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Abstract: This study investigates the impact of extreme rainfall events on soil erosion in the 

downstream Parnaíba River Basin, located in the Brazilian Cerrado. The analysis focused on 

rainfall erosivity (R factor) and soil erodibility (K factor) as key indicators. The average 

erosivity in the region was 9051 MJ mm h−1ha−1year−1, with a variation between 7943 and 

10,081 MJ mm h−1ha−1year−1, suggesting a high erosive potential, mainly in the rainiest 

months, from December to April. The soils of the studied area, mainly Ultisols and 

Chernosols, present high to very high erodibility, with K factor values ranging from 0.025 to 

0.050 t h MJ−1 mm−1. Furthermore, fieldwork revealed areas, near highways, with apparently 

fragile soils, as well as rills and gullies, identified through photographs taken during 

fieldwork. These locations, due to the combination of high erosivity and susceptible soils, 

were considered prone to the occurrence of erosion processes, representing an additional risk 

to local infrastructure. The spatialization of R and K factors, along with field observations, 

showed that much of the area is at high risk of erosion and landslides, particularly in regions 

with greater topographic variability and proximity to water bodies. These results provide a 

basis for the development of mitigation strategies, being important for the effective 

prevention of landslides. 

Keywords: soil erosion; rainfall erosivity; soil erodibility; extreme rainfall events; Brazilian 

Cerrado 

1. Introduction 

Soil erosion, intensified by extreme rainfall events, represents one of the 

greatest environmental challenges in vulnerable regions of Brazil, particularly in the 

Cerrado. The Parnaíba River Basin, located in this region, is severely affected by 

erosive processes, which worsen during periods of heavy rainfall, leading to 

significant soil loss and posing risks to local infrastructure [1–6]. 

The Universal Soil Loss Equation (USLE) and its revised version (RUSLE) are 

widely used to estimate soil erosion by combining data on natural factors and human 

activities. These models, integrated with Geographic Information Systems (GIS) and 

Remote Sensing technologies, allow for mapping and quantifying soil loss in 

different regions. 

Given the vast extent of the Parnaíba River Basin, the application of the 

Revised Universal Soil Loss Equation (RUSLE) was particularly suited for this study, 

as it enables large-scale soil erosion assessments at the watershed level, where direct 

erosion plot management would be financially unfeasible. This approach is 

especially valuable in expansive regions like the Cerrado, where varied soil types 

and challenging terrain impact erosion dynamics [6]. 
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Fieldwork was also conducted to support the model, with strategically collected 

soil samples across the study area, enhancing the accuracy of the soil erodibility 

factor (K) in the RUSLE model and validating the remote sensing data used. This 

methodology integrates GIS with empirical data to create a more comprehensive 

assessment of erosion susceptibility, essential for effective land management and 

conservation efforts tailored to the Cerrado’s unique environmental conditions.  

In the study by Dang and Sun [7], USLE was used to evaluate erosion in the 

Loess Plateau, China. Among the factors analyzed by RUSLE, the R Factor, which 

measures rainfall erosivity, and the K Factor, which reflects soil erodibility, stand out. 

These factors are key to understanding vulnerability to erosive processes and are the 

central focus of this study. 

Studies on rainfall erosivity developed in Brazil highlight some rainfall 

erosivity indices (EI30) in MJ mm ha−1 h−1 yr−1: for Lavras (MG), around 6843; for 

Mococa (SP), 7747; in Paraná State for 32 locations, a range from 5275 to 12,559; 

for Goiânia, Goiás State, 8355; for Sete Lagoas, Minas Gerais State, 5835; for Lajes, 

Santa Catarina State, 5790; and for Manaus, Amazonas State, a high value of around 

14,129. The author notes that the range for erosivity in Brazil is between 3116 and 

20,035 MJ mm ha−1 h−1 yr−1 [8]. 

Soil erodibility refers to the susceptibility of soil to water erosion. It is an 

intrinsic attribute of each soil and is fundamental for predicting soil loss and 

planning land use. Among the soil attributes that, in an integrated manner, affect 

erodibility are water permeability, water storage capacity, texture (especially silt 

content), cohesion, structure type and degree, organic carbon, Fe and Al oxide 

contents, and clay mineral type [9–13]. 

