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ABSTRACT. Water soil erosion is a significant threat to agricultural sustainability and a key process of land 
degradation. Climate change is altering precipitation patterns and increasing rainfall erosivity globally, leading to 
more extreme hydrological conditions, yet many agriculturally significant regions lack detailed long-term analysis. 
This study addresses this gap by quantifying 90-year trends (1934–2023) in key precipitation metrics—total depth, 
number of rainy days, heavy rainfall (% of rainfall ≥ 50 mm), and rainfall erosivity (R-factor)—in a critical cropland 
region of Argentina. Analysis of daily data from the Paraná Agrometeorological Station revealed significant 
breakpoints in the 1970s. Post-breakpoint increases were observed for annual rainfall depth (+16% since 1975), rainy 
days (+19% since 1972), heavy rainfall events (+21% since 1971), and rainfall erosivity (+24% since 1977). On a 
monthly basis, March exhibited the highest erosivity. Despite a recent decrease in total monthly precipitation for 
March, its erosive potential appears to be sustained by a higher concentration of rainfall in intense events. Conversely, 
the period from May to September was characterized by lower and more stable erosivity values. Positives and 
significant correlations were established between the El Niño-Southern Oscillation (ENSO), measured by the Oceanic 
Niño Index (ONI), and all rainfall variables, with the strongest influence observed during the spring-summer seasons 
for rainfall depth (r= 0.24 to 0.51). Furthermore, the frequency of quarters classified as El Niño conditions has 
increased about 91% since the mid-1970s breakpoint. This study demonstrates a clear climatic shift towards 
conditions of higher precipitation and greater erosivity in the region. These findings underscore the urgent need for 
enhanced soil and water conservation policies to mitigate the increasing risk of land degradation. 

 

Patrones de precipitación y erosividad: un estudio de 90 años en una región agrícola de 
Argentina 
RESUMEN. La erosión hídrica constituye uno de los principales procesos de degradación de suelos y representa 
una amenaza para la sostenibilidad de los sistemas agrícolas. En el contexto del cambio climático, se han observado 
modificaciones en los regímenes de precipitación y un incremento de la erosividad de las lluvias a escala global, 
lo que se traduce en una mayor recurrencia de condiciones hidrológicas extremas. No obstante, diversas regiones 
de relevancia agroproductiva aún presentan un vacío de conocimiento en relación con análisis sistemáticos de 
largo plazo. El presente estudio contribuye a subsanar esta limitación mediante la evaluación de las tendencias 
registradas durante un período de 90 años (1934-2023) en variables pluviométricas clave—precipitación total 
anual, número de días con precipitación, lluvias intensas (% de lluvia en eventos mayores a 50 mm) y erosividad 
de la lluvia (factor R)—en una región agrícola estratégica de Argentina. El análisis de datos diarios 
correspondientes a la Estación Agrometeorológica Paraná permitió identificar puntos de cambio significativos 
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durante la década de 1970. Durante el segundo periodo identificado se registraron incrementos en la precipitación 
anual (+16 % desde 1975), en el número de días con lluvia (+19 % desde 1972), lluvias intensas (+21 % desde 
1971) y en la erosividad de la lluvia (+24 % desde 1977). A escala mensual, marzo presentó los valores más 
elevados de erosividad. Si bien se observó una disminución reciente de la precipitación total mensual en dicho 
mes, el potencial erosivo se mantuvo elevado, probablemente como consecuencia de una mayor concentración de 
la precipitación en eventos de alta intensidad. En contraste, el período comprendido entre mayo y septiembre se 
caracterizó por valores de erosividad más bajos y una mayor estabilidad temporal. Asimismo, se determinó una 
correlación positiva y estadísticamente significativa entre el fenómeno El Niño–Oscilación del Sur (ENOS), 
cuantificado mediante el Índice Oceánico de El Niño (ONI), y el conjunto de variables pluviométricas analizadas, 
siendo la influencia más marcada durante las estaciones de primavera y verano. Adicionalmente, se constató un 
incremento en la frecuencia de trimestres clasificados bajo condiciones El Niño a partir del punto de cambio 
identificado a mediados de la década de 1970. Los resultados evidencian un desplazamiento del régimen climático 
regional hacia escenarios caracterizados por mayores precipitaciones y un incremento sostenido de la erosividad. 
Estos hallazgos refuerzan la necesidad de implementar y fortalecer estrategias integrales de conservación de suelos 
y agua, con el fin de reducir el riesgo creciente de degradación de suelos en la región. 
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1. Introduction 

Rainfall erosivity is one of the most important parameters for describing soil erosion processes 
by water ( López-Vicente et al., 2008). The rainfall erosivity factor (R) is an index that describes the 
power of rainfall and runoff to cause soil detachment and transport and deposition (Renard et al., 1997) 
and is calculated with rainfall depth and intensity records. At a global scale, Panagos et al. (2017) 
published the first global map with erosivity values estimated as R factors (based on the equation of the 
RUSLE2 model of soil erosion by water). The mean of the global R-factor map is 2190 MJ mm ha−1 h−1 
yr−1 with high variability. For South America, the average R factor is 5874 MJ mm ha−1 h−1 yr−1: Chile 
has the lowest value (1320 MJ mm ha−1 h−1 yr−1), followed by Argentina (2232 MJ mm ha−1 h−1 yr−1). 
The rest of the South American countries have high mean erosivity values (>3700 MJ mm ha−1 h−1 yr−1). 
They reported that the spatial patterns of the highest erosivity values coincided with the corresponding 
patterns of extreme rainfall events. Therefore, R values present strong spatial and temporal variability, 
as they are linked to changes in precipitation parameters (Angulo-Martínez et al., 2009).  

In the current scenario of climate change, and using 2010 as a baseline, Panagos et al. (2022) 
estimated an increase in global rainfall erosivity between 26.2 and 28.8% for 2050 and 27–34.3% for 2070. 
Specifically for South America, they estimate an increase of 12.9% by 2050, which varies depending on 
the region considered. Over Brazil, Almagro et al. (2017) predicted significant increases (up to 109%) and 
decreases (as much as –71%) in rainfall erosivity for different parts of the country over the current century. 
These studies show that the R factor is changing globally due to climate change, but at the same time, the 
orientation and magnitude of the change differ across different regions of the planet. 

