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Introduction

Due to the continental dimension and the intense
agricultural involvement of Brazil, information acquired
from remote sensing images are important to various ag-
ricultural applications, such as crop monitoring, mapping
and estimation of crop production (Galvao et al., 2009;
Rizzi and Rudorff, 2007; Rudorff et al., 2010; Soares et
al., 2008; Xavier et al., 2006). However, the availability
of cloud free images during the primary growth period
of summer crops is limited, particularly in tropical re-
gions and, therefore, restricting the use of optical remote
sensing imagery to monitor agricultural activities.

On the other hand, active microwave sensors such
as Synthetic Aperture Radar (SAR), are independent of
solar illumination and can acquire data almost unaf-
fected by atmospheric conditions, making it possible to
assure image acquisition at specific crop growth periods
when crop and remote sensing parameters are best relat-
ed. Various researchers have demonstrated the potential
of SAR images for agricultural applications, with the best
results obtained using multipolarized images (Formaggio
et al., 2001; McNairn and Brisco, 2004; Stankiewicz,
2006; Silva et al., 2009; Ulaby et al., 1980). However,
there is a lack of studies on the use of SAR considering
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the management characteristics and crops typically cul-
tivated under Brazilian conditions.

In a recent technical-scientific cooperative agree-
ment between Brazil and Germany, the National Insti-
tute for Space Research (Instituto Nacional de Pesquisas
Espaciais - INPE) and the German Aerospace Agency
(Deutsches Zentrum fiir Luft- und Raumfahrt - DLR)
developed a feasibility study targeting a L-band SAR
satellite for the Multi-Application Purpose SAR - MAP-
SAR. This is a light and innovative SAR based on INPE's
Multi-Mission Platform. Its characteristics were defined
by potential end-users of Brazil and Germany. The pro-
posed small spaceborne SAR initiative should be strong-
ly oriented to a quasi-operational ("application oriented”)
system. MAPSAR is dedicated to assessment, manage-
ment and monitoring of natural resources and thematic
mapping purposes for topography, vegetation and defor-
estation, geology, agriculture, hydrology, etc. Images are
made available in three resolution modes (4 m, 10 m and
20 m). Three polarization modes (Single, Dual and Quad-
Pol) are foreseen for all of these resolution modes. The
incidence angle varies from 20° to 48.1°. The satellite
has ascending and descending orbits and the capacity of
lateral viewing by inclination of the platform, imaging
a range of 395 km. Moreover, the sensor provides im-
ages with polarimetric, interferometric and stereoscopic
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capabilities. More detailed information about MAPSAR
satellite and imaging possibilities can be appreciated in
Schréder et al. (2005).
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One of the steps of the MAPSAR feasibility study
was the evaluation of simulated data for potential appli-
cations, among others, in geology (Rabelo et al., 2007),
forestry (Santos et al., 2008) and agriculture. The present
study is placed in the context of assessing the potential
of MAPSAR images for agricultural applications and its
specific objective was to evaluate the capability of dis-
tinguishing different crops in an intensive agricultural
production region located in northeastern Brazil (Bahia
State). Thus, multipolarized MAPSAR images were sim-
ulated from airborne acquired images. Crop fields were
selected and the mean backscatter was used in graphical
and cluster analyses.

Materials and Methods

Study area and agricultural crops

The study area is located in a region of intense
agricultural activity in the western Bahia state, Brazil,
within the boundaries of the counties Barreiras, Luis
Eduardo Magalhdes and Riachdo das Neves, between
longitudes of 45°30' W and 46°00' W and latitudes of
11°30" S and 12°20" S (Figure 1) comprising an area of
1,463 km?. This region has a flat relief and is character-
ized by the cultivation of diverse agricultural crops over
large fields. However, emphasis was given to cotton, cof-
fee and pasture crops that were well established at the
time that SAR images were acquired (April 5, 2005). The
mean areas of fields were: 1.36 km? for cotton, 1.07 km?
for coffe and 2.16 km? for pasture.

In order to acquire information related to the un-
derstanding of the interaction of microwave radiation
with agricultural crops, field work was conducted simul-
taneously with image acquisition. Some of the condi-
tions of the crops are described below.

