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Highlights
What are the main findings?

e  Rainfall erosivity in the basin showed marked spatiotemporal variability, with annual values
ranging from 3,900 to more than 9,000 M] mm ha h yr-..

e  The year with the highest annual precipitation did not correspond to the year with the highest
rainfall erosivity, highlighting the control exerted by rainfall intensity and the temporal
concentration of events on the R factor.

What are the implications of the main findings?

e  CHIRPS-estimated precipitation data showed strong spatial agreement with rain gauge stations
and allowed reliable rainfall erosivity estimates in regions with sparse monitoring networks.

e Interannual variability in rainfall erosivity directly influenced the potential soil loss estimated
by RUSLE and promoting the expansion of erosion-prone areas in years with higher rainfall
energy.

Abstract

This study assessed the spatial and temporal variability of rainfall erosivity (R factor) and its
implications for potential soil loss in the Velhas River Basin, Minas Gerais, Brazil. Rainfall erosivity
was estimated using data from 48 rain gauge stations and precipitation derived from CHIRPS
product, processed in a cloud-based environment Google Earth Engine. Between 2014 and 2024,
annual R values exhibited high variability, ranging from 3,900 to more than 9,000 MJ mm ha-' h-1yr,
with peak values recorded in the wettest year (2022) and the lowest values in 2014. Potential soil loss
was estimated using the RUSLE model for the years of minimum and maximum erosivity, yielding
values between 0.60 and 274.17 Mg ha! yr-'. The highest soil losses occurred in areas of exposed soil
and agricultural land, whereas forest formations exhibited lower rates even under high rainfall
erosivity conditions. The comparison between observed and estimated datasets revealed strong
spatial and statistical agreement according to the Pearson correlation coefficient (r = 0.999), although
CHIRPS slightly underestimated extreme values. These results demonstrate the strong potential for
integrating observed and remote sensing data in hydrosedimentological analyses at the basin scale.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Water erosion is a natural phenomenon and one of the main drivers of environmental
degradation in tropical soils, as it affects agricultural production, ecological stability, water quality,
and the hydro sedimentological functioning of river basins [1-3]. Thus, increasing anthropogenic
pressure, combined with climatic variability and the intensification of extreme rainfall events,
reinforces global concern about soil loss and ecosystem degradation [4-6]. In Brazil, this process is
particularly significant due to the predominance of a tropical rainfall regime characterized by intense
and highly concentrated precipitation, which enhances the erosive potential of rainfall [7].

Rainfall erosivity is represented by the R factor of the Revised Universal Soil Loss Equation
(RUSLE), which governs the detachment and transport of soil particles [8,9]. The estimation of this
factor requires accurate and continuous pluviographic records, which remain scarce in many regions
of Brazil. This limitation has led to the development and application of empirical equations based on
monthly or daily precipitation data, which have been widely used to investigate the spatiotemporal
distribution of rainfall erosivity across different regions and biomes [10-12]. Recent studies indicate
that these approaches are also valuable for assessing the impacts associated with the intensification
of extreme rainfall events [12].

In this context, remote sensing products for precipitation estimation have expanded the
possibilities for hydrometeorological analyses in areas with limited ground-based monitoring. The
Climate Hazards Group InfraRed Precipitation with Station Data (CHIRPS) dataset integrates
satellite observations and ground-based measurements, providing long and spatially continuous
precipitation records [13]. Evaluations in different tropical regions indicate satisfactory performance
of this product for hydrological and climatological applications, including analyses related to rainfall
erosivity and soil loss modeling [14]. Recent studies also highlight the usefulness of these data for
estimating erosive processes in tropical environments through integrated modeling approaches [15].

This study was conducted in the Velhas River Basin (VRB), one of the tributaries of the Sao
Francisco River. The basin is characterized by high geological, geomorphological, and climatic
diversity, encompassing physical, biological, and socioeconomic characteristics that are
representative of the state of Minas Gerais [16,17]. The basin hosts important mining districts in the
Quadrilatero Ferrifero, one of the main mineral provinces in Brazil, which intensifies environmental
pressure on the landscape [18]. Furthermore, it includes the urban area of the Belo Horizonte
Metropolitan Region and extensive agricultural areas, which increase land use conflicts and the
environmental vulnerability of the basin [19,20].

