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Rainfall erosivity is one crucial factor that controls soil erosion. The interannual variability of
rainfall erosivity in Brazilian Amazonia connected to the El Nifio-Southern Oscillation. This
paper presents a study of the effects of Sea Surface Temperatures anomalies for El Nifio
region on rainfall erosivity in the Brazilian Amazonia. Rainfall erosivity across was assessed
using 30 minutes rainfall data from Climate Prediction Center MORPHing technique during
the period from 1998 to 2019. Results indicated that average rainfall erosivity is stronger
during La Nifia events and weaker during El Nifio events. The annual value of rainfall
erosivity ranged from 8241 to 24310 (Mj mm ha-1 h-1 year—1). Results also indicated that
the effects of extending northward over Brazilian Amazonia showed a significant correlation
(P <0.05) between annual rainfall erosivity and annual precipitation. The El Nifio-Southern
Oscillation conditions was determined to exert the most substantial influence on rainfall
erosivity. This information would be useful in the implementation of new soil conservation
strategies.

Keywords: Rainfall variability. R fator. Remote sensing. Soil erosion.

DISTRIBUICAO ESPACIAL E TEMPORAL DA EROSIVIDADE DA CHUVA NA AMAZONIA
BRASILEIRA: UMA PERSPECTIVA HIDROLOGICA BASEADA NA TECNICA CMORPH

RESUMO

A erosividade das chuvas € um fator importante que controla a erosdo do solo. A
variabilidade interanual da erosividade das chuvas na Amazodnia brasileira esta ligada ao El
Nifio Oscilagdo Sul. Este artigo apresenta um estudo dos efeitos das anomalias da
temperatura da superficie do mar na regido Nifio 3.4 sobre a erosividade das chuvas na
Amazoénia brasileira. A erosividade das chuvas foi avaliada usando dados de chuvas de 30
minutos da técnica Climate Prediction Center MORPHing no periodo de 1998 a 2019. Os
resultados indicaram que a erosividade média anual das chuvas é mais forte durante os
eventos de La Nifia e mais fraca durante os eventos de El Nifio. O valor anual da
erosividade da chuva variou entre 8241 a 24310 (Mj mm ha-1 h-1 ano-1) Os resultados
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também indicaram que os efeitos de extensdo para o norte sobre a Amazdnia brasileira
mostraram uma correlacdo significativa (P < 0,05) entre a erosividade anual da chuva e a
precipitacdo anual. As condi¢des do El Nifio Oscilagcdo Sul foi determinante por exercer uma
maior influéncia na erosividade da chuva. Esta informacado serd util na implementacéo de
novas estratégias de conservacgéo do solo.

Palavras-chave: Variabilidade da precipitagdo. Fator R. Sensoriamento remoto. Eroséo do
solo.

INTRODUCTION

Soil degradation resulting from erosion by stormwater is perceived as one of the leading climate
problems worldwide since it has significant environmental and economic impacts, especially in
agricultural areas (VRIELING; HOEDJES; VAN DER VELDE, 2014; PANAGOS et al., 2015). One of
the most critical factors in soil erosion by water is the erosive potential of raindrop impact. The rainfall
erosivity factor (R) in the Universal Soil Loss Equation (USLE) is generally of the best parameters for
the prediction of the erosive potential of variations in intensity, duration, and frequency of impact of
rainfall on soil (NEARING et al., 2017; BACK; GONCALVES; FAN, 2019).

Likewise, besides being a significant driving factor of soil erosion, the R-factor can also be used to
conclude about soil vulnerability, flood hazards, natural hazards, or probability of droughts (PANAGOS
et al., 2015). Due to the importance of their evaluation in the impacts, it is critical to analyse rainfall
data series with less than an hourly time resolution. An understanding of temporal and spatial
characteristics of rainfall (e.g.; hourly, and monthly) is central to water resources planning and
management, especially with evidence of climate change and variability in recent years. However,
these data are scarce in many regions of the world (SADEGHI et al., 2017; DI RAIMO et al., 2018;
DUULATOV et al., 2019).