On a global scale, the Intergovernmental Panel on Climate Change (2023) agrees that there is 
evidence of change in some extreme events from observations collected since 1950. Nevertheless, 
confidence in these data depends on the quality and quantity of the data, which vary across regions and 
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for different variables. For precipitation, the global mean precipitation over continental surfaces is likely 
to have increased since 1950, with a more rapid rate of increase since the 1980s, but the statistical 
analysis has medium confidence. The frequency and intensity of heavy precipitation events have 
increased since the 1950s over most land areas for which observational data are sufficient for trend 
analysis. Similarly, a study at a global scale by Alexander et al. (2006) reported a general increase in 
precipitation indices for the 1979–2003 period concerning 1901-1950.  

In Southeast South America, there were increasing trends in annual rainfall during the period 
1950–2008 (Magrin et al., 2014a), as well as a remarkable increase in the frequency of extreme 
precipitation over different thresholds ranging from 50-125 mm (Re and Barros, 2009). It is one of the few 
subregions where a robust positive trend in precipitation and significant intensification of heavy 
precipitation have been detected since the early 20th century with high confidence. A decade ago, Magrin 
et al. (2014a) predicted an increase of 25% in rainfall for this region by 2100. In addition, southern South 
America is one of the extratropical regions most affected by the El Niño/Southern Oscillation (ENSO) 
phenomenon (Grimm et al., 2000). ENSO is one of the most important patterns of so-called interannual 
climate variability, which includes changes in the circulation of the atmosphere that can last from several 
months to a few years. During the so-called El Niño (EN) phenomenon, there is anomalous warming of 
the surface waters of the Central and Eastern Equatorial Pacific Ocean, and the sea surface temperature 
(SST) is then characterized by positive anomalies (SST> 0) and, inversely, La Niña (LN) (anomalous 
cooling of the same waters). Throughout EN, the region experiences positive precipitation anomalies 
during the spring and period from November to February of the following year, whereas during LN 
precipitation tends to decrease between June to December. However, Barros et al. (2008) suggested that 
this is true for the northern part of South America, but not for the southern part (south of 30°S).  

Over most of the Argentine territory, positive trends in precipitation were observed from 1916–
1991, especially since the 1950s (Barros et al., 2000). In recent decades, the most important region 
suitable for agricultural production in Argentina (“Pampas region”), has experienced increases both in 
average values and in the frequency and intensity of occurrence of extreme climatic events (Magrin et 
al., 2014b; Podestá et al., 2009). Casas (2015) states that soil erosion increased during the period 1965-
2015, with a marked increase since 1990, leading to soil degradation in agricultural areas of the country, 
especially in sloping areas of the humid Pampas and Mesopotamian regions (Casas, 2015).  

In the province of Entre Ríos (Argentina), water erosion is an important problem (Sasal et al., 
2015). This is particularly relevant given that it is located within the “Pampas region” and ranks fourth 
in terms of the area planted with cereals and oilseeds in the country (Ministerio de Economía, 2023). 
However, the availability of meteorological information with high-resolution rainfall measurements at 
a small time step, needed to calculate the R factor, is generally not available, particularly over the large 
periods necessary to calculate the effects of climate change on precipitation parameters and depends on 
the study region. For these reasons, although there are studies on the Pampas region with the 
methodology of calculating R, there are an increasing number of studies that correlate and estimate 
erosivity on the basis of indices (Ares et al., 2010; C.M. Di Leo et al., 1999; Behrends Kraemer et al., 
2018; Maggi, 2002). For Entre Ríos, the R factor for 1950-2005 was obtained by Rojas and Conde 
(1985) and actualized by Saluso (2008): 6088 MJ mm ha−1 h−1 yr−1 (using the methodology proposed by 
USLE). Recently, Crettaz et al. (2016) applied the Modified Fournier Index and validated its use for the 
calculation of the R factor for the study area for the same period. In general, they reported an increase 
in precipitation and R factor values in recent decades. However, no study has calculated R in this region 
for dates before 1950 or after 2005. 

To fill in this gap, this study involves a period of 90 years (1934-2023) in the area of influence 
of Paraná, Entre Ríos (Argentina) with the objective of identifying changes in precipitation and erosivity 
under the climate change scenario. The specific objectives were to i) evaluate annual and seasonal 
evolution of precipitation depth, number of rainy days and intense rainfall (≥ 50 mm), ii) estimate rainfall 
erosivity and characterize its annual and seasonal trend, and iii) evaluate the influence of ENSO on the 
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four rainfall parameters. This study aids in improving the knowledge about the consequences of the 
current climate change on rainfall erosivity and soil degradation. In addition, our results will be of 
interest to farmers with respect to water availability and highlight the need to promote soil conservation 
policies against soil water erosion. 

 

2. Materials and methods 

2.1. Study area and data availability 

The study was carried out at the Paraná Experimental Station of the Instituto Nacional de 
Tecnología Agropecuaria (INTA-Paraná) of Entre Ríos Province, Argentina (-31° 50’ 55.7” S, -60° 32’ 
10.2” O). This study site was chosen because of the extensive temporal duration of the data series. 
Within the study region, it is the agrometeorological station with the longest series, with 90 years of 
uninterrupted data collection (Fig. 1). 

The region has a subhumid and temperate climate with no dry season, which corresponds to the 
“Cfa” classification of Köppen (Peel, 2007). The latest report for this area, with a reference period of 30 
years (1991-2020), revealed an average temperature of 18.8 °C and an average annual precipitation of 
1102 mm (Wingeyer et al. 2022). The area is covered by a fine, illitic, thermic Aquic Argiudoll (US 
Soil Taxonomy) of the Tezanos Pinto Series (Luvic Phaeozem, WRB). The texture of the A horizon is 
silty loam with 27 and 66% of clay and silt, respectively (Plan Mapa de Suelos, 1998). This soil belongs 
to the order Mollisol, which represents approximately 25% of the total area of Entre Ríos and is used 
mainly for agriculture: cereal and oilseed crops (Gabioud, 2018). The main soil constraint to cropping 
is its susceptibility to water erosion due to a combination of various factors: intense rainfall, very long 
slopes (>500 m) with relatively low gradients, the silty texture of the topsoil and the low permeability 
of the B horizon of the Argiudolls (Sasal et al., 2010). 