Tropical river basins subjected to strong anthropogenic pressure, pronounced relief, and
changes in land use tend to exhibit greater susceptibility to soil erosion, sediment transport, and
hydro sedimentological imbalance [21-23]. The Velhas River Basin also plays a strategic role in
regional water supply, sustaining the water security of approximately six million inhabitants [24].
Under these conditions, intense rainfall events in southeastern Brazil, often associated with climatic
variability and climate change [4,5], can contribute to increased rainfall erosivity and soil loss rates
[8,11,12]. Marked altitudinal variation and the presence of steep slopes favor the occurrence of
processes, especially during periods of rainfall [21,25].

In this context, this study estimated and compared the annual variation of the R factor in the
Velhas River Basin using two complementary approaches: (i) the application of empirical equations
to observed rainfall data and (ii) the estimation of rainfall erosivity based on precipitation derived
from the CHIRPS product. Based on these results, the years of minimum and maximum rainfall
erosivity were identified, and RUSLE was applied to these two scenarios to quantify potential soil
loss under contrasting climatic conditions. This approach allows the evaluation of the applicability
of satellite-derived precipitation products for rainfall erosivity estimation, improves the
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understanding of regional erosive dynamics, and characterizes how variability in the R factor
influences susceptibility to soil loss in one of the most important river basins in Brazil.

2. Materials and Methods

2.1. Study Area

The Velhas River Basin covers about 29,000 km? in the central portion of Minas Gerais state,
southeastern Brazil (Figure 1).
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Figure 1. Location and land use and land cover map of the Velhas River Basin, based on data from the
MapBiomas Project [22] and the Brazilian National Water and Sanitation Agency (ANA) [26].

The geological framework of the Velhas River Basin is characterized by high structural and
lithological complexity. In the upper course, Archean and Paleoproterozoic sequences associated
with the Quadrilatero Ferrifero predominate, particularly those belonging to the Rio das Velhas and
Minas Supergroups [17,18]. In the middle and lower sectors of the basin, carbonate and pelitic units
of the Bambui Group stand out, exerting strong control over the organization of the drainage network
and regional geomorphological compartmentalization [16]. In the northern and northeastern sectors,
metasedimentary rocks related to the Serra do Espinhago occur, associated with areas of higher relief
energy and pronounced landscape dissection [16]. This lithological diversity leads to marked
contrasts in resistance to weathering and directly influences regional erosive dynamics.

The basin relief exhibits a strong altitudinal gradient, with elevations ranging from
approximately 1,740 m in the headwater areas to less than 500 m near the confluence with the Sao
Francisco River [26]. This topographic contrast reflects regional geomorphological evolution and
influences drainage organization and erosive processes. According to the Agricultural Land
Suitability Assessment System, the middle course is dominated by flat to gently undulating surfaces,
which concentrate much of the agricultural activity and human occupation [27]. In contrast, the
southern and eastern portions of the upper course present undulating to strongly undulating terrains,
frequently with slopes exceeding 20%, a condition that intensifies relief dissection and increases
susceptibility to erosion.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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According to Alvares et al. [7], the climate of the basin is predominantly classified as Aw, Cwa,
and Cwb according to the Koppen classification. Regional rainfall dynamics are influenced by the
South Atlantic Convergence Zone, cold fronts, and convective systems, which account for a
significant portion of extreme events in southeastern Brazil [5]. This climatic seasonality results in a
strong concentration of rainfall during the austral summer, increasing the erosive potential of
precipitation and intensifying rainfall erosivity represented by the R factor [6].

Regarding soils, Argisols (30%), Neosols (22%), Latosols (22%), and Cambisols (17%)
predominate, according to the soil map of the state of Minas Gerais [28]. These soil classes are typical
of highly weathered tropical environments [29]. Although they exhibit high porosity and good
infiltration capacity, these soils may exhibit high vulnerability to erosion when vegetation cover is
removed or under inadequate soil management [30]. In addition, attributes such as texture, structure,
depth, and organic matter content directly influence infiltration, surface runoff, and sediment
transport processes [31].

