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ABSTRACT: Based on the interpolation method ordinary kriging, it was compared the spherical, exponential,
Gaussian and circular models that best fits in the spatial distribution of mean annual precipitation for the state of Mato
Grosso do Sul (MS). The rainfall data from 32 sites were obtained from the database of the National Water Agency -
ANA, in the period 1954-2013. The variographic parameters evaluated were nugget effect, level and reach. From these,
were calculated the Index of Spatial Dependence. The criteria used to choose the best transitive theoretical
mathematical model were the root of the root mean square error (RMSE), Pearson’s correlation coefficient (d), mean
absolute error (EMA) and mean error percentage (EMP), index of agreement (d) and coefficient of determination (R?).
The transitive theoretical mathematical models circular, spherical and Gaussian and can be used with satisfactory
performance for data interpolation of annual rainfall in State of Mato Grosso do Sul.
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I. INTRODUCTION

State of Mato Grosso do Sul (MS), Brazil, has in the soybean production and cattle cultivation its main economic
activities, which are distributed differently in two distinct biomes: Savanna and Pantanal. Minuzzi and Lopez (2014)
indicate the rainfall like one of the climatic variables of greater influence on the environment, the economy and current
society. Knowledge of the spatio-temporal behavior of rainfall is very important for various human activities, like the
agricultural planning, allowing a prediction of the best time of tillage, harvesting, seeding, application of fertilizers and
pesticides, and additional irrigation, followed by trade, industry, tourism, urban planning and civil defense (AVILA et
al., 2009; OLIVEIRA-JUNIOR et al., 2014 and LYRA et al., 2014).

According to Wanderley et al. (2013) geostatistics is a science that has been used routinely in the evaluation of the
spatial variability of climatic events, allowing their mapping, quantification and modeling through the interpolation of
sampled points in space. However the methods of spatial interpolation, as any other statistical modeling techniques,
produces an error associated with the estimate, several works in this regard have been proposed to assess and to
compare the interpolation methods (WILLMOTT, 1981; ISAAKS & SRIVASTAVA, 1989; NALDER & WEIN, 1998;
BURROUGH & MCDONNELL, 1998; LI & HEAP, 2008).

The kriging method is widely used in GIS environment to obtain the spatial distribution with geographic information of
various subjects, such as precipitation (KEBAILI BARGAOUI et al., 2009; GAN et al., 2010, LI et al., 2010; YAVUZ
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& ERDOGAN, 2012 air temperature, (SAMANTA et al., 2012;), soil proprieties (POKHREL et al., 2013), standing out
as one of the most accurate and effective tool for data interpolation in geostatistics (JOURNEL & HUIIBREGTS,
1978; ISAAKS & SRIVASTAVA, 1989; DEUTSCH & JOURNEL, 1992; KITANIDIS, 1997; CHILES &
DELFINER, 1999; DAVIS, 2002).

Based on research recently developed in other regions of Brazil it is possible to say that ordinary kriging (OK) is the
main method of interpolation applied (CARVALHO & ASSAD, 2005; CASTRO et al., 2009; VIOLA et al., 2010;
CARVALHO et al., 2012). This interpolation method is preceded by the use of the variogram, which expresses the
dependence among the samples. There are several transitive theoretical mathematical models (circular, spherical,
exponential, Gaussian, linear) for setting the variogram to be used. However, Castro et al. (2009) point out that many
studies do not define the transitive theoretical mathematical model that best fits to data studied.

Based on the above, the study aimed to compare different theoretical mathematical transitive models (spherical,
exponential, Gaussian and circular) that best fit to obtain maps of spatial distribution of the mean annual rainfall in the
State of Mato Grosso do Sul.

Il. MATERIALS AND METHODS

Series of meteorological data

The rainfall data from 32 sites were obtained from the database of the National Water Agency - ANA, collected in the
period from 1954 to 2013 (Figure 1). At each site and year, daily data were added, obtaining the monthly rainfall (mm
month™). These data were added to obtain an annual rainfall (mm year™). Thus, were formed 32 series (localities) with
different number of years of observations in each locality, defined according to the availability of the meteorological
data. It was carried out the treatment and organization of precipitation data from 32 localities of the State. Historical
series with faults were filled by the climatologic monthly average for each month.
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Figure 1. Altimetry map (m) and representation of the meteorological stations used for spatial interpolation of the
annual rainfall in the State of Mato Grosso do Sul, Brazil.
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Performance evaluation of transitive theoretical mathematical models
The annual rainfall data were submitted to a descriptive analysis in order to verify some abnormality. After, was carried

a geostatistic analysis to quantify the spatial dependence of the data, through an experimental semi-variogram estimated
by Equation 1.

