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Abstract

Purpose – The most common methodology to estimate erosivity is using rainfall data obtained from rain
monitoring stations. However, the quality of this estimation may be compromised due to low density, operational
problems and maintenance cost of rainfall monitoring stations, common problem encountered in developing
countries such asBrazil. The objective of this studywas to evaluate the applicability of pluviometric data obtained
byTRMMsatellite images for the spatiotemporal characterizationof erosivity in the state ofEsp�ırito Santo (Brazil).
Design/methodology/approach – For this, rainfall data and annual and monthly erosivities of 71 rainfall
stations were statistically compared with those from TRMM images.
Findings – For this, rainfall data and annual and monthly erosivities of 71 rainfall stations were statistically
compared with those from TRMM images. The estimate proved that TRMM is efficient since the NSE values
were higher than 0.70 and the coefficient of determination was higher than 0.77 for monthly and annual
erosivities, but in most months and yearly, erosivity was overestimated.
Practical implications – The use of satellite images to estimate rainfall allowed the spatial representation
over time (months) of the oscillating degree of erosivity in the state of Esp�ırito Santo (Brazil). The spatialization
may provide an identification of areas and periods in which are essential for the implementation of land use
management in order to minimize environmental problems related to soil loss.
Originality/value – The technique applied may be an alternative to overcome common problems on rainfall
monitoring station, such as low density, low data reliability, high manutention and maintenance cost and
operational problems.
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Paper type Technical paper

1. Introduction
In recent decades, the intensification of soil erosion has become a global concern due to the
growing population. A bigger population will need more food, grains, energy and space to
live, so there will be required more intense agriculture techniques and natural vegetation
removal to open new areas (Park et al., 2011; Singh and Panda, 2017). However, a natural
process may limit all of this development: water erosion. Even though it is a natural process,
water erosion is being potentialized due to anthropic changes in soil cover, which causes soil
degradation through the removal of nutrients, organic matter and their detachment particles
(Montanarella et al., 2016).
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Despite the series of uncertainties and discrepant variations involving estimates of soil
loss by water erosion on a global scale, FAO and ITPS (2015) indicate values of the order of
20–30 Gt of soil loss due to hydrological processes. This loss not only poses threats to
environmental resources and food production but also entails economic losses. In Brazil,
several studies have tried to estimate the costs associated with soil degradation, among them,
Bertol et al. (2007) reached values of 14.83–24.94 dollars per hectare per year in the South
region, while Sarcinelli et al. (2009) point out a value varying from 28.32 to 72.65 dollars per
hectare per year in the Southeast region.

For the state of Esp�ırito Santo, located in the Brazilian Southeast coastal portion, the State
Agribusiness Development Center – CEDAGRO (2012) indicates that almost 9% of the state
lands have some level of degradation, where organic matter and nutrients were partially
removed. In terms of agricultural area, this represents 17% of the total area available to food
production, indicating a worrying situation, especially in a state at which agriculture
represents the main economic activity (IJSN, 2017).

Considering this, it is evident the urgent importance of identification of areas with high
potential susceptibility of soil loss in order to provide information for an effective and
adequate land use planning and to ensure the development of soil conservation strategies
(Singh and Panda, 2017). Additionally, the development of regional erosivity maps is crucial
in the estimation of soil loss due towater erosion aswell as the possibility of understanding its
spatial variability (Beguer�ıa et al., 2018). In recent years, efforts have been made by several
international (Liu et al., 2018; Risal et al., 2018; Shin et al., 2019) and Brazilian (Mello et al., 2012,
2013; Oliveira et al., 2013; Back et al., 2018; de Oliveira et al., 2018) authors to spatialize the
rainfall erosivity factor at different scales.

Although the importance addressing erosivity, for an adequate estimation it is required a
long rainfall record date of at least 20 years, which is an obstacle in developing countries such
as Brazil (Sanchez-Moreno et al., 2014) due to a limited number of pluviometric monitoring
stations and their high operation and maintenance cost.