The relationship between rainfall erosivity and soil erodibility is crucial for 

understanding the dynamics of erosion. Rainfall erosivity not only varies according 

to precipitation intensity and duration, but is also related to the spatial and temporal 

distribution of extreme rainfall, which in turn is influenced by climate change [14–

16]. In contexts where improper soil management and deforestation prevail, 

vulnerability to erosion increases, intensifying the adverse impacts of intense rainfall 

events [2,11] 

Field observations revealed areas near highways with seemingly fragile soils, as 

well as the formation of rills and gullies, which are indicative of linear erosion and 

landslide risk. The combination of high erosivity and susceptible soils makes these 

areas particularly vulnerable [1,11,17]. Additionally, areas with greater topographic 

variability and proximity to water bodies are more prone to erosive processes, 

reflecting the importance of physical context and land use in intensifying erosion 

[3,18–20]. 

This study aims at analyzing the impact of extreme rainfall events on soil 

erosion in the Lower Parnaíba River Basin, in the Brazilian Cerrado, using the K 

(soil erodibility) and R (rainfall erosivity) factors from RUSLE (Revised Universal 

Soil Loss Equation). The research integrates Geographic Information Systems (GIS) 

data and field observations, focusing on these factors. The investigation seeks to 

identify areas susceptible to erosion, with particular attention to the urban gully in 

Miguel Alves Municipality, and to provide a foundation for developing mitigation 

strategies.  
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2. Materials and methods 

2.1. Study area 

The area of the downstream Parnaíba River in Piauí State is a strip of land that 

lies parallel to the Parnaíba River. It begins in Teresina City and stretches to the 

confluence of the Sub-basin of the Longá River in Buriti dos Lopes Municipality. 

This area covers a strip of land that extends from the city of Teresina to the 

river’s mouth in the Atlantic Ocean. However, considering the dynamic differences 

between the coastal and continental zones, a new spatial delimitation was defined. 

This delimitation includes only the sub-basins located on the continental perimeter of 

the region, resulting in an area of approximately 6075.48 km2. The area lies between 

the geodetic coordinates 5°1′20.06″ S/42°50′43.95″ W and 3°7′41.42″ 

S/41°55′32.98″ W, as shown in Figure 1 [1,21]. 

 

Figure 1. Multiscale view of the Parnaíba River watershed location in the northwest 

of Piauí State-Brazil. 

The dataset for this study was sourced from the United States Geological 

Survey (USGS). Precipitation data, initially compiled in 2020, were later updated 

through the HidroWeb platform, which is part of the National Water Resources 

Information System administered by the National Water Agency (ANA) [22]. 

The evaluation of soil erosion focused on the K factor (soil erodibility) and the 

R factor (rainfall erosivity) from the Revised Universal Soil Loss Equation (RUSLE), 

which were critical in determining erosion risk across the study area: 

a) Drainage data were obtained from ANA’s digital cartographic database [23]. 
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b) The vector cartographic base of soils, in shapefile format, was obtained from the 

INDE-National Spatial Data Infrastructure website, with the original scale of 

1:250,000, and associated with the soil profile information contained in the 

exploratory soil survey of Piauí State. 

c) Erosivity was calculated based on the collection of monthly and annual rainfall 

data from the Brazilian Rain Atlas (1:5,000,000 scale) between 1977 and 2006 

and updated through ANA’s HidroWeb tool, corresponding to basin 3–Atlantic, 

North, and Northeast. 

d) Rainfall data from rain gauge stations were obtained from previous studies 

[22,24], including the Brazilian Rain Atlas. For this study, data from eight 

stations were used. 

2.2. Calculation of RUSLE factors 

The R (rainfall erosivity) and K (soil erodibility) factors were calculated 

according to the appropriate equations, taking into account the influence of extreme 

rainfall events on soil erosion in the Baixo Parnaíba basin. 

2.3. Soil erodibility (K factor) 

The K factor represents soil erodibility, which is a measure of the soil’s 

susceptibility to erosion under the influence of water. Erodibility is defined by the 

soil’s resistance to dispersive forces, splashing, abrasion, and the transport of soil 

particles by water, as well as by considering infiltration rate, permeability, and water 

retention capacity in the soil [2,25,26]. 

The K value can be determined through laboratory methods or empirical 

estimates, using tables that correlate soil characteristics with K values. Despite the 

limitations in obtaining the K factor, various researchers have developed experiments 

to make this factor applicable to different types of Brazilian soils [4,27–29]. In this 

research, we opted to adopt the soil erodibility factors available in the literature, 

considering the soil classes of the Parnaíba River Basin. 

The K factor data were sourced from the work of Aquino and Oliveira [28], 

which provided a comprehensive approach to calculating the weighted average soil 

erodibility for associations in Piauí State. This method involved selecting 

representative soil profiles by comparing soil descriptions with those outlined in 

previous studies [30].  

