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Abstract

The Brazilian semi-arid Northeast plays a critical role in regional hydrology, where rainfall
is marked by pronounced temporal variability and short duration, presenting significant
challenges for understanding and managing hydrological and erosive processes. This
study aims to evaluate the performance of empirical models for estimating rainfall kinetic
energy (KE) and erosivity index (El3p) in this region, for all events and erosive events, using
high-resolution rainfall data collected at the Federal University of Cariri (UFCA), Ceara. A
total of 283 natural rainfall events were analyzed, with KE and El3 values calculated using
multiple models: Wischmeier and Smith, USDA, Van Dijk, a temporal variation-based
model (KE_VT), and a regional model developed for Brazil’s semi-arid zone, which served
as the reference. The results show a predominance of small rainfall events (<5.2 mm),
though maximum El3, values exceeded 1300 MJ ha~! mm h~!, highlighting the potential
for extreme erosive events. Comparative analysis revealed that all international models
significantly underestimated KE and El3y values compared to the regional reference, with
the KE_VT model showing the closest approximation (13% underestimation), for all events
and erosive events. Statistical assessments using the Wilcoxon test, Nash—Sutcliffe efficiency,
and Willmott concordance index confirmed the superior performance of the KE_VT, for all
events and erosive events. These findings underscore the importance of considering intra-
event rainfall variability and regional calibration when modeling erosivity in semi-arid
climates, contributing to more effective soil conservation and hydrological planning.

Keywords: USLE; erosivity index; soil erosion; Wischmeier and Smith; rainfall intensity

1. Introduction

The semi-arid regions of Brazil’s Northeast are primarily defined by a distinctive rain-
fall regime, marked by scarcity, irregular distribution, and a pronounced concentration of
precipitation within a short period—typically three to four months—during which sudden
and brief rain events occur [1,2]. Rainfall serves as the principal source of soil moisture,
making its accurate monitoring and characterization at the event scale crucial, particularly
for understanding soil erosion processes and informing hydrological models [3-5].
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Understanding rainfall characteristics and their relationship with the dynamics of ki-
netic energy distribution is essential for assessing rainfall’s erosive potential [6-9]. Research
on rainfall and its erosivity is vital for implementing effective soil conservation and land
management strategies in semi-arid environments [10]. Erosivity, which refers to the ability
of rainfall to cause soil erosion, is a key parameter in the Universal Soil Loss Equation [11]
and related modeling approaches.

Research in semi-arid environments remains limited, largely due to the high costs
associated with acquiring specialized equipment needed to measure detailed rainfall char-
acteristics. In many areas of northeastern Brazil, essential rainfall data—such as event
duration and intensity—are often unavailable. Rainfall erosivity is quantified through spe-
cific indicators, and its accuracy depends on factors such as the number of rain gauges, the
temporal resolution of data recording, and the choice of kinetic energy equation used [12].
Among the various approaches, the most robust kinetic energy models estimate rainfall
erosivity by incorporating rainfall intensity, offering a more precise representation of the
relationship between rainfall and soil erosion than other variables [13].

Despite the challenges associated with rainfall monitoring, empirical relationships
continue to be widely used to estimate kinetic energy and rainfall erosivity [13-15], most
commonly based on the foundational model proposed by Wischmeier and Smith [11]. This
model employs the average intensity of each rainfall event as a key input; however, rainfall
intensity typically varies throughout the duration of an event [6,7,16]. Other widely adopted
empirical models—such as those by [17] and the USDA Agricultural Research Service [18],
which is incorporated into the RUSLE2 equation—also rely on average intensity values.
In contrast, a modified version of the Wischmeier and Smith model that incorporates the
temporal variability of rainfall intensity at fixed intervals during an event has shown
promise in more accurately capturing the dynamics of rainfall energy and erosivity [10,16].

