sugarcane possible to be used as biofuels 
in 2045 and impact differs per location 
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Based on the observational analyses and still using the soil water balance method, two future scenarios 
check the availability of water stored in the soil (ARM) considering moderate (IPCC RCP 4.5) and high 
GHG emission (IPCC RCP 8.5) and how this could interfere with the crops productivity. Two out of three 
southern states (Rio Grande do Sul/RS and Paraná/PR) show the highest differences in ARM depending 
on the scenario developed (Figure 11). Those differences in water stored in the soil per scenario can 
lead to a deviation from 37% to 64% of soybeans productivity in the state of Rio Grande do Sul (RS) 
and from 4% to 10% of the decrease in the soybeans production in the state of Paraná (PR).  

The decrease in soybeans productivity not only have a connection with the difference of water 
available for the crop to use but also with the period of the growing season in which the water is less 
available. For the state of Rio Grande do Sul (RS) the decrease of water is during the mid and late 
season, meaning that if decreasing during the mid-season, the growth of the crop can be entirely 
stopped. On the other hand, for the state of Paraná (PR), it occurs only during the late season, when 
the crop is already fully grown, and the impact is lower. This analysis can give an interesting outline of 
possible areas in which it would be or not be interesting to grow a specific type of crop, in this case, 
soybeans (if considering those to be only rainfed in the future). This is important, once that if there is 
one region that will not be able to provide enough water for the growth of a specific crop, it will 
probably need to move to other regions. 

 

 

Crops productivity can be affected by possible changes in the rainfall patterns due to climate change 
in the future, depending upon the type of crop and region, e.g., soybeans and the South region of Brazil 
(Table 12). Therefore, it is essential to think in possible adaptation strategies, such as irrigation, for the 
growth of crops which are the most affected by the water regimes, in order to be able to rely on them 
as bioenergy in the future. Dênis Cunha, Alexandre Coelho, José Féres (2012) studied the use of 
irrigation for the agricultural sector as a strategy to confront climate change. It verifies that farmers 
would have more profit with irrigated areas and that this would be affordable for farmers, being a 
possible strategy for the lack of water in agriculture in the future. However, this study does not 
consider the different uses of water in the future in Brazil (such as for hydropower or drinking water). 
Thus, the increase of irrigation could suggest a possible increase in competition for water and higher 
dependency on this resource in the Brazilian energy mix in the future. 

Figure 11. Availability of water stored in the soil during the growing season of soybeans in IPCC RCP 4.5 
and 8.5 scenarios for states of Rio Grande do Sul (RS) and Paraná (PR) in the South macro-region of 
Brazil 
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5.2 Discussion of Methods and Data 

This research assesses different possible situations to have a more significant overview of the system 
studied. Therefore, sensitivity is added by considering different types of soil (CAD values), regions 
(Brazilian macro-regions, 27 states), future scenarios (4.5 and 8.5 IPCC RCP) and analyses. 

Firstly, concerning the CAD values, it uses three different types of soil, sandy, medium and clay texture. 
Considering different soil types is important because the maximum availability of water stored in the 
soil available (CAD values) differ per type of soil. This is an essential value for the soil water balance 
calculation once that by changing the CAD, it can lead to bigger amount of water available for the crop 
in the future scenarios.  Other studies such as Rossato et al. (2017) point out the need to consider 
different values for the CAD in the soil water balance method. 

Region wise, there is an overview of all Brazilian macro-regions (North, Northeast, Mideast, Southeast, 
and South) in the observational analyses. This is also an important point to add once that Brazil is a 
wide country and the morphoclimatic domains differ considerably per location. Those specificities 
mean different ways of climate change affecting each region, which interlinks to crops productivity in 
Brazil. 

Future scenario analysis also has sensitivity by the use of two different IPCC RCP Scenarios for 2050 
(4.5 and 8.5). This is important because there are still uncertainties about the possible scenarios for 
the future, and whether moderate, or high emissions of GHG scenario will be more probable.  

To finish, the statistical correlation analysis includes and excludes the maximum values of storage of 
water in the soil (ARM). This is considered since the maximum amount of ARM corresponds to high 
yields.  

