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Abstract

Daily and monthly rainfall was analyzed by the Concentration Index (CI) of
[1] and the Annual Precipitation Concentration Index (PCI) of [2] in sou-
theastern Brazil. About 120 rainfall stations were used in the period from 1976
to 2010. Data were obtained from the National Water Agency (ANA). These
data were selected by observing their spatial and temporal distribution in the
study area. In general, the Concentration Index and the Precipitation Con-
centration Index were consistent for the study of rainfall variability in the
study area. High percentages of annual rainfall concentration in a few very
rainy days can increase the risk of flooding and soil instability. In this work, a
survey of the spatial and temporal patterns of daily and monthly rainfall con-
centration in southeast Brazil was conducted. The results showed a relatively
homogeneous temporal distribution of daily rainfall in the study area. In ad-
dition, the Mann-Kendall test showed a clear trend towards a seasonal rainfall
distribution.
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1. Introduction

The climates of Brazil are highly controlled by factors such as latitude, altitude,
oceanic influence, and dynamical systems from the extreme south of South
America, among others. These factors provide a wide variety of climates: nor-
theastern Brazil shows semiarid climates and in the central region of Brazil,

tropical climate (or subtropical) is predominant.

There is need to analyze and understand the hydrological processes in agri-
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cultural areas and watersheds due to their impact on soil erosion and conserva-
tion measures. Of all regular climatic parameters, precipitation is the most
changeable variable in time and space.

There are simple rainfall measures that can be used to provide information on
variability, therefore on the climate state. These mainly include annual and
monthly precipitation data of rainfall and averages, which can be used to assess
rainfall seasonality, variability and the frequency of extreme events.

High percentages of total annual rainfall concentration in a few very rainy
days can increase the risk of flooding and soil instability. In this work, a survey
of the spatial and temporal patterns of daily and monthly rainfall concentration
in southeast Brazil was conducted through a set of homogeneous daily rainfall
data.

One of the most important aspects of climate variability that requires tho-
rough investigation is the temporal distribution of rainfall and its historical
changes. Precipitation is an important variable, since it gives rise to opposite
phenomena such as drought and floods.

Several studies about rainfall variability have been performed worldwide using
various statistical procedures. A significant decrease in the number of rainy days
has been identified, as well as an increase in precipitation intensity values in
many parts of the world, such as China [3] [4] [5] and America [6]. With regard
to the Mediterranean area, several studies have been conducted to investigate the
trends in annual and seasonal precipitation on a large scale [7] [8] [9] and for
nations or whole regions,. [10] [11] [12] [13]Long-term rainfall records have
been surveyed in Northern and Central Italy [14] [15] [16], in Southern Italy
[17] [18] [19], in particular in the region of Calabria [20] [21] [22].

Regarding the United States, the studies by [6] are worth mentioning, who
found a 10% rainfall increase in the period from 1910 to 1995 and a positive
trend in intense precipitation events (>90%). This increase is due to the in-
creased frequency of days with precipitation, as well as an increase in its intensi-
ty.

Rainfall intensity, amount and pattern require detailed analysis, because these
variables cause droughts or floods, likely to occur frequently in the region under
study.

A higher rainfall concentration, represented by higher percentage of the total
annual rainfall in some very rainy days, has the potential to cause floods and
droughts. These phenomena have a considerable impact on water resources.

As consequences, rainfall amount and intensity can make the soil more vul-
nerable to erosion and increase instability. In particular, vulnerability to soil ero-
sion will affect the growing conditions of plants and agricultural practices,
changing the land use management [23], and the instability of slopes can in-
crease economic and life losses. According to [24], the knowledge of the tempor-
al distribution of heavy rainfalls allows assessing the amount of runoff and soil
loss. Changes in the temporal rainfall distribution can also modify river systems,

groundwater recharge, water availability, hydropower production [25] [26] [27].
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For these reasons, it is important to analyze the statistical structure of rainfall
rates based on the set of daily rainfall data.