South America

46°0'0"W

Cotton: plants were, in general, at the beginning of the
flowering stage, with heights between 1.5 m and 1.7 m.
Most fields were homogeneous, with a high level of green
biomass and complete soil coverage (Figure 2c1).

Coffee: plants were completely developed with a height
between 2.2 m and 2.3 m, however, they were not at
the flowering or fruiting stage. Due to the develop-
ment of the plants, there was no soil exposure between
plants inside rows. However, between rows there were
free spaces, approximately 1.5 m wide, in which small
weeds were growing (Figure 2c2). Coffee cultivation un-
der central pivot irrigation is a common practice in this
area and for this reason planting rows were arranged in
concentric circles. Planting row direction, relative to the
sensor look direction, is an important factor influencing
backscatter in agricultural crops (Brisco et al., 1991; For-
maggio et al., 2001; McNairn and Brisco, 2004). For this
reason, the circular coffee fields were divided into two
classes: Coffee-|| (Parallel Coffee, A in Figure 2b) and
Coffee-L (Perpendicular Coffee, B in Figure 2b). Thus,
the same circular field has the both classes.

Pasture: grassland consisted of Brachiaria species with
high level of green biomass, complete soil coverage and
a height between 1.4 m and 1.7 m. Planting rows did not
have a definite pattern and plant leaves and stems were
randomly oriented within the canopy (Figure 2c3).
MAPSAR image simulation was performed with air-
borne images acquired from the SAR-R99B sensor of the
Brazilian Air Force, in cooperation with the Brazilian Ama-
zon Surveillance System (SIVAM). Ten flight lines were
made with overlapping fields of view, from which strips
of interest were utilized. The flights took place on April 5,
2005 and followed MAPSAR orbital imaging specifications,

45°30'0"W 45°0'0"W

Figure 1 — Location of the study area within the county boundaries of Luis Eduardo Magalhaes, Barreiras and Riachao das Neves, in the state

of Bahia, Brazil.
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considering parameters such as wavelength (L band), po-
larization (HH, VV, HV), incident angle (45° - 53°), azimuth
angle (282°), and strip width (30 km). Radiometric degra-
dation occurred in the range of incidence angles between
39.57° and 44° and thus only the sectors from 45° to 53°
were used. The acquired images were processed to cor-
respond to the MAPSAR Medium Resolution Mode (HH,
HV and VV polarizations, represented in 16-bit amplitude,
10 m spatial resolution and three looks). Antenna pattern
calibration was performed and subsequently mosaics were
generated that simulated MAPSAR images. Details of the
simulation procedures and all MAPSAR configurations can
be found in Mura et al. (2009).

The current study performs a detailed assessment
of impact that simulated multipolarized MAPSAR data
has on crop classification. The previous study made by
Silva et al. (2009) exploited the fully polarimetric data
from R99B airborne system for classification of agricul-

B A
direction
B B
A

tural crops. In this first study three attributes of the mi-
crowave signal were used (amplitude, polarization and
phase). With the simulated MAPSAR images, amplitude
and polarization were analyzed, through the modifica-
tion of the original data by changing parameters (noise
sigma nought, range bandwidth and azimuth bandwidth)
according to the specifications of the orbital MAPSAR
system. In addition, despite considering the same crops,
the quantity of samples and the agricultural field used in
this new research were distinct, which allows important
complementary analyses between the current study and
the previous one.

A thematic land use map was performed to depict
the location of the agricultural fields in the study area
(Figure 3). The map was generated using visual inter-
pretation on a Landsat/TM image, acquired on April 11,
2005 (6 days after SAR acquisition) and based on GPS
points and information acquired from field work.

Look

uooa1p b1

A Parallels rows
B Perpendiculars rows

2
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Figure 2 — A) Part of the simulated MAPSAR image, color composition VV(R) HV(G) HH(B), with coffee fields; B) diagrammatic representation of
coffee planting rows relative to the sensor look direction; C) examples of agricultural fields illustrating the studied crops: (1) cotton, (2) coffee

and (3) pasture.