In order to overcome the cited limitation earlier, it raises the use of satellite images as a tool
for the provision of spatially distributed rainfall estimation applicable to large areas (Teng
et al., 2017). Among the database, the Tropical Rainfall Measuring Mission (TRMM) has been
widely used in several climatic and hydrological studies (Yang et al., 2017; Li et al., 2018; Fang
et al., 2019), such as the special case of input data in erosivity estimation processes (Vrieling
et al., 2010; Vrieling et al., 2014; Teng et al., 2017).

From a positive point of view, the TRMM satellite covers a wide range in the globe, bus its
data accuracy depends on the algorithm used to convert the radiance emitted by the clouds
and raindrops into precipitation, as well as the quality of the data measured in situ that are
used in the calibration process (Sanchez-Moreno et al., 2014).

Therefore, even though the TRMM satellite data may represent a powerful tool to
overcome the existing limited rainfall data, it is important to address the possible differences
between rainfall values estimated by remote sensing and those measured at monitoring
stations and how it may affect the erosivity factor estimation.

The positive validation (small margin of error compared with the in situ data) of the
data produced using the TRMM satellite will allow its use in the monitoring of rainfall and
the calculation of erosivity, while the opposite will result in the identification of error
sources and consequent positive validation. The determination of erosivity for a given
area is an important step in the use of physical and empirical models in the mapping and
estimation of soil loss in a watershed that aims its planning and sustainable management
of soil and water. Once the areas with the greatest susceptibility to erosion have been
identified, the implementation of remediation and control techniques occurs with greater
efficiency, in addition to pulping public resources due to their better implementation and
management.
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Considering this, the present paper proposes: (1) comparing annual and monthly rainfall
and erosivity obtained through historical series (1998–2017) of rainfall monitoring stations
and TRMM satellite images; (2) analyzing statistically the use of TRMM data in the
estimation of erosivity; and (3) evaluating the spatial and temporal characterization of rainfall
erosivity obtained by remote sensing techniques.

2. Materials and methods
The study is applied to the state of Esp�ırito Santo, located in the coastal Southeast portion of
Brazil, covering an area of 46.095 km2 and altitudes varying from sea level to 2.890 m.
According to K€oppen–Geiger classification, the state has a tropical climate, which is
composed of four subclassifications: Coast (Am and Af), Northwest (Aw), Mountainous (Cfa,
Cfb, Cwa, Cwb and Cwc) and South coast (Aw), as presented in Figure 1(a).

Monthly rainfall data series (1998–2017) were obtained by the estimation from TRMM
satellite with a spatial resolution of 0.258 3 0.258 (approximately 273 27 km). These images
were inserted in a geographic information system (GIS) and the monthly and annual rainfall
averages were obtained through the Cell Statistics tool available in ArcGIS software
version 10.3.

The erosivity values obtained through the precipitation data estimated by the TRMM
satellite were evaluated by comparing with the erosivity from rainfall monitoring stations. In
order to estimate the erosivity from rainfall data, information from all the rainfall monitoring
stations inside the Esp�ırito Santo state, provided by the National Water Agency (ANA)
through the Hidroweb website (2018), was collected. Of the total of 359 stations with data
available, only 71 (19.8%) were used in this study Figure 1(b), since the rest did not present
information about the temporal period analyzed (1998–2017). Afterward, monthly and annual
precipitated totals were obtained from each station using the software Hidro version 1.2.
Subsequently, the preprocessing of the precipitation data was performed, which consisted of
filling the gaps by applying the Regional Weighting Method (Bertoni and Tucci, 2015).

Figure 1.
Kôppen climatic
classification in

Esp�ırito Santo state (a);
rainfall monitoring

stations available (b)
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Erosivity could be defined as a function of kinetic energy and maximum rainfall intensity
in 30 min (Wischmeier, 1959). Thus, the estimation of rainfall erosivity was conducted by
applying the Modified Fournier Index (MFI) as proposed by Renard et al. (1996) Eqs. (1)
and (2), which had its coefficients adjusted according to specific local particularities of
areas close to the study area. Thus, the annual erosivity was obtained for each rain event
Eq. (3).