Researchers from Europe and nearby geographical areas also conducted stu-
dies on daily rainfall. [28] [29] [30] found that 25% of the rainiest days repre-
sented 75% of total annual rainfall volume and the high values of the daily rain
concentration were located in the eastern region of the Iberian Peninsula.

Precipitation is one of the most important variables associated with monsoon
anywhere in the world and the rainfall amount in a week or month varies widely.
The monsoon season is well spatially organized on a large scale, but this is not
true for smaller scales. Concentration indexes above 0.60 show one of the most
characteristic traits of rain: its high concentration.

Rainfall analysis aimed at characterizing precipitation at different spatial and
temporal scales is a widely discussed issue, mainly due to its involvement in hy-
drological processes and analysis of erosion and soil loss. In the current context,
several authors have associated change in precipitation patterns to extreme
weather events occurring more and more frequently in many parts of the world,
such as China [31] [32] America [33] or in various areas of the Mediterranean
[34].

One must know the rainfall structure on a daily scale. [1] proposed a daily
precipitation concentration index (CI), which has been applied in different re-
gions with very different results. Thus, in the case of the Iberian Peninsula, spa-
tial patterns of CI clearly showed two distinct areas: values ranging from 0.63 to
0.70 or more, in the peninsular regions of the eastern Mediterranean and lower
values in other areas of Atlantic influence, where rain regularity is greater.

A subject that attracts attention in climatology studies is the guidance to es-
tablish monthly and annual averages, which makes daily (including hourly) in-
formation scarce. All these scales (daily, monthly and annual) have a great po-
tential to characterize precipitation, as rain has a discrete pattern. Furthermore,
the frequency distribution has daily values that are perfectly adjustable to nega-
tive exponential distribution [35] due to the existence of many days with preci-
pitation of less than 1 mm and a few days with heavy rainfalls [1].

The Concentration Index (CI) allows understanding the irregularity of daily
rainfalls. It is an estimator of the degree of rainfall tolerance [1] and explains in-
stability processes, formation of slopes [36], danger of flooding and drought. CI
is a synthetic indicator that summarizes all daily rainfall events.

Analysis of precipitation with daily resolution is a matter of great concern,
anywhere in the world. This type of analysis is justified by the existence of se-
rious environmental risks in the various regions of the planet, such as flooding
and unstable soil resulting in high percentages of total annual rainfall falling on a
limited number of very rainy days. Thus, the northern portion of southeastern
Brazil has long periods of drought and uneven distribution of rainfall seasons.

To analyze the inter-annual rainfall distribution, [2] adapted an index from
the geo-economic theory (industrial concentration) to quantify the relative dis-

tribution of rainfall patterns and estimate its seasonality [34], which was called
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Precipitation Concentration Index.
The aim of this study was to determine the concentration of daily and
monthly precipitation using methodology called daily and inter-annual concen-

tration index developed by [1] first and [2] second.

2. Methodology

The study was conducted using meteorological data from the National Water
Agency (ANA) for southeastern Brazil. The primary data set includes daily pre-
cipitation for the period from 1976 to 2010. The locations of weather stations are
shown in Figure 1, comprising 120 stations.

To determine the relative impact of different daily precipitation classes and
evaluate the weight of the greatest event on precipitation, it is necessary to ana-
lyze the percentage of accumulated precipitation (Y) contributed by the cumula-
tive percentages of days (X) during the occurrence of Y [1] [32] [37] [38] [39].

The concentration index proposed by [1] was used to determine the relative
impact of different precipitation classes, e.g., more intense precipitation ob-
served in the heterogeneity of daily precipitation [32] [34] [39].

In a given time and place, the probability of small daily amounts of rainfall is
greater than large daily amounts of rainfall. In other words, starting with the
lowest class of daily rainfall, the absolute frequencies of daily precipitation ex-
ponentially decrease as it moves to the consecutive intervals [35].