Another point to discuss is about the data used in this research, as it is subject to uncertainty. Brazil 
has several meteorological institutions in the states and not always the reported data matches with 
the national database (INMET). Also, data from previous years, especially during the 90s can be 
incomplete in some states or per meteorological stations. Due to the lack of data, it is necessary to use 
heat maps (Ministério da Ciência, 2016) of rainfall during the same period of the study for some 
meteorological stations, which are not so accurate in details. 

Also, the yields data from IBGE show the growing periods of the crops by considering the physical year 
and not the growing season of the crops (Conab, 2017b, 2017a). This may occur because farmers 
mainly use the IBGE reports for economic purposes, which makes it easier for them to publish by 
considering the year from January until December. Also, some repetitive data exists in the production 
of crops from one year to another, which is also doubtful. This inconsistency in the yields report is an 
uncertainty for the project. However, it is important to highlight that this is the national report of 
agriculture and the only one with yearly updates on the data regarding yields of the crops for the whole 
country. 

Concerning the yield data, there is no information on how much of the crops use irrigation, or if 
irrigation is accounted for the crop production data. The lack of knowledge about this topic makes it 
not possible to quantify the number of irrigated crops. This is another uncertainty that is important to 
take into consideration in this study once that if the number of irrigated crops in the country were 
available, this study could be more accurate. Besides, irrigation is an adaptive strategy that can be used 
for droughts due to possible changes in the irrigation patterns due to climate change. 

Another critical uncertainty is the existence of other factors that influence crops productivity, such as 
fertilizers and economics (Marin et al., 2016). 
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Therefore, some recommendations for future developments is the improvement of data regarding 
rainfall, to verify the difference between the yields data provided from IBGE and the growing seasons 
of the crops in the literature (Conab, 2017b, 2017a). Also, it would be interesting to include other types 
of crops to this analysis, such as wheat, as well as other factors, such as fertilizers use. 
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6. CONCLUSION 

This study assesses the availability of crops that can be used as energy sources in Brazil until 2050, by 
considering the possible changes in the rainfall patterns that may occur due to climate change.  

Yields of four crops (by the use of observational data from 1997-2017) that represent the biggest 
production volumes in the country (rice, sugarcane, maize, and soybeans) are compared with the 
availability of water in the soil (ARM - which considers aspects such as precipitation and temperature) 
(observational analysis 1 and 2). After which, future scenarios (IPCC RCP 4.5 and 8.5) verify the possible 
changes in the ARM considering different GHG emissions and so quantifying the crops productivity by 
2050 (future scenario analysis). 

The observational analyses show that soybeans is the crop with the most significant correlation 
between yields and ARM, especially for the South macro-region of Brazil (> 30%). No significant 
correlation exists between different types of soil (sandy, medium, and clay texture). Also, there is no 
significant correlation between yields and ARM for sugarcane, maize, and rice. The results match with 
the literature that use the same or different methods to correlate rainfall and yields. Regarding the 
future scenario analysis, for the South macro-region of Brazil, the states of Paraná (PR) and Rio Grande 
do Sul (RS) may suffer the highest impacts in soybeans productivity (decrease from 37% to 64% and 
from 4% to 10% of the yields respectively) due to changes in the rainfall patterns by 2050. 

These results imply that Brazil presents potential for the increase of bioenergy in 2050 when 
considering the use of sugarcane, rice, and maize. For example, sugarcane presents a high potential 
for bioenergy and is not expected to show negative impacts due to the possible changes in the rainfall 
that may occur because of the climate change as verified in previous studies.  

On the other hand, the South region of Brazil (2nd main producer state of soybeans) and soybeans yields 
are expected to be influenced by the changes in the rainfall patterns that may occur in the future. 
Therefore, adaptive strategies (such as irrigation) need to be considered to keep/increase the soybeans 
yields in the South macro-region of Brazil. However, it also needs to be carefully studied, as it may lead 
to a water dependency and high competition in the Brazilian energy mix in the future (e.g. due to the 
use for hydropower and drinking purposes).  
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8. APPENDICES 

8.1 Appendix 1: Extra results observational analysis 1 – all crops 

This appendix shows all the extra results of the observational analysis 1. Here it is the graphs related 

to all the three main producers of each type of crop in Brazil. 

This analysis verifies the different values for the maximum availability of water in the soil per type of 
crop (CAD values). 

