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ABSTRACT. The HSS (Hyperspectral Scanner System) was evaluated for characterization and spatialization of soils in Manaus, AM, Brazil, with 3 meter resolu-
tion images. The images (37 bands between 0,43 and 2,37 .m) were converted from radiance values to surface reflectance using the Fast Line-of-sight Atmospheric
Analysis of Spectral Hypercubes (FLAASH) applicative, based on the MODTRAN +4 (Moderate Resolution Transmittance) a radioactive transfer model. Preceding collec-
tion of soil samples, the main soil classes were identified through the SAM (Spectral Angle Mapper) method in order to facilitate analysis of the spectral characteristics
of the studied area. Finally, for 13 samples, correlations among soil characteristics and spectral data from the HSS sensor, and spectral curves obtained in laboratory
were carried out. Results indicated that: (a) the atmospheric correction accomplished with the FLAASH applicative was appropriate, despite difficulties for total removal
of the water vapor feature at 0.94,.m and at short-wave infrared band, near to 2.0.4m. In general, a spectral coherence of the HSS sensor was confirmed with the
information found in literature and the spectrum obtained in the laboratory; (b) a good capacity for spectral identification was observed with the SAM classifier as the
results provided an appropriate soil preidentification, helping as well to define sites for field work; (c) the spectral curves representative of the soil classes are comparable
both for laboratory and sensor data. Usually, correlations between both data acquisition environments (laboratory and HSS) are high.

Keywords: Hyperspectral Remote Sensing, R95/HSS sensor, spectrometry of soils, spatialization and characterization of soil types, spectral indices.

RESUMO. Avaliou-se 0 sensor 4SS (Hyperspectral Scanner System) para a caracterizagdo e espacializago de solos na cidade de Manaus, AM, Brazil, com imagens
de 3 metros de resolucdo espacial. As imagens (37 bandas entre 0,43-2,37 em) foram convertidas de valores de radiancia para reflectancia de superficie, usando um
aplicativo (FLAASH) Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes baseado no modelo de transferéncia radiativa MODTRAN +4 (Moaderate Resolution
Transimitiance). Para facilitar a andlise das caracteristicas espectrais da area de estudo e da discriminacdo dos principais tipos de solos presentes, foram pré-identificadas
as classes de solos através do método SAM (Spectral Angle Mapper)antes da coleta das amostras de solo em campo. Por fim, as correlagdes entre caracteristicas dos
solos e dados espectrais do sensor (4SS) e curvas espectrais de laboratério foram realizadas em 13 amostras. Os resultados obtidos indicaram que: (a) a corregdo
atmosférica realizada com o aplicativo AZAASH foi apropriada, apesar das dificuldades de plena remogdo da feicdo de vapor d'agua em 0,94..m e na faixa do in-
fravermelho de ondas curtas, proximo de 2,0.«m. No geral, constatou-se coeréncia dos espectros do sensor 4SS com as informagGes da literatura e dos espectros
obtidos em laboratorio; (b) foi observada boa capacidade de identificagdo espectral com o classificador SAM cujos resultados possibilitaram a pré-identificagdo ade-
quada das classes de solos, bem como ajudaram a definir as areas onde foram coletadas as amostras de campo; (c) As curvas espectrais representativas das classes
de solo para os dados de laboratorio e do sensor (4SS) sdo correlaciondveis. As correlagGes entre os dois ambientes de aquisicdo de dados (laboratorio e 4SS)
530 normalmente altas.

Palavras-chave: Sensoriamento Remoto Hiperespectral, sensor R95/HSS, espectrometria de solos, espacializagdo e caracterizacdo de solos, indices espectrais.
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INTRODUCTION

When the topic is the development of an area, the soil has a high
degree of relevance among the existing natural resources, because
from it derive several products to feed the population, showing
also the evidences of underground minerals.

Remote sensing is an important tool in studies related to
agriculture and, particularly, for soil characterization and spatial-
ization. Currently, the soil monitoring is a great challenge, since
soils exhibit a continuous time and space variation. Such mon-
itoring can help in a more effective way the preparation of pedo-
logic maps, use of the soil, agricultural aptitude, and in a better
use of the relationships of the soil potential for food production.

Presently, the studies connected with remote sensing un-
dergo paradigm changes with the development of imaging spec-
troscopy and the hyperspectral sensor systems: while the prin-
ciple for analysis of data obtained by the multispectral sensor is
based on search for target identification, in other words, if it is
vegetation, exposed soil, outcrop etc.; when managing data from
the hyperspectral sensor, the concern, among others, is about the
health and vigor of the vegetation, the mineralogical composition
of the exposed soil and rock outcrops (Baptista, 2006).

