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ABSTRACT: Surface roughness is influenced by type and intensity of soil tillage among other factors, and it
changes considerably with rain. In microrelief studies the advantages of using indices such as the fractal
dimension, D, and the crossover length, l, is that they allow the partition of the roughness characteristics into
properties that depend purely on the scale and on a scale free component, respectively. On the other hand,
some geostatistical parameters may provide different ways to understand soil surface variability not addressed
with fractal parameters. Changes in fractal dimension and semivariogram parameters for surface roughness
evolution were evaluated as a function of cumulative rainfall on Oxisol samples  over six tillage treatments,
namely, disc harrow, disc plow, chisel plow, disc harrow+disc level, disc plow+disc level and chisel plow+disc
level. Measurements were taken in each tillage treatment after rainfall events yielding a total of 48 experimental
surfaces measured with a pin microrelief meter. The plot had 135 cm by 135 cm and the sample spacing was
25 mm. Trends due to plot slope component with its concavities and convexities and to agricultural practices
were removed from field data sets. A semivariogram model was fitted to each of the surfaces and the model
parameters were analyzed and related to the fractal dimension, D, and crossover length, l. A relationship was
found between the fractal dimension, D, and semivariogram model parameters. The cross over length, l, did
not show as strong relationships with the semivariogram model parameters, even though there was a power
relation between D and l.
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Parâmetros fractais e geoestatística do microrrelevo do solo em
função de chuva acumulada

RESUMO: A rugosidade da superfície pode ser influenciada pelo tipo e pela intensidade do preparo do solo
entre outros fatores. A vantagem de se usar índices fractais em estudos de microrrelevo é que eles permitem
a partição das características da rugosidade em propriedades ou que dependem exclusivamente da escala ou
que independem totalmente dela. Por outro lado, a geoestatística prove algumas ferramentas que podem ser
úteis no estudo da dinâmica da variabilidade da superfície do solo, diferentes daquelas avaliadas pela dimensão
fractal. Verificou-se se é possível aplicar geoestatística na análise da variação do microrrelevo de um Latossolo
sob seis tratamentos de preparo do solo, a saber: grade de discos, arado de discos, escarificador, grade de
discos+grade niveladora, arado de discos+grade niveladora e escarificador+grade niveladora. As medidas
foram feitas logo após o preparo do solo e subseqüentemente após cumulativos eventos de chuva natural.
Medições duplicadas foram feitas em cada tratamento para cada data, produzindo um total de 48 superfícies.
Um rugosímetro de agulhas foi utilizado para as medidas da rugosidade da superfície. A área de cada parcela
era 1,35 m por 1,35 m e as medidas espaçadas de 0,25 m, produzindo um total de 3025 pontos por parcela.
Tendência devido à inclinação do terreno e causadas pelo preparo do solo foi removida dos dados
experimentais. Foram ajustados modelos aos semivariogramas de cada superfície e os parâmetros desses
modelos analisados e relacionados aos parâmetros de dimensão fractal. Foi encontrada relação entre a dimensão
fractal, D, e os parâmetros dos modelos dos semivariogramas. O parâmetro de auto-afinidade, l, não mostrou
relação forte com parâmetros dos modelos dos semivariogramas apesar de ter tido uma relação de potência
entre D e l.
Palavras-chave: Latossolo, preparo do solo, rugosidade da superfície do solo, semivariograma, índices de rugosidade

Introduction

There are many ways in which the soil surface rough-
ness may be changed with natural or imposed causes.
Soil tillage may modify surface roughness by breaking

large clods into smaller ones and by introducing
mounds, rips and furrows. The amount of rainfall that
reaches an uncovered soil surface may also be an im-
portant factor that can cause changes in its roughness.
Usually the roughness left by tillage will smooth out as
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the rainfall amount increases. Soil microrelief has been
defined as a set of topographical characteristics of an
area of interest at a millimetric or centimetric scale
(Allmaras et al., 1966; Currence & Lovely, 1970; Huang,
1998), consisting of distances from the soil surface to an
arbitrary plane, which can be measured with a laser
scanner or with a pin meter, respectively (Allmaras et
al., 1966; Linden and Doren, 1986; Huang and Bradford,
1992).