8.1.1 Rice – CAD 1 (32 mm)   

  

Figure 12. Average of ARM vs yields of rice – CAD 1 (32 mm) 

Figure 13. Sum of ARM vs yields of rice – CAD 1 (32 mm) 

Figure 14. Scatter plots: sum of availability of water in the soil (yearly) vs yields of rice – CAD 1 (32 
mm) 

Figure 15. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
rice – CAD 1 (32 mm) 
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8.1.2 Rice – CAD 2 (50 mm) 

 

Figure 16. Average of ARM vs yields of rice – CAD 2 (50 mm) 

Figure 17. Sum of ARM vs yields of rice – CAD 2 (50 mm) 

Figure 18. Scatter plots: sum of availability of water in the soil (yearly) vs yields of rice – CAD 2 (50 mm) 

Figure 19. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of rice – 
CAD 2 (50 mm) 
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8.1.3   Rice – CAD 2 (68 mm) 

Figure 20. Average of ARM vs yields of rice – CAD 3 (68 mm) 

Figure 21. Sum of ARM vs yields of rice – CAD 3 (68 mm) 

Figure 22. Scatter plots: sum of availability of water in the soil (yearly) vs yields of rice – CAD 3 (68 mm) 

Figure 23. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
rice – CAD 3 (68 mm) 
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8.1.4 Sugarcane – CAD 1 (50 mm) 

Figure 24. Average of ARM vs yields of sugarcane – CAD 1 (50 mm) 

Figure 26. Scatter plots: sum of availability of water in the soil (yearly) vs yields of sugarcane – CAD 1 (50 mm) 

Figure 27. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
sugarcane – CAD 1 (50 mm) 

Figure 25. Sum of ARM vs yields of sugarcane – CAD 1 (50 mm) 



44 
 

8.1.5  Sugarcane – CAD 2 (75 mm) 

  

   

   

 

Figure 28. Average of ARM vs yields of sugarcane – CAD 2 (75 mm) 

Figure 30. Scatter plots: sum of availability of water in the soil (yearly) vs yields of sugarcane – CAD 2 (75 mm) 

Figure 31. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
sugarcane – CAD 2 (75 mm) 

Figure 29. Sum of ARM vs yields of sugarcane – CAD 2 (75 mm) 
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8.1.6   Sugarcane – CAD 3 (105 mm) 

 

   

Figure 35. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
sugarcane – CAD 3 (105 mm) 

Figure 34. Scatter plots: sum of availability of water in the soil (yearly) vs yields of sugarcane – CAD 3 (105 mm) 

Figure 32. Average of ARM vs yields of sugarcane – CAD 3 (105 mm) 

Figure 33. Sum of ARM vs yields of sugarcane – CAD 3 (105 mm) 
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8.1.7 Maize – CAD 1 (20 mm) 

   

   

  

Figure 36. Average of ARM vs yields of maize – CAD 1 (20 mm) 

Figure 38. Scatter plots: sum of availability of water in the soil (yearly) vs yields of maize – CAD 1 (20 mm) 

Figure 39. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
maize – CAD 1 (20 mm) 

Figure 37. Sum of ARM vs yields of maize – CAD 1 (20 mm) 
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8.1.8 Maize – CAD 2 (40 mm) 

 

   

 

Figure 40. Average of ARM vs yields of maize – CAD 2 (40 mm) 

Figure 42. Scatter plots: sum of availability of water in the soil (yearly) vs yields of maize – CAD 2 (40 mm) 

Figure 43. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
maize – CAD 2 (40 mm) 

Figure 41. Sum of ARM vs yields of maize – CAD 2 (40 mm) 
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8.1.9 Maize – CAD 3 (60 mm) 

   

 

Figure 47. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
maize – CAD 3 (60 mm) 

Figure 46. Scatter plots: sum of availability of water in the soil (yearly) vs yields of maize – CAD 3 (60 mm) 

Figure 44. Average of ARM vs yields of maize – CAD 3 (60 mm) 

Figure 45. Sum of ARM vs yields of maize – CAD 3 (60 mm) 
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8.1.10 Soybeans – CAD 1 (35 mm) 

   

   

   

Figure 48. Average of ARM vs yields of soybeans – CAD 1 (35 mm) 

Figure 51. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – CAD 1 (35 mm) (For Rio Grande do Sul the outlier was defined by visual analysis and not 
statistical calculation) 

Figure 50. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – CAD 1 (35 mm) 