Daily rainfall data from the Agrometeorological Station of INTA-Paraná corresponding to the 
period 1934–2023 was obtained from a type B rain gauge (Saluso, 1999). The estimated and analysed 
variables at the monthly and annual scales were as follow: rainfall depth (mm), number of rainy days 
(n), heavy rainfall (% of rainfall ≥ 50 mm), and rainfall erosivity (MJ mm ha-1 h-1 month-1 or yr-1). Heavy 
rainfall was calculated as a percentage of rainfall on days with ≥ 50 mm concerning the total rainfall 
(annual and monthly). 

 

 

Figure 1. Location of the Agrometeorological Station of INTA-Paraná in Argentina and other meteorological 
stations with in the region, with the indication of the length of the available time series. 



Rainfall pattern and erosivity 

Cuadernos de Investigación Geográfica, 52 (1), 2026. pp. 23-48 27 

Considering the literature on the influence of the ENSO phenomenon in the area and to refine 
the analysis of rainfall parameters evolution, the ONI for the 1934-2023 period was calculated via the 
free available data at the website of the National Oceanic and Atmospheric Administration U.S. 
Department of Commerce (NOAA, 2024).  

 

2.2. Assessment and validation of rainfall erosivity 

The formulas for computing rainfall erosivity have changed over the years on the basis of new 
scientific results (Nearing et al., 2017). The first equation was developed in 1958 by Wischmeier and 
Smith (involved in the Universal Soil Loss Equation (USLE)). They defined the erosivity of a rainfall 
event (EI30; MJ mm ha−1 h−1 event−1) as a multiple of two factors: I) the rainfall energy of the storm (E; 
MJ ha−1 event−1) and II) the maximum continuous 30-min intensity during an individual storm (I30; mm 
h−1). Recently, the Revised Universal Soil Loss Equation version 2 (RUSLE2) (USDA-Agricultural 
Research Service, 2013) proposed the use of the following exponential equation (Equation 1):  

𝑒𝑒 = 0.29�1 − 0.72𝑒𝑒𝑒𝑒𝑒𝑒(−0.082𝑖𝑖)�  (1) 

where e (MJ ha−1 mm−1) is the energy of the rainfall per unit rainfall depth, and i (mm h−1) is the rainfall 
intensity (mm h−1) recorded according to the temporal resolution of the rain gauge.  

The rainfall erosivity for an entire storm (EI30) includes a n number of records r, and is 
subsequently calculated as the sum of all e multiplied by the volume of rainfall registered during the r 
period (ΔVr, mm) and multiplied by the maximum continuous 30-min rainfall intensity of the storm, I30 
(mm h−1) (Equation 2): 

𝐸𝐸𝐸𝐸30 = (∑ 𝑒𝑒𝑟𝑟∆𝑉𝑉𝑟𝑟𝑟𝑟=𝑛𝑛
𝑟𝑟=1 )𝐼𝐼30  (2) 

Finally, the R factor is the sum of all EI30 values obtained during one year. Given that the 
necessary records for calculating rainfall erosivity according to this methodology are not available for 
the entire study period (1934-2023) in the study area, R was estimated in accordance with the proposal 
of de Santos Loureiro and de Azevedo Coutinho (2001). These authors proposed an equation involving 
monthly rainfall for days with ≥10.0 mm (rain10) and the monthly number of days with rainfall ≥10.0 
mm (days10) for the Algarve region in Portugal (Equation 3). This equation has the advantage of being 
applicable in places with daily rainfall values. It has been tested successfully in Italy (Diodato, 2004), 
Spain (López-Vicente et al., 2011), northern Portugal (Bertocco et al., 2025), the Mekong River Basin 
(Suif et al., 2016), Poland (Halecki et al., 2018), Georgia (Tsitsagi et al., 2018) and Vietnam (Ranzi et 
al., 2012). 

𝑅𝑅 = � (7.05 · 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟10𝑚𝑚 −12
𝑚𝑚=1 88.92 · 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑10𝑚𝑚)  (3) 

where m is the month. 

To evaluate its robustness, validation was carried out with values obtained with the approach of 
R-RUSLE2, using available data from a shorter time series (1999-2023). For this purpose, we used 15-
minute rainfall data obtained from a float-type rain gauge of the Agrometeorological Station of INTA-
Paraná (Saluso, 1999). Despite the impossibility of validating the robustness of Eq. (3) for the first 
decades of our precipitation database, we assumed the validity of this equation in order to achieve the 
objective of this study. Then, erosivity was calculated via Equation (1) and (2).  

Finally, the values of annual and monthly rainfall erosivity obtained through the two 
methodologies (exponential and linear) were correlated and evaluated. 
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2.3. Statistical analysis 

2.3.1. Annual values and variability of rainfall parameters 

The variables under study were analysed with descriptive statistics and correlation analysis 
(Pearson's coefficient). The statistical packages “strucchange” (Bai and Perron, 1998) and 
“changepoints” (Scott and Knott, 1974) with R software (version 4.4.0) (R Core Team, 2020) were used 
to identify breakpoints in time series data in the annual values of the four variables (rainfall depth, 
rainfall erosivity, number of rainy days and heavy rainfall). Before this, normal distribution of the data 
was checked. Bayesian Information Criterion (BIC) was used as a penalty to determine the breakpoints 
by considering the points of change in the mean and their location in the data series (Fearnhead, 2019).  

 

2.3.2. Seasonal variability of rainfall parameters 

To characterize the monthly and seasonal patterns of each variable of precipitation (P), and how 
these patterns evolved over the study period (T = 90 years), the relative differences (δP,t,y) were calculated 
at each month t of each year y (equations 4a, b), and then, their mean relative difference (MRDP,T) (equation 
4c) and standard deviation of the relative difference (SDRDP,T) (equation 4d) for the whole period were 
calculated. The combined analysis of MRD and SDRD has been useful for identifying patterns and their 
variability for any type of variable and is frequently used in soil science, especially for the evaluation of 
soil moisture and temperature dynamics (Vachaud et al., 1985; Nolz and Loiskandl, 2017; Wei et al., 2017; 
López-Vicente and Álvarez, 2018). These metrics are less common in time-series analysis of precipitation 
datasets, but MRD was successfully used by Henn et al. (2018) in the western United States, by Wang et 
al. (2019) in eastern China, and by Nordlund and Tuomenvirta (1998) in Finland. 