Erodibility for each profile was computed based on its specific characteristics 

and contribution to the soil associations. The K values were then averaged 

arithmetically for each soil type, and a weighted average was calculated, factoring in 

the proportion of each soil within the association. The erodibility classes were 

subsequently adapted from the classification system proposed in a previous study 

[26], as presented in Table 1. 

 

 

 



Journal of Geography and Cartography 2024, 7(2), 9639. 
 

5 

Table 1. Soil erodibility (K) factor classification [26]. 

Classification of Soils Based on Erodibility Factor (K) 

Propensity to erodibility  (ton.ha.h/ha. MJ.mm) 

Very low < 0.009  

Low 0.009–0.015 

Medium 0.015–0.30 

High 0.30–0.045 

Very high 0.045–0.060 

Extremely high  > 0.060 

2.4. Rainfall erosivity factor (R factor) 

The R factor represents rainfall erosivity, which is a measure of the erosive 

potential of precipitation in a specific area. Erosivity depends on the characteristics 

of rainfall, and the R factor can be calculated using historical precipitation data, 

considering the energy and impact of rainfall events. The calculation methodology 

typically involves the following steps: 

a) Collection of precipitation data 

Precipitation data were gathered from meteorological stations in the Baixo 

Parnaíba basin region. These values were estimated based on approximately 30 years 

of precipitation history, which was used to identify cyclical rainfall patterns [22,31]. 

According to some authors, around 80% of soil loss is influenced by this factor [32]. 

b) Calculation of erosivity 

To calculate the R factor (erosivity), the equation (E2) of Wischmeier and 

Smith [31] was used, adapted to Brazilian natural conditions [25] 

𝑅 =∑

12

𝑖=1

67.355(
𝑟𝑖
2

𝑃
)

0.85

 (1) 

In the equation, R represents rainfall erosivity (MJ mm h−1 ha−1 year−1), r is the 

average monthly total precipitation (mm), and P corresponds to the average annual 

total precipitation (mm). These values were obtained from rainfall data collected from 

meteorological stations. Rainfall erosivity was then calculated for each station, and the 

data were interpolated using the Inverse Distance Weighted (IDW) method from the 

ArcGIS Spatial Analyst Tools. 

2.5. Validation 

Considering the vast area studied (6075.48 km2) and the scarcity of erosion 

plots across the region, a careful approach was adopted in the selection and use of 

available data. Establishing experimental erosion plots in the lower Parnaíba River 

basin would be logistically difficult and impractical.  

Therefore, alternative validation approaches were used in place of direct 

experimental data. These included comparisons with field observations and historical 

data, assessments of internal consistency, cross-referencing with findings from 

previous studies, and analysis of the sensitivity of results to changes in model 

parameters. 
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3. Results and discussion 

The results indicated that the impact of extreme rainfall events is greatly 

intensified by the physical characteristics of the soil in the watershed of the Parnaíba 

River. The combination of high erosivity and highly erodible soils creates a 

favorable scenario for the formation of gullies and rills, especially in areas under 

human interventions. 

3.1. Rainfall erosivity (factor R) and erosion risk 

Erosivity-R 

The rainfall erosivity analysis for the Parnaíba River watershed revealed an 

average value of 9051.52 MJ mm h−1 ha−1 year−1, with a standard deviation of 148.33, 

highlighting the significant erosive potential in the region. These results are 

consistent with those reported for the Longá River basin, a tributary of the Parnaíba, 

where critical values ranged from 8865 to 9540 MJ mm h−1 ha−1 year−1 [5]. 

Specifically, in the downstream area of the Parnaíba River, the R factor ranged from 

7943.46 to 10,081.61 MJ mm h−1 ha−1 year−1, with erosivity intensity classified from 

medium to very strong, as shown in Table 2. 

Table 2. Interpretation of rainfall erosivity. 

Range (MJ mm h−1 ha−1 year−1) Interpretation of Erosivity 

R < 6000 Very weak 

6000 > R < 7500 Weak 

7500 > R < 8500 Average 

8500 > R < 9000 Strong 

R > 9000 Very Strong 

Source: Adapted from Morais and Silva [5].  

The spatial distribution map of the R factor, shown in Figure 2, illustrates the 

significant spatial variability of rainfall. Data linked to individual rainfall 

measurements monitored by both automatic and conventional stations in Piauí State 

[22] emphasize that the highest annual rainfall volumes in the state are concentrated 

in the northern and northwestern regions, where values exceed 1500 mm.  

From February to August are the rainiest months, supporting the high R values 

found in this research. In the study area, precipitation values ranged approximately 

from 1279 to 1710 mm [3]. 