The Velhas River Basin lies in a transition zone between the Cerrado and Atlantic Forest biomes.
The Cerrado occupies a large portion of the area and is characterized by savanna formations typical
of a seasonal tropical climate, with high structural and phytophysiognomic diversity [32]. Remnants
of Atlantic Forest are mainly concentrated in the southern and eastern sectors of the basin, associated
with higher elevations and more humid climatic conditions [33]. This configuration results in a
mosaic of vegetation formations that contributes to landscape environmental heterogeneity.

Land use and land cover are highly heterogeneous across the basin. The Belo Horizonte
Metropolitan Region concentrates extensive urbanized areas and major mining districts associated
with the Quadrilatero Ferrifero [18]. In the central-northern sectors, pastures, temporary crops, and
silviculture dominate, land uses that reduce water infiltration into the soil, increase surface exposure,
and favor the initiation of erosive processes [25]. Forest, savanna, and grassland formations are
distributed in a fragmented pattern throughout the basin, as indicated by the MapBiomas Project [34],
reflecting the progressive replacement of native vegetation and the increasing environmental
vulnerability of the region.

The combination of a seasonal tropical climate, highly weathered soils, heterogeneous relief, and
intense anthropogenic pressures creates an environment particularly susceptible to water erosion.
Recent studies applying erosion models in tropical environments demonstrate that the interaction
between rainfall erosivity, relief characteristics, and land use changes exerts strong control over soil
loss in river basins [35,36], justifying an integrated assessment of rainfall variability, the R factor, and
potential soil loss.

2.2. Methodological Procedures

We obtained observed rainfall data from ANA [26]. To increase spatial representativeness and
reduce monitoring gaps near the basin boundaries, we applied a 30 km buffer was generated using
the Buffer tool in ArcGIS 10.8. After delineating the expanded area, 391 stations were identified
within the buffer zone. According to ANA, 141 of these stations are no longer operational, while
others contain extensive gaps or time series unsuitable for consistent hydrological analyses. We
evaluated each station individually for record continuity and data quality. After this screening
process, 48 stations had complete time series for the period 2014-2024, and we selected them for
rainfall erosivity estimation, as shown in Figure 1. The valid records were organized into monthly
and annual totals to conform to the requirements of the empirical equations used.

To complement ground-based observations and enable continuous spatial analyses, we used
data from the CHIRPS product. This dataset combines satellite-derived precipitation estimates with
rain gauge observations and demonstrates robust performance in tropical regions [5,12-14]. All pixels
intersecting the basin area were extracted and integrated into the geographic information system
(GIS) environment. Monthly and annual totals were calculated for the same period as the ANA
observations and spatially aligned to ensure consistency between the datasets.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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We estimated Rainfall erosivity (R) using empirical equations widely applied in Brazilian
studies, based on the relationship between monthly and annual precipitation [7-10]. The calculation
was based on the formulation originally proposed by Wischmeier and Smith [9] and later adapted
for monthly data by national studies [8-11], expressed as:

12 PZ
R = Z 67.355 (-5)°% (1)
i=1

where: P; represents monthly precipitation (mm) and P corresponds to total annual precipitation
(mm).

We performed the calculations for each of the 48 ANA stations and for each CHIRPS pixel in
Google Earth Engine (GEE) environment, using points coincident with the station locations. The sum
of monthly values resulted in annual rainfall erosivity, enabling the identification of years with
minimum and maximum erosivity, which were used as reference years for estimating potential soil
loss. The spatial distribution of R was obtained through Inverse Distance Weighting (IDW)
interpolation in ArcGIS 10.8 [37]. The agreement between annual series was assessed using the
Pearson correlation coefficient (r), calculated in the R software environment [38].

We estimated soil loss using RUSLE, a model widely applied in erosion studies [6,9,36]. The
general equation is expressed as:

A=R-K-LS-C-P (2

where: A represents the average annual soil loss (Mg ha™! yr'); R corresponds to the rainfall erosivity
factor (M] mm ha! h! yr'); K represents the soil erodibility factor (Mg ha! MJ-' mm); LS
corresponds to the topographic factor (dimensionless); C represents the land use and management
factor (dimensionless); and P corresponds to the conservation practices factor (dimensionless).