Il Brushland
Cotton
Other Crops

[ Pasture

Il Coffee

Urban Area

Bl Rivers

Figure 3 — A) Part of the simulated MAPSAR image, color composition VV(R) HV(G) HH(B); B) Thematic land use map.
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Mean backscatter of agricultural crops

Based on the land use map and the ground truth
information, large crop fields (greater than 52 ha) were
selected to obtain the mean backscatter value to dis-
criminate among crops. In order to reduce the influ-
ence of the incidence angle on backscatter, these fields
were selected in the near range of strips comprising
the mosaic, totaling: nine cotton fields, nine pasture
fields, and 12 and 11 coffee fields with planting row
direction parallel (Coffee-||) and perpendicular (Cof-
fee-1) to the sensor look direction, respectively. Only
one coffee field had no circular shape and its planting
rows were parallel to the sensor look direction. Thus,
there is an extra field in the Coffee-|| class in relation
to Coffee-L class. According to the field size, 300 to
600 pixels were randomly selected for each field, total-
ing at least 2700 pixels for each class. Mean backscat-
ter values, in amplitude, of all selected pixels within
each class (A ) were graphically compared for crop
discrimination considering single polarization. On the
other hand, mean backscatter values of the randomly
selected pixels within each field (A,), were used for
both cluster analysis (next section) and to obtain dis-
persion graphs.

Cluster Analysis

Cluster analysis allows a collection of data to be
partitioned into relatively homogeneous groups, with
the maximum variation possible between groups (Hair
Jr. et al., 1998). It is based on coefficients of similar-
ity between the objects in order to subsequently group
them with the use of a clustering algorithm. This
technique was employed for one polarization and for
combinations of two and three polarizations. The A;
was used as input. The software Statistica, version 6
(StatSoft, 2001) was used for analysis. The coefficient of
similarity was the Chebychev's distance, which adopts
as its measure the maximum distance between two ob-
jects, observed in one of the dimensions\axes (StatSoft,
2001), which in this case was defined by the polariza-
tions. The Weighted Pair-Group Average (WPGMA)
algorithm was used to form the clusters. In this algo-
rithm, the distance between two clusters is given by
the mean distance between all pairs of objects in the
two different clusters and is weighted by the number
of components contained in them (Sneath and Sokal,
1973; StatSoft, 2001).

The clusters were analyzed using dendrograms
and named according to the predominant crop class. All
selected fields were included in some cluster and, simi-
larly to a non-supervised classification criterion, there
could have been fields of classes erroneously included.
When more than one cluster of the same crop was gener-
ated they were grouped into a single group. This allowed
evaluating the results by means of confusion matrices
and by calculating the overall accuracy, Kappa coeffi-
cient of agreement and percentage of correct predictions
(Congalton and Green, 1999).

Sci. Agric. v.69, n.3, p.201-209, May/June 2012

Results

The mean backscatter values (A, with one stan-
dard deviation for cotton, Coffee- L, Coffee-|| and pasture
are shown in Figure 4. For the three single polarizations
(VV, HV and HH) significant variation and overlap were
observed among classes, indicating an overall poor abil-
ity in crop discrimination when using only one polariza-
tion. For VV polarization, the Coffee-L class presented
greater values than the Coffee-|| class. On the other
hand, for HH polarization the Coffee-|| had a higher val-
ue than Coffee-1 (Figure 4a), which could be attributed
to the different number of plants that are exposed to the
microwave radiation depending on the row direction
(Figure 2b). When planting rows are perpendicular to
the sensor look direction, a higher number of plants and
less exposure of the soil are viewed, in comparison with
parallel rows. For HV polarization, pasture presented the
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Figure 4 — Mean backscatter values (A,) with one standard deviation
for the classes Cotton, Coffee-1, Coffee|| and Pasture for the
single polarizations: A) VV; B) HV and C) HH.
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highest mean value which was also the highest value
for the pasture class when compared to the other two
polarizations.

Dispersion graphs of the mean backscatter values
(A;) for the combinations of two polarizations (VV-HYV;
HH-HV and HH-VV) are presented in Figure 5. The use
of two polarizations provided partial differentiation of
the crops. The VV-HV polarization combination enabled
the differentiation of the greatest number of fields of the
crops. In the HH-HV polarization combination, all pas-
ture fields were separated from the other classes. How-
ever, the other crops were highly confused. Considering
the results obtained with single polarizations (Figure 4),
the pasture had the lowest values of mean backscatter-
ing, the lowest standard deviation for the HH and the
highest one for the HV polarization, which contributed
to the discrimination of this class when the two com-
bined polarizations are used. The HH-VV polarization
combination differentiated Coffee-|| well, and just one
field of this crop was confused with the other classes.