Based on the work of [34] [37] [38] [39] studied the cumulative percentage of

precipitation (P) contributing to the cumulative percentages of days (V): 1) es-
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tablish the precipitation class limits (class interval of 5 mm), which could be
from 1 to 10 mm; 2) count the number of days with rainfall interval that de-
creased for each class interval (/= 1, 2, ... n), calculating the associated amount
of rainfall; 3) calculate the cumulative sum of output items based on step 2; 4)
count the cumulative percentage of rainy days and the associated amount of
rainfall based on step 3.

If the accumulated percentage of rainfall (Sum 2%) is a function of the cumula-
tive percentage of rainy days (Sum Ni), an exponential curve is obtained and ex-
pressed by Sum(V,) versus Sum(P) (Martin-Vide 2004):

Sum(P)=a *Sum(Ni)exp(b*Sum(N,))

where a and b are regression analysis parameters.

The equation is called concentration curve or Lorenz curve (Figure 2), which
has been widely used in many areas [40]. It should be noted that this curve is
plotted with both axes ranging from 0 to 100%, giving a total area of 10,000.
Thus, the Gini index (25/10,000) was used to quantify the degree of concentra-
tion, where S is the area contained by the bisector quadrant and the Lorenz’s
curve. The integral defined from the exponential curve between 0 and 100 is the

area under the curve A4’

1 100
A = Eeb*S'L"n(N")[Sum(Ni)——j
b b

0

Based on areas A" and $" compressed by the curve, the equidistribution line
and N{(=100) is the difference between 5.000 and the value of A’. Coefficients a
and A’ can be estimated by the least squares method. Then, the concentration
index CI, resembling the Gini index, can be defined as:

=5
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Figure 2. Exponential curve of the cumulative number of precipitation days (Sum Ni)
versus accumulated rainfall (Sum Pi). The solid black line is the equidistribution line.
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The CI value is the § fraction and the area surface of the lower triangle is de-
fined by equidistribution line. CI indicates the contribution of extreme precipi-
tation for certain lengths of time.

Extreme rainfalls are associated with flooding; therefore, CI studies have
scientific and practical merits, as they enable a better understanding of flood
events in a given area.

If the concentration index is zero, there is complete precipitation uniformity
and with CI = 1, total rainfall concentration occurs at a particular time.

The monthly rainfall heterogeneity was analyzed using the rainfall concentra-
tion index originally proposed by [2] and modified by [41].

The modified index is expressed by:

2
zpi
PCI=100*—=1—

P 2
)
i=1
where p;is the amount of rainfall in the /th month. The index was calculated for
each rain gauge and for each year over the study period. As described by [2],
annual PCI values below 10 indicate uniform monthly rainfall distribution, while
values from 11 to 20 denote seasonal rainfall distribution. Values above 20 cor-
respond to climate with marked monthly contrasts in rain intensity.

Two different procedures can be adopted to assess this index: PCI can be es-
timated by the number of average monthly rainfall data or calculated from the
year set and then as the average over several years. PCI related to the variation
coefficient (VC) by the following equation:

b :@Mzﬂ
12 100

The values of all indexes used in this study were calculated using the R soft-
ware through the precintcon function developed by [42], where there are various
input parameters such as the object to be analyzed and the period one wants to
work, which should include the number of days or months to be grouped during
the calculation of CI, PCI and SPI respectively. For example:

precintcon.cl.analysis (dl, d2, interval = 1), to calculate CI and where, in this
case, the interval used for analysis is equal to one millimeter; precintcon.pci.
analysis (d1), to calculate PCIL.