Figure 49. Sum of ARM vs yields of soybeans – CAD 1 (35 mm) 



50 
 

8.1.11 Soybeans – CAD 2 (55 mm) 

Figure 54. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – CAD 2 (55 mm) 

Figure 55. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – CAD 2 (55 mm) (For Rio Grande do Sul the outlier was defined by visual analysis and not 
statistical calculation) 

Figure 52. Average of ARM vs yields of soybeans – CAD 2 (55 mm) 

Figure 53. Sum of ARM vs yields of soybeans – CAD 2 (55 mm) 
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8.1.12 Soybeans – CAD 3 (75 mm) 

Figure 56. Average of ARM vs yields of soybeans – CAD 3 (75 mm) 

Figure 59. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – CAD 3 (75 mm) (For Rio Grande do Sul the outlier was defined by visual analysis and not 
statistical calculation) 

Figure 58. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – CAD 3 (75 mm) 

Figure 57. Sum of ARM vs yields of soybeans – CAD 3 (75 mm) 
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8.2 Appendix 2: Extra results observational analysis 2 – significant crops 

This appendix presents the extra results for the observational analysis 2 that considers all producers of 

soybeans in Brazil. 

8.2.1 North macro-region – Province of Tocantins/TO 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60. Average of ARM vs yields of soybeans 
in the North macro-region (Tocantins/TO) 

Figure 61. Sum of ARM vs yields of soybeans in the 
North macro-region (Tocantins/TO) 

Figure 62. Scatter plots: sum of availability of water in 
the soil (yearly) vs yields of soybeans – North macro-
region (Tocantins/TO) 
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8.2.2 Northeast macro-region – Provinces of Bahia (BA), Maranhão (MA) and Piauí (PI) 

Figure 63. Average of ARM vs yields of soybeans in the Northeast macro-region (Bahia/BA, 
Maranhão/MA and Piauí/PI) 

Figure 64. Sum of ARM vs yields of soybeans in the Northeast macro-region (Bahia/BA, 
Maranhão/MA and Piauí/PI) 

Figure 65. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – Northeast 
macro-region (Bahia/BA, Maranhão/MA and Piauí/PI) 

Figure 66. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – Northeast macro-region (Bahia/BA, Maranhão/MA and Piauí/PI) 
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8.2.3   Southeast macro-region – Provinces of Minas Gerais (MG) and São Paulo (SP) 

Figure 67. Average of ARM vs yields of soybeans in the Southeast macro-region (Minas Gerais/MG 
and São Paulo/SP) 

Figure 68. Sum of ARM vs yields of soybeans in the Southeast macro-region (Minas Gerais/MG and 
São Paulo/SP) 

Figure 69. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – 
Southeast macro-region (Minas Gerais/MG and São Paulo/SP) 

Figure 70. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – Southeast macro-region (Minas Gerais/MG and São Paulo/SP) 
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8.2.4 South macro-region – Provinces of Paraná (PR), Rio Grande do Sul (RS) and Santa 
Catarina (SC) 

  

Figure 71. Average of ARM vs yields of soybeans in the South macro-region (Paraná/PR, Rio Grande 
do Sul/RS and Santa Catarina/SC) 

Figure 72. Sum of ARM vs yields of soybeans in the South macro-region (Paraná/PR, Rio Grande do 
Sul/RS and Santa Catarina/SC) 

Figure 73. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – 
South macro-region (Paraná/PR, Rio Grande do Sul/RS and Santa Catarina/SC) 
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Figure 74. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs 
yields of soybeans – South macro-region (Paraná/PR, Rio Grande do Sul/RS and Santa 
Catarina/SC) 

Figure 75. Scatter plots without the maximum amount for ARM during the growing season: sum of 
availability of water in the soil (yearly) vs yields of soybeans – South macro-region (Paraná/PR, Rio 
Grande do Sul/RS and Santa 
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8.2.5 Mideast macro-region – Provinces of Distrito Federal (DF), Goiás (GO), Mato Grosso 
(MT) and Mato Grosso do Sul (MS) 

  

  

Figure 76. Average of ARM vs yields of soybeans in the Mideast macro-region (Distrito Federal/DF, 
Goiás/GO, Mato Grosso/MT and Mato Grosso do Sul/MS) 