The overall accuracy, the Kappa coefficient, the
standard deviation and the percentage of correct predic-
tions, for each class, obtained from the cluster analysis
are summarized in Table 1. Better results were obtained
by increasing the number of polarizations in the analy-
sis, in agreement with the results obtained by McNairn
et al. (2009); Stankiewicz (2006) and Silva et al. (2009).
When considering single polarization, the results were
not satisfactory. Overlaps among fields of different crops
were observed, creating heterogeneous groups. The
greatest Kappa coefficient (0.438) was obtained for HV
polarization, while HH polarization was related to the
lowest Kappa coefficient (0.323). However, this polariza-
tion distinguished pasture with 77.8 % of correct classi-
fication. This result can be explained by the lowest mean
backscatter and standard deviation for the pasture class
when compared to other classes of the HH polarization
(Figure 4c).

For combinations of two polarizations, the best
result was obtained with VV-HV (Kappa = 0.701). The
Coffee-|| class had a correct prediction index of 91.7 %
for the VV-HV and HH-VV combinations, that is, 11 of
the 12 fields of this class were distinguished correctly.
For the Coffee-1 class the best result was found for the
combination HH-VV. Results from dendrograms and con-
fusion matrices pointed out discrimination between the
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Figure 5 - Dispersion graphs for the mean backscatter values (A;)

of the field crops when combining two polarizations: A) VV-HV; B)
HH-HV and C) HH-WV.

Table 1 — Results of cluster analysis for single polarizations and combinations of two and three polarizations.

Percentage of correct predictions

Polarization Overall Accuracy Kappa Standard
Deviation Cotton Pasture Coffee| Coffee-L
%

VV-HV-HH 85.4 0.804 0.0533 66.67 100.0 100.0 72.7
VV-HV 78.0 0.701 0.0526 77.78 77.8 91.7 63.6
HH-WW 70.7 0.604 0.0510 44.44 66.7 91.7 72.7
HH-HV 60.9 0.479 0.0509 44.44 100.0 50.0 54.5
HV 58.5 0.438 0.0508 44.44 66.7 58.3 63.6
% 48.8 0.346 0.0486 55.56 44.4 50.0 54.5
HH 51.2 0.323 0.0465 55.56 77.8 33.3 36.4
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two coffee classes through the use of the VV-HV combi-
nation. However, for the HH-VV combination, two Cof-
fee-1 fields were erroneously included in the Coffee-||
class, indicating that the VV-HV combination was more
sensitive to planting row direction.

The HH-HV combination provided the lowest
Kappa coefficient (0.479) considering the combination of
two polarizations. However, this combination gave a 100
% accurate classification for the pasture class, confirm-
ing the results in the dispersion graph (Figure 5). Pasture
class provided the greatest percentages of correct clas-
sification in these two single polarizations (Table 1). The
simultaneous use of the three polarizations (VV-HV-HH)
improved discrimination among classes, raising the Kap-
pa coefficient to 0.804 (Table 1). The dendrogram result-
ing from cluster analysis using the three polarizations
is presented in Figure 6. Nine clusters were obtained,
which highlights the sensitivity of this combination of
polarizations to variation in the mean backscatter values
of the fields. Clusters with six to eight fields and little
incorrect classification were formed for the pasture,
Coffee-1, and Coffee-|| classes. There was no confusion
between the two coffee classes. For the pasture and cof-
fee-|| classes the percentage of correct classification was
100 % (Table 1), as there was no confusion for the pas-
ture class, as can be confirmed by the formation of two
homogeneous groups (P) in the dendrogram (Figure 6).

Although all the Coffee-|| fields were correctly dis-
tinguished from the other crops, two cotton fields were
erroneously included in this class. For the cotton class,
a lower percentage of correct classification was obtained
by considering three polarizations, when compared to
the VV-HV combination, which indicates that the HH
polarization is not appropriate to differentiate cotton
from the other crops.

