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Abstract

The emphasis in this research is to evaluate the spatial distribution of the precipitation using a
geostatistics approach. Seasonal time scales records considering DJF, MAM, JJA e SON periods per-
formed the analysis. Procedures to evaluate the variogram selection and to produce kriging maps
were performed in a GIS environment (ArcGIS®). The results showed that kriging method was very
suitable to detect both large changes in the whole area as those local small and subtle changes.
Kriging demonstrated be a powerful statistical interpolation method that might be very useful in
regions with great complexity in climatology and geomorphology.
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1. Introduction

Precipitation is a process, which usually has a high spatial and temporal variability at the watershed scale. The
scientific evidences that global change predicts a scenario that leads to an increase in extreme weather events [1]
added to the spatial analysis of precipitation an even greater importance due to the need of understanding the
large variability of intra and inter-annual regional precipitation [2]-[9].

The accurate measurement of rainfall—and its spatial distribution—requires the installation of dense sensor
networks, representing high costs of implementation and operation [10]. On the other hand, it is useful to choose
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a spatial interpolation method for estimating rainfall—a continuous variable—where no direct measurements are
available.

The four main sub-fields related to the physical world (atmosphere, hydrosphere, lithosphere and biosphere)
widely make the use of geostatistics approach for describing the variability of spatial patterns. Kriging is part of
geostatistical approach, which search to exhibit a structure of spatial correlation based a powerful and consistent
probabilistic method. In atmosphere sub-field, for example, applications are found associated with climatology,
temperature, rainfall, historic sea-level rise and atmosphere pollution [11]-[17].

Several studies compare kriging with other interpolation methods, such as thiessen, inverse distance weight-
ing and splines. Among all the spatial interpolation methods kriging is the most convincing because is based on
good theoretical principles [18] and because consider the uncertainty factors that occur in complex natural sys-
tems.

Estimation of rainfall using geostatistical tools provides more accurate results than other interpolation me-
thods. Moreover, the possibility of quantifying the uncertainties using geostatistics approach is particularly suit-
able for comparison with estimates of rainfall produced by other means and methods (e.g., radar, satellite and
climate models) [19].

Therefore, this paper intends to evaluate the intra-annual spatial variability of rainfall over the Paraiba do Sul
River basin (Portion of Sao Paulo state), Southeastern Brazil using a geoestatistical approach which operates
within a Geographic Information Systems (GIS). The Paraiba do Sul basin—Ilinking the major metropolitan
center of Sao Paulo and Rio de Janeiro—was selected as a case study area for two reasons: its importance for
Brazilian regional development and the availability of a dense regional rain gauge network with a significant
and relatively updated time series data.

2. Material and Method
2.1. Study Area Characteristics

The study area corresponds to the upper section of the Paraiba do Sul basin (Sao Paulo State portion), com-
prising nearly 15,300 km? and situated in the Southeastern of Brazil (Figure 1). The basin is characterized by
heterogeneous geomorphology, hydrology and soils with elevations varying from about 400 m in extent alluvial
plains up to more than 2400 m in the Mantiqueira and Serra do Mar mountain ridges.

Paraiba do Sul basin has a large importance in the history, culture and economy of Southeastern Brazil with
high urbanization rate and industrial activities along the main river. In this context, water availability manage-
ment is very important for regional development and urban growth. This region is one of the country’s most dy-
namic economic areas. Because of its strategic location—among the states of Sdo Paulo, Minas Gerais, and Rio
de Janeiro—the river basin currently accounts for approximately 11% of national gross domestic product (GDP).

Historically, human activity imposed dramatic transformations of the regional landscape. The reduction in fo-
rested areas reached from nearly 81% to 8.0% over the last 300 years [20]. Using the principles of landscape
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Figure 1. Study area (Paraiba do Sul basin—S&o Paulo State).
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ecology [21], the matrix that forms the landscape correspond to grazing where occur patches of isolated forest
fragments, eucalyptus plantation and urban areas. In the last years, has occurred the expansion of the Eucalyptus
plantation mainly occupying the degraded pasture areas. On the other hand, cities continue to expand near, or on
alluvial plains, occupying a significant part of the floodplain contributing to the reduction and elimination of
natural wetland ecosystems.