In this context, rainfall retrievals from a satellite provide an alternative solution to this problem by
providing spatially distributed rainfall estimation over large areas. Various aspects of remotely sensed
rainfall have been explored and reported (ARVOR et al., 2017; OLIVEIRA et al., 2018; AWANGE; HU;
KHAKI, 2019). For instance, Gama et al. (2016) show that the total bias and its different components
of satellite-based rainfall data exhibit temporal variation in rainfall erosivity estimates in Eastern
Amazon. The authors conclude that over local land areas Climate Prediction Center (CPC) MORPHing
technigue (CMORPH) bias mostly is very similar in the rain gauge, were a product very promise for
use in water resources and hydrology applications. Besides, several studies investigated the accuracy
of CMORPH (JOYCE et al., 2004) products across a range of space-time scales (BUARQUE et al.,
2011; MASSARI; CROW; BROCCA, 2017; PEREIRA FILHO et al., 2018). In Amazonia, many studies
consolidate include seasonal or daily estimates at 8 km x 8 km spatial resolution (SOUTO et al., 2019;
SOUTO; BELTRAO; OLIVEIRA, 2019; SANTOS; VITORINO; PEREIRA, 2019), daily estimates at
0.25° x 0.25° spatial resolution (RINGARD et al., 2015; ZUBIETA et al., 2017), and one-hourly
estimates at 8 km x 8 km (GERMANO et al., 2017).

In association with rainfall estimates, the amount of rainfall and the intensity of extreme rainfall appear
to be changing in most areas of the world (WARD et al., 2014). Rainfall varies, as demonstrated by
data on annual, seasonal, and other timescales of rainfall shown by Silva Junior et al. (2018). One
crucial factor that has received persistent interest in the context of the variability of rainfall is the El
Nifio Southern Oscillation (ENSO) which is an atmosphere and sea interaction that strongly affects the
global climate. Although the ENSO occurs in the general area of the equatorial Pacific Ocean only, it
can induce rainfall anomalies in most areas of the world (GARCIA-SERRANO et al., 2017; BUILES-
JARAMILLO; RAMOS; POVEDA, 2018). Thus, rainfall intensity and stability also tend to vary from one
region to another because of regional differences and differences in rainfall types associated with the
climate conditions of oceans.

Few studies have been performed on rainfall erosivity in Brazil using the CMORPH data, especially
over Brazilian Amazonia (SANTOS SILVA et al., 2019). Therefore, this paper attempts to study the
rainfall erosivity variations from 1998 through 2019 associated with ENSO events in Brazilian
Amazonia. This region (northern, central and western portions) is mainly covered by original forest and
receives high rainfall. The other half (the eastern, southern and southeastern areas) are where
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agribusiness activities currently take place, with weaker rainfall during less intensive times (GOMES et
al., 2019). This study on the impact of the ENSO on rainfall erosivity in Brazilian Amazonia can provide
a theoretical basis for the comprehensive treatment and prevention of soil erosion, and it has
significant importance for the monitoring, evaluation, prediction, treatment of soil erosion, and climate
change.

The objectives of this study were (a) to determine the R-factor for different climatic regions in Brazilian
Amazonia, in order to create a spatially distributed rainfall erosivity map; and (b) to analyse the
temporal distribution of rainfall erosivity associated of different types of ENSO conditions. We used
satellite-based rainfall data from CMORPH over the Brazilian Amazonia.

METHODOLOGY
Study area

The Brazilian Amazonia covers an area of approximately 4.200.000 kmz?, corresponding to 49% of the
Brazilian territory (TEJADA et al.,, 2019). The Brazilian Amazon biome, within the Brazilian Legal
Amazon encompasses totally or partially the states of Acre (AC), Amapa (AP), Amazonas (AM), Para
(PA), Roraima (RR), Ronddnia (RO) Mato Grosso (MT), Maranhdo (MA) and Tocantins (TO) (Figure
1). According to Koppen-Geiger climate classification the region is tropical (type A), but three sub-
climates can be identified: tropical rainforest (Af), tropical monsoon (Am) and tropical wet and dry
(Aw). The average annual temperature is 25.0 °C with small variations throughout the year (NOBRE et
al., 2009).