𝑃𝑃𝑦𝑦� =  1
12

 ∑ 𝑃𝑃𝑡𝑡𝑡𝑡=12
𝑡𝑡=1   (4a) 

𝛿𝛿𝑃𝑃,𝑡𝑡,𝑦𝑦 =  𝑃𝑃𝑡𝑡− 𝑃𝑃𝑦𝑦����

𝑃𝑃𝑦𝑦����
  (4b) 

𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃,𝑇𝑇 =  1
90

 ∑ 𝛿𝛿𝑃𝑃,𝑡𝑡,𝑦𝑦
𝑦𝑦=90
𝑦𝑦=1   (4c) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃,𝑇𝑇  =  � 1
89
∑ �𝛿𝛿𝑃𝑃,𝑡𝑡,𝑦𝑦  −  𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃,𝑇𝑇�

2𝑦𝑦=90
𝑦𝑦=1    (4d) 

𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃,𝑇𝑇 =  �𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃,𝑇𝑇
2 +  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃,𝑇𝑇

2  (4e) 

To refine the analysis of the temporal series, the index of the temporal stability (ITSP,T) 
(equation 4e) was calculated for the whole period and for all the variables. ITS provides a single metric 
to identify the months that are closest to the mean of each variable under study and that are also 
temporally stable (Zhao et al., 2010; Zhang et al., 2022). The point with the most representative 
conditions of the whole dataset is identified as the one with the lowest ITS (closest to zero), and threshold 
values of the ITS can be used to identify the most divergent months (López-Vicente et al., 2023). Finally, 
considering the different periods obtained in the breakpoint analysis, the MRD parameter of each 
variable was calculated again for each period, and the results were evaluated in the context of the climate 
change that already occurred between 1934-2023. The comparative analysis was carried out with 
parametric (ANOVA) and nonparametric (Kruskall Wallis) tests according to the normality of the data. 
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2.3.3. Influence of ENSO 

The behaviour of the ENSO phenomenon was evaluated through the Oceanic Niño Index (ONI). 
It is NOAA's primary index for tracking the ocean part of ENSO, and it has become the de facto standard 
that is used for classifying El Niño and La Niña events in the eastern tropical Pacific. The monthly sea 
surface temperatures (STT) for the Niño 3.4 region were obtained at NOAA (2024) and the average 
monthly temperature was calculated for the 1934-2023 period. The difference from the average 
(anomaly) of each month of the study period was subsequently calculated. The ONI index was finally 
expressed as the rolling 3-month average temperature anomaly. Periods with different means and/or 
variances were searched for, using the same statistical packages cited in section 2.3.1, for the annual 
ONI values (calculated by averaging the quarterly values). 

In addition, frequency analysis of ONI values (according to the quarterly timeframe scale of 
three months reported by NOAA) between those periods was performed via the Chi-square test. The 
ONI values were classified according to NOAA: neutral (-0.5 to +0.5), El Niño (above +0.5) and La 
Niña (below -0.5). The threshold was further broken down into Weak (with a +- 0.5 to +-0.9), Moderate 
(+- 1 to +-1.4), Strong (+- 1.5 to +-1.9) and Very Strong (≥ +- 2) events. 

To determine the possible effect of the ENSO phenomenon on precipitation variables 
(teleconnection), linear correlations were established between the ONI and the four calculated rainfall 
variables. All of them were calculated quarterly (according to the same ONI time cut-off). Correlations 
were made between the same quarters and between outdated quarters (up to 2 quarters later), considering 
possible delays in response time for the region (Camilloni, 2006; Jozami et al., 2015). 

A schematic summary of the work conducted for each of the specific objectives of the study is 
presented below (Fig. 2.), considering the available data, the analyses performed, and the variables under 
study. 

 

 

 

Figure 2. Conceptual framework illustrating the workflow and variables considered in this study. 
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3. Results 

3.1. Evolution of rainfall depth, rainy days and heavy rainfall between 1934-2023 

Average annual rainfall for the 90 years was 1029 mm, with the two highest values registered 
in the second half of the data series (1818 mm in 1978, and 1617 mm in 2000), and the two lowest values 
obtained in the first half of the data series (494 mm in 1937, and 532 mm in 1962). The annual rainfall 
depth exhibited marked interannual variability, with a median and standard deviation values of 1021 
and 239 mm, respectively. Rainfall showed a spring‒summer‒autumn concentration, with the highest 
records in March (14.8%) and the lowest in July (2.8%) (Fig. 3a). Average annual number of rainy days 
was 76 days, with a maximum value of 114 days (year 2001) and a minimum of 39 days (year 1935). 
The median and standard deviation were 78 and 14 days, respectively. Despite the monthly distribution 
of rainy days did not show the marked differences of rainfall depth, a decrease in the magnitude of both 
variables occurred during winter season (Fig. 3b). Concerning heavy rainfall (percentage of precipitation 
on days with ≥ 50 mm concerning total precipitation), the average annual value was 28.2%, with a 
maximum value of 49.7% obtained in 2023 and a minimum value of 0% found in 1937, 1962 and 1968. 
Heavy rainfall in the winter months presented the lowest percentages (following the precipitation regime 
of the area) (Fig. 3c). The median and standard deviation were 28.7% and 12.2%, respectively. 

Analyses to identify breakpoints in all four series revealed two periods with different means, 
with the breakpoint always occurring in the decade of 1970s. Annual rainfall breakpoint was in 1975 
(p-value = 0.0022). The average precipitation in the second period (1100 mm) was 16% greater than 
that in the previous period (Fig. 4a). For the annual number of rainy days, the breakpoint year was 1972 
(p-value = 1.95E-06), with a means of 69 and 82 days (19% greater) in the first and second periods, 
respectively (Fig. 4b). In terms of heavy rainfall, the breakpoint was in 1971 (p value= 0.03365). During 
the second period, there was a 21% increase in the percentage of heavy rainfall, with mean values of 
25.2% and 30.5% in periods I and II, respectively (Fig. 4c).  

 

 
Figure 3. Monthly mean rainfall depth (a), number of rainy days (b), heavy rainfall (c), and rainfall erosivity 

–linear approach– (d) calculated for the period 1934-2023. Vertical lines represent standard error of the 
mean (SEM). 
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Figure 4. Annual values (1934-2023) and mean and standard errors (inset figure) in periods I and II 

according to breakpoint (breakdate in an orange-filled box): annual rainfall (a); annual number of rainy days 
(b); annual heavy rainfall (%) (c); annual rainfall erosivity (d). Inset figures: different letters indicate 

significant differences between the periods (ANOVA test LSD Fisher, p < 0,05) and vertical lines represent 
standard error of the mean (SEM). 