All pasture fields were distinguished from the oth-
ers crop fields. However, the fields 4P and 5P formed
a separate group (Figure 6). By analyzing the values of
mean backscattering from these fields, it was found that
the field 5P had the highest value in the VV polariza-

tion, which may evidence that this field was denser than
other pasture fields. Field 4P had the highest value in the
VV polarization and the lowest in the HH, which may be
caused by some soil management practices before plant-
ing, such as tilling or by the presence of weeds in this
field. A more detailed field work would be necessary to
confirm these possibilities. Bardiel and Herrmann (2011)
utilized multitemporal images of high resolution from
Terra SAR-X to classify land use in two agricultural re-
gions from Europe. They tested the grouping of the crop
classes in order to improve the classification results and
observed the sensitivity of the SAR images in relation to
different agricultural management practices adopted in
each studied region. Additionally these authors distin-
guished agricultural fields that had soil preparation prac-
tices before planting from those fields without plowing.

Discussion

Graphical analyses and cluster analysis were per-
formed using single polarizations, combination of two
and of three polarizations, in order to evaluate the dif-
ferent possibilities of discriminating agricultural classes.
By using single polarization, in general the result was
not satisfactory, both in graphical analysis and in clus-
ter analysis. However, some agricultural crops had in-
teresting results. The Coffee-1 and Coffee-|| classes had
higher values of backscattering in VV and HH polariza-
tions, respectively, which was attributed to the influence
of direction of the planting lines in relation to the sensor
look direction.

In SAR backscatter, various factors such as frequen-
cy, incidence angle, planting row spacing and direction,
soil and crop water content, and crop phenology, among
others, jointly influence backscatter and, therefore, must
be taken into consideration in the analyses (Brown et al.,
1992; Baghdadi et al., 2009; Silva et al., 2009). In this
sense, polarization is a relevant parameter influencing the
interaction of microwave radiation with vegetation and
for this reason it is an important source of information to
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Figure 6 — Dendrogram resulting from cluster analysis when using the simulated MAPSAR image, with the VV-HV-HH polarization combination. The
dashed line indicates the cut-off distance. (A) Cotton, (CT) Coffee-L, (CP) Coffee-| and (P) Pasture.
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distinguish among agricultural crops. VV and HH paral-
lel polarizations interact most efficiently in agricultural
crops that have predominantly vertical and horizontal
structures, respectively (Brisco and Brown; 1998).

The coffee crop was well developed without soil
exposure between plants within planting rows, but with
spaces of approximately 1.5 m between planting rows.
Thus, predominantly perpendicular planting rows, rela-
tive to the sensor look direction, exposed a greater num-
ber of plants than with predominantly parallel plant-
ing rows. Coffee plants are characterized by a vertical
main stem and branches with a slight vertical inclina-
tion, which contributes to greater interaction with VV
polarization. Moreover, L-band radiation is expected to
penetrate the canopy, facilitating direct interaction with
the vertical main stem of the coffee plant. On the other
hand, planting rows parallel to the sensor look direction
expose fewer numbers of plants plus the fact that the in-
terval between planting row causes soil exposure, which
influenced the higher backscattering from the HH polar-
ization for the Coffee-|| class.

The response of the cross polarization is controlled
by multiple-scattering volumetric mechanisms within
the canopy whereas the parallel polarization is dominat-
ed by vertical or horizontal vegetation structures (Brisco
and Brown, 1998). The pasture canopy is characterized
by a non uniform plant, leaves and stem orientation fa-
voring volumetric scattering and, therefore, increasing
backscatter of HV polarization. For this reason the pas-
ture class had the highest mean backscattering in this
polarization, which was also higher than for the other
crop classes. In addition, a soil contribution, due to mul-
tiple scattering of the cross-polarized signal, could also
be considered (Dierking, 1999).

Although pasture fields presented the highest mean
backscattering values at HV polarization, when we used
cluster analysis, the better discrimination for this class
was found for the HH polarization. Compared to other
crop classes, pasture had the lowest mean backscattering
and the lowest standard deviation in the HH polarization
(Figure 4), which influenced the formation of the groups
and the discrimination of classes. Silva et al. (2009) also
found that pasture was best distinguished with polariza-
tion HH which also provided the best Kappa. McNairn
et al. (2009) utilized PALSAR L-band images acquired on
three different dates throughout the growing season in
order to distinguish hay-pasture, soybean, corn and cere-
als. They performed classifications using a combination
of all linear polarizations and with single polarizations,
considering the three dates. The best result was found
when all polarizations were used, but for the single po-
larization the best overall accuracy was obtained for the
HV polarization (68.5 %). However, the best producer's
accuracy for distinguishing hay-pasture was the HH po-
larization (63.3 %).