Figure 77. Sum of ARM vs yields of soybeans in the Mideast macro-region (Distrito Federal/DF, 
Goiás/GO, Mato Grosso/MT and Mato Grosso do Sul/MS) 
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Figure 78. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – Mideast 
macro-region (Distrito Federal/DF, Goiás/GO, Mato Grosso/MT and Mato Grosso do Sul/MS) 

Figure 79. Scatter plots without outliers: sum of availability of water in the soil (yearly) vs yields of 
soybeans – Mideast macro-region (Distrito Federal/DF, Goiás/GO, Mato Grosso/MT and Mato Grosso 
do Sul/MS) 
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8.2.6 Scatter plots of all provinces producers of soybeans 

It Another analysis is by considering the main producing states of soybeans my grouping the states, 
as it follows:  

• 90% -  Goiás (GO), Mato Grosso (MT), Mato Grosso do Sul (MS), Paraná (PR), Rio Grande do 

Sul (RS), Minas Gerais (MG), Bahia (BA) 

• 80% - Goiás (GO), Mato Grosso (MT), Mato Grosso do Sul (MS), Paraná (PR), Rio Grande do 

Sul (RS), Minas Gerais (MG)   

• 60% - Goiás (GO), Mato Grosso (MT), Paraná (PR), Rio Grande do Sul (RS) 

• 50% - Mato Grosso (MT), Paraná (PR), Rio Grande do Sul (RS) 

Also, other graphs considers the joining of data points per macro-region. 

  

  

 

 

 

 

 

 

 

 

  

(a) (b) 

(c) (d) 

(e) 

Figure 80. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – (a) all 
producers; (b) 90% of the producers; (c) 80% of the producers; (d) 60% of the producers; (e) 50% of 
the producers 
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  (a) (b) 

(c) (d) 

(e) 

Figure 81. Scatter plots: sum of availability of water in the soil (yearly) vs yields of soybeans – (a) 
Northeast macro-region (b) 90% Mideast macro-region; (c) 80% Southeast macro-region; (d) South 
macro-region; (e) South macro-region without maximum values for ARM 
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8.3 Appendix 3: Extra results future scenario analysis 

This appendix contains graphs regarding the soil water balance (excess and deficits of water during 
the growing season) using future projections by 2050 in all the main producers of each type of crop. 

8.3.1 Rice 

 

   

 

   

 

    

 

 

 

 

 

  

Figure 82. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the South macro-region of Brazil (Province of Rio Grande do Sul/RS) 

(a) (b) (c) 

Figure 83. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the Mideast macro-region of Brazil (Province of Mato Grosso/MT) 

(a) (b) (c) 

Figure 84. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the South macro-region of Brazil (Province of Santa Catarina/SC) 

(a) (b) (c) 



62 
 

8.3.2 Sugarcane 

   

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

8.3.3 Maize 

   

 

   

 

   

 

 

Figure 85. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; 
(b) the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the 
average of the years 2018 – 2050 for the Southeast macro-region of Brazil (Province of São Paulo/SP) 

(a) (b) (c) 

Figure 86. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the Southeast macro-region of Brazil (Province of Minas Gerais/MG) 

(a) (b) (c) 

Figure 87. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the South macro-region of Brazil (Province of Paraná/PR) 

(a) (b) (c) 

Figure 88. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; 
(b) the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the 
average of the years 2018 – 2050 for the South macro-region of Brazil (Province of Paraná/PR) 

(a) (b) (c) 
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8.3.4 Soybeans 

 

 

   

   

 

   

  

Figure 89. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the Mideast macro-region of Brazil (Province of Mato Grosso/MT) 

(a) (b) (c) 

Figure 90. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the Southeast macro-region of Brazil (Province of Minas Gerais/MG) 

(a) (b) (c) 

Figure 91. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the Mideast macro-region of Brazil (Province of Mato Grosso/MT) 

(a) (b) (c) 
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Figure 92. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; (b) 
the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the average 
of the years 2018 – 2050 for the South macro-region of Brazil (Paraná/PR) 

(a) (b) (c) 

Figure 93. Comparison of the soil water balance between (a) the average of the years 1997 - 2017; 
(b) the scenario RCP 4.5 of the average of the years 2018 - 2050; (c) the scenario RCP 8.5 of the 
average of the years 2018 – 2050 for the South macro-region of Brazil (Rio Grande do Sul/RS) 

(a) (b) (c) 