 

3.2. Evolution of rainfall erosivity based on annual data between 1934-2023  

3.2.1. Robustness of the linear approach of rainfall erosivity 

For the period from 1999-2023, with larger time-resolution data, the average annual values of 
R were 4194 and 8311 MJ mm ha-1 h-1 yr-1 according to the approach of de Santos Loureiro and de 
Azevedo Coutinho, and RUSLE2 equations, respectively. The correlation coefficient (Spearman) for 
the annual values was 0.80 (n=25) (Supplementary content 1a), and for the monthly values was r=0.87 
(n=300) (Supplementary content 1b).  

 

3.2.2. Rainfall erosivity trend 

The average annual rainfall erosivity (R) for the whole period (1934-2023) was 3649 MJ mm 
ha-1 h-1 yr-1 and the years with the maximum (8222 and 6939 MJ mm ha-1 h-1 yr-1) and minimum (797 
and 1086 MJ mm ha-1 h-1 yr-1) rainfall erosivity were the same as those of the annual rainfall. The 
distribution of rainfall erosivity over the months mirrored the behaviour of the rainfall depth (Fig. 3d). 
The breakpoint of R appeared in 1977 (p-value = 0.0032). The erosivity value during the second period 
was 24% greater than that during the first period: 4035 and 3244 MJ mm ha-1 h-1 yr-1, respectively (Fig. 
4d). As for the previous variables, rainfall erosivity showed a marked interannual variability, with a 
median and standard deviation of 3603 and 1293 MJ mm ha-1 h-1 yr-1, respectively.  

 

3.3. Correlation of the parameters  

The linear correlations between the four precipitation variables at the annual scale were 
significant in all the cases (Table 1), with coefficients ranging from 0.96 (between rainfall depth and 
rainfall erosivity) to 0.23 (heavy rainfall and rainy days). The significant influence of ‘heavy rainfall’ 
on rainfall erosivity is noteworthy, with a coefficient even higher than that obtained with the variable 
'rainy days' (r= 0.70 vs 0.52). 
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Table 1. Pearson’s coefficients of the rainfall variables at the annual scale (n=90) (**p-value<0,0001, *p-
value<0.05). 

 Rainfall depth Rainy days Heavy rainfall Rainfall erosivity 
Rainfall depth 1    

Rainy days 0.67** 1   
Heavy rainfall 0.58** 0.23* 1  

Rainfall erosivity 0.96** 0.52** 0.7** 1 

 

3.4. Seasonal variability  

3.4.1. Analyses of variables on a monthly scale (1934-2023) 

The monthly variability of rainfall yielded the following points (Fig. 5a): I) The months of the 
period from May-September were those that, on average (T=90 years), had negative MRD values (below 
monthly average rainfall). Specifically, the winter months (June, July, August) were 60% drier than the 
monthly average, and this behaviour was moderately stable (which means that it was a behaviour with 
some confidence of occurrence). The remaining months had positive MRD values (moister conditions). 
The analysis of the distribution of the data (quartiles) allowed classification into dry months: July and 
August (values < to Q1: 37.3 mm); and wet months: December, January and March (values > to Q3: 
111.7 mm). June and November were on the border lines of Q1 and Q3, respectively. And II) Regarding 
the temporal stability (ITS) of the monthly values, December, January and March were the most unstable 
in the period analysed, and thus, their behaviour was less predictable.  

 

 

Figure 5. Monthly values of the mean relative difference (MRD) and index of temporal stability (ITS) of 
rainfall depth (a); number of rainy days (b); heavy rainfall (c); and rainfall erosivity (d) for the 90-year study 

period (1934-2023). 
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The time series analysis of the monthly number of rainy days (Fig. 5b) revealed greater stability 
than the rainfall depth did. Compared with those of monthly rainfall, MRD values presented smaller 
differences between months and lower values of ITS. However, some differential behaviours of certain 
months could be highlighted. Although high monthly rainfall values did not occur in October, it 
presented a high number of rainy days. In contrast, January, despite its high monthly rainfall values, did 
not have high values of rainy days. Finally, it should be noted that for this variable, the winter months 
show the same or greater instability than the summer months do: August had the highest value of ITS 
for this variable, despite its stability in the values of rainfall depth. 

In terms of monthly heavy rainfall (Fig. 5c), there was a higher difference between months, as 
shown by the range of MRD values, and also higher instability values (ITS). March and January were the 
months with the highest values. December presented values in an ‘intermediate’ range (despite its high 
MRD values for rainfall depth and rainy days). With respect to the temporal stability, the high value of the 
ITS in April stood out as the most unstable month for this variable, followed by January and March. 

The analysis of monthly rainfall erosivity is summarized in Fig. 5d, which shows that it followed 
the same behaviour as the variable monthly rainfall, as expected, although with greater temporal instability 
in general. The monthly ITS values for this variable were exceeded by ‘heavy rainfall’, which shows the 
greatest instability in its monthly pattern (Supplementary content 2). The joint analysis of the variables, 
revealed that December, January, and especially March, were the most erosive months, which was also 
related to their high monthly rainfall values. In addition, March and January had the highest values for the 
variable heavy rainfall, which was considered an important factor for its potential impact on erosivity. 
March stood out concerning its instability during the whole period for the four variables. Within the 
summer months, the values of February differ from the other months, with low values for the variables 
analysed and greater stability. Finally, it should be noted that, in general, the winter months are more 
stable, except for ‘rainy days’, where the ITS values are equal to or greater than those of the other months. 

 
3.4.2. Monthly changes according to breakpoints 

Considering the two periods defined in sections 3.1 and 3.2.2 –breakpoints–, the evolution of 
the MRD metric between the two periods was analysed at the monthly scale for each variable. In terms 
of monthly rainfall, significant differences were found in March and December. March decreased its 
value, i.e., in the second period it contributed to a lesser extent to annual rainfall: its lower MRD value 
implies a smaller difference from the average monthly rainfall value. However, in absolute values, it 
remains the wettest month, i.e., the one with the highest MRD value. The opposite occurred in December 
(Fig. 6). With respect to rainy days, a greater number of months showed variations between the periods. 
February and May increased, whereas March, June and September decreased (Fig. 7). The months of 
January and June presented decreases in heavy rainfall MRD values. Notably, for this variable, the high 
interannual variability and the presence of very high values made it difficult to detect significant 
changes. However, an increasing trend (nonsignificant) was observed for March and December (Fig. 8). 
For rainfall erosivity, a significant decrease was found only in March (Fig. 9). 