In the Brazilian territory, mainly in its northern portion, few
and restricted collections of optical hyperspectral data with a sci-
entific purpose were carried out. With the intention of filling in
this gap in the scientific community, the Sistema de Protecdo da
Amazonia — SIPAM (System for the Amazonian Protection), ac-
quired a HSS sensor, set up in a R-95 Bandeirante aircraft and
it has 50 channels that continuously cover the area from the vis-
ible to thermal infrared, in the region between 0.4 to 12.6m.
These channels have 12 quantizing bits (4096 Digital Levels)
and approximately 2.5 meters of spatial resolution (Moreira
gt al., 2005).

The HSS/SIPAM sensor has the capacity to acquire images
in a great number of narrow and contiguous spectral bands and
make possible the extraction of reflectance spectra from each
pixel of an image; in other words, for each pixel of the scene,
a spectrum with a practically continuous form can be acquired,
producing data with spectral resolution that is enough to identify
materials through their absorption features. These spectra are so
detailed that they can be directly compared with spectral curves
similar to those found in the field or laboratory conditions.

Analysis of the reflectance spectra of the different soils found
in the imaged scene will be possible with data obtained through
this hyperspectral scanner system. In those spectra absorption
spectral features of the main mineral components of the soils
are found.

The importance of characterizing and classifying soils
through remote sensors is due to the need of obtaining a wide
vision of the area under study. It also facilitates the survey and
follow up of the use of the soil in areas where access is difficult.
Surveying costs are reduced, mainly in tropical areas that demand
more logistics effort.

The objective of this research is to evaluate the potential of
the HSS data for the spatiatization and spectral characterization of
pedologic features in a part of the northwestern and southeastern
portions of the city of Manaus, State of Amazonas, Brazil.

CHARACTERIZATION OF THE AREAS UNDER STUDY

The studied areas are in the metropolitan area of the city of Ma-
naus (AM), specifically, in two places, comprised by two scenes
of the HSS sensor (Fig. 1). Scene 1 is represented in blug, situ-
ated in the northwestern portion, near to Avenida do Turismo and
Sistema de Protecdo da Amazonia — SIPAM (System for the Ama-
zonian Protection), having as the main reference, the international
airport Eduardo Gomes. Scene 2 is represented in red, situated in
the southeastern portion, near to BR-319 (interstate road).

The Manaus area is in the Amazon Paleozoic Basin's geo-
logical context, located between the Guyana Shield to the north,
and Brasil Central Shield to the south. The regional substratum
is composed of the following geologic units: Alluvium (Ceno-
zoic), Alter do Chdo (Mesozoic), Trombetas (Paleozoic) and
Prosperanca (Paleozoic).

In this municipal district area, laterites have a wide distribu-
tion and good representability, and although they do not represent
a formal lithostratigraphic unit, they are of great importance for
understanding the Cenozoic geology, because they are excellent
stratigraphic markers (Fernandes Filho et al., 1997). The occur-
rence of laterites with an argillaceous composition is observed
covering a great part of the studied area, specifically in Scene 1.

The pedologic units of Manaus, updated from data issued
by the Brazilian System of Soil Classification (EMBRAPA, 2006),
predominantly are: Latosols, Argisols, Spodosols, Gleysols and
Neosols. According to Leal (1996), in the Manaus area, Latosols
prevail over Spodosols.

The studied area is characterized by annual air temperat-
ure above 26°C. The lower average temperatures are regis-
tered in February and March, something around 25.8°C, and it
can reach figures slightly below 25.0°C. The highest temperat-
ures were observed from August to October, with averages from
27.4°C to 27.9°C, respectively; and the maximum averages may
reach 28.8°C and 30.2°C, respectively (adapted from Oliveira
gtal., 2008).
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Figure 1 — Situation and location of the studied areas.

METHODOLOGICAL PROCEDURES

HSS Image acquisition and processing

Two scenes were used for the accomplishment of the soil spec-
tral study, with 37 bands, within the spectral interval from 0.43
to 2.37um, which were radiometricly processed and atmospher-
ically corrected before the preidentification of the soil classes in
the images and, later, selection of the sampling sites in the field.