We calculated the LS topographic factor was calculated using the method proposed by Desmet
and Govers [39], based on the contributing area per pixel and slope derived from the digital elevation
model. Processing was performed in ArcGIS 10.8 using the 30 m Copernicus Digital Elevation Model
(DEM), accessed through the Google Earth Engine (GEE) platform, whose accuracy is suitable for
topographic analyses applied in RUSLE studies [40]. The applied formulation is expressed as:

Afiow sin@ \"
LS = m. ) 3
S (22,13) (0,0896 ®)

where: Anow represents the contributing area per cell, 6 denotes slope in radians, and m and n are

exponents defined according to the surface runoff regime.

The K factor was assigned based on the soil map of Minas Gerais developed by UFV et al. [28],
with values derived from studies that quantify erodibility across different tropical soil classes
[29,30,35].

We defined the land use and management factor (C) based on was assigned using values
consolidated in the literature for each land use and land cover class identified within the basin, as
presented in Table 1. We considered the degree of surface protection provided by vegetation cover,
canopy density, agricultural management practices, and the level of soil exposure to adequately
represent differences between natural, agricultural, and anthropogenic areas [25,31,41]. Surfaces
lacking structured soil or erodible pedological material, such as rock outcrops, water bodies, flooded
areas, and active mining areas, were not included in the soil loss estimation because they do not meet
the physical assumptions of RUSLE, originally developed to estimate sheet and rill erosion in
structured soils [6,9]. In active mining areas, where the surface soil is removed and erosive processes
become dominated by slope instability and localized sediment redistribution, the direct application
of RUSLE presents methodological limitations [42]. The use of fixed values for the C factor ensured
comparability between minimum and maximum erosivity scenarios and allowed the isolation of the
effect of the R factor in soil loss modeling.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. C factor values assigned to land use and land cover classes in the Velhas River Basin.

Land Use and Land Cover Class C Factor Reference
Forest Formation 0.001 [6,9,31]
Savanna Formation 0.02 [30,31]
Grassland Formation 0.02 [30,31]
Pasture 0.12 [30,31]
Silviculture 0.08 [30,35]
Temporary Crops 0.30 [6,30,31]
Perennial Crops 0.15 [30,31]
Urban Areas 0.05 [31]
Exposed Soil 1.00 [9]

The P factor represents the effectiveness of conservation practices in controlling erosion [9]. To
isolate the influence of the other RUSLE factors, we adopted P = 1 was across the entire basin. This
assumption represents the absence of conservation practices and reflects the scenario of maximum
potential soil loss, enabling direct comparison between years of minimum and maximum rainfall
erosivity.

3. Results

3.1. Rainfall and Erosivity Variability

The spatially averaged annual precipitation in the Velhas River Basin exhibited high variability
during the study period, ranging from 717.99 mm (2014) to 1598.77 mm (2020). The years 2014, 2017
(912.79 mm), and 2023 (963.00 mm) were represented the driest periods in the series, whereas 2020,
2022 (1452.42 mm), and 2021 (1375.65 mm) were the wettest. The mean annual precipitation for the
analyzed period was approximately 1162 mm year.

Annual rainfall erosivity (R), estimated from ANA rain gauge stations and the CHIRPS product
(Table 2), also exhibited strong variability. For the ANA stations, values ranged from 4504.90 to
9228.68 MJ-mm-ha-h--yr-!, corresponding to 2014 and 2022, respectively. The CHIRPS dataset
exhibited a similar pattern, with values ranging from 3892.63 to 7989.21 MJ-mm-ha-h-1-yr.

Table 2. Annual mean erosivity (MJ-mm-ha-h-yr?).

Year ANA Stations CHIRPS
2014 4504.90 3892.63
2015 5243.70 5919.40
2016 7789.00 6823.38
2017 5321.09 5046.08
2018 6914.77 7261.33
2019 5783.33 6146.41
2020 8692.29 7650.91
2021 8433.37 7396.51
2022 9228.68 7989.21
2023 6234.77 6050.37
2024 7815.04 7426.89

The data in Table 2 indicate that, although 2020 recorded the highest annual precipitation total,
maximum rainfall erosivity occurred in 2022. The years with the lowest rainfall erosivity coincided
with the lowest precipitation totals, particularly 2014 and 2017, confirming the direct relationship
between precipitation availability and erosive energy.