A significant advancement in this field was achieved by [10] through a study con-
ducted in Iguatu, CE, a semi-arid region in northeastern Brazil. The study involved detailed
monitoring of rainfall characteristics, including distribution, intensity, duration, frequency,
droplet diameter, and velocity. Based on these measurements, the authors developed a
region-specific empirical model tailored to the semi-arid conditions of Brazil. This model
was calibrated and validated to improve the accuracy of kinetic energy and rainfall erosivity
estimates, thereby minimizing potential errors. It is important to emphasize that the various
models discussed in the literature serve as valuable tools for soil and water conservation,
supporting informed decision making in land management practices [8,9,15,19,20].

Given this context, obtaining accurate measurements of rainfall kinetic energy is
essential for reliably estimating its erosivity potential. Equally important is the evaluation of
different empirical models to determine their suitability for application in semi-arid regions.
Accordingly, the objective of this study is to analyze rainfall characteristics and compare
the uncertainties associated with various kinetic energy and erosivity estimation models,
for all events and erosive events, in relation to the reference model specifically developed
for Brazil’s semi-arid region. By quantifying and comparing these uncertainties, we aim to
inform the selection and refinement of models for use in regional and global assessments
of soil erosion risk, particularly in the context of changing climate and rainfall patterns.

2. Materials and Methods
2.1. Study Area

The study was conducted at the Center for Agricultural Sciences and Biodiversity
(CCAB), located on the campus of the Federal University of Cariri (UFCA) in the munic-
ipality of Crato. This area lies within the Salgado sub-basin, part of the Cariri region in
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Ceard, northeastern Brazil (Figure 1). The central geographic coordinates of the study site
are 7°14’ S and 39°22’ W, with an elevation of 425 m above sea level.
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Figure 1. Location of the study area in the municipality of Crato, Ceard, Northeast Brazil.
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The study site experiences seasonal climatic variability, with average annual temper-
atures ranging between 24 °C and 27 °C and clearly defined rainy and dry periods [21].
According to historical data from the Ceara Foundation for Meteorology and Water Re-
sources (FUNCEME), covering the period from 1974 to 2023, the region receives an average
annual rainfall of 1116.3 mm. Of this total, approximately 84.4% occurs during the rainy

season, which extends from December to April (Figure 2).
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Figure 2. Temporal variability of the historical series of monthly precipitation in the municipality of

Crato, Ceara.
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The dry season spans from June to November, accounting for only 9% of the total an-
nual rainfall, which underscores the high temporal variability of precipitation characteristic
of the state of Ceara [1,5]. The municipality of Crato is located at the base of the Araripe
Plateau, in the southernmost part of Ceard, within the Cariri micro-region [21]. Due to its
location at the foot of the plateau, the area experiences relatively mild temperatures during
the winter months, while summer temperatures tend to be considerably higher.

2.2. Rainfall Data Collection

Rainfall data were collected at the automatic weather station (EMCCAB) at the
CCAB/UFCA, equipped with an automatic rain gauge and data logger (Figure 1). The data
can be accessed at https://sites.ufca.edu.br/agrotempo/ (accessed 7 September 2024).

The dataset spans from September 2020, when the station began operations, to June
2024. The station utilizes an S-RGF M002 tipping bucket pluviograph with a collection
area of 214 cm?. It has a measurement range of 127 mm h~?!, with up to 4000 tips per
recording interval. Its accuracy is +4% for rainfall between 0.2 and 50 mm h™1, and +5%
for rainfall between 50 and 100 mm h~!. Each tip corresponds to a rainfall of 0.2 mm, with
data acquisition occurring at 5 min intervals.

Using the rainfall data collected from the automatic rain gauge, the following charac-
teristics were recorded: total rainfall (mm), rainfall duration (h), average rainfall intensity
(mm h~1), and the maximum rainfall intensity over 30 min (I3g, mm h~1). Individual rain
events were classified based on a minimum inter-event time (MIET) of 6 h, as proposed
by [2]. This criterion resulted in the identification of 283 distinct natural rainfall events
during the study period, of which 69 were classified as erosive events (rainfall greater
than 12.7 mm).