Better results were obtained with the combination
of two polarizations, allowing a partial distinction of the
crop classes. The results were a consequence of the dif-

ferent interactions of single polarizations, as discussed
above. The best result was found for the combination of
the VV-HV polarizations. The interactions from VV po-
larization within the two classes of coffee, depending on
the prevailing planting direction, and the higher interac-
tion from HV polarization with pasture, contributed to
a better discrimination. On the other hand, all pasture
fields were separated in the scatter plot when consider-
ing the combination HH-HYV, as a function of the distinct
values of the mean backscattering for these polariza-
tions. The two classes of coffee were well distinguished
from other crops in HH-VV and VV-HV combinations
because of the influence of planting rows in these back-
scattering polarizations.

Although Silva et al. (2009) found the best Kappa
index for the HH-VV combination, when they consider
combination of two polarizations, the best distinction
for the Coffee-|| class was obtained for the VV-HV and
HH-VV combinations and for the Coffee- L class the best
combination was HH-VV. To distinguish crop classes us-
ing supervised classification, Silva et al. (2009) consid-
ered two cotton classes (different development stages).
In the present study, there was only one class of cotton
with all fields in the same stage of development. The
canopy density of leaves and the water content vary
with the development stage, and thus, these character-
istics influence the interaction of microwave radiation,
mainly for the HV polarization, that is characterized by
the volumetric backscattering (Brisco and Brown, 1998;
McNairn et al., 2009). Thus, Silva et al. (2009) reported
greater confusion of the more developed pasture fields
with the cotton and perpendicular coffee fields. Prob-
ably this confusion has caused a decrease in the clas-
sification performance when using the combination of
VV-HV polarizations. Furthermore, the characteristics of
the used images were distinct. Silva et al. (2009) used
airborne images with spatial resolution of 6m, 10 looks
and incidence angle between 52° and 68.5°.

In the present study, simulated satellite images
with spatial resolution of 10 m, 3 looks and incidence
angle of 45° and 53° were used. The spatial resolution
and the number of looks can affect the distinction of
objects in the image, the quantity of noise and the sta-
tistics, which influences the distinction of targets when
statistical parameters are involved in the analysis (Frery
et al., 2007). Moreover, the variation of the incidence an-
gle affects the capacity of penetration of the microwave
radiation into the canopy, being one of the parameters of
the sensor that most influences backscattering and the
appearance of features included in the image (Lewis and
Henderson, 1998).

The use of the three polarizations further improved
the distinction of the classes of crops. Homogeneous
groups or groups with little confusion were formed, al-
lowing a total distinction from pasture fields and Coffee-||
in relation to other crops and reinforcing the importance
of using more than two polarizations to distinguish targets
with different structures. However, the knowledge of the

Sci. Agric. v.69, n.3, p.201-209, May/June 2012



208

Silva et al.

MAPSAR images to distinguish crops

interaction mechanism of each polarization with the tar-
gets and its influence over the backscatter is critical to
explore the use of SAR images to distinguish the crops.
Because many factors affect backscattering, the use of
more than one polarization in the classification of crops
is important, because they are sensitive to the orienta-
tion of the targets, which helps to distinguish crops with
different canopy structures. However, the backscatter-
ing is not explained in a direct way, because it depends
on the processes of attenuation and interaction, which
in turn depend on the frequency and the incidence an-
gle, as well as the properties and characteristics of the
plants.

In future studies, there is need of considering a
greater number of crops and the use of automatic clas-
sifiers. A more detailed field work would facilitate the
understanding of adverse outcomes. Polarimetric char-
acteristics of the images and multitemporal analyses
should be explored, which will allow evaluation of the
sensitivity of these images to the different characteristics
of the canopy during the growing season, aiming at op-
erational crop monitoring.

Conclusions

Crop classes were distinguished with good accu-
racy (85.4 %), when using the three polarizations. Using
single or dual polarizations some culture classes could
be distinguished, as well as the understanding of the in-
teraction of the radiation with agricultural targets could
be explored. The investigation was carried out using
only few samples that restrict an overall extrapolation
for crops and ecosystems. However the results are in-
dicative of the potential of the L-band multipolarized for
agricultural monitoring
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