The spatial distribution of annual rainfall erosivity estimated based on CHIRPS data is shown
in Figure 2.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0431.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 April 2026 d0i:10.20944/preprints202604.043

7 of 14

AFTOW  00W  arrew AEQDVY 00 esmew AEQWW TN 4w 4TOTVW 4OTW 4300 LSO DO oo
T T T T T T T T T T T T T
s N o I N N
2014 A 2015 | 2016 2017 L ™ A 2018 A
3 L

i i
Il E 1 o @ @ 9
B b O B ° & 5 =3
sk 4 H EEls EEle °r # Bl —
™ el : £ = & 2 E)
® ! = H 5 ! B

; | |

| £
» S, - " » w ~y o 2
3 { < 2 e s ¢ =
st i . B Jsk 3 . 4sF 4
5 ! L B 5 g Y s 5
& \ 1 & & & . ] 2

\ 3 |
| 1 i
s S v » o o
2 e g £ £ £
£ ; 45k Jzk s JaF 4
& 1< & R g g
- W —— o
A e T =r e T

1
T

M

A 2020 A 2021

N N n N
2019 2022 A 2023
o e o A n ¢ A
z g 4 g £
s J5r e HEF —H:F E
H H 2 H &
o L 1 o @
gl J2t 42 J&F ES i
: H z g 8
o @ @ I ©
. B H5F EE3S 45 ]
H] ] ] ] 8
1 1 1 1 1 1 1 1 1 1 1 1 1 1
457 0" 44"0'0"W 4500 RNV 44700 EERHO RNV 400 450 45 0w 400" 4300 ASTHOW adsomme A3TOO
T T T
% Legend
2024 A
» Velhas River Basin
a2k .
£ Rainfall erosivity (MJ-mm-ha™"-h™yr™")
[ ] <2500 low)
gl 1 [ ] 2500 - 5.000 (moderate)
H
I 5.000 - 7.500 {moderate high)

2 I 500 - 10.000 (high)
E I 10.000 > (very high)

TEEw e
1

Figure 2. Annual rainfall erosivity derived from CHIRPS data (2014-2024).

The CHIRPS maps indicate that dry years, such as 2014, 2017, and 2023, are characterized by a
predominance of low and moderate rainfall erosivity classes across most of the basin. In contrast, wet
years, particularly 2016, 2020, 2021, and 2022, exhibit an expansion of high and very high classes, with
greater intensity in the central-southern sector.

The spatial distribution of rainfall erosivity derived from ANA stations is shown in Figure 3.
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The patterns observed in the station data confirm the spatial variability identified by CHIRPS

but reveal greater local detail and amplitude, particularly in 2016, 2020, and 2022, when specific

locations reached the very high class. In years of lower rainfall erosivity, reduced values predominate

in the northern sector of the basin.

3.2. Soil Loss Estimates

Based on years of minimum (2014) and maximum rainfall erosivity (2022), the RUSLE model

was applied to estimate potential soil loss under contrasting climatic scenarios. The estimated the soil
loss results are presented in Table 3.

Table 3. Mean soil loss (Mg ha™ yr) by land use and land cover classes.

Class 2014 Stations 2014 CHIRPS 2022 Stations 2022 CHIRPS
Forest formation 0.68 0.60 1.50 1.28
Savanna formation 1.64 1.43 3.06 3.14
Grassland formation 2.58 2.34 5.55 4.56
Urban areas 2.30 2.01 6.22 5.03
Silviculture 6.77 5.60 13.58 11.61
Pasture 7.82 6.81 16.16 14.37
Perennial crops 21.50 18.53 72.01 59.12
Temporary crops 38.49 33.64 80.88 71.72
Exposed soil 137.19 114.86 27417 235.90

Spatially, the highest soil losses are concentrated in the Quadrilatero Ferrifero and in the

mountainous sectors of the central-southern portion of the basin, where steep slopes and shallow

soils increase the LS factor and enhance surface runoff (Figure 4).
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Figure 4. Spatial distribution of soil loss (Mg ha™! yr™') in the Velhas River Basin estimated using RUSLE model
for years of minimum and maximum rainfall erosivity. (A) 2014— ANA stations; (B) 2022 —ANA stations; (C)
2014 —CHIRPS; (D) 2022 — CHIRPS.