Similar to studies conducted in other arid and semi-arid regions [16] in 

northwest Somalia, rainfall erosivity strongly influences soil erosion risk. In Somalia, 

areas with lower annual rainfall showed low erosivity, while those with moderate 

rainfall exhibited moderate erosivity. This contrast with the more humid Parnaíba 

basin emphasizes how local rainfall patterns shape erosion risks, underscoring the 

need for region-specific monitoring and soil conservation strategies. 
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Figure 2. Map illustrating the distribution of rainfall erosivity (R). 

The analysis of monthly rainfall variations at the rain gauge stations in the study 

area reveals distinct seasonal trends, as illustrated in Figure 3. The dry season, 

occurring from July to November, is characterized by reduced rainfall, while the wet 

season, spanning from January to March, experiences significantly higher 

precipitation levels. This seasonal pattern is vital for identifying periods of increased 

vulnerability to erosion [2,3,33] During the dry season, the lack of rainfall 

diminishes the soil’s ability to absorb runoff, contributing to soil compaction and 

degradation. Consequently, when the rains return, the soil becomes more susceptible 

to erosion.  

 

Figure 3. Monthly variation of precipitation from the rain gauge stations in the study 

area [3]. 
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Figure 4 shows a strong correlation between erosivity (factor R) and average 

annual precipitation, with both parameters closely aligned and relatively stable 

throughout the year despite monthly fluctuations. This relationship is crucial for 

assessing erosion risk and developing effective soil erosion prevention strategies. 

 

Figure 4. Relationship between erosivity (factor R) and average annual precipitation 

[3]. 

3.2. Soil erodibility (factor K) 

The soils in the region, primarily characterized as Argissols and Chernozem, 

exhibited high erodibility. The most vulnerable areas were identified in regions where 

the soils are sandier and less cohesive. The combination of these characteristics with 

the high erosivity of rainfall intensified erosive processes, leading to the formation of 

features such as ravines and gullies.  

The combination of rainfall with high erosivity and fragile, unprotected soils 

promotes the onset of erosive processes. Table 3 presents the soil classes found in the 

area of the Diffuse Basins of Baixo Parnaíba, along with their erodibility values, 

associated with the extent occupied by each class within the basin. 

Table 3. Soil classification based on the soil erodibility factor (K) in the study area, northwest Piauí, Brazilian 

Cerrado. 

Soil Unit Soil Taxonomy Erodibility Classes Area (ha) Area (%) K Factor ton.ha.h/ha. MJ.mm 

A1 
ENTISOLS (FLUVENTS) 

Medium 
38,805.56  5.97% 

0.028 

A4 High 0.032 

BV1 MOLLISOLS Very high 16,559.63 2.55% 0.05 

LA10 

OXISOLS 

Medium 

74,811.94 11.50% 

0.025 

LA11 Medium 0.028 

LA13 Medium 0.028 

LA5 High 0.035 

LA8 High 0.037 

LA9 High 0.035 
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Table 3. (Continued). 

Soil Unit Soil Taxonomy Erodibility Classes Area (ha) Area (%) K Factor ton.ha.h/ha. MJ.mm 

PE10 

ALFISOLS 

High 

49,729.27 7.65% 

0.031 

PE11 High 0.036 

PE9 Very high 0.043 

PL3 ULTISOLS High 25,019.50 3.85% 0.039 

PT1 

ULTISOLS (PLINTHICS) 

Medium 

108,837.6 16.73% 

0.027 

PT12 Very high 0.047 

PT3 High 0.038 

PT9 High 0.037 

PV10 

ULTISOLS 

High 

269,956.7  41.51% 

0.031 

PV11 High 0.039 

PV12 High 0.036 

PV13 High 0.037 

PV14 Medium 0.03 

PV20 Very high 0.042 

R1 
ENTISOLS (LITHICS) High 43,476.21 6.68% 0.041 

R2 

* WATER * 23,011.33 3.54% * 

* ISLAND * 2104.23 0.03% * 

Total     650,418.13 100% * 

Source: Organized by the Authors; based on Mannigel et al. [26], Aquino and Oliveira [28], Jacomine 
and Paulo Klinger Tito Jacomine [30]; (*) no value assigned. 

The spatialization of factor K can be visualized in Figure 5. The soil erodibility 

values (factor K) ranged from 0.025 to 0.050 t h MJ−1 mm−1, with a predominance of 

medium to very high erodibility, according to studies conducted in the region [28]. 