Considering all variables and periods I and II (regardless of those months where a significant 
change could be detected), some trends of change were distinguished concerning the monthly patterns. 
A decrease in the monthly contribution for most of the variables (except for rainy days, which showed 
no variations) was highlighted for January, and the opposite occurred in December. For February and 
April, a trend toward higher values was observed for all the variables (except for heavy rainfall). The 
month of March presented particularities, given that although its contribution to monthly rainfall, rainy 
days and rainfall erosivity decreased, it tended to concentrate rainfall on days with more than 50 mm. 
This fact was important when considering the possible impacts of this tendency to increase intense 
rainfall and considering that it was the month with the highest absolute values for all variables. Finally, 
with a less marked upwards trend, a possible change in monthly behaviour was observed for May (with 
increases in MRD values). 
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Figure 6. Mean relative difference (MRD) values of monthly rainfall in periods I and II according to the 

breakpoint. Period I (P I: 1934-1975), Period II (P II: 1976-2023). The asterisks indicate significant 
differences between the MRD values of monthly rainfall for the periods at 0.10 (*) and 0.05 (**) (Kruskall 

Wallis test). On the right side: box plots for those months with significant differences. 

 
Figure 7. Mean relative difference (MRD) values of monthly number of rainy days in periods I and II 

according to breakpoints. Period I (P I: 1934-1972), Period II (P II: 1973-2023). The asterisks indicate 
significant differences between the MRD values of number of rainy days for the periods at 0.10 (*) and 0.05 

(**) (ANOVA). On the right side: box plots for those months with significant differences. 

 
Figure 8. Mean relative difference (MRD) values of monthly heavy rainfall in periods I and II according to 

breakpoints. Period I (P I: 1934-1971), Period II (P II: 1972-2023). The asterisks indicate significant 
differences between the MRD values of heavy rainfall for the periods at 0.10 (*) (Kruskall Wallis test). On the 

right side: box plots for those months with significant differences. 
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Figure 9. Mean relative difference (MRD) values of monthly rainfall erosivity in periods I and II according to 

breakpoints. Period I (P I: 1934-1977), Period II (P II: 1978-2023). The asterisks indicate significant 
differences between the MRD values of rainfall erosivity for the periods at 0.10 (*) (Kruskall Wallis test). On 

the right side: box plots for those months with significant differences. 

 

3.5. Rainfall parameters and El Niño/Southern Oscillation (ENSO) 

The analysis to detect periods with differences in the mean and/or variance on ONI annual 
values detected a breakpoint in 1975. The first period presented a mean annual ONI value of -0.11, 
whereas the second period presented a mean annual ONI value of 0.09 (p value=0.10) (Supplementary 
content 3). The analysis to determine changes in the frequencies of these anomalies was performed 
taking into account this breakpoint on the basis of the evolution of the ONI quarterly index. The results 
revealed differences between the frequencies for the two periods (Chi2 test, p= 0.0002). In general, an 
increase in the frequency of all the ranges of “Niño” stands out (Fig. 10). The frequency of negative 
anomalies (ONI values < -0.5) was 139 vs. 134, whereas that of positive anomalies (ONI values > 0.5) 
was 83 vs. 159 (periods I and II, respectively). Notably, there was a marked increase in the number of 
strong Niño events (from 1.2% to 3.8%) and very strong Niño events (from 0.2% to 2.8%) in the second 
and recent periods (1976-2023) with respect to the first and oldest periods (1934-1975). 

Significant positive correlations were found between some of the quarters analysed for the ONI 
Index and the estimated variables of precipitation (Table 2). In general, the quarters covering the spring 
and summer seasons presented significant relationships, with higher values than those obtained for the 
summer. In particular, the highest correlations were found for the variables rainfall depth and erosivity 
for the quarters November/December/January (NDJ) and December/January/February (DJF), 
considering both the correlation with the ONI for the same quarter and with previous quarters 
(teleconnection). Finally, it should be noted that those correlations that presented higher values when 
considering effects in subsequent months on the rainfall parameters occurred mainly for the ONI values 
from the July/August/September (JAS) to October/November/December (OND) quarters, with effects 
on the rainfall parameters assessed in the spring-summer months. The variable heavy rainfall, presented 
the lowest correlation values, although it should be noted that the teleconnection was more present in 
the ONI values of the spring-summer quarters. Finally, there were quarters of the ONI without any 
correlation with the assessed rainfall parameters: February/March/April (FMA), March/April/May 
(MAM) and June/July/August (JJA). 
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4. Discussion 

4.1. Rainfall parameter evolution 

The number of studies that analyse and discuss changes in climate has increased considerably 
in recent years, although many issues need further investigation, particularly for developing countries 
(Penalba and Bettolli, 2011). The results of this study agreed with reports in the literature at different 
scales: the global (Intergovernmental Panel on Climate Change, 2023, Alexander et al., 2006), regional 
(Magrin et al., 2014a, Re and Barros, 2009), national (Magrin et al., 2014b, Podestá et al., 2009) and 
even local (Wingeyer et al. 2022) scales. 

In particular, many studies focused on Argentina have evaluated rainfall, and some have 
analysed it through the search for breakpoints. For the northwestern region of Argentina (28°S--38°S, 
65°W--70°W), Compagnucci et al. (2002) reported a 20% increase in the mean summer precipitation, 
with a breakpoint detected in 1977. In general, the available studies highlighted the high interannual 
variability presented in the data series, which usually did not allow for assuring trends with probabilities 
greater than 90%. However, Barros et al. (2015) reported an increase in precipitation over most 
subtropical Argentina in late 1960, with some trends of over 5 mm yr−1. In our study, the difference in 
rainfall depth between the two periods was 152 mm, equivalent to 3.16 mm yr-1 from 1976 to the present 
(95% confidence interval). Penalba and Vargas (2004) stated that there was nonstationary variability in 
central-northeastern Argentina, with increases in annual precipitation from 1950 onwards. For the 
eastern part of the country (including the study area of this study), they noted that there was an increasing 
trend and not a jump or breakpoint (which was observed in the west of the country). They analysed the 
influence of this trend on the extreme precipitation (negative and positive) of the years/months from 
1901-2000. The authors stated that there was an influence with periods with greater deficits and 
surpluses, although they stated that in the last 30 years of the time series, there was a consistent increase 
with surpluses with respect to the average annual precipitation. 

