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ABSTRACT

The objective of this study is to evaluate spatial and temporal variations in rainfall
aggressiveness in southern Brazil. A total of 181 rain gauge stations located in southern
Brazil with rainfall time series from 1976 to 2015 were used. Seasonal and annual rainfall
aggressiveness values measured according to the Modified Fournier Index (MFI) were
analyzed. The trends in the data series were evaluated using the Mann-Kendall test at a
level of significance of 5%. Maps on spatial and seasonal variations in rainfall
aggressiveness were prepared. The percentage of rain gauge stations with significant
decreasing trends, significant increasing trends, and no significant trends in rainfall
aggressiveness between years was 3.3%, 7.7%, and 89.0%, respectively. Moreover, 90%
of stations had no significant trends between seasons. There were seasonal differences in
rainfall aggressiveness between the three southern states in Brazil caused by rainfall
factors. Rainfall aggressiveness was comparatively higher in the west of Santa Catarina
and southwest of Parand due to the rains originating from the mesoscale convective
systems predominant in autumn, and in the north coast of Santa Catarina and east coast of

Parana due to convective and orographic precipitations predominant in the summer.

INTRODUCTION

Increased soil erosion is recognized as a significant
environmental problem, causing soil loss, degradation
of productive areas, and damage to urban areas. In Brazil,
soil degradation is caused primarily by poor soil
management and use, presence of fragile soils, and a
pluviometric regime characterized by heavy rainfall,
leading to water erosion.

Experimental research on water erosion is essential
for conserving soil and water quality. However, obtaining
representative water erosion values is expensive, labor-
intensive, and time-consuming (Anache et al.,, 2017).
Modeling is a technique widely used in water erosion
studies and allows performing simulations using different
scenarios and obtaining rapid responses compared to
experimental research. In this respect, several
mathematical models were developed to estimate soil
loss due to erosion, including the Universal Soil Loss
Equation (USLE), which estimates rainfall erosivity (RE)
using the RE index.

The RE index expresses the capacity of rainfall to
cause erosion in an unprotected area from a specific
geographical region (FAO, 1967). This index is

2 Universidade do Extremo Sul Catarinense/ Criciima - SC, Brasil.
3 Universidade Federal do Rio Grande do Sul/ Porto Alegre - RS, Brasil.

Received in: 5-2-2018
Accepted in: 6-3-2019

determined by several factors, including rainfall droplet
size distribution, falling raindrop velocity, raindrop
quantity, drop momentum and kinetic energy, as well as
rainfall intensity, duration, and frequency. The most
commonly used RE indices are EI30 (Wischmeier &
Smith, 1960) and KE >25 (Hudson, 1973), and are
measured by analyzing pluviographic data.

According to Lai (1990), RE is defined as the
aggressiveness of rainfall as an erosive agent. The term
rain aggressiveness was used as an indication of the degree
of rainfall erosivity; however, it should not be confused
with the erosivity index used in USLE.

In the evaluation of erosivity indices, it is critical to
analyze rainfall data series with less than an hourly time
resolution. However, these data are scarce in Brazil and
other countries (Waltrick et al., 2015; Sadeghi et al., 2017).
In view of the difficulty of obtaining data for calculating the
RE index, RE has been estimated using indices based on
total monthly rainfall, especially the Fournier Index and
MFTI (Jordan & Bellinfante, 2000; Lujan & Gabriels, 2005;
Tafur & Moncayo, 2010; De Luis et al., 2010; Oliveira et
al., 2012; Yin et al., 2015; Essel et al., 2016).
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Vega & Flebes (2007) have pointed out that rainfall
aggressiveness is related with rainfall kinetic energy,
which, although little discussed in meteorology and
climatology, is fundamental in agricultural and forestry
sciences because of its substantial contribution to soil
degradation. The knowledge of rainfall aggressiveness in a
region allows its sustainable use to perform zoning of
different areas according to their erosive potential and plan
the appropriate use of the soil according to the risk of
erosion (Ramirez-Oritz et al., 2007). The advantages of
calculating MFI are the ease of obtaining large monthly
rainfall data series and, consequently, spatially represent
its variation and the strong correlation between MFI
and RE. Furthermore, the knowledge of seasonal and
spatial variations in rainfall aggressiveness is crucial for
decision-making and implementation of preventive and
erosion control measures (Hazbavi & Sadeghi, 2016;
Davudirad et al., 2016).