The Alfisols class comprises 7.65% of the total area, accounting for 49,729.27 

hectares. This class shows notable variability in erodibility, with high K factor values 

ranging from 0.031 to 0.036 t h MJ−1 mm−1 and instances of very high erodibility 

reaching up to 0.043 t h MJ−1 mm−1. These soils are predominantly found in relatively 

flat to undulating terrains, with slopes between 3% and 20%, which makes them 

particularly susceptible to erosive processes. 

In contrast, the study area does not contain soils classified with low erodibility. 

The medium erodibility class presents the lowest K factor values, with Entisols 

(Fluvents) showing a K factor of 0.028 t h MJ−1 mm−1 and occupying 5.97% of the 

area. Other soil classes with very high erodibility include Mollisols, covering 2.55% 

of the area with a K factor of 0.050. 

Another notable soil class is the Oxisols, accounting for 11.50% of the area. 

These soils exhibit K factor values ranging from 0.025 to 0.035 t h MJ−1 mm−1. The 

topography of the area characterized by wide, gentle hills, dissected plateaus, and 

degraded flat surfaces, directly influences the erosive processes affecting these soils. 

Overall, while Alfisols are prominent, they are part of a broader spectrum of 

soil erodibility in the region, including significant contributions from Ultisols with K 

factor values reaching up to 0.047 t h MJ−1 mm−1 and occupying 41.51% of the area. 
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This diverse soil composition underscores the varying susceptibility to erosion 

throughout the study area. 

 

Figure 5. Spatialization of factor K. 

As shown in Figure 5 and Table 3, there is a predominance of K values 

classified as high and very high erodibility in the study area. This is consistent with 

previous studies [28] that concluded that about 94.4% of the soils in Piauí State have 

high or very high erodibility. 

Granulometric analyses were carried out to determine the soil textural classes, 

and although the number of samples analyzed was limited, this analysis is crucial for 

accurately characterizing the soils in the region. Figure 6 illustrates the variations in 

coarse sand, fine sand, silt, and clay fractions across eight strategically selected sites 

within the study area, offering a detailed insight into the soil textures. 

 

Figure 6. Variation of soil particles in the study area [3]. 
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Erosive features 

After analyzing the soil erodibility factors (K) and rainfall erosivity (R), it is 

observed that the conditions conducive to erosive processes manifest in various 

erosive features in the study area. These features, commonly associated with the 

combined action of rainfall events, vegetation clearing, topographical characteristics, 

and improper land use, are widely distributed in both urban and rural areas. 

Figure 7 illustrates some of these erosive features. In rural areas of the União 

Municipality, the presence of a gully (Figure 7A) reflects the impacts of erosion, 

reinforcing the need for appropriate conservation practices.  

The gully (Figure 7B), located in the urban periphery of the municipality of 

Miguel Alves, was triggered by the natural dynamics of the environment; however, 

factors such as deforestation, soil compaction, and improper land use may have 

intensified its development. Additionally, the consequences of improper land use can 

be observed in features such as rill erosion (Figure 7C), generated by the 

construction of highways in the municipality of União, highlighting soil vulnerability 

when exposed to human intervention without adequate containment measures. 

 

Figure 7. Erosive features found in the study area: (A) rills located in the 

municipality of União; (B) gully located in the municipality of Miguel Alves; (C) 

rills located in the municipality of União. 

The analysis of the urban gully in Miguel Alves Municipality demonstrated an 

accelerated growth of 21.85% between 2007 and 2017, a direct result of the 

combination of erosive rains and erodible soils [34]. The advancement of the gully 

poses a risk to local infrastructure, especially highways and adjacent urban areas.  

The lack of adequate erosion control measures has contributed to this rapid 

expansion, and the climatic conditions forecasted for the coming years suggest that, 

without intervention, the gully will continue to expand [35]. In Figure 8, it is 

possible to see the area of growth of the gully. 
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Figure 8. Area of growth of the gully [34]. 

4. Conclusion 

The study demonstrates that the downstream Parnaíba River Basin presents a 

high risk of erosion due to the combination of climatic and pedological factors. The 

erosivity of rainfall, concentrated in the months of highest precipitation, acts as a 

catalyst for erosive processes, especially in areas with highly erodible soils. The 

expansion of the gully in Miguel Alves Municipality exemplifies the potential risks 

that extreme rainfall can bring, particularly when combined with vulnerable soils and 

the absence of mitigation measures. 

The results obtained provide important insights for formulating soil 

management policies and implementing conservation techniques to mitigate erosion 

in the Lower Parnaíba Basin. It is essential that erosion control measures, such as 

revegetation and surface runoff management, be adopted to prevent the worsening of 

erosion problems and protect both infrastructure and the local environment. 
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