Vidal Vázquez et al. (2005) presented a very detailed
analysis of surface roughness with fractal parameters.
Two fractal parameters, fractal dimension, D, which de-
scribes how roughness changes with scale, and crossover
length, l, specifying the variance of surface microrelief
at a reference scale, have also been used for assessing
soil surface microrelief. According to Vidal Vázquez et
al. (2006) D and l can be determined using the slope of a
log-log relationship of the semivariogram and the corre-
sponding Y-axis intercept. Fractal indices can reveal im-
portant characteristics of the surface roughness in rela-
tion with the size of grains or clods (Su et al., 2004).

Geostatistical analysis of spatial variability has been
extensively used and documented at different scales
(Vieira et al., 1983; Paz González et al., 2000), including
soil surface microrelief plots characterized by point el-
evation measurements (Vidal Vázquez et al., 2005; Vidal
Vázquez et al., 2008). Through the analysis of the param-
eters of the semivariogram models fitted to different data
sets it is possible to assess the similarity between them
or to compare their variability (Vieira et al., 2002).

The objective of this study was to evaluate the
changes in fractal dimension and semivariogram param-
eters for surface roughness evolution as a function of cu-
mulative rainfall.

Material and Methods

The field measurements for the present study were
obtained in Campinas, state of São Paulo, Brazil (22º53’S,
47º04’W, near 600 m asl). The soil was a Rhodic
Eutrustox (Soil Survey Staff, 2006), corresponding to a
Latossolo Vermelho Eutroférrico tipico (Oliveira et al.,
1989), according to the Brazilian Soil Classification Sys-
tem.

The surface roughness measurements were made be-
tween October and November 2000, at a site in which
the slope was 5.1%. A total of 48 measurements were

made corresponding to six tillage treatments over four
dates, immediately after tillage and after three cumula-
tive rainfalls in two duplicate measurements per treat-
ment. The three primary tillage treatments studied were
disc plow (DP), disc harrow (DH) and chisel plow (CP),
with cumulative natural rains of 0, 24.4, 113.3 and 232.8
for disc plow, 0, 24.4, 120.9 and 232.8 for disc harrow
and chisel plow. Besides these, disc plow plus leveling
disc (DP+LD), disc harrow plus leveling disc (DH+LD),
chisel plow plus leveling disc (CP+LD) with cumula-
tive natural rains of 0, 24.4, 232.8 and 294.6 mm were also
assessed. Table 1 summarizes the tillage treatments and
cumulative rainfalls before each surface roughness was
measured. Two sets of measurements were taken for
each combination of tillage treatment and cumulative
rainfall.

The surface roughness measurements were taken
with a pin microrelief meter as described in Vidal
Vázquez et al. (2008). The plot area was 135 cm by 135
cm and the sample spacing was 25 mm, yielding a total
of 3025 data points per measurement.

Because surface roughness heights showed some
trend, the surface height data were submitted to a trend
removal technique which involves the subtraction of a
three dimensional surface fitted by minimum least
squares from the original data, with a degree 1, 2 or 3,
depending on the goodness of fit produced and the re-
sulting semivariogram. This technique is well described
in Vieira (2000). The primary objective of the trend re-
moval in microrelief analysis is to obtain the surface
roughness without the slope and tillage components
(Currency and Lovely, 1970). However, in this study the
trend was removed by best fit techniques and the aim
was to produce an intrinsic semivariogram with a well
defined sill.

Geostatistical data treatment comprised the analysis
of semivariograms with their respective parameters of
models fitted according to Vieira et al. (1983).
Semivariograms are calculated using:

[ ]∑
=

+−=
)(

1

2)()(
)(2

1)(
hN

i
ii hxZxZ

hN
hγ  (1)

where N(h) is the number of pairs of height values, Z(xi)
separated by a vector h. The experimental
semivariograms were all quite adequately fitted to the
exponential model, which were validated with the jack
knifing procedure according to Vieira (2000). The expo-

Table 1 - Tillage treatments and respective cumulative rainfall (mm) before each microrelief measurement with the pin
microrelief meter.
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nential model fitted follows the equation:
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where C0, C1 and a are, respectively, the nugget effect,
the structural variance and the range of spatial depen-
dence.

Accurate description of soil surface topography by
fractal analysis relies on estimation of two fractal indi-
ces, fractal dimension, D, which describes how rough-
ness changes with scale, and crossover length, l, speci-
fying the variance of surface microrelief at a reference
scale (Vidal Vázquez et al., 2008). Historically, seminal
work of Mandelbrot (1983) first related semivariogram
and fractal dimension. In this paper, the evolution of the
fractal and semivariogram parameters as a function of
the cumulative rainfall is evaluated as they may charac-
terize different descriptions for the rainfall smoothing
effect on surface roughness. For a fractal transect the
semivariogram, follows the equation:

γ(h) = K h 2H  (3)

where the exponent of the incremental function, H, is
the Hurst exponent. The power model which describes
a self-similar fractal corresponds to a phenomenon with
an unlimited capacity for spatial dispersion and with an
undefined a priori variance.