MFI ¼ P2
i

Pa

(1)

El30 ¼ a:MFIbou aþ bMFI ou aþ bP (2)

R ¼ 1

N

XN

j¼1

El30 (3)

Where MFI5Modified Fournier Index; P5monthly average rainfall of the month i (mm);
Pa 5 annual average rainfall (mm); El30 5 monthly average erosivity
(MJ.mm.ha�1.h�1.month�1); a e b 5 adjustment coefficients; R 5 annual average
erosivity (MJ.mm.ha�1.h�1.year�1); N 5 number of years of the historical data.

Four regression equations were selected for the estimation of rainfall erosivity,
applying the same procedure of Oliveira et al. (2013), which did a review of the erosivity
equations available in scientific databases in Brazil and applied to estimate the erosivity of
the entire country. Among the equations collected, only one is located in the state of
Esp�ırito Santo. The other equations were obtained for areas close to the state and that have
similar climatic conditions, since this condition is fundamental for the use of this type of
equation. Table 1 summarizes the source for each of the equations used. The climatic
association was based on the K€oppen–Geiger classification, as described previously and
presented in Figure 1(a).

From the raster file containing monthly precipitation data for the TRMM satellite,
monthly and annual erosivities of each region were estimated from the Raster Calculator tool,
executed through ArcGIS 10.3 software. In this way, monthly and annual precipitation and
erosivity maps were generated. Finally, the erosivity values were interpreted according to
Santos’ classification (Table 2).

On the other hand, the rainfall monitoring stations were inserted in a GIS according to its
geographical coordinates. Thus, monthly and annual erosivities were estimated according to
the location of the station on each of the four influence areas (Figure 2).

In order to validate the estimated erosivity values through rainfall data obtained from the
TRMM satellite images, these were compared to the erosivity values calculated from rainfall
monitoring stations using the following statistical functions: Nash–Sutcliffe coefficient
(NSE); BIAS parameter; coefficient of determination (R2).

Region Equation Source Study area development

Coastal EI30 ¼ −40; 578þ 7; 9075 ðPÞ Martins et al. (2010) Aracruz (ES)
Northwest EI30 ¼ 215; 4 ðMFIÞ0:65 Da Silva et al. (2010) Belo Oriente (MG)
Mountainous EI30 ¼ −67; 99þ 33; 86 ðMFIÞ De Carvalho et al. (2005) Nova Friburgo (RJ)
South coastal EI30 ¼ 39; 86þ 37; 90 ðMFIÞ Gonçalves et al. (2006) Conceiç~ao de Macabu (RJ)

Note(s): *UTM SIRGAS 2000 Zone 24S

Table 1.
Equations used for the
determination of
erosivity

WJSTSD
17,3

300



3. Results and discussion
By comparing precipitation data obtained by satellite and rainfall monitoring stations, the
monthly relative differences are preferably in the range of�20% (satellite overestimated the
rainfall by 20%) and 10% (satellite estimation underestimated the rainfall estimate by 10%).
These values obtained are similar to those from Lelis et al. (2018), in which they found relative
differences comprised in the interval of�20 to 20% in rainfall data obtained by TRMM and
by a rainfall monitoring station in the Eastern region of the state of S~ao Paulo (Brazil). This
was also observed by Collischonn (2006), with a range of �15 to 15% in the S~ao Francisco
river basin (Brazil). On the other hand, we obtained that annual erosivity had a better result,
with a greater part of the relative difference values in the range of �11 to 3% between the
results obtained by satellite and pluviometric stations. In Figure 3 is given a boxplot
presenting the annual erosivity estimated from rainfall monitoring station and TRMM
images data, where it is possible to compare those data according to mean, maximum,

Classification
Erosivity

Monthly (MJ.mm.ha�1.h�1.month�1) Yearly (MJ.mm.ha�1.h�1.year�1)

Very low <250 <2,500
Low 250–500 2,500–5,000
Moderate 500–700 5,000–7,000
High 700–1,000 7,000–10,000
Very high >1,000 >10,000

Table 2.
Interpretation key to

levels of erosivity
according to monthly

and yearly classes
(Santos, 2008)

Figure 2.
Spatial distribution of
the erosivity equation

in the state of
Esp�ırito Santo
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minimum and median data. Additionally, Figure 4 presents the same information but on a
monthly time lapse.