The temporal trend of both indices (PCI and CI) was detected by the nonpa-
rametric Mann-Kendall test [43] [44]. The Mann-Kendall method can test the
trends in time series (x, k=1, 2 ...... n) without the need for normality or linear-
ity (Wang et al. 2008); being therefore highly recommended for general use by
the World Meteorological Organization [45] and is widely used in detecting
trends in hydrological series (e.g., [39]). The statistical S test has zero mean and

unit variance, given by the following equations:

n=1 n

S:z Z sgn(xj—xk)

k=1 j=k+1
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sgn(xj —xk)=+lif (xj —xk)>0
sgn(xj —xk)=0if (xj —xk):O
sgn(xj —xk)z—lif (xj —x,()< 0

n(n—1)(2n+5)—§tii(i—l)(2i+5)

V =
ar(s) 3

where n the number of data points; ¢ is the number of measure loops. In cases

where the sample size n > 10, the statistical standard (Z) for a tailed test is for-

mulated as:
z7=—571 §g.0,z=0,5=0
,/Var(s)
7=t g o

,/Var(s)

The 95% significance level, the null hypothesis of no trend is rejected if |Z| >
1.96. For the 95% significance level, the null hypothesis of no trend is rejected if
|Z| > 1.64.

3. Results and Discussion

Figure 3 shows that the daily concentration index values did not exceed 0.60,
which is a threshold between low and high CI, indicating that there is no marked
concentration values, but there is a clear gradient towards the northern/nor-
theastern region, ie, the rains are more concentrated towards the Drought Po-
lygon (north of the study area). This spatial pattern is very consistent from a

climatic and geographical point of view.
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Figure 3. Concentration Index lines (CI) for 5 mm classes.
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The values found for central Chile, for example, vary between 0.47 and 0.75.
More than 36 of the 56 meteorological stations (64%) showed CI 0.59, which is
consistent with values of the index for the Iberian Peninsula. However, 36% of
the stations are under this threshold.

The daily precipitation concentration calculated by the CI confirmed that the
southern and central parts of Chile have values similar to those of the Iberian
Peninsula, with high values of this index for Mediterranean climates and low CI
for rainy oceanic climates. In the Southeast Region of Brazil, this does not occur
because values are below 0.60.

The spatial distribution of the Monthly Concentration Index (PCI) (Figure 4)
shows a gradient from south (southwestern region) to north (northeastern re-
gion). This index was used to classify three basic regions: irregular distribution
(>40), highly seasonal (30 - 40) and seasonal (<30). Regarding the southeastern
region, no value exceeded 20, so it could be inferred that rain is seasonal.

In Chile, for example, according to Sarricolea and Martin-Vide (2012), values
of this index ranging from 40 (northern region) to 25 (southern region) could be
observed, characterizing that to the north, in the Coquimbo region, rainfall is
distributed only over one month, while in the transition region (Coquimbo and
Valparaiso), this precipitation is quarterly and during winter. Farther south,
from the metropolitan area to Curico, precipitation extends from May to Sep-
tember (five months). This pattern is very different from the southeastern region
of Brazil.

Figures 5-8 show the relationship between CI and the precipitation percen-
tage of rainy days to 10%, 20%, 30% and 50%, based on the rainfall stations ana-

lyzed. It was possible to determine the percentage of total rainfall, corresponding
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Figure 4. Monthly Concentration Index (PCI) in southeastern Brazil.
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Figure 5. 10% of rainfall in the area according to CL. R* = 0.89 (PP-10% = 129.4*CI —
26.1) significant: The linear coefficient of determination, R? of 10% of the rainfall).
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Figure 6. 20% of rainfall in the area according to CI. R* = 0.75 (PP-20% = 109.2*CI —
0.024) significant: The linear coefficient of determination, R? of 20% of the rainfall).
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Figure 7. 30% of rainfall in the area according to CL R* = 0.66 (PP-30% = 93.05*CI +
18.6) (significant: The linear coefficient of determination, R? of 30% of the rainfall).
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Figure 8. 50% of rainfall in the area according to CL R* = 0.93 (PP-50% = 61.38*CI +
48.77) (significant: The linear coefficient of determination, R* of 50% of the rainfall).

to a certain percentage of the number of rainy days. This shows that the higher
the percentage of rainfall in rainy days corresponding to a weather station, the
higher the CI.