Assuming a fractal Brownian motion (fBm) model,
the Hurst exponent, H, is allowed to vary from 0 to 1
(Huang and Bradford, 1992). In this case, the log–log be-
havior of the semivariogram may be described as a func-
tion of the crossover length, l, and the Hurst exponent,
H, as:

γ(h) = l1"HhH  (4)

Thus, the fractal dimension of a fractal surface or pro-
file represented by its semivariogram can be estimated
by examining the slope of the semivariance, ã(h), versus
the lag distance, h, when plotted on a double logarith-
mic scale. Once the Hurst exponent, H, is obtained by
Eq. (5), the fractal dimension, D, of a soil surface is com-
puted from these and the Euclidean dimension (d = 3)
as:

D = 3 - H  (5)

Finally, as described by Huang and Bradford (1992),
the crossover length, l, may be estimated by:

l = exp [(a/2-2H)]  (6)

The advantage of using indices such as the fractal di-
mension, D, and the crossover length, l, is that they may
be a very consistent way of measuring the surface rough-
ness regardless of the numerical value for their magni-
tude (Vidal Vázquez et al., 2008). Therefore, the fractal
analysis parameters together with the semivariogram
parameters can be adequate for the characterization of
the surface roughness independent of the scale of the

measurements. The parameters of the semivariograms
and the roughness indices were analyzed for all surfaces
as a function of cumulative natural rainfall in order to
assess the dynamics of the surface roughness as the rain-
fall increases.

Results and Discussion

Figures 1a and 1b show the relationship between the
fractal dimension, D, and Figures 2a and 2b the cross-
over length, l, as a function of the cumulative rainfall
and tillage treatment. Analysis of variance was made on
both D and l, revealing that the values for the crossover
length l, were not statistically different for all treatments.
The fractal dimension D was significantly different for
CP treatment and not significant for the other treat-
ments.

The fractal dimension, D, seem to be less sensitive
than the cross over the length, l, to the increase in cu-
mulative rainfall. The smallest values for D were found
for the tillage treatment CP (Figure 1a and 1b) with the
values ranging around 2.5. Regardless of tillage treatment
or cumulative rainfall, it is apparent that these two
fractal parameters, D and l, seem to be somewhat re-
lated, as a change in one of them is, in general, followed
by a proportional change on the other one. In general
both, D and l, decrease as the cumulative rainfall in-
crease. The cross over length parameter, l, in general,
decreases steadily as the cumulative rainfall increase,
and stabilizes at values between 5 and 10 (Figures 2a and
2b). For this parameter, the lowest values also occur for
chisel plow (CP) treatment (Figure 1a). This may be an-
other reason to consider a deeper study of the trend re-
moval technique as it may affect the resulting surface
roughness and consequently, its fractal parameters.

Results indicate a larger variation in scale of the
crossover length, l, when compared with the fractal di-
mension, D (Figures 1 and 2). This reinforces the rel-
evancy of the crossover length parameter, l, as a dis-
criminator of vertical differences in roughness. In sur-
face roughness quantification the fractal dimension, D,
can be taken as a relative measure of the distribution of
different sized structural elements on the soil surface
(Huang, 1998). In this context, fractal dimension is a de-
scriptor of horizontal variations of soil roughness, which
implies that it has to be considered in connection with
an index describing differences in roughness height
(Huang 1998; Vidal Vázquez et al., 2006).

To illustrate better the relationship between the
fractal dimension, D, and the crossover length, l, a cor-
relation was calculated and plotted in Figure 3. The
power equation fitted to the relationship between D and
l (Figure 3) represents an expected result from equation
(6).

The relationship between D and l as a function of
the tillage treatments also shows that the use of the lev-
eling harrow (treatments named LD) separated these two
parameters in two different classes, in which the treat-
ments that received the leveling harrow always had a
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larger fractal D for the same value of l. Firstly, higher
values of D indicate a more rugged surface, with varia-
tion occurring mostly at a fine scale. Secondly, the use
of the secondary tillage implement provided an approxi-
mately linear relationship between D and l. Therefore,
the power law relationship between D and l may be
only particularly true for the surfaces that have tillage
marks on their roughness.