From Figure 5, we have a suitable correlation between the annual erosivity values from
satellite and rainfall monitoring station data sincewe obtained an 86.8%of linear adjustment.

Figure 3.
Annual erosivity
estimated from rainfall
monitoring station and
TRMM images data

Figure 4.
Monthly erosivity
estimated from rainfall
monitoring station and
TRMM images data

Figure 5.
Comparison between
annual erosivity
obtained from TRMM
satellite images and
rainfall monitoring
stations
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From the statistical metrics presented in Table 3, it can be seen that the erosivity estimation
from rainfall station and TRMM satellite image was efficient about the NSE values for most
months, with values greater than 0.70, with emphasis on the annual erosivity (0.83). However,
we did not have a satisfactory correlation for January (NSE 5 0.28).

Regarding the BIAS parameter, the satellite erosivity was underestimated in April, June,
July, August, October and December, while on the rest of the months, data were
overestimated. It is important to note, however, that the values of the BIAS parameter
were usually close to the optimal (equal to 1), suggesting a good appropriation of the
estimation. The BIAS values ranged from 0.89 to 1.21, similar to those found in the Soares
et al. (2016) studies in the state of Para�ıba and Oliveira et al. (2014) in the Brazilian Cerrado
region, where both applied TRMM images.

The coefficient of determination varied between 0.77 and 0.93 indicating that the monthly
erosivity estimation from the satellite was consistent. Even though July had the worst
correlation (0.77), the months of February, June, July and October had a great correlation in a
way the annual correlation is considered very high according to Hinkle et al. (2003). In the
other months, the correlation is considered high.

Since this estimation was considered statistically adequate, the use of rainfall data
obtained from the TRMM satellite image to estimate erosivity in the state of Esp�ırito Santo
has proved to be effective. Thus, frequent problems of rainfall monitoring station data needed
for erosivity estimation, such as spatial–temporal variability of rainfall, low density and
operational problems (Soares et al., 2016), can be overcome by using the remote sensing
database available to the whole world. Once we spatialize the erosivity, it is a possible
indication of areas where conservation practices on soil and land cover are necessary to avoid
soil loss due to water erosion. Furthermore, governments with limited financial resources
may apply their investments in areas that are under greater environmental fragility.

Figure 6 shows the spatial distributions of annual erosivity and precipitation in the state
of Esp�ırito Santo from TRMM satellite image data between 1998 and 2017. Additionally,
Figure 5 shows the same information while considering a monthly time lapse.

As observed in Figure 6, high precipitation (greater than 1,400 mm) was recorded in the
southwest portion of the state, where the mountain region of Capara�o is located. The high
incidence of rainfalls is mainly due to the rugged topographic area with altitudes higher than
2000 m, which promote the orographic precipitation phenomena. Through Figure 7, it is
possible to notice that in this same region the maximum monthly precipitations of the state
(>250mm) occur in January, November and December, which comprise the rainy season. The

Month
Statistical function

NSE BIAS R2

January 0.28 1.21 0.87
February 0.82 1.08 0.93
March 0.67 1.00 0.85
April 0.66 0.99 0.83
May 0.51 1.16 0.77
June 0.76 0.89 0.91
July 0.81 0.91 0.91
August 0.75 0.91 0.89
September 0.73 1.11 0.90
October 0.85 0.98 0.93
November 0.79 1.03 0.89
December 0.64 0.99 0.81
Annual 0.83 1.03 0.93

Table 3.
Monthly statistical

coefficients between
erosivity from satellite
and monitoring station
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minimum monthly precipitation (<50 mm) occurs on dry months (May, June, July and
August) in the state central region, where there is a lower interference of the sea humidity.
Themonthly precipitations obtained corroborate the climatic classification of Koppen for this
region that is characterized by dry winter and rainy summer.