The presence of significant changes in rainfall
indicates the need to change the size patterns of water
infrastructures. The growing trend in rainfall
aggressiveness may indicate an increase in erosion
problems and the need to revise and update RE indices and
maps as well as maps of soil loss and erosion hazard
potential according to USLE guidelines.

467

The objective of this study is to evaluate spatial and
temporal variations in rainfall aggressiveness in the south
of Brazil. This analysis is fundamental for elaborating
maps of soil loss potential and assess the increase in
sediment production in watersheds. The present study
intends to answer the following questions: (i) Is it
necessary to update erosion studies as a function of trends
in rainfall?” And (ii) Is it possible to attribute increases or
decreases in sediment production to a decrease in rainfall
aggressiveness?

MATERIAL AND METHODS

Daily precipitation data series collected in 181 rain
gauge stations from the National Water Agency (Agéncia
Nacional de Aguas—ANA) were used. Of these, 70 stations
are in the state of Parana, 62 in the state of Santa Catarina,
and 49 in the state of Rio Grande do Sul (Figure 1).
Stations with more than 32 years of annual data series for
the period 1976-2015 were selected. Missed data on total
monthly rainfall in these stations were filled using
the regional weighting method based on data from
three nearby stations according to the methodology
proposed by Tucci (2015).
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FIGURE 1. Location of selected rain gauge stations.
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Annual MFI values were calculated using [eq. (1)].
12 N2
MF] =E=xr) 0!
Where,
MFT is the Modified Fournier Index (mm);
pi is monthly precipitation (mm),

P is the mean annual precipitation (mm).

The quarterly values were calculated using [eq. (2)]:

_ T, e)?
MFI; = = 2)
Where,
MFI; is the Modified Fournier Index for the trimester
(mm),

Pt; is rainfall in the trimester (mm).

The Mann-Kendall test was used to evaluate
tendencies in MFI series according to [eq. (3)]:

S = %L1 XiLj41 sgn(xi-x;) (3)
Where,
S is Mann-Kendall test statistics.
1if6>0

sgn(@) =<5 0if 6 =0 )
—1ife<0

For the independent random variable without
significant tendencies, the mean was equal to zero (0), and
the variance of S was calculated using [eq. (5)]:

N(N-1)(2N+5)- 3N t(t-1) (2t+5)
18

Var(S) = (5)

TABLE 1. Classification of annual rainfall erosivity.

Where,

t represents values with the same score.

For the two-tailed test at a level of significance of
a, Ho is rejected if the standardized Mann-Kendall statistic
Z is smaller than Z o, or larger than Z ,» and follows a
normal distribution with a mean of zero and variance of
one. Z was calculated using [eq. (6)]:

[ s-1

if$>0)
} (6)

var(S)
Z= 0if S=0
S+1 .
k_—vur(s) if $< 0)

The Mann-Kendall test was performed at a
significance level of 5% (o = 0.05). This test is strongly
recommended by the World Meteorological Organization
(Yue et al., 2002; Huang et al., 2014) to identify trends in
historical series of hydrological, climatic, and related data.

Maps of mean quarterly and annual MFI values
and MFI classification were generated according to
the degree of rainfall aggressiveness. In Europe, the
limits were adopted according to ECC (1992).
Nonetheless, these limits are low to assess rainfall
aggressiveness in tropical climates. The limits presented
by Gomez (1975) and Pizzaro et al. (2008) were higher
than those proposed by ECC (1992) and are more suitable
for the weather conditions of South America (Table 1).
Ramirez-Ortiz et al. (2007) analyzed RE in the coffee-
growing zone of Venezuela using the classification
proposed by ECC (1992) but observed that MFI values
were above 170 mm. For this reason, the values were
redistributed in eight classes to identify zones with erosion
potential. The classification of Gomez (1975) was used in
the present study.