2.3. Kinetic Energy Models-KE and Erosivity Index-El3y

The equation proposed by [10], specifically developed for the semi-arid region of Brazil,
was obtained, calibrated, and validated for the municipality of Iguatu, CE (Equation (1)).
The equation was derived by adjusting the original parameters of the Wischmeier and
Smith model based on field measurements and average rainfall intensity obtained from
disdrometer data. This model was adopted as the reference for estimating kinetic energy
(KE) and erosivity index (El3) and was used for comparison with globally recognized
models from the literature [13,15], for all events and erosive events.

KE_Brasil = 0.1578 +0.1049 * LogI * R (1)

where:
e KE is the kinetic energy of rainfall (M] ha™1),
e [is the average rainfall intensity (mm h=1),
e  Ris the rainfall height (mm).
The widely used Wischmeier and Smith (WS) model [11], modified by [22], was
employed to estimate kinetic energy (Equation (2)).

KE_WS = 0.119 4 0.0873 % LogI * R )

Additionally, the kinetic energy considering the temporal variation in rainfall intensity
(KE_VT) is calculated for each time interval—30 min intra-event—using the Wischmeier
and Smith [11] equation, further modified by [22]. The formulas for this calculation are
presented in Equations (3) and (4).
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KE,;= 0.119 + 0.0873 * Log I, (3)
k

KE_VT ={ ) "KE; * R, (4)
r=1

where:

o  KE; is the kinetic energy of rainfall (M] ha=! mm™1);
e I is the rainfall intensity during the adopted time interval (mm h~1).

KE_VT represents the sum of the kinetic energy for each rainfall interval, calculated
for each adopted time period (MJ ha—1). This value is multiplied by R,, which is the rainfall
height during the r-th time period of a rainfall event divided into k intervals (R mm).

Kinetic energy (KE_USDA) was estimated using the USDA model [18], which is
incorporated into the RUSLE2 equation, as shown in Equation (5):

KE_USDA = 0.29 % (1 —0.72 * EXP (—0.082 * I)) % R )

Similarly, kinetic energy (KE_Van Dijk) was estimated using the [17] model, as pre-
sented in Equation (6):

KE_Van Dijk = 0.283 % (1 —0.52 % EXP (—0.042 = 1)) * R (6)

The rainfall erosivity index (El3g) for all events and erosive events was calculated
using Equation (7) for all the KE models analyzed:

EIg(): KE =* 130 (7)

where:

e  Elyg is the rainfall erosivity index (M] ha ! mmh™1),
e  I3gis the maximum rainfall intensity over 30 min during the event (mm h=1).

2.4. Statistical Analysis

Descriptive statistics, linear regression, and boxplots were employed to analyze the
rainfall characteristics, as well as the distribution of kinetic energy and erosivity data
derived from the models in the literature. The non-parametric Wilcoxon test was used to
compare the medians of the KE and El3y data at a 99% confidence level.

The performance of the KE and EI3y models from the literature was evaluated through
graphical analysis using a 1:1 ratio plot and by statistical indicators, including the coeffi-
cient of determination (R?), mean error (ME), and root mean square error (RMSE). These
indicators measure the dispersion between the observed and estimated values, with values
closer to zero indicating a better fit.

Further assessment of model performance was carried out using the Nash-Sutcliffe
efficiency coefficient [23], which is considered satisfactory when greater than 0.75. The
Willmott concordance index (d) [24] was also used, where a value of 1 indicates perfect
agreement between observed and predicted values. Additionally, the model confidence
index (C) was calculated as the product of the correlation coefficient (r) and the Willmott
index (d), with optimal model performance indicated by a C value above 0.85 [25]. For
further details on the model performance evaluation, refer to the research by [26,27].

Statistical analyses were performed for all events and erosive events, using the Sta-
tistical Package for the Social Sciences (SPSS) version 16.0, MINITAB version 18, and
Microsoft Excel.
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3. Results and Discussion
3.1. Rainfall Event Characteristics

A total of 283 rainfall events were analyzed (Table 1). The rainfall height (R) ranged
from 0.40 mm to 107.80 mm (Table 1), demonstrating the high variability in the temporal
distribution of rainfall during these events [2]. A significant frequency of small events was
recorded, with 50% of events having a total rainfall of less than 5.20 mm (Q2 = 50%) (Table 1).
The predominance of small rainfall events is a typical feature of semi-arid regions [4,5] and
plays a crucial role in understanding hydrological processes at the basin scale [3]. These
events influence processes such as the redistribution of raindrops under vegetation, the
calculation of kinetic energy, and the assessment of the rainfall erosivity index [5,10].