The linear determination coefficient (R*) is equal to 0.93% for 50% of the
rainfall that occurred in the region. In the other relationships of CI with the
proportions of days with rainfall, the value ranges from 0.66 to 0.89. Thus, the
heterogeneity of daily precipitation within a year can be better accounted for by
the percentage of rainfall that contributed with 50% of the rainiest days in the
study area.

Table 1 shows rainfalls that contributed with 15 and 25% of the rainiest days
for the series analyzed. This table shows that in 15% of rainy days, rainfall oc-
curred between 49.5 to 56.8 mm and in 25%, rainfalls occurred between 68.8 to
61.9 mm.

In general, according to Martin-Vide (2004), values above 0.61 for CI mean
that 70% of the total precipitation contributes with 25% of the rainy days.

Table 1 shows the PCI values at each station and its standard statistics (Zpc)),
as well as CI and its standardized statistics, the trend tested by the Mann-Kendall
method. It was observed through the absolute values of Z,, (Table 1) that there
are values smaller than 1.64% for 90% significance level, which means that the
trends are not significant for these stations; however, there are some in which
absolute values are greater than 1.64. In this case, through this method, it could
be concluded that there is a tendency. The same could be said for the absolute
Z, values. Values marked with the symbol (*) indicates that there are significant
trends for the 90% significance level.

However, it was observed that these non-significant trends in PCI are negative
for almost all of the analyzed series. The suggestion of positive trends implies a
tendency for increased annual concentration of total rainfall for the summer,
considered the rainy season. It is not that what occurs in this region, based on

PCI values analyzed.
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Table 1. Values of a and b coefficients of the exponential curve, determination coeffi-
cients (R?), CI and Z;, PCI and Z,, and the percentage of rainfall contributed by 15 and
25 of the rainiest days for some weather stations during the study period in southeastern

Brazil.