1 NO
y(h) = 2N(h) D [Z(x;) - Z(x; +h)]? @
i=1

where:

v(h) — experimental semi-variance at distance interval h;

N(h) — number of sample pairs within the distance h.;

x;jand x;+h — sampling locations separated by a distance h;

Z(x;) and Z(x;+h) — measured values of the variables in the corresponding localities.

Spherical variogram model is what it usually explains the majority of the studied phenomena (BENAVIDES et al.,
2007). In this model, the level (C + Cp) and reach (a) are identified, and usually the nugget effect (Co) is small
compared to this level. The model is defined as Equation 2:

h hy)’
covofd") of ")
y(h) = a a O<h<a @)

C,+C,
Exponential model presents a less accentuated growth from source to C + C,, which can not be said that the model
really reaches the C + Cy (Equation 3):

() =Cy +Cy[1-ep(-ha™)] h>0, 3)

where d is the maximum distance at which the variogram is set.
The Gaussian model presents good continuity in variability as the points move apart. In this model, if C, is small, the
variability structure increases in a smooth way (JIAN et al., 1996), according to Equation 4:

y(h)=C, + C;[1-exp(-ha*)?] h>0 4

The parameters obtained from the fit of the variograms were used to calculate the Index of Spatial Dependence (ISD)
for annual rainfall, proposed by Trangmar et al. (1985) (Equation 5):

ISD (%) = CSOC 100 ©)

0

where:
< 25% corresponds to a strong spatial dependence;
25% < ISD < 75 a moderate spatial dependence;
> 75% a weak spatial dependence.
In the study, it was adopted the mathematical interpolation method OK that allows to calculate the local average,
limiting the stationary domain of the average local neighborhood centered on the point to be estimated. The values of z
dimension are estimated at spatial locations (x;, y;) unobserved without the need to know the stationary mean from a
linear combination of values of a local sample subset (WANDERLEY et al., 2013). The condition set out in the study
was the sum of the weights of OK A; (x;, y;) was equal to 1 (Equation 6).
n@)
Z(styj):in(xj!yj)xz(xivyi) (6)
i=1
where:
Z(X,Y;) is estimated value by kriging in the point (X;,Y;);
Z(X;,Y;) is the value of sampling in the point (X;,Y;);
Ai (X5, y;) is the weight of OK for the specified locality.
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Cross validation of data and choice of models

Given the experimental semi-variogram models, was held the cross validation of the data from all transitive theoretical
mathematical models based on the methodology proposed in Robinson and Metternicht (2006) and Amorim et al.
(2008), at which a specific station is discarded successively in performing of interpolation; Thus, it is possible to obtain
the estimated value (E) for the discarded station and then compare it with the actual value of the variable (O). One of
the criteria used to choose the best transitive theoretical mathematical model was the lower value Root Mean Square
Error (RMSE), according to Legates and Mccabe Jr. (1999) defined by the equation 7:

RMSE = )

wherein,

J — number of observations;

O — value observed by measuring;

E — value estimated by the method.

Camargo and Sentelhas (1997) propose that, to correlate the values estimated and the observed experimentally are
considered the Pearson’s correlation coefficient among the O x E (r) and the concordance index (d). The d values range
from O for no agreement to 1 for perfect agreement. These values were estimated according to Equation 8:

>0, -E)?

" $fo-o)fo -0} :

wherein, O is the mean of the values observed by the measurements.

Legates and Mccabe Jr. (1999) nd Chong et al. (1982) indicate that the smaller the value of Average Absolute Error
(AAE) and Average Percentage Error (APE), expressed by Equations 9 and 10, respectively, it is better the
performance of the transitive theoretical mathematical model.

(o -E)
AAE:% (9)
> (o,~E))

=
APE = + %100 (10)

I1.LEXPERIMENTAL RESULTS

Circular and spherical models had lower nugget effect (Table 1). The nugget effect (Cy) reflects the small scale
variations not detected by sampling due to the presence of measurement errors (WANDERLEY et al., 2013). This
allows inferring that with the use of these transitive theoretical mathematical models the data showed fewer significant
errors or variations in the estimates that might impair its use.

Circular and spheric models obtained level with similar magnitudes, corroborating the results obtained by Wanderley et
al. (2013) and Uliana et al. (2013), who verified that these transitive theoretical mathematical models have a good fit to
data of annual rainfall of the States of Alagoas and Espirito Santo, respectively

The maximum geographic distance observed within the state of MS is approximately 711 km in the east-west direction
(E-W). The reaches obtained by variogram models ranged from 594.36 to 913.25 km. This distance expresses to where
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the sample points are correlated, or in other words, the points located in an area whose radius is the range are similar to
each other in relation to separated by greater distances (WANDERLEY et al., 2013). Results in similar magnitude were
observed by Avila et al. (2009), when verified that the spherical, exponential and Gaussian models fitted to the data of
probable monthly rainfall to State of Minas Gerais.