Because of its strategic geographical position, multi-purpose reservoirs (for electricity generation, flood con-
trol and flow regulation) were built first in the 1950s, and later in the 1970s. Since 1952, water from the Paraiba
do Sul River is diverted into the Guandu River in the Rio de Janeiro state. About 8.7 million people living in Rio
de Janeiro Metropolitan Region depend on Paraiba do Sul basin for water supply.

In the study area, mean river discharge is 217 m%s; the largest withdrawals of water are made for agricultural
irrigation 10.4 m%s, followed by industrial use, 6.5 m%s and, domestic use, 3.4 m®s [22]. Therefore, the Paraiba
do Sul River is an example of a complex multipurpose water resources management that links hydropower
production to agricultural, industrial and domestic water use.

2.2. Database

Several topographic and thematic maps and database are available in the study area (ArcGIS® and AutoCAD®
formats). Digital topographic maps include surveys at 1:250,000 and 1:50,000 scales covering the total basin.
This level of topographic scale is suitable and represents a better situation that those found in other Brazilian re-
gions. The Digital Elevation Model (DEM) and the others thematic maps were derived from a topographic map
at 1:250,000 scale, 30-by-30 minute quadrangle IBGE maps.

The hydrological data include a network of 107 rain gauges installed at a variety of altitudes (450 m - 1700
m), some of which have been in place since the 1930’s. Stations with less than 30 years of data and with more
than 5% of missing data were excluded from this study. Based on these principles, 40 rainfall gauges were
selected for detailed statistical and geostatistical analysis. The Figure 2 presents the locations of the selected
rainfall stations associated with a TIN model of the study area using Spatial Analyst® extension in the ArcGIS®
environment.

2.3. Methodological Procedures

Since geostatistics treats a set of spatial data as a sample from a random process, it is able to provide estimates
in a context governed by a natural phenomenon such as hydrologic variables. It assumes that the values of these
variables are auto-correlated spatially, such that samples close together in space are more alike than those that
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Figure 2. Selected rainfall stations associated with a TIN model.
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are further apart [23].

Geostatistics uses the semivariogram as one of its primary tools to measure the spatial variability of a regio-
nalized variable and provides the input parameters for the spatial interpolation of kriging [24]. The semivario-
gram is, therefore, used in the first steps of spatial prediction to investigate the relationship of the distribution of
variable (z(x)) in space. This tool is able to measure the degree of spatial dependence between samples over a
specific support. The expected squared difference between paired data values {z(x) and z(x + h)} to the lag dis-
tance h assumes stationary in increments. The term stationary means that the distribution of the random process
has certain attributes that are the same everywhere [25].

To obtain an estimate of the parameters, a theoretical semivariogram model is selected to define the weights
of the kriging function. On the other hand, semivariograms can be calculated for a variety of directions to allow
the recognition of possible anisotropic variability structure. One can formulate an estimator for the semivario-
gram as follows:

2;?(h)=—' [z(xi)—z(xj)f,hei)i‘d 1

where: h is a vector, |[N(h)| is the number of distinct elements of N(h), which is given by:
N(h)z{(xi,xj):xi—xj=h;i,j:1,--~n} )

When there is spatial dependence, usually the closest two measures are more alike than two others that are
further apart, allowing y(h) to increase as the distance h increases too. However, from a certain distance, it will
not find related values with z(h) because the spatial correlation between the samples ceases to exist [26]. The
semivariogram point where the data present no spatial dependence, maintained around the same semi-variance
(y axis) and where it is established a straight line in the graph, called the “sill” (C) as depicted in Figure 3. The
distance from the origin (x and y coordinates equals zero) to the sill, is called the “range” (a), which represents
the radius of influence of sampling points on its neighborhood, indicated by the distance at which the variance
stabilizes.