Classification proposed by

Degtree of . - g
aggressiveness Rainfall characteristics Gomez Pizarro et al. CEC
(1975) (2008) (1992)
Very low Very light, frequent, well-distributed rains <140 <100 <60
Low Light, frequent, well-distributed rains 140-210 100-200 60-90
Intermediate Moderate, frequent rains with good or regular distribution ~ 210-280 200-300 90-120
High Heayy rains, frequent or not, with good or poor 280-350 300-400 120-160
distribution
Very high Vpry hegvy rains, frequent or not, with good or poor =350 =400 ~160
distribution
RESULTS AND DISCUSSION More than 90% of the stations had no significant

The percentage of rain gauge stations with
significant decreasing trends, significant increasing trends,
and no significant trends in rainfall aggressiveness
between years was 3.3%, 7.7%, and 89.0%, respectively
(Table 2). In the state of Rio Grande do Sul, a significant
decreasing trend was identified in five stations (10.2% of
the stations in the state). In contrast, in Paranid and Santa
Catarina, excluding one station with a decreasing trend,
the other 14 stations presented a significant increasing
trend (Figure 2).

trends in RE between seasons. The percentage of
significant trends was comparatively higher (7.2%) in the
summer and lower (2.8%) in winter. These significant
trends can be attributed to reasons other than climate
change, including alterations in station location and natural
climate variability.

There were no zones with consistent trends in all the
constituent rain gauge stations (Figure 2). Even in regions
with a higher concentration of stations with increasing
trends, such as in the northwest of Parana, some stations had
no significant trends, and one station had a decreasing trend.
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TABLE 2. Proportion of rain gauge stations according to trends in the Modified Fournier Index.

. Period
State or region  Trend X N
Annual Summer Autumn Winter Spring

Decrease 1.4 0.0 7.1 1.4 43
Parana Not significant 84.3 85.7 90.0 95.7 91.4
Increase 14.3 14.3 2.9 2.9 43

Decrease 0.0 3.2 1.6 1.6 4.8
Santa Catarina  Not significant 93.5 91.9 96.8 98.4 93.5
Increase 6.5 4.8 1.6 0.0 1.6

Decrease 10.2 4.1 2.0 2.0 0.0
Rio Grande do Sul Not significant 89.8 95.9 98.0 98.0 98.0
Increase 0.0 0.0 0.0 0.0 2.0

Decrease 33 2.2 3.9 1.7 33
South of Brazil Not significant 89.0 90.6 94.5 97.2 93.9
Increase 7.7 7.2 1.7 1.1 2.8

Some studies found significant trends in rainfall
series in the south of Brazil (Minuzzi & Caramori, 2011;
Pinheiro et al., 2013; Haylock et al., 2006), whereas other
studies found no significant trends (Silva et al., 2015;
Denski & Back, 2015). This apparent discrepancy is in
part due to different time periods covered in these data
series and different methodologies. Silva et al. (2010)
analyzed rainfall time-series across Brazil from 1961 to
2008 and found differentiated and highly regionalized

;oW seTreTwW s4TooMWw R2TOTW

patterns in the increasing and decreasing trends in rainfall.
In annual series, the eastern area of the south of Brazil
stands out as having significant positive trends from the
center of Rio Grande do Sul to Parand. In contrast,
Salviano et al. (2016) analyzed annual rainfall series from
1961 to 2011 in Brazil and observed non-significant trends
in more than 70% of these series and in most months of the
year in the south of Brazil.
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FIGURE 2. Analysis of trends in MFI collected in rain gauge stations distributed across the south of Brazil.
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The variation in MFI was higher in Parand and
Santa Catarina, especially from January to March (Figure
3). Moreover, median MFI was significantly higher in
Parand from November to January and May and
significantly higher in Santa Catarina in February and
March. In April and from June to October, median MFI
was significantly higher in the state of Rio Grande do Sul.

In summer, mean MFI values were comparatively
higher in Parana and Santa Catarina, whereas in autumn,
means were comparatively higher in the state of Rio
Grande do Sul (Table 3). Mean MFI values were relatively

lower in Parand in winter and comparatively lower in
Santa Catarina in spring.