Table 1. Descriptive statistics of rainfall characteristics at EMCCAB (Crato-CE).

Variables ]?‘T, er(l)tfs Mean StDev Minimum Q1 Mglzian Q3 Maximum
R 9.92 13.29 0.40 2.00 5.20 12.20 107.80
D 3.91 4.03 0.08 1.08 2.75 5.17 23.75
I 4.38 6.89 0.21 0.96 227 4.89 81.60
T 283 9.24 10.96 0.40 2.00 4.40 12.00 53.60
KE_Brasil 2.22 3.43 0.05 0.32 0.92 2.61 29.99
El3y_Brasil 50.91 136.58 0.02 0.63 4.09 32.84 1355.68

R—Rainfall height (mm); D—Rainfall duration (h); I—Average rainfall intensity (mm h™1); Ip—Maximum
rainfall intensity in 30 min (mm h~!); KE—Rainfall kinetic energy (MJ ha~!); Elzp—Rainfall erosivity index
MJha ' mmh™1); percentiles—Q1-25%, Q2-50% and Q3-75%; StDev—Standard deviation).

According to the descriptive statistics (Table 1), rainfall duration, average intensity,
maximum 30 min intensity, kinetic energy, and the erosivity index all exhibited substantial
variability, consistent with the variation observed in rainfall height. The kinetic energy of
rainfall (KE) reached a maximum of 29.99 MJ ha~!, which aligns with the upper range of
KE values reported for high-quality natural rainfall events [28], as shown in Table 1.

For the rainfall erosivity index (Elzy), 75% of the events had values below
32.84 MJ ha~! mm h™! and were associated with rainfall amounts under 12.20 mm, high-
lighting the high frequency of small rainfall events (Table 1). In Brazil’s transitional zone
between the Cerrado and Amazon biomes, ref. [8] observed that lower total rainfall in
events are associated with reduced rainfall erosivity, which in turn are associated with
lower soil erosion risks. These low-intensity events and slower erosion processes, benefit
agricultural productivity by minimizing sediment loss [9].

Despite the predominance of low-intensity events, maximum Elzy values reached
1355.68 MJ ha ! mm h1, coinciding with the highest recorded rainfall totals (Table 1),
indicating the potential for extreme erosive events even in semi-arid regions. Such high El3
values are not uncommon in northeastern Brazil; for instance, ref. [14] reported values as
high as 2806 MJ ha~! mm h~! in the Aiuaba, CE experimental basin. Similarly, the Iguatu,
CE experimental basin recorded a maximum El3; of 2868.9 MJ ha! mm h~! [29]. These
elevated values, when combined with reduced vegetation cover—which provides critical
protection against raindrop impact—can significantly increase erosion rates. According
to [10], vegetation canopy can reduce rainfall kinetic energy (KE) and erosivity (Elsp) by
30% and 39%, respectively, with the greatest reduction observed during the period of peak
foliage density in the semi-arid region.

High-magnitude rainfall events are key inputs for understanding the variability of the
El3j index, as they significantly influence hydrological and erosive processes. Consequently,
these events are critical for developing effective soil and water conservation strategies,
particularly in the context of forest adaptation to climate change [6]. Ref. [9] emphasize that
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changes in extreme precipitation can alter rainfall erosivity, thereby impacting soil erosion
dynamics. This understanding is essential for informing the implementation of targeted
soil and water conservation practices [15].