Scene 1 (Fig. 1) was obtained on December 16, 2007, at
00:58:00 p.m. GMT (=3 hours, local time, in the central point
of the Scene). Scene 2 (Fig. 1) was obtained on June 06, 2007,
at 03:23:00 p.m. GMT (=3 hours, local time, in the central point
of the Scene). Both HSS images were acquired with the IFOV
of 2.5 mrad, at a flight height of approximately 1192 m above
the ground, resulting in an average GIFOV (Ground Instantaneous
Field of View) of 3 m along the imaged band.

The radiance images in uW.cm=2.sr=!.nm~" used in this
work were obtained using the processing applicative “AHS Import
Utility Program” from the sensor's manufacturer. Using this ap-
plicative, the initial binary format was changed to BIL (Band Inter-
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leaved by Line) format. During processing the reflected spectrum
bands or digital numbers were converted into radiance values
(Reflective Calibration), as well as the auxiliary files recorded
jointly to the image binary file, among them, the flight informa-
tion and the required parameters for atmospheric correction.

For the atmospheric correction and reduction of the HSS
radiance data for surface reflectance, the FLAASH (Research Sys-
tems, 2000) applicative was used. This applicative uses the
MODTRAN+4 (Moderate Resolution Transmittance) code of ra-
dioactive transfer, correcting wavelengths in the visible, proxi-
mal infrared and shortwave infrared, up to 3um. The following
imaging parameters were used in this applicative: the coordi-
nate, ground elevation, flight height and time. The ground el-
evation at the referred Scene sites, 50 meters above the aver-
age sea level, were obtained in the digital elevation model from
SRTM (Shuttle Radar Topography Mission), and other information
were obtained with registers made by the sensor's GPS (Global
Positioning System), all above mentioned parameters are avail-
able in the scenes’ auxiliary files.
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Preidentification of the soil classes at the scenes and
selection of field sampling sites

The classifier SAM — Spectral Angle Mapper, was used for pre-
identification of the soil classes at the scenes and selection of the
field sampling sites. The objective of the analysis of this mapping
is a preidentification of the different soil types at the scenes, and
for both processing procedures reference spectra obtained with 5-
pixels average was used, visually selected at the scenes. Thirteen
soil samples were collected, from the superficial layer (0to 20 cm
from the surface) and other different sites.

The SAM — Spectral Angle Mapper (Kruse et al., 1993) is a
classifier that makes possible a fast mapping, using an algorithm
that determines the spectral similarity among two or more spectra,
calculating the angle between the spectra and associating it with
vectors in a space with the same dimensions (n-dimensional) of
the number of bands.

Obtaining the bidirectional reflectance factor (FRB) at
the laboratory and physicochemical and mineralogical
analyses (diffractometric)

In order to obtain the bidirectional reflectance factor (FRB) at the
laboratory and from the physicochemical and mineralogical ana-
lyses (diffractometric), the used samples were dried in a drying
oven at 60°C, for 48 hours. This was necessary to standardize
the humidity condition. After preparation, the samples were con-
ditioned in containers with 50 cm? of area, forming a 5 cm thick
soil layer, eliminating, in this way, possible interferences from the
bottom of the container during the spectral radiance measurement.

The radiance measurements, for obtaining the soil radiomet-
ric data, were carried out at the Instituto de Estudos Avangados
(IEAv), organization of the Aeronautics Command headquartered
in Sdo José dos Campos, State of Sdo Paulo, at the Radiome-
try and Characterization of Optical Sensors Laboratory (LaRaC),
using the ASD (Analytical Spectral Devices) FieldSpec® Pro
spectroradiometer. Measurements were accomplished with tem-
perature varying between 18 and 20°C and with relative humid-
ity between 50 and 70%. This equipment presents data at 1 nm
intervals within the spectral range from 0.35 to 2.5m.

In order to accomplish the measurements, the spectrora-
diometer’s sensor head, with a 25° field of view (FOV), positioned
in a vertical shot geometry, to nadir, at a height of approximately
4 cm from the target top, resulting in a sight projection with a di-
ameter of approximately 3 cm on the sample. The ASD Pro-Lamp
was the illuminator, consisting of a 50 W tungsten halogen lamp
fed by a direct current source; which was fastened on a tripod, and
positioned 25 cm distant from the sample in a oblique sight, with
a 45° zenital angle.

A Spectralon plate, model SRT-99-120, by Labsphere was
used, its reflectance is near 100%; according to the manufac-
turer’s calibration certificate, it can be considered as an approx-
imately Lambertian surface along the used wavelengths (Melo et
al., 2009).