In contrast, areas with gentler relief in the middle and lower reaches of the basin exhibit
moderate soil loss, associated with the predominance of Latosols and Argisols and greater surface
protection.

3.3. Rainfall Erosivity and Climate Change

The relationship between mean annual precipitation and rainfall erosivity (R) is shown in
Figures 5 and 6, which summarize the interannual variability over the study period.

Erosivity 5 Precipitation
MJ-mm / (ha-h) Erosivity trend (mmiyear)
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Figure 5. Time series of mean annual precipitation (mm) and rainfall erosivity (R; MJ mm ha h™ yr) in the
Velhas River Basin from 2014 to 2024 based on data from ANA rain gauge stations, highlighting extreme events

and linear trends.
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Figure 6. Time series of mean annual precipitation (mm) and rainfall erosivity (R; MJ mm ha h™ yr) in the
Velhas River Basin from 2014 to 2024 based on CHIRPS data, highlighting extreme events and linear trends.

Although 2020 recorded the highest annual precipitation total, maximum rainfall erosivity was
observed in 2022. This pattern indicates that the R factor is not solely controlled by total annual
rainfall, but is strongly influenced by rainfall intensity and its temporal concentration. Rainfall
erosivity derived from ANA stations ranged from 4504.90 MJ-mm-ha--h--yr! in 2014 to 9228.68
MJ-mm-ha"-h-'-yr!in 2022. Similarly, rainfall erosivity estimated from CHIRPS ranged from 3892.63
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MJ-mm-ha-h-yrin 2014 to 7989.21 M]-mm-ha-h--yr in 2022, showing a comparable interannual
pattern, although with slightly attenuated extreme values.

4. Discussion

4.1. Interannual Variability of Rainfall and Erosivity

Interannual variability in precipitation in the Velhas River Basin is directly reflected in the
rainfall erosivity values estimated for the 2014-2024 period. Although 2020 recorded the highest
annual precipitation total, maximum rainfall erosivity was observed in 2022, indicating that the R
factor is not solely controlled by total rainfall volume but primarily by rainfall intensity and its
temporal concentration. This behavior is consistent with the original formulation of RUSLE, in which
rainfall erosivity is a function of rainfall kinetic energy and the maximum 30 min intensity of rainfall
events (Elz) [6,8].

Previous studies at the national scale indicate that tropical regions exhibit high sensitivity of
rainfall erosivity to rainfall irregularity, particularly when associated with extreme events [7,11,12].
The intensification observed during the 20202022 period suggests a greater concentration of high-
energy rainfall events, even without a proportional increase in total annual precipitation, a pattern
consistent with scenarios of increasing rainfall extremes reported in recent climate assessments [4,5].

4.2. Spatial Patterns of Erosivity and Performance of CHIRPS

The spatial patterns indicate a clear reorganization of rainfall erosivity classes across the basin
over time. During dry years (2014 and 2017), low and moderate classes predominate across most of
the basin. In contrast, the 2020-2022 period is characterized by an expansion of moderate-high, high,
and very high classes, particularly in the central-southern sector, where the altitudinal gradient and
orographic control favor greater concentration of rainfall energy.

Comparison between ANA stations and CHIRPS indicates strong spatial agreement, although
the satellite-derived product tends to slightly attenuate extreme values. This tendency is consistent
with previous studies indicating good CHIRPS performance in tropical regions, particularly for
hydrological and rainfall erosivity applications [13,14]. The ability of this dataset to represent
seasonal patterns and extreme rainfall events reinforces its suitability for regional-scale analyses.

4.3. Soil Loss Response under Contrasting Erosivity Scenarios

The application of RUSLE to years with minimum (2014) and maximum (2022) rainfall erosivity
highlighted the central role of the R factor as the main interannual driver of potential soil loss. In
2014, soil loss values below 5 Mg ha™ yr! predominate across most of the basin, whereas in 2022 a
clear expansion of areas exceeding 15 Mg ha™ yr!, particularly in agricultural areas and mountainous
sectors.