After selecting the best variogram model, we can use kriging for modeling fine-scale variability of a regional
watershed scale. Kriging is a set of linear regression routines that minimizes estimation variance from a prede-
fined covariance model which takes into account stochastic dependence among the data distributed in space [28]
[29].

There are three techniques to perform kringing: ordinary, simple and universal kriging. In this research is used
ordinary kriging, which relies on spatial correlation structure of the data to determine the weighting values. This
approach uses information from the theoretical semivariogram model to find the optimal weights to be asso-
ciated with points with known values (sampled points), allowing estimate the unknown points. In other words, it
is understood as a series of techniques of regression analysis that seeks to minimize the estimated variance from
a previous model.
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Figure 3. Parameters of the semivariogram [27].
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The difference between kriging and other methods of interpolation is the way the weights are distributed in
the different samples. For traditional methods (or deterministic ones), such as Simple Linear Interpolation, all
samples have weights equal to 1/N (N being the total number of samples). In another deterministic method, the
Inverse Distance Weighting (IDW), the weights given to samples are related to the inverse of the distance that
separates the estimated to the observed values.

3. Results and Discussion

The region presents a high uncertainty in the long-term assessment of water resources. Previous studies have
documented the bimodal character of the annual cycle of precipitation in Southeastern Brazil [30] [31] with al-
ternating of dry and wet seasons. This is consistent with the transition from tropical to mid-Ilatitude climate re-
gimes. In the Paraiba do Sul basin, the average annual precipitation is in the order of 1400 mm, but exhibits
large inter-annual variability ranging between 800 mm and 2000 mm. Severe droughts occurred in 1943/1944,
1953-1957, 1963, 1968, 1984, 1994, 1997, 2001 and 2013/2014; whereas 1947, 1976, 1983 and 2000, 2008-
2010 were exceptionally wet years. Dry and wet spells (1 - 2 years) alternate ubiquitously in the observations. In
2001, a severe drought was blamed by the severe reduction in water levels in the reservoirs of many Brazilian
hydroelectric power plants [32]. By September, 2001, the reservoirs were working at minimum capacity (about
20% of the total volume). The shortage period remained until 2004. The rainfall regime has changed abruptly
since then. In 2010, Sdo Luis do Paraitinga, a small town located in the northeastern of study area was devas-
tated by a flood, where many historical buildings collapsed. In the last three years, other small and medium-
sized towns were affected by floods along the Paraiba do Sul River and its main tributaries.

Besides the variation inter-annual, the region presents a high intra-annual variability. The precipitation in
Southeastern Brazil is mainly concentrated during the summer period as showed in Figure 4. It is estimated that
approximately 70% of all annual precipitation falls during December-January-February (DJF) period. Therefore,
is very important to analyze the spatial precipitation considering the seasonality, which make possible to reduce
the large intra-annual variability.

The kriging analysis allowed observing that—besides the intra-annual temporal variability—a significant spa-
tial variation in rainfall occurs in this region. The resulting images of spatial distribution of rainfall data re-
present different gray level values. This kind of representation requires that the absolute value of the variable be
represented in a scale ranging from 0 (black) to 255 (white). Lighter levels correspond to lowest average rainfall
and the darker levels correspond to the highest one (Figure 5).

In the rainy season (DJF), the highest average precipitation is concentrated in the western region of the basin
corresponding to the Serra da Mantiqueira Ridge (Figure 5) whose altitudes can reach 2400 m. Another area of
high concentration of rainfall is located in the northeastern portion of the basin corresponding to the Bocaina
Plateau with altitudes around 1400 m. On the other hand, the region of lowest rainfall rate correspond to the
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southern of the basin with altitudes approximately of 780 m and the center-north of the basin with altitudes
varying between 580 and 540 m.