The lowest annual and monthly rainfall measurements were recorded in the northern
region of the state. In this region, annual mean precipitation values were less than 1,200 mm,
and monthly averages were less than 100 mm in most of the months, except March,
November and December.

In terms of annual erosivity, the state Northwestern region has the highest values, ranging
from 5,000 to 7,000 MJ.ha�1.mm.h�1.ano�1, classified as a region with high erosive potential
by applying the key interpretation of Santos (2008). Similar results were obtained by Mello
et al. (2012), which mapped erosivity in the state of Esp�ırito Santo through rain gauge data.
The most intense erosivity potential (high and very high potential) occurs in the rainy season
months (January, February, March, November and December) where there are intense
rainstorms. These intense events are characterized by convective rainfall, typical of tropical
regions, which present high intensity and short duration. Heavy rains during the summer and
spring in the Southeast region of Brazil are also related to the activity of the South Atlantic
Convergence Zone (SACZ). SACZ is a large and prolonged convergence zone of moisture
fluxes extended from the Amazon region to the Brazilian Southeast region resulted from the
interaction of the circulation of several meteorological systems: cold fronts on the Southeast
coast, Upper Tropospheric Cyclonic Vortices in the Northeast and the Bolivian anticyclonic
circulation (Cavalcanti, 2012).

As a result of intense and recurrent action of the SACZ, in November and December, the
erosive potential is classified as very high (>1,000 MJ.ha�1.mm.h�1.m�1). In January,
February and March are areas of very high erosive potential, mainly in the northwest and
coastal regions, explained by the high concentration of sea humidity and high temperatures
in this period, causing the formation of convective rainfall.

In the Capara�o region (Southwestern state portion), the annual and monthly erosivities
were lower than those from the northwest region, although annual andmonthly precipitation
totals were higher. Annual erosivity was classified as moderate. According to Mello et al.
(2012), this fact may be related to more distributed rainfall over the year. On dry months, the
altitude promotes orographic precipitation and on rainy months, the milder temperatures
decrease the saturation pressure of water vapor and thus reduce intense convective events.
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Following the lowest annual rainfall estimation, the southern coastal region also has the lowest
erosivity, classified as low erosive potential. A similar result was found in the southern coastal
region, ranging from 4.142 to 5.432 MJ.ha�1.mm.h�1.ano�1, also categorized as low erosivity.

The spatial and temporal variation of rainfall erosivity is crucial for numerous applications
and investigations, such as erosion, landslide risk, agricultural management and soil
conservation practices (Meusburger et al., 2012), erosion being the most common. The annual
erosivity spatialization helps in the identification of areas with higher erosion susceptibility that
require immediate soil conservation practices to control erosion. Additionally, the monthly
rainfall discrimination allows fulfilling of existing gaps in the rainfall monitoring and
identification of the period where rainfall and erosion are more likely to occur.

4. Conclusion
The estimation of monthly and annual erosivities for the state of Esp�ırito Santo using rainfall
data obtained from the TRMM satellite was statistically adequate while compared to the one
from rain gauge stations. Thus, the technique applied may be an alternative to overcome
common problems in rainfall monitoring stations, such as low density, low data reliability,
high manutention and maintenance cost and operational problems.

Finally, the use of satellite images to estimate rainfall allowed the spatial representation
over time (months) of the oscillating degree of erosivity in the state of Esp�ırito Santo (Brazil).
The spatialization may provide an identification of areas and periods in which essential for
the implementation of land use management in order to minimize environmental problems
related to soil loss.
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