Mean MFI values in the south of Brazil were
significantly higher in summer and spring and lower in
winter (Figure 4). In Parana, the variation in the MFI was
similar to that observed in the south. In Santa Catarina,
there was no significant difference in means between
autumn and winter. In Rio Grande do Sul state, means
were significantly higher in spring than in summer and
autumn and lower in winter.
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FIGURE 3. Boxplots of the Modified Fournier Index in the south of Brazil.
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FIGURE 4. Boxplots of the Modified Fournier Index by season in the south of Brazil.
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TABLE 3. Mean values of the Modified Fournier Index in the south of Brazil by state and season of the year.

Season
State
Summer Autumn Winter Spring Year
Parana 64.3aA 36.3bB 20.9bC 59.2aA 192.8a
Santa Catarina 62.9aA 26.6aB 54.5bA 190.0a
Rio Grande do Sul 43.7bB 27.5aC 58.0aA 192.1a
Southern Brazil 58.3A 24.6C 57.3A 191.7

The means followed by the same lowercase letter were not significantly different between the states using the Kruskal-Wallis test at a level

of significance of 5%.

The means followed by the same uppercase letter were not significantly different between the rain gauge stations using the Kruskal-Wallis

test at a level of significance of 5%.

The seasonal and spatial variation in MFT is due to
the formation of rainfall in the south of Brazil. Grimm
(2009) has shown that rainfall regimes are highly variable
in the south of Brazil, with a marked transition from the
north to the south. The north is dominated by a typical
monsoon climate, with the beginning of the rainy season in
spring and end of the rainy season in early autumn,
resulting in large differences in rainfall between summer
and autumn. In the south, there is an almost uniform
distribution of rainfall throughout the year, with heavier
rains in winter. In summer, surface warming and the
transfer of moisture to the interior of the continent tend to
destabilize the atmosphere, increasing convection and
producing heavy rains in the northern states of the south.
In summer and transition seasons, mesoscale convective
systems are common and responsible for much of the total
rainfall. In winter, there is a higher penetration of fronts in
Rio Grande do Sul state, causing more rainfall in the
southeast of southern Brazil. In the east coast of southern
Brazil, particularly in Paran4, there is a significant effect of
orography on rainfall. In the southeast of Rio Grande do
Sul, maximum rainfall occurs in winter due to the
penetration of fronts associated with migratory
extratropical cyclones. Summer rains predominate in
Parana and Santa Catarina, and rainfall is higher from
December to February or from January to March. Rainfall
is higher in spring in the west and in autumn in the north.
In the state of Rio Grande do Sul, rainfall is higher from
July to September.

In the coast of Santa Catarina, the rugged relief and
hills with steep slopes combined with heavy rainfall
increase the risk of erosion and landslides (Herrmann,
2007). One of the mechanisms that produce rainfall in
Santa Catarina is the displacement of cold fronts and
cyclones. Medium to high intensity cyclonic systems are
one of the main atmospheric systems affecting rainfall in
the southern states of Brazil. Franco et al. (2006) described
the effect of sea and land breezes on the atmospheric
circulation on the north coast, especially from November
to February. Studies on rainfall climatology in Santa
Catarina have shown that summer is the rainiest season in
coastal areas and Itajai Valley (Grimm et al., 1998).

Several studies reported the occurrence of
orographic precipitation, including floods and landslides
along the coast of the south and southeast regions of Brazil
(Seluchi & Chou, 2009; Silva Dias, 2009). The interaction
of the effect of orography and cyclones or frontal rains
increases rainfall and the risk of floods and landslides.
These events cause intense precipitation in summer
months in Santa Catarina and Parana.

The mean annual rainfall varied from 1270 to 2650
mm (Figure 5) and was higher in the northwest of Rio
Grande do Sul, west of Santa Catarina, south-west of
Parana, and in a region between the north coast of Santa
Catarina and southeast of Parana.
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FIGURE 5. Map of annual rainfall (mm) and rainfall erosivity according to the Modified Fournier Index in the south of Brazil.