3.2. Kinetic Energy Models-KE and Erosivity Index-El3

During the study period, all natural rainfall events were used to compare the perfor-
mance of the kinetic energy and erosivity index estimation models available in the literature:
The model developed by [10] was adopted as the reference (KE_Brasil) and compared with
the models for temporal variation in intensity (KE_VT), kinetic energy by [11] (KE_WS),
kinetic energy by the [18] model (KE_USDA), and kinetic energy by the [17] model (KE_Van
Dijk), as shown in Figure 3.

35 35 =
y =0.8703x R y =0.7828x
30 1 R2=0.9947 30 1 R2=0.9999
Ty 25 1, 25
= =
S 20 3 20
B 15 @ 15
| BI
510 5 10
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0 | 0 |
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

KE Brasil (MJ ha)

35 -
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~ 30 1 R2=09867 T
< =
2 25 5 =
§ 20 <
a 15 a
Z 2
§| 10 =

5 v

0 5 10 15 20 25 30 35
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Figure 3. Estimation of kinetic energy (KE) by the Brasil model versus temporal variation in intensity-
VT (A), Wischmeier and Smith-WS (B), USDA (C), Van Dijk (D).

Among the models evaluated, the kinetic energy model that incorporates temporal
variation in rainfall intensity (KE_VT) showed the smallest underestimation relative to the
KE_Brasil reference model, with a discrepancy of 13% (Figure 3A). The globally adopted
Wischmeier and Smith model (KE_WS) underestimated KE by 22% (Figure 3B), followed by
the USDA model with a 27% underestimation (Figure 3C). The Van Dijk model exhibited
the greatest deviation, underestimating KE by 28% (Figure 3D). These results demonstrate
that while all models tend to underestimate KE compared to the Brasil reference, the degree
of underestimation varies. Moreover, statistical analysis using the Wilcoxon test confirmed
that all models differ significantly from the KE_Brasil model at the 1% significance level
(p-value = 0.000) (Figure 4A).
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Figure 4. Statistical analysis of kinetic energy-KE (A) and estimation of rainfall erosivity potential-
El3p (B) by the different models. BR-Brasil model; VI-Temporal variation in intensity model; WS-
Wischmeier and Smith model; USDA model; VD-Van Dijk model. * Different letters (a, b) represent a
statistically different median at the 1% level using the Wilcoxon test.

The higher levels of underestimation observed in the KE_WS, KE_USDA, and KE_Van
Dijk models can be attributed to their reliance on average rainfall intensity as the input
variable. This approach fails to capture the intra-event variability of rainfall intensity, which
is more accurately represented by the KE_VT model. In reality, rainfall intensity fluctuates
significantly during an event rather than remaining constant [6,7,16]. Additionally, these
empirical models were originally developed under climatic conditions distinct from those
of the Brazilian semi-arid region, which further contributes to their reduced accuracy when
applied in this context. Consistent with the present findings, ref. [10] also identified the
KE_VT model as the most suitable for estimating rainfall kinetic energy in the Iguatu-CE
Experimental Basin.

To evaluate model performance (Table 2), all kinetic energy (KE) and rainfall erosivity
index (El3p) models were compared against the reference KE_Brasil and El3p_Brasil models.
Statistical analyses indicated that all tested models demonstrated strong performance, with
Nash-Sutcliffe efficiency coefficients (Nash) exceeding 0.8, indicating high predictive accu-
racy. Similarly, the Willmott index of agreement (d) values were greater than 0.9, reflecting
excellent concordance with the reference model. Furthermore, the model confidence index
(C) also exceeded 0.9 for all models, confirming their high reliability when compared to the
Brasil-specific reference.
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Table 2. Statistical analysis of the methods for estimating kinetic energy-KE and estimating rainfall
erosivity potential-El3 in relation to the Brasil model.