In addition to identifying two periods with different means for annual rainfall (defined by a 
breakpoint in the 1970s), this study identified another breakpoint within the same decade for the variable 
heavy rainfall. This result revealed that, concerning total annual rainfall, there was an increase in the 
number of millimetres fallen on days with more than 50 mm. This variable is particularly relevant 
because of its potential impacts on the urban and rural environments. A recent study analysed this 
variable in Europe because of its importance in increasing flooding. In conclusion, the increasing trend 
in flood extent over central Europe can be attributed to an increase in the spatial extent of heavy 
precipitation (Fang et al., 2024). For Argentina, a positive trend in the frequency of heavy rainfall events 
over thresholds ranging from 50 to 150 mm has been detected since 1960, especially in central and 
eastern between 30°S and 40°S (Barros et al., 2015). However, no studies have analysed this variable 
as the percentage of rainfall on days with more than 50 mm with respect to the monthly and annual total 
rainfall. Even less so for years prior to the 1950s or 1960s, the results presented here are considered to 
contribute to the scientific literature on this topic. 

With respect to rainfall erosivity, the fit in the correlation found between the estimation concerning 
the calculation of rainfall erosivity obtained through the RUSLE2 formula is considered appropriate, 
similar to the results in Portugal reported by de Santos Loureiro and de Azevedo Coutinho (2001). Due to 
the limited availability of high-resolution historical data required for the calculation of R-RUSLE2, the 
validation of this fit was conducted using a recent time series. Nevertheless, future studies should assess 
the applicability of this approach using longer-term datasets in regions with similar rainfall regimes, where 
precipitation data at 15- or 30-minutes temporal resolution are available. Moreover, the annual values of 
R (according to the linear equations) for the periods 1999-2023 (4194 MJ mm ha-1 h-1 yr-1) and 1934-2023 
(3649 MJ mm ha-1 h-1 yr-1) are comparable to, although higher than, the estimated values for all of 
Argentina in the recent study by Panagos et al. (2017) (2232 MJ mm ha-1 h-1 yr-1). This difference is 
reasonable because of the different climates and regions present throughout the country. 
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The observed increase in rainfall erosivity was in line with that reported by Casas (2015) for 
Argentina. For Northeast Argentina, Saluso (2008) estimates values approximately 10--15% higher 
between 1950--1994 and 1995--2005. Additionally, Crettaz et al. (2016) find more marked increases 
when the values are updated up to 2014, with increases of more than 20% for the Department of Paraná 
(Entre Ríos). The percentage increase in this variable between the two periods was similar to the global 
projections for 2050 and 2070 calculated by Panagos et al. (2022). 

With respect to the analysis on a monthly scale, no previous work has been reported that 
calculates the monthly patterns (MRDs) of different precipitation variables for a series of 90 years and, 
above all, analyses the temporal stability (ITS) of these patterns. In general, the winter months presented 
values below the monthly averages and a more stable pattern with respect to the other months. Except 
for the variable ‘rainy days’, where its instability was high. The variable with the most unstable monthly 
pattern was ‘heavy rainfall’, followed by ‘rainfall erosivity’, ‘rainfall depth’ and ‘rainy days’. The 
comparison between periods according to their breakpoint year allowed us to see some trends of change 
in the monthly patterns, despite the high interannual variability. 

The influence of ENSO phases on precipitation has been widely studied, leading to the 
conclusion that rainfall in several regions throughout the world is influenced by the equatorial Pacific 
SST and its associated anomaly circulations (Re and Barros, 2009). One of these regions is southeastern 
South America, and many studies have shown that it has a greater or lesser influence on the study area. 
Forgioni et al. (2023) analysed its relationship (based on ONI values) with respect to the precipitation 
during the summer months (November–December–January quarter) in the province of Santa Fe, which 
is located west of the province of Entre Ríos. This period was chosen because of its importance as a 
critical period for the most important summer crops in the Argentine Pampas region (corn, soybeans, 
sunflower, sorghum). They highlighted the high spatiotemporal variability of the correlation, although 
the analysis generally revealed an increase in correlations between 1971 and 2020. Barros et al. (2015) 
reported that for the north of the country, half or more of the positive annual rainfall trend occurred 
during the El Niño phase. However, in the rest of subtropical Argentina, especially south of 30°S, 
increased precipitation (in the early 1960s) occurred mostly during months of the neutral phase of the 
El Niño/Southern Oscillation (ENSO), with only small trends during the months of El Niño and La Niña. 
Another study in the Pampean region reported correlations between the ONI and rainfall erosivity (from 
2001 to 2013), with a coefficient of 0.59 on an annual scale (Behrends Kraemer et al., 2018). Finally, a 
recent paper (N. Di Leo et al., 2024) analyses temporal and spatial variability in the Pampean region, 
considering ONI and summer precipitation (NDJ quarter). For Entre Ríos they detected positive and 
high correlations during the whole period (1990-2021). However, for the region as a whole, they 
observed high temporal and spatial variability, suggesting the existence of influences from other climatic 
factors. In the present study, the increase in the rainfall variables analysed was detected in the 1970s, 
and significant correlations were found (with coefficients not exceeding 0.5) for the behaviour of ENSO 
(through the ONI index) and its effect on rainfall depth and erosivity, especially considering the spring‒
summer months. Finally, at this point, a change in the behaviour of the ONI was detected through the 
search for breakpoints in the time series, which coincided with the breakpoint year of annual 
precipitation. However, an increase in the frequency of extreme positive values of the ONI after 1976 
(Period II) was detected, which could be related to the increase in rainfall variables observed from the 
1970s onwards. 

Future scenarios estimate that the general precipitation increase experienced over the last 50 
years for eastern and central subtropical Argentina would not be reversed during the rest of this century 
and that the observed positive trends in extreme monthly precipitation since 1960 are projected to 
continue (Barros et al., 2015). However, a recent global study, which considered different models, 
projected an erosivity increase of 12.9% in 2050 and a reduction to 11.5% in 2070 for South America 
(Panagos et al., 2022). 
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In this framework, and considering the findings for the study area, it is considered relevant to 
be able to anticipate the effects of both an increase and a decrease in rainfall (according to the months 
of interest), as well as the consequences of increases or decreases in rainfall erosivity and the occurrence 
of heavy rains on the environments and productive activities that take place there. 