The predominant vegetation types are Ombrophylous Dense Forest and Savanna with a diverse
climate from tropical to monsoon climates (SOBRAL-SOUZA et al., 2018). According to Képpen-
Geiger climate classification the region is tropical (type A), but three sub-climates can be identified:
tropical rainforest (Af), tropical monsoon (Am) and tropical wet and dry (Aw) (DUBREUIL et al., 2018).
A suite of geographical, geomorphological, and climatic factors makes the Brazilian Amazonia an area
with high precipitation. The average annual precipitation is on the order of 2.100 mm, ranging from
3.200 mm in the west, due to the influence of the Andes, to values around 1,200 mm over the
southeast and east of the Brazilian Amazonia, areas of intense land-use and land-cover change,
known as “deforestation arc” (LEVY et al., 2018).

High precipitation rates are maintained both by moisture flows from evaporation in the tropical Atlantic
Ocean and by forest evapotranspiration recycling (MOURA et al., 2019). Rainfall seasonality varies
markedly across the basin: minimum monthly precipitation and short or absent dry season in the west
and northwest, in contrast to a very seasonal regime in the south and southeast with longer dry
seasons (MARINHO et al., 2020). Therefore, water erosion processes are dependent on hydrological
and climatic conditions and can affect local ecology and the socioeconomic relationships of the
Brazilian Amazonia.

Figure 1 — Location map of the Brazilian Amazonia. Percent tree cover based on the Global Forest
Change Dataset (HANSEN et al., 2013).
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CPC MORPHing technique

CMORPH produces global rainfall analyses that include rainfall at 0.072° x 0.072° spatial resolution
(~8km at the equator) and 30 minutes temporal resolution (JOYCE et al., 2004). This technique uses
rainfall estimates that have been derived from low orbiter satellite microwave observations exclusively,
and whose features are transported via spatial propagation information that is obtained entirely from
geostationary satellite infrared data. Rainfall estimates are derived from the passive microwaves
aboard the multiple sensors. These estimates are generated by algorithms of Ferraro (1997) for
SSMII, Ferraro et al. (2000) for AMSU-B and Kummerow et al. (2001) for TMI.

Unlike meteorological products and applications derived from satellite-based rainfall data, CMORPH is
not a rainfall estimation algorithm, but a means by which estimates from existing microwave rainfall
algorithms can be combined. Therefore, this method is exceptionally flexible such that any rainfall
estimates from any microwave satellite source can be incorporated. We use 21 years (June 1998 to
May 2019) and the product used in this study were CMORPH Version 1.0. Meteorological data
stations made available on the website of the National Institute of Meteorology (INMET) with less than
20% missing monthly data from 1981 to 2019 were used to compare the results obtained by
CMORPH.

Estimation of Rainfall Erosivity

The rainfall () factor from the Revised USLE (RUSLE) model was chosen to estimate the changes in
rainfall erosivity. Rainfall erosivity was calculated using the rainfall values of gridded CMORPH,
comparing it with Gridded Daily Rainfall data. Renard and Freimund (1994) described the original
method of calculating erosivity as:

1o m;
R= ;Ej-:lzkilfgfau] (1)
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—17 -1 -1
Where & is the mean annual rainfall erosivity (M] mm ha™"h™"year j 1 is the number of years

of data, "™ is the number of erosive events in the i year and El3y is the rainfall erosivity index. The
events rainfall erosivity index Ely is defined as:

Elyy = Elyy (X7t e,7,) @)

Where €+ is the unit rainfall energy (M] ha™) and Vr is the rainfall depth (mm) during a period T,
-1
El3; is the maximum rainfall intensity during a 30 min period of the rainfall event (mm h™")

e, = 0.29[1 — 0.072exp(—0.05i )] A3)

: -1
Where r is the rainfall intensity during the period (mm h™")
The data used to derive R factor are gridded CMORPH data.

RESULTS AND DISCUSSION

In order to monitor the El Nifio and La Nifia events, oceanic information is adopted, since it is
considered a great precursor and essential to understanding these phenomena (JIMENEZ; LIBONATI,
PERES, 2018). Events are defined as five consecutive overlapping three-month periods at or above
the +0.5° anomaly for warm (El Nifio) events and at or below the -0.5° anomaly for cold (La Nifia)
events, in other words, when the index is positive, the temperature of the Pacific Ocean is higher than
Normal, and for the negative index, the opposite occurs (Figure 2). By obtaining the three-month mean
Sea Surface Temperature (SST) anomaly, we demonstrate to know if El Nifio and La Nifia events are
occurring or not. The absence of either condition is called a Normal year.