Indexes Error
Methods

Nash d C Performance RMSE ME
Brasil x VT 0.97 0.99 0.99 optimal 0.59 0.29
Brasil x WS 0.93 0.98 0.98 optimal 0.89 0.50
LQ Brasil x USDA 0.89 0.96 0.96 optimal 1.14 0.68
Brasil x Van Dijk 0.89 0.96 0.96 optimal 1.12 0.56
Brasil x VT 0.98 0.99 0.99 optimal 20.46 5.85
8 Brasil x WS 0.95 0.98 0.98 optimal 31.14 11.08
= Brasil x USDA 094 0.98 0.98 optimal 34.31 13.67
Brasil x Van Dijk 091 097 0.97 optimal 39.88 13.81

KE, RMSE, and ME-(M]J ha~1); Elzy, RMSE, and ME-(MJ ha~! mm h~1); Brasil model; VT-Temporal variation in
intensity model; WS-Wischmeier and Smith model; USDA model; VD-Van Dijk model. Nash > 0.75-Very good;
Willmott concordance index (d) > 0.90-Excellent; model confidence index (C) > 0.85-optimal.

The mean error (ME) and root mean square error (RMSE), which assess the dispersion
of measured versus estimated values, revealed that the KE_VT and El3,_VT models exhib-
ited the lowest values, demonstrating superior performance in representing both KE and
El;j data. As shown in Figure 3A, the KE_VT model was the least prone to underestimating
the KE_Brasil data, making it the most accurate for this dataset. In contrast, the Wischmeier
and Smith (WS) and USDA models yielded intermediate results, while the Van Dijk model
exhibited the poorest performance in estimating KE and El3, suggesting its limited suit-
ability for semi-arid environments like the one studied. These findings underscore the
necessity of adapting models to local climatic conditions for more accurate hydrological
predictions (Table 2).

Since the Eljy is directly dependent on the KE values obtained by the different models
(Figure 3), it was observed that all the models similarly underestimated the El3; data
(Figure 5). The model incorporating temporal variation in intensity (El3o_VT) exhibited
the smallest underestimation of the El3y_Brasil data, with a 13% difference (Figure 5A). In
comparison, the model widely used in soil erosion studies (El3p_WS) underestimated the
El3,_Brasil data by 22% (Figure 5B), while the USDA model showed a 23% underestimation
(Figure 5C). The El3p_Van Dijk model, however, had the greatest underestimation, at 28%
(Figure 5D). All models were statistically different from El3y_Brasil at the 1% significance
level (p-value = 0.000) as determined by the Wilcoxon test (Figure 4B).

According to [6,7], South America, including the semi-arid region of Brazil, expe-
riences some of the highest annual rainfall erosivity values. The results presented in
Figures 3 and 5 highlight the importance of carefully selecting the appropriate model for
estimating kinetic energy and the rainfall erosivity index [10,13,15]. With the ongoing trend
in global warming, soil erosion is expected to be significantly affected by changes in rainfall
erosivity, and it is of the utmost importance to choose an adequate erosivity quantification
model. Extreme rainfall events, in particular, have the potential to aggravate soil erosion,
thereby diminishing soil quality, fertility, and the overall health of ecosystems [9].

Given this context, selecting an inappropriate model to estimate El3j can result in
misleading conclusions, making it impossible to accurately calculate soil loss at the scale
of individual rainfall events [6,7,10,13,15,16], especially in the arid and semi-arid regions
of the world. The refinement of rainfall erosivity models has important implications for
the soil erodibility factor (K) in the USLE, RUSLE, and RUSLE2 frameworks. To maintain
consistency and accuracy in erosion predictions, it’s important to recalibrate K when
applying updated erosivity methods [30].
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Figure 5. Estimation of rainfall erosivity potential (El3p) by the Brasil model versus temporal variation
in intensity-VT (A), Wischmeier and Smith_WS (B), USDA (C), Van Dijk (D).

As seen in Figures 3 and 5, all the models show discrepancies, particularly for higher
values of KE and Elj3, corresponding to more intense rainfall events. However, for lower
rainfall intensities, all models perform well when compared to the reference model. This
behavior can be attributed to the smaller raindrops, which, even at low speeds, cause
minimal erosion, regardless of the rainfall intensity [5,10,13].

Based on the findings of this study, it is evident that optimizing and refining rainfall
erosivity estimation models is crucial, and the integration of remote sensing data can be
valuable, especially when predicting changes in extreme rainfall erosivity both regionally
and globally [9]. Future research should focus on understanding how the inappropriate
selection of rainfall erosivity quantification models can impact soil erosion, particularly
in the semi-arid regions of northeastern Brazil and other arid and semi-arid regions of
the world.