Table 1. Variographic parameters (nugget effect, level and reach) and Index of Spatial Dependence (ISD) of different
transitive theoretical mathematical models evaluated for interpolation of annual rainfall (mm year™) in the State of
Mato Grosso do Sul.

Theoretical model Nugget effect Level Reach IDE
(Co) (C+Cy) (@) (%)
Circular 6.07 31.95 913.15 19.00
Spherical 6.77 32.63 705.77 20.75
Exponential 7.05 31.23 594.36 22.57
Gaussiano 9.20 38.87 638.47 23.66

The behaviors of the reaches showed mutual influence in almost whole region, this means that the spatial distribution
of mean annual rainfall in the State is governed by the same rain producers systems As this is totals accumulated
precipitates in the year, common in the summer, convective systems are little significant in terms of total rainfall, not
exerting significant influence on the spatial distribution of rainfall. However, the rain producers systems correspond to
the Frontal Systems (FS), South Atlantic Convergence Zone: (SACZ) and High Level Cyclonic Vortices (HLCV)
which are highly significant in the rainy season and accounted for the vast majority of the total rainfall; physically, are
events that affect large areas simultaneously of Mato Grosso do Sul, according to Keller Filho et al. (2005).

Circular, spherical and Gaussian models showed higher d, r and R? and lower AAE, APE and RMSE (Table 2), which
indicates better performance for interpolation of annual rainfall of MS State. Similar results were obtained by
Wanderley et al. (2013) and Uliana et al. (2013), who verified that the spherical and Gaussian models obtained better
performance among those evaluated for data interpolation of annual rainfall in States of Alagoas and Espirito Santo,
respectively.

Table 2. Statistic index of different transitive theoretical mathematical models evaluated for interpolation of annual
rainfall in the State of Mato Grosso do Sul.

Transitive Theoretical Mathematical Models

Statistic index

Circular Spherical Exponential  Gaussiano
d 0.86 0.86 0.85 0.86
AAE 0.62 0.62 3.18 0.93
APE 0.01 0.01 0.02 0.02
RMSE 119.47 119.65 122.99 120.74
r 0.67 0.66 0.63 0.64
R? 44.50 44.10 40.20 43.70

The parameter estimates of the models fitted to the semi-variograms are essential in obtaining of values not sampled by
the OK methods. Values obtained by this interpolation are not addicted, have minimum variance and are ideal for
building of precipitation maps, aiming to verification and interpretation of spatial variability (CASTRO et al., 2012).

Regardless of the theoretical mathematical model evaluated it was observed in Figure 1 that the annual rainfall showed
considerable spatial variability. This shows a pattern of precipitation regime, arranged in the longitudinal direction,
which is due to the topographic factor in the region. The topographic alignment arranged in the longitudinal direction,
exhibits well-defined morphological features, such as for example, the plain to the western; the plateau to the east. This
arrangement influences the behavior of the atmospheric dynamics of Mato Grosso do Sul (Figure 1). The state of MS is
found at the confluence of the main atmospheric systems in South America (SA) — (ZAVATINI, 1990).
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Circular, spherical and Gaussian transitive theoretical mathematical showed the same channeling pattern of the annual
rainfall of the state of Mato Grosso do Sul. Comparing these models, it is observed well-defined rainfall regions, which
indicated large annual variation of rainfall distribution. The results corroborate with those of Paz-Ferreiro et al. (2010)

and Castro et al. (2012), who concluded that the geostatistical approach is highly efficient in the characterization of
homogeneous regions.
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Figure 2. Spatial distribuitions of accumulated annual rainfall (mm year™) in Mato Grosso do Sul, obtained by ordinary
kriging with models: Spherical (A), Gaussian (B), Exponential (C) and Circular (D).

The highest values of rainfall were observed in the south (S) and northeast (NE) of Mato Grosso do Sul. These regions
operate the HLCV’s of subtropical origin which causes rains and strong winds (CASTRO et al., 1994), the FS and
SACZ. The interaction of these atmospheric systems may explain the higher means of annual rainfall.

Intermediary rainfall observed in the central region of the State by atmospheric systems of disturbed currents from the
south, in the form of FS, account for 67% of the rainfall genesis in this region (KELLER FILHO et al., 2005).

V. CONCLUSIONS

Based on different variogram and statistical index, transitive theoretical mathematical models circular, spherical and
Gaussian interpolation can be used in data of annual rainfall in the State of Mato Grosso do Sul.

Atmospheric systems producers of rain and morphological features controls the spatial distribution of rainfall, being
identified by geostatistic analysis adopted in the State of Mato Grosso do Sul.
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