MFI varied from 148 to 350, indicating the absence
of regions with mild aggressiveness (MFI <140) in the
south (Figure 5). Regions with low aggressiveness (140 <
MFI < 210) predominated, corresponding to 96.3, 82.8,
and 78.2% of the territory of Rio Grande do Sul, Santa
Catarina, and Parana, respectively (Table 4). In Rio
Grande do Sul state, there were a few regions (3.7% of the
state area) with intermediate aggressiveness in the
northwest. In Santa Catarina, these areas were located on

TABLE 4. Rainfall aggressiveness in the southern states of Brazil.

the north coast and far west. In Parana, areas of
intermediate RE were found in the southwest and east,
close to the border of Santa Catarina. A few locations
(0.4%) presented high aggressiveness (280-350 mm) in
the north coast of Santa Catarina, close to the border of
Parana; the high aggressiveness was due to precipitation in
the municipality of Garuva, where the mean annual rainfall
was above 2600 mm and the mean annual rainfall in
January exceeded 400 mm.

Modified Fournier Index (mm) Parana Santa Catarina Rio Grande do Sul Southern Brazil
<140 0.0 0.0 0.0
140-210 78.2 82.8 96.3 87.6
210-280 21.7 16.8 3.7 12.3
280-350 0.1 0.0 0.1

>350 0.0 0.0 0.0

Total 100.0 100.0 100.0 100.0

In some regions, including the northeast of Santa
Catarina (southeast of Parand) and west of Santa Catarina
(southwest of Parand), higher rainfall aggressiveness
coincided with higher annual rainfall. However, in other
regions, including the north of Rio Grande do Sul, there
was no significant association between these two variables.

The variation in MFI was higher in summer,
ranging from 30 to 180 mm. In Rio Grande do Sul state, in
the west and plateau of Santa Catarina, and west of Parana,
MFI values were lower than 60 mm (Figure 6). In the east
of Santa Catarina and Parand, MFI was higher in summer,

with values of up to 170 mm in the north coast of Santa
Catarina and southeast of Parana. In autumn, MFI varied
from 20 to 70 mm. MFI was lower in the east and higher in
the west of the three states. MFI was higher than 56 mm in
the southwest of Parana and in a small region in the far
west of Santa Catarina. MFI was lower in winter in the
north of Parana and southwest of Rio Grande do Sul,
varying from 103 to 40 mm. In spring, MFI ranged from
30 to 80 mm. There was high spatial variability in MFI,
with lower values in the eastern zone of the three states
and higher values in the western zone, especially in the
southwest of Parana.
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FIGURE 6. Seasonal and spatial variation in rainfall aggressiveness in the south of Brazil.
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CONCLUSIONS

The results indicated that 89% of the 181 rain
gauge stations that collected annual data series from 1976
to 2015 did not present significant trends in rainfall
aggressiveness according to MFI. In addition, 90% of
these stations presented no significant trends between
seasons and, therefore, were considered stationary. This
result indicates that, although several mechanisms can
cause variability in RE and consequently erosion over
time, changes in erosivity indexes were not significant in
the south of Brazil. Therefore, studies and maps of soil
loss potential in southern Brazil developed until 2015 do
not need to be updated to account for changes in this
variable. The following seasonal and spatial variation in
MFI was observed in the three southern states: i) rainfall
aggressiveness was higher in Parana and Santa Catarina in
summer and higher in the state of Rio Grande do Sul in
autumn; ii) mean rainfall aggressiveness was significantly
lower in Parand in winter and significantly lower in Santa
Catarina in spring; iii)) RE in southern Brazil was
comparatively higher in summer and spring and lower in
winter; iv) rainfall aggressiveness in southern Brazil
ranged from 148 to 350 mm v) rainfall aggressiveness was
comparatively higher in the northern coast of Santa
Catarina and southern coast of Parana, mainly due to
summer rains; vii) In autumn, rainfall aggressiveness was
higher in the west of these three states. The most likely
cause of this difference in RE between the states is the
formation of rainfall.

These results may help assess soil erosion in these
regions. Nonetheless, the analyzed series indicated that
the change in rain aggressiveness is not statistically
evident in the series in southern Brazil. Therefore, other
factors, including changes in soil use and conservation
practices, which are significant contributors to soil loss,
may cause erosion.
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