Cédigo a b R Z. PCl  Zpy  PP-15%  PP-25%
1,444,017 0.070  0.026 0.99 0.54 -0.18 22.00 -0.29 53.1 64.9
1,542,015 0.067  0.027 0.99 0.55 -1.58 21.70 -0.16 53.7 65.4
1,543,013  0.074  0.026 0.99 0.54 -1.31 23.00 -0.66 52.5 64.5
1,544,017 0.076  0.025 0.99 0.54 -1.47 2450 -0091 52.2 64.2
1,640,000 0.048  0.030 0.99 0.58 -1.50 18.10 -0.14 57.2 68.4
1,641,011 0.049 0.030 0.99 0.58 -1.60 20.00 -0.64 56.8 68.0
1,644,027 0.078 0.025 0.99 0.54 -1.36 19.50 —-0.38 51.9 64.0
1,644,028 0.078 0.025 0.99 0.54 -1.14 20.60 -1.42 52.1 64.1
1,645,002 0.074 0.026 0.99 0.54 -2.29* 20.10 -1.56 52.6 64.5
1,645,007 0.088  0.024 0.99 0.53 -0.89 20.50 -0.97 50.7 62.9
1,646,000 0.078  0.025 0.99 0.54 -1.86* 18.70 -0.11 51.9 64.0
1,741,006  0.061  0.028 0.99 0.56 -2.90* 1570 -0.30 54.7 66.3
1,743,002  0.071 0.026 0.99 0.54 -1.60 20.60 -0.21 53.0 64.8
1,744,010 0.078 0.025 0.99 0.54 -1.11 19.70 -0.34 51.9 63.9
1,746,006  0.080 0.025 0.99 0.54 -2.69* 1940 -0.32 51.7 63.8
1,839,000 0.055 0.028 0.99 0.57 -1.52 1590 -0.63 55.8 67.3
1,839,001 0.061 0.027 0.99 0.57 -0.73 15.00 -3.57% 55.0 66.7
1,840,000 0.068  0.026 0.99 056 -1.60 16.10 -1.59 53.7 65.5
1,939,002 0.052  0.029 0.99 0.58 -0.52 14.00 -0.90 56.5 69.9
1,950,000 0.048  0.029 0.99 0.57 -1.47 1590 -0.50 56.8 67.9
2,040,018 0.059 0.028 0.99 0.56 —2.44* 13.50 0.11 55.1 66.6
2,041,001 0.053 0.029 0.99 0.57 -0.96 15.10 -0.37 55.9 67.2
2,047,005  0.077 0.025 0.99 0.54 -1.66* 1650 -1.62 52.1 64.1
2,047,018  0.080 0.025 0.99 0.54 -1.94* 1540 -1.08 51.7 63.8
2,047,020  0.078 0.025 0.99 0.53 -1.32 1470 -0.41 51.9 63.9
2,048,029 0.075  0.025 0.99 0.54 -1.50 15.00 -1.29 52.2 64.2
2,047,018 0.074 0.026 0.99 0.54 -0.55 1620 -1.96* 52.6 64.2
2,049,003 0.074 0.026 0.99 0.54 -1.37 1560 -1.91* 524 64.4
2,049,010 0.063  0.027 0.99 0.55 -2.12* 1520 -1.94* 54.2 65.8
2,050,001 0.074 0.026 0.99 0.54 -1.26 16.20 -1.66* 52.6 64.5
2,051,007  0.077 0.025 0.99 0.54 -1.76* 1460 -0.72 52.1 64.1
2,147,027  0.087 0.024 0.99 0.53 -1.27 1470 -1.21 50.7 62.9
2,147,077  0.083 0.025 0.99 0.53 -1.61 1520 -0.77 51.3 63.4
2,148,044 0.091 0.024 099 053 -212* 1500 —0.02 50.3 62.6
2,149,069 0.078  0.025 0.99 0.54 -1.69% 1540 -3.10* 52.0 64.0
2,244,133  0.078  0.025 0.99 0.54 -1.39 1440 -1.11 52.0 64.0
2,245,010 0.086 0.026 0.99 0.53 -1.52 1450 -0.81 50.8 63.0
2,344,009 0.076 0.025 0.99 0.54 -2.15% 12.60 —5.47* 52.3 64.3
2,345,051 0.068 0.026 099 055 -2.19* 1200 0.08 53.5 65.3
2,349,023  0.095 0.023 0.99 0.52 -247* 12.70 -0.13 49.5 61.9
2,446,003 0.047 0.030 099 058 -2.58% 11.90 -0.78 57.4 68.6
2,447,012 0.060 0.028 099 056 -4.60* 1230 0.57 54.8 66.3
2,447,024  0.046 0.030 0.99 0.59 —-4.06* 14.10 -3.15* 57.7 68.8
2,448,013  0.079 0.025 0.99 0.53 -2.87* 11.60 -0.36 51.8 63.8

(*) Represents a significant trend tested at 90% significant level.
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The CI values for some rainfall series were estimated in terms of values of re-
gression coefficients a and b in equations Sum(P)and A’.

The positive trends in the case of CI (Z) indicates extreme inequality of
rainfall distribution and increased chance of occurrences of droughts and floods,
which leads to the need of thinking about influence strategies for prevention of

flooding or water use in the study area.

4. Conclusions

The analysis of the degree of rainfall concentration throughout the year is ex-
tremely important due to its high impact on environmental phenomena such as
floods and droughts. In this study, the rainfall distribution on daily and monthly
scales in southeastern Brazil was determined. The precipitation concentration
index (PCI) was used to evaluate the rainfall seasonality and the concentration
index (CI) was used to evaluate the weight of the greatest daily events relative to
the total amount of precipitation.

The PCI results showed marked rainfall seasonality in the study area. PCI and
CI values were not high within the southeastern region compared to those ob-
tained in Chile and Spain.

The results also show that a large percentage of precipitation is provided by
the highest quartile of the rainy days. Daily rainfall heterogeneity within one
year can be best explained by the percentage of rainfall that contributed with

50% of rainy days in the study area.
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