Figure 2 — Monthly area average SST anomalies over the Nifio 3.4 region (5°S — 5°N, 170° — 120°W)
based on the January 1998 to September 2019 period. Monthly average taken from the NOAA
Extended Reconstructed SST V5 (HUANG et al., 2017). Anomalies are calculated by removing the
1981-2010 monthly mean from individual months. Acronyms indicate the ENSO conditions based the
Oceanic Nifio Index value: W (Weak), M (Moderate), S (Strong) and VS (Very Strong).
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The overall evaluation and comparison summary, shown in Figure 3, indicates that CMORPH has a
high level of correspondence with rain gauge observations and may have a useful skill for various
functions in the study area. The plot in Figure 3a and Figure 3b further reveals that CMORPH is very
close to the rain gauge observation at all rainfall measurement values, except for low rainfall
(<40 mm) and rainfall between (180 to 220 mm) accumulation, respectively, where they show a slight
overestimation. Thus, from the annual rainfall data along years (1998-2019) for Brazilian Amazonia
(Figure 3c) was observed ten most significant years of rainfall. During this time period, six were
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observed in the presence of La Nifia, one in El Nifio and three during Normal periods, being: 2003.74
mm (1998-1999),1934.00 mm (1999-2000), 2052.26 mm (2000-2001), 1914.76 mm (2007—-2008),
2062.85 mm (2008—-2009), 1892.00 mm (2010-2011), 1958.11 mm (2002—-2003), 2012.44 mm (2001-
2002), 2071.10 mm (2003-2004) and 1931.42 mm (2013-2014), respectively.

For the years showing the presence of the El Nifio event, the values decreased in comparison with the
Normal periods, with precipitation varying from 1494.03 mm to 1958.11 mm. These results correspond
to a decrease in the average about the Normal and La Nifia conditions. It can be observed that during
the rainier and less rainy years there were increases of up to 209.83 mm and decreases of 358.98
mm. Besides, it may be mentioned that during the EI Nifio year of 2015-2016, experienced severe
drought to less rainfall in Brazilian Amazonia as documented in Jimenez-Mufioz et al. (2016).

Figure 3 — (a,b) comparison of the satellite product at gauge-based monthly rainfall data and (c)
temporal variation of annual rainfall over Brazilian Amazonia derived by CMORPH and historical
gauge-based rainfall data (n=35), also showing the mean annual rainfall (dashed line). Note that the r2
is the correlation coefficient. All the years were represented of the ENSO conditions: La Nifia (blue)
and El Nifio (red).
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Spatial analysis of available rainfall revealed similar spatial patterns for the La Nifia and Normal
conditions compared to characteristics of El Nifio (Figure 4), where the region of highest rainfall (>
2.600 mm) extend northward, while the regions of the moderate amount of rainfall remained relatively
stable during occurrence La Nifia events. Since most rain events occur during the rainy season, it is
expected that annual accumulated were mostly driven by the convective systems from the Atlantic
Ocean (MARTINS et al., 2015). However, the areas of low rainfall are markedly diminished during the
El Nifio episodes, also affecting other regions of intense convection. Generally, the wet and dry
conditions over Brazilian Amazonia is due to an increase and decreased annual accumulated rainfall,
associated with a warming of the equatorial Pacific and a sustained cooling of northern tropical Atlantic
Ocean (TORRALBA et al., 2015; GARCIA-SERRANO et al., 2017).
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Figure 4 — Rainfall accumulated maps for Brazilian Amazonia derived by CMORPH. The following
years were accumulated to base Oceanic Nifio Index. All the years were represented of the ENSO
conditions: La Nifia (blue) and El Nifio (red).
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Analyzing the maps presented in Figure 5, the rainfall erosivity indicates that the general trend is an
increase accompanied by fluctuations during Normal and La Nifia conditions. We can also see from
the rainfall erosivity decrease was mainly in decrease annual rainfall after 2012—2013 and entered a
decline stage after 2014—2015. Results for the intensity of rainfall erosivity indicated lower rainfall
erosivity during the period from 2014-2015, 2015-2016, 2017-2018 and 2018-2019 during El Nifio
events. By contrast, rainfall erosivity was significantly high during the successive La Nifia events
spanning 1998-2001, mainly extend to the northward region of the Brazilian Amazonia. This way, in
some regions the annual erosivity normally is incipient and others are extremely high (almost ten times
more erosive than the areas with lowest erosivity).
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It should be noted that spatial distribution of the rainfall erosivity might be partly attributed to the
interaction between negative SST and seasonal rainfall, where is possible to observe that there was a
reduced number of rainfall events, rainfall depth and rainfall erosive power. In recent years, the
number of ENSO intensity were highly significant, which means the EI-Nifio episodes have a greater
impact on the local climate in Brazilian Amazonia, according to Moura et al. (2019). The ENSO
conditions suggest that both the amount and the intensity of rainfall are decreasing and varying in
some areas of the Brazilian Amazonia, which is in a good agreement with the studies conducted for
Eastern Amazonia (CAVALCANTE et al., 2020). Besides, a special attention should be given to the
topographic factor, since it characterizes the surface runoff speed, in other words, it is a good
indication of soil erosion risk (CORREA et al., 2016). According to Correa et al. (2016), these areas
can be considered as high vulnerability to erosion, thus conservation practices are generally
encouraged in order to reduce runoff energy gain due to the topography.