 

4.2. Agronomic relevance of the results 

Climate variability, particularly extreme climate anomalies, has a negative impact on regions 
where the economy is based on agriculture, such as the Pampas, which comprises the most productive 
agricultural lands of Argentina (Penalba and Bettolli, 2011). The largest amount of grains (soybean, 
corn, wheat, sunflower) and other crops are grown in this region and constitute one of the principal 
sources of fiscal income. Although the country has a diversified industry, agriculture and its direct 
manufactures add up to 55% of the export revenue (Barros et al., 2015). As most of it is produced 
without irrigation, precipitation is one of the climatic variables with the main influence on production.  

The province of Entre Rios has a strong agricultural sector: in the 2022/2023 campaign it 
accounted for 6.3% of the total area sown at the national level. The main crops were soybean, wheat and 
maize, which together accounted for 88.5% of the area sown and 82.8% of production at the provincial 
level. Within the province of Entre Ríos, the Department of Paraná concentrates important percentages 
of soybean, sorghum, wheat, sunflower and corn production (Informe del sector Agrícola Provincia de 
Entre Ríos, 2023). The observed seasonality of rainfall favours the production of summer crops, and the 
tendency towards an increase in December –with statistical significance– and in a minor way in 
November and February could further increase this situation. However, the high variability and increase 
in extreme events (e.g., due to an increase in the frequency of Strong Niño events) could harm the sector. 
Despite these results, in the last years of the time series analysed (campaign 2022/2023) there were 
negative results for all production parameters as a result of adverse weather conditions and severe 
drought (La Niña phenomenon), which affected mainly summer crops (maize, soybean, sorghum and 
rice) and also the production of fodder for livestock (Government of Entre Ríos, 2019). The ability to 
plan and prepare for these extreme weather event scenarios is essential. 

The negative effects of these events may also occur if we consider the soil erosion processes 
caused by increased erosive rainfall, which requires attention to the different monthly behaviours. The 
month of March stood out for its important contribution to the annual values of all the parameters 
(reflected in its high MRD values), but at the same time, it showed high instability. In the case of monthly 
rainfall, rainy days and rainfall erosivity, this could be related to the decreasing trend over the last 50 
years for this month. However, the concentration of rainfall on days with more than 50 mm, the most 
erosive events, showed a positive trend. This situation occurs in March, and considering that summer 
crops no longer have a considerable water demand at this time of year, they could have negative effects. 
Proposals such as interplanting cover crops before harvesting would allow the use of available water 
and an improvement in cover with positive impacts on the reduction in soil erosion. Another special 
attention deserves the month of May, which significantly increased the number of rainy days in the last 
50 years and had an increasing trend (although not significant) for the remaining variables. During this 
month, in many agricultural areas of Entre Ríos, the soil is without crops planted, which would require 
specific practices to mitigate soil erosion. This is also important if we consider a scenario with a possible 
increase in intense rainfall and approximately 70% of the land surface of Entre Ríos with soils with 
vertic characteristics (Vertisols and associated vertic Mollisols and Alfisols) and low infiltration 
capacity (Sasal et al., 2019). Furthermore, it is recommended to consider possible modifications to the 
calculations made for soil erosion, taking into account these possible increases in erosivity and/or 
rainfall intensity. 

Penalba and Bettolli (2011) highlighted the importance of diagnosis and forecasting, 
particularly in the context of future climate change. The results of their analyses based on different 
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climate models imply an increase in the variability of daily rainfall, especially during summer, and a 
change in the distribution of rainfall over the Pampas region. They argued that while favourable 
consequences for agricultural production trends could be estimated for increased precipitation (and a 
context of climate change with higher temperatures), there was significant intermodel scatter and 
uncertainty in the understanding of extreme events and in the ability of models to represent their 
occurrence. Similarly, Barros et al. (2015) argued that the risks associated with more frequent extreme 
weather events are increasing, even though climate change in recent decades has favoured agricultural 
productivity in many areas. While increased rainfall and temperatures could improve productivity, their 
impact on evapotranspiration and increased pests is unknown. 

 

5. Conclusion 

This study, which was carried out for a locality in the Pampean region of Argentina with 
characteristics that make it susceptible to water erosion, presents interesting findings regarding changes 
in the rainfall parameters analysed. Taking a long period of study (90 years) and daily data, significant 
increases in rainfall, number of rainy days, percentage of rainfall on days with more than 50 mm and 
rainfall erosivity (estimated) since the 1970s were evident. For the first time, this study has calculated 
the values and temporal evolution of heavy rainfall and rainfall erosivity in the decades of the 1930s, 
1940s and 1950s, both at annual and monthly scales, incorporating these results for a better 
comprehension of the effects that climate change had on precipitation variables. Special attention is 
recommended for the months of March, January and December, given that in the 90 years of the study, 
these months presented the greatest instability in their temporal pattern with respect to rainfall and 
erosivity, as well as being the wettest and most erosive. In addition, future work will further analyse the 
possible changes detected at the monthly level in this paper. Our results were consistent with a change 
in the mean values of the ONI related to the El Niño‒Southern Oscillation phenomenon. The latter is 
associated with an increase in the frequency of positive outliers (related to wetter periods) and with 
significant correlations with selected rainfall parameters. This finding, and even more so if we take into 
account some climate change models that estimate increases in extreme events (both wet and dry 
periods), highlights the need to reinforce soil resource protection measures and agricultural practices 
that make better use of water as a function of possible changes in rainfall patterns. 
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SM1. Annual (a) and monthly (b) factor R (1999-2023) - RUSLE2 (Eq. (1) and (2)) vs. linear (Eq. (3)) 
approaches. 
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SM2. Monthly values of the index of temporal stability (ITS) of rainfall depth (a); rainy days (b); heavy 
rainfall (c); and rainfall erosivity (d) for the 90-year study period (1934-2023). 

 

 

 
SM3. Annual values (1934-2023) of the Oceanic Niño Index (ONI) and means in period I and period II 

according to breakpoint (breakdate in an orange-filled box). Different letters indicate significant differences 
between the analysis periods (ANOVA test DGC, p < 0,10). 
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