As the random roughness parameter, RR, suggested
by Allmaras et al. (1966) is simply the standard devia-
tion of the heights, Figure 4 presents the relation between
the fractal dimension D and the cross over length l and
the surface height variances. The fractal dimension D
tends to decrease as the variance value increases (Fig-
ure 4a). Moreover, the smallest values for variance are
the ones corresponding to the plots that received a sec-
ondary tillage. The reason why these values are grouped

Figure 3 - Relationship between fractal dimension, D, and
crossover length, l.

Figure 4 - Relationship between fractal dimension, D, and
crossover length, l, and variance.

Figure 2 - Relationship between crossover length, l, and
cumulative rainfall for all tillage treatments. DH=
disc harrow, DP= disc plow, CP= chisel plow,
DH+DL= disc harrow + disc level, DP+DL=
disc plow + disc level, CP+DL= chisel plow +
disc level.

Figure 1 - Relationship between fractal dimension, D, and
cumulative rainfall for all tillage treatments. DH=
disc harrow, DP= disc plow, CP= chisel plow,
DH+DL= disc harrow + disc level, DP+DL=
disc plow + disc level, CP+DL= chisel plow + disc
level.
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together is that the surfaces that did not receive the sec-
ondary tillage, in general, tend to present more tillage
marks than the ones that did receive the leveling har-
row as a secondary tillage. The highest values for vari-
ance and consequently, lowest for fractal D, are for the
surfaces corresponding to tillage treatments, which move
more soil such as the chisel plow (CP) and disk plow
(DP). The relation between the crossover length and the
variance (Figure 4b) is not so clear. Because these pa-
rameters depend on the technique used to remove the
trend, the results found here represent a different sur-
face and cannot be compared with the ones presented
by Vidal Vázquez et al. (2006).

Figures 5 and 6 illustrate relations between the
semivariogram model parameters and the fractal dimen-
sion, D, and the cross over length, l. The range of the
semivariogram model represents the average size of ar-
eas within which the values are more similar to each
other than at larger distances. As the soil surface rough-
ness tends to smooth out as a function of cumulative rain-
fall, the range of the semivariogram may change accord-
ingly. On the other hand, Bertolani et al. (2000) did not
find changes in spatial dependence of surface roughness
with the application of different amounts of rain. There-
fore, the range of the semivariogram model is also an
important parameter in the representation of the rela-
tive height of the surface. The fractal dimension D has a
relation with the range of the semivariograms, as the val-
ues of the fractal dimension D increase with values of
the range of the semivariograms (Figure 5). The increase
in the D value only happens at range values below ap-
proximately 300 mm, where the D values stabilize in ap-

proximately 2.8. Therefore, it is possible that the rela-
tion between D and the range of the semivariogram will
be stronger for surfaces that were not yet smoothed out
by cumulative rainfall. The crossover length, l, does not
have any relation with the range of the semivariograms.

The linear relationship between the fractal dimen-
sion, D, and the crossover length, l, and the nugget ef-
fect value (Figure 6a) is much more due to the smoother
surfaces that received a leveling harrow than the surfaces
that still presented signs of the tillage tool. Figure 6b
shows a linear relation between the cross over length l,
and the nugget effect value with a coefficient of deter-
mination of 0.5498. However, this relation is greatly
caused by surfaces which received the leveling harrow
as a secondary tillage tool as the values corresponding
to the treatments that received a leveling disk (LD) are
all very close to the regression line in Figure 6b.

The fractal analysis parameters together with the
geostatistical analysis parameters can help in the under-
standing of the surface roughness independent of the
scale of the measurements. On the other hand, the tech-
nique used to remove trends may need further and
deeper studies as it affects the relations between differ-
ent parameters that express surface roughness.

Conclusions

The trend removing method affected both the
geostatistical and fractal indices’ results. Geostatistical
analysis may help in characterizing soil surface
microrelief features as it provides additional insight into
the assessment obtained from currently used roughness
indices. There is a relationship between the fractal di-

Figure 5 - Relationship between fractal dimension, D, crossover
length, l and range of spatial dependence.

Figure 6 - Relationship between fractal dimension, D, and
crossover length, l, and nugget effect values.
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mension, D, and semivariogram model parameters nug-
get effect and the range of dependence, and it is affected
by the amount of cumulative rainfall. The crossover
length, l, was only related to the semivariogram param-
eter that characterizes small scale variability (nugget ef-
fect) but had no relation with the range of spatial de-
pendence as it is a measure of the large scale variabil-
ity.
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