3.3. Erosive Events

The separation of erosion events using a precipitation threshold of 12.7 mm, as de-
fined by Wischmeier and Smith [11], yielded statistically similar results to analyses that
included all events (see Supplementary Material). Although this threshold has been widely
adopted across diverse regions and climatic contexts [13], alternative criteria have also been
employed. For example, Jiang et al. [19] used a 30 mm threshold in their study of erosive
rainfall in the karst landscapes of Guizhou Province, China. Such variation underscores the
complexity of defining erosive rainfall, as soil erosion is influenced by more than just pre-
cipitation amount. Key characteristics such as rainfall intensity, duration, and total depth
significantly contribute to erosive processes [13], and these factors are further modulated
by local conditions, including climate, topography, data resolution, and methodological
choices [20].
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Given that our study is based on a relatively recent monitoring effort spanning four
years, we opted to include all recorded natural rainfall events in our analysis. This deci-
sion is supported by the finding that their inclusion does not significantly influence the
uncertainties of the KE and EI30 models when compared to the regional model. Within this
dataset, 75% of the events exhibit precipitation totals below 12 mm—a pattern typical of
semi-arid environments, where small but frequent rainfall events are common. Although
these events fall below conventional erosivity thresholds, they remain important for under-
standing local hydrological dynamics, particularly in terms of soil moisture replenishment,
runoff initiation, and interactions with surface processes.

Future research should incorporate longer-term datasets and critically assess the appli-
cability of commonly used erosive precipitation thresholds, such as the 12.7 mm criterion
proposed by Wischmeier and Smith [11]. Given the variability of rainfall characteristics
and the influence of local environmental conditions, especially in semi-arid regions, such
thresholds may not fully capture the complexity of erosive processes. A more nuanced eval-
uation could improve the accuracy of erosivity modeling and enhance our understanding
of soil erosion dynamics under diverse climatic contexts.

4. Conclusions

The monitoring of 283 rainfall events revealed that 75% of the events had an El3( value
of less than 32.84 MJ ha~! mm h~!, with rainfall amounts under 12.20 mm, highlighting
the high frequency of small rainfall events and significant temporal variability.

Among the kinetic energy (KE) models, the model incorporating temporal variation
(KE_VT) exhibited the least underestimation of KE and El3y data (13%), for all events and
erosive events. This was followed by the Wischmeier and Smith (WS) and USDA models,
while the Van Dijk model showed the greatest underestimation (28%), for all events and
erosive events. Statistically, all models differed significantly at the 1% level (p-value = 0.000)
when compared to the reference Brasil model, for all events and erosive events.

The statistical efficiency criteria indicate that while all models performed well, the
KE_VT model provided the best representation of the KE and El3 data, for all events and
erosive events. Conversely, the Van Dijk model was the least effective for estimating these
values, for all events and erosive events.

All the models tested demonstrated some degree of inaccuracy, particularly in estimat-
ing higher values of kinetic energy (KE) and rainfall erosivity index (El3() associated with
more intense rainfall events. However, for lower rainfall intensities, all models performed
relatively well when compared to the reference model. These findings underscore the need
for a more rigorous selection process when choosing models for estimating KE and El3j in
studies involving hydrological processes and related modeling.

This study highlights the importance of region-specific calibration and the poten-
tial consequences of model misapplication in semi-arid environments, offering valuable
insights for future research and model development in rainfall erosivity estimation.

Future research should incorporate long-term datasets and critically evaluate the
applicability of erosive precipitation thresholds, especially considering their variability and
implications for erosivity modeling in semi-arid regions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/hydrology12070181/s1, Figure S1: KE_Brasil model comparison
with other models; Figure S2: Statistics of KE and EI30 (B) by the different models; Figure S3:
EI30_Brasil model comparison with other models; Table S1: Statistics of KE and EI30 for all models.
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