This pattern reflects the interaction between rainfall erosivity (R), topography (LS), and land use
and management (C). Areas with steeper slopes, such as the Quadrilatero Ferrifero, promote greater
concentration of surface runoff, thereby amplifying the effect of rainfall [21,23]. Conversely, deep and
well-structured soils, predominant in the middle and lower portions of the basin, tend to attenuate
the erosive response, as documented in tropical Latosols and Argisols [41,43]. The highest soil losses
occur in temporary crops and poorly vegetated areas, reflecting high values of the C factor [25,44]. In
contrast, forest formations maintained low soil loss rates, reinforcing their role in
hydrosedimentological protection of the basin [31,35].

4.4. Climatic Variability and Hydrosedimentological Sensitivity

The temporal pattern suggests a recent increase in the frequency of years classified as high or
very high in terms of rainfall erosivity. Although the analyzed series does not allow robust
conclusions regarding long-term climatic trends, the coincidence between erosivity peaks and years
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of higher rainfall irregularity is consistent with scenarios of increasing precipitation extremes
associated with global climate warming [4].

Figures 5 and 6 illustrate the temporal relationship between annual precipitation and rainfall
erosivity based on rain gauge observations and CHIRPS estimates. Despite differences in data
sources, both series reveal a consistent interannual pattern in which variations in rainfall erosivity
closely track changes in rainfall regime rather than total annual precipitation alone. This agreement
indicates that the erosive response of the basin is primarily controlled by the intensity and temporal
concentration of rainfall events, a behavior consistently captured by both observational and satellite-
based datasets.

Greater atmospheric energy availability favors the development of more intense storms and
temporally concentrated precipitation, increasing raindrop kinetic energy and consequently the R
factor [4,6]. In basins with dissected relief and intense anthropogenic land use, such as the Velhas
River Basin, this climatic intensification tends to generate a disproportionate erosive response,
increasing the vulnerability of structurally sensitive sectors.

Therefore, the erosive dynamics of the Velhas River Basin result from a multiscale interaction
between climatic variability, geomorphological characteristics, and land use changes, with the R
factor acting as the primary interannual trigger of increased soil loss.

5. Conclusions

This study demonstrates that the interannual variability in rainfall erosivity is the primary
natural control on potential soil loss in the Velhas River Basin. The comparison between years of
minimum (2014) and maximum (2022) rainfall erosivity showed that increases in the R factor not only
increase mean soil loss values but also expand the spatial extent of critical areas.

The results indicate that rainfall erosivity is not solely controlled by total annual precipitation
but is strongly influenced by rainfall intensity and temporal concentration. The year 2022 recorded
the highest rainfall erosivity value in the series, despite not exhibiting the highest annual
precipitation total, confirming the decisive role of intense rainfall events in controlling erosive
dynamics.

The spatial distribution of soil loss revealed a heterogeneous pattern controlled by the
interaction between rainfall erosivity, slope, soil erodibility, and land use. Mountainous sectors of the
Quadrilatero Ferrifero and agricultural areas showed higher vulnerability, whereas forest formations
maintain a stabilizing effect even under high rainfall erosivity conditions.

The comparison between rain gauge observations and the CHIRPS product showed strong
spatial agreement, although the satellite-derived dataset tends to attenuate extreme values.
Nevertheless, CHIRPS proves suitable for hydrosedimentological analyses at the basin scale,
particularly in regions with uneven monitoring coverage.

Although the analyzed time series does not allow robust conclusions regarding long-term
climatic trends, the recent intensification suggests increasing basin sensitivity to temporally
concentrated rainfall events. In this context, the R factor emerges as the primary driver of regional
erosive dynamics, highlighting the need for conservation management strategies adapted to climatic
variability and landscape structural characteristics.

Despite the robustness of the analyses, some limitations should be acknowledged, including the
relatively short time series, the attenuation of extreme values in satellite-derived rainfall data, and
the inherent uncertainties of empirical soil loss models. These attenuations highlight the need for
future studies incorporating longer time series, field validation, and higher-resolution environmental
data.
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