Figure 5 — Rainfall erosivity maps for Brazilian Amazonia derived by CMORPH. The following years
were averaged to derive the Oceanic Nifio Index. All the years were represented of the ENSO
conditions: La Nifia (blue) and EI Nifio (red).
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Due to high variation of vegetation and soils in Brazilian Amazonia, a high variability of responses to
erosive processes and sediment yields can also be implied (RIQUETTI et al., 2020). In the regions
where the dry season is more pronounced (like in the southeastern region in Brazilian Amazonia), a
major part of the soils is bare during this period. At the beginning of the wet season, torrential rains
may occur with high erosive effects with a strong performance of mesoscale/synoptic convective
systems and their associations with the South Atlantic convergence zone (SACZ), which modulate the
maximum precipitation during the summer months (MARINHO et al., 2020).

Therefore, it should be stressed that rainfall erosivity estimates were statistically significant for each
region in comparison with the ones found by Oliveira; Wendland; Nearing (2013) and Trindade et al.
(2016). Thus, satellite-based rainfall data indicating a great potential to estimates the spatial
relationship between annual rainfall erosivity and mean annual rainfall (PANAGOS et al., 2017; TENG
et al., 2017). This is particularly important for the factors that compose the RUSLE, where rainfall is
the driving force of erosion and has a direct influence on aggregate breakdown and runoff. Erosivity is
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also an essential parameter for soil erosion risk assessment under future land use and climate change
discussed in Almagro et al. (2017) and Terassi et al. (2020).

On the other hand, Riquetti et al. (2020) showed an increase in the frequency and magnitude of soil
erosion in South America, mainly Brazilian Amazonia, and attributed it to a rise in extreme rainfall
events. Santos Silva et al. (2019) also pointed out that a local increase in the frequency or intensity of
extreme rainfall events could further result in soil degradation. These findings confirmed the strong
role of extreme precipitation in regional and local soil erosion control, land management, and
agricultural production.

CONCLUSIONS

In this research, we estimated the rainfall erosivity in Brazilian Amazonia using as primary data
sources the CMORPH. Although the rainfall erosivity estimates are based on many uncertainties,
these spatial estimation highlights the areas where rainfall erosivity has a high rate of natural and
accelerated erosion. Besides, we investigated the influence of the Nifio3.4 SST anomaly on rainfall
erosivity in Brazilian Amazonia as representations of ENSO phenomena. Rainfall erosivity in Brazilian
Amazonia appeared to be more severe during La Nifia events and less severe during El Nifio events.
We can conclude that soil erosion may become serious during La Nifia events but not during El Nifio
events in the studied all areas.

Based on these maps combined with other information, strategies can be defined to minimise erosion
is a function of rainfall intensity and to reduce offsite impacts of these associated with land use and
land cover change. Thus, the rainfall erosivity maps are useful to illustrate how rainfall influences soil
erosion and represent an essential source of information to predict erosion in tropical regions. The
findings of this study have several important implications for soil conservation planning over Brazilian
Amazonia.
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