During the autumn (MAM period), the spatial distribution of rainfall (Figure 5) is relatively similar to that
observed during the summer (DJF period) mainly on those areas of higher precipitation, which are concentrated
in the Serra da Mantiqueira ridge and the Bocaina plateau both situated in the northern of study area. The areas
with lowest average rainfall present a small shift in the center of the area when compared with the summer spa-
tial pattern (DJF) (Figure 5).

During the drier season (JJA), on contrary, the kriging analysis showed a significant change on the spatial
pattern of rainfall compared to all other seasonal periods (Figure 6). The region with the lowest levels of aver-
age precipitation moved from south to north covering a wide surface in the northeastern portion of area. With
respect to the regions with higher rainfall, the changes were less pronounced although was observed a significant
increase of rainfall in the Serra do Mar Ridge (eastern region).

During the period from September to November (SON) (Figure 6), the spatial pattern of precipitation is very
similar to the spatial patterns that occur during DJF and MAM periods (Figure 5). The highest precipitation
rates are concentrated in the region of the Serra da Mantiqueira ridge and the Bocaina plateau. The smallest pre-
cipitation rates continue to occur in the southern portion of the study area.

An important issue is to understand the reason for the spatial variability of rainfall in the region considering
the different annual seasons. Despite of the high climatic and geomorphological complexity, it is possible to
make some preliminary considerations about the reasons for the spatial variability of intra-annual rainfall.

The Paraiba do Sul basin is located on the Tropic of Capricorn, which corresponds to an area of transition
between the regimes of low latitude tropical and temperate climates of mid latitude. The region has the follow-
ing regional climates: humid tropical (spring-summer), sub-tropical humid (fall) and tropical semi-arid (winter)
[30].

During the summer, when convective processes are more actives, water vapor from the coast to the inland
might cause intense rainfall characterizing the phenomenon known as South Atlantic Convergence Zone (SACZ),
one of the main phenomena that can influence the rainfall system during this season. On the other hand, during
the winter, cold fronts from southeastern Brazil have been considered the main mechanism [33] that generates
significant changes and are responsible for instability and abrupt changes in time. Moreover, the spatial distribu-
tion of precipitation within the basin is directly related with the orographic role in the production and distribu-
tion of rainfall, mainly associated with the parallelism of Serra do Mar and Mantiqueira ridges.

During the summer and in the transition seasons (spring and fall) the highest concentrations of rainfall occur
in the headwaters region located in the Serra da Mantiqueira. The predominant mechanism is formed by isolated
convection currents, which are responsible for intense rainfall and warm fronts. In the period of greatest dry
season (winter), rainfall is mainly caused by frontal system, which are concentrated near the north coast [34].
Therefore, in JJA period, the frontal systems succeed more frequently and with greater speed, causing increased
cloud cover mainly on the coast. Consequently, the highest rainfall averages reach both the ridge systems (Serra
da Mantiqueira and the Serra do Mar) (Figure 5). On the other hand, the advancement of frontal systems does
not have enough energy to reach the intermediate areas in the central and northern portion of the basin cor-
responding to the areas with lower rainfall rates during the winter.

4. Conclusions

Considering an intra-annual time scale, the results clearly showed significant spatial variability of rainfall. The
spatial pattern that occurs for three seasons (summer, fall and spring) was drastically modified during the winter.
It is suggested that the causes for the changes in behavior of precipitation are associated with both the regional
climatic and the local geomorphological factors. In this respect, a more detailed hydro-climatic study would
need to be conducted to assess the influence of regional factors, such as the effects of the South Atlantic Con-
vergence Zone (SACZ) and the cold fronts from southern South America as well as local factors, such as oro-
graphic effect caused by the Serra do Mar and Mantiqueira ridges.

In regions of high hidro-climatologic and geomorphological complexities, as those observed in the study area,
geostatistics approach proved to be a powerful tool that could allow a more detailed study of the spatial distribu-

tion of precipitation.
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The spatial representation of the precipitation can significantly contribute to a better understanding of the
rainfall pattern making it possible to guide the water management and the agricultural activities in the region.
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