The ratio between the spectral radiance reflected by a soil
sample surface and the spectral radiance reflected by the Spec-
tralon reference plate, as shown in Eq. (1), under the same illu-
mination and acquisition geometry conditions, gave the Spectral
Bidirectional Reflectance Factor of the sample (FRBE sample).

Lsample )

FBREsampIe(k) L (M)
plate

(1)
where: FBREszmple (2) is the Spectral Bidirectional Reflectance
Factor; Lampie(2) and Lyjae(2) are the sample and the Spec-
tralon plate’s Radiance.

However, the absolute reflectance of a target Eq. (2), accord-
ing to Moreira (2008), may be calculated multiplying the sam-
ple’s bidirectional reflectance factor by the plate’s reflectance fac-
tor, supplied by the manufacturer, obtaining:

Rsample (V) = FBREgzmple (A) * Cpjae (1) 2)

where: Rsample (2) is the sample’s absolute reflectance; and
Coiate(2) is the reference plate’s reflectance, supplied by the
manufacturer.

Correlation among the soil characteristics and spectral
data of the (HSS/FRB) sensor and physicochemical
analyses

The correlation analysis was applied based on laboratory spectra
(FRB) and the (HSS) image for 13 samples, in order to establish
the relationship among spectral data and soil constituents. Firstly,
the relationship of the soil physicochemical constituents were an-
alyzed amongst themselves. Then, it was necessary that the lab-
oratory data had the same spectral resolution of the HSS data, in
other words, 0.03zem, in order to reach higher precision when
checking the similarity among the obtained spectra. It would be
much more complicated to convolute the HSS data for the labora-
tory results, since the radiometric data have a much more refined
resolution, of about 0.001 m.

A'spectra convolution procedure was undertaken, through the
spectral resampling module of the ENVI® software. The spectral
data were convoluted using the HSS sensor’s response function,
through an ASCI! file, with information about width at half-height
(FWHM).

Revista Brasileira de Geoffsica, Vol. 30(3), 2012
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For each sample collected in the field, for the laboratory and
HSS spectra, there were adopted bands from 0.43 to 1.0.4m and
2.0 to 2.37um for verifying the correlation between these two
variables. Scatter diagrams were generated to describe these re-
lationships. In these analyses the spectral band from 1.0em to
2.0em was disregarded for both sensors. For a given wavelength,
the best curve adjustment in relation to the scatter diagrams was
chosen following this criterion: the highest value of the linear cor-
relation coefficient with the smallest standard error. In order to
accomplish that, the spectral data were considered as following
anormal distribution.

RESULTS AND DISCUSSION
Obtaining the radiance and reflectance images

The “AHS Import Utility Program” applicative offers possibilities
for geometric corrections, such as: S-Bend Correction, V/H Cor-
rection, Thermal Calibration and Reflective Galibration. The im-
provements presented by these options were related with the im-
age’s visual aspect but none of the above options was used be-
cause the intention was to preserve the image’s radiometry. It
should be emphasized that in the preprocessing stages no geo-
metric corrections were done, mainly the georeferrencing.

In this conversion stage from radiance to surface reflectance,
the FLAASH module’s modiran4+ algorithm, performs adjust-
ments, mainly, at the oxygen (band 10), carbon dioxide (band
22 and band 23) and water vapor (band 14, band 18 and band
19) levels for each pixel of the image. As a result, this method
eliminates the absorption bands caused by the above mentioned
gases.

Several processing attempts were carried out with variations
of the FLAASH parameters, in order to obtain a better atmospheric
correction, due to the variability of the atmospheric concentration
in the images, mainly as a result of the water vapor caused by
the proximity of water bodies.

The same parameters described by Moreira (2008) were
practically used for obtaining a better atmospheric correction.
The main differences found were for correction of the water va-
por, GO, concentration and channel 19 non spectral deviation.

Moreira (2008) evaluated that water vapor absorption peak
should happen in channel 18, corresponding to the 0.944 nm
band, however it was verified that the absorption peak happened
in channel 19, whose position informed in the calibration was of
0.971.m and, therefore, it should be less susceptible to absorp-
tion by the atmospheric water vapor. The spectral deviation found
by the referred author in the first 20 VNIR bands are on the order

Brazilian Journal of Geophysics, Vol. 30(3), 2012

of 0.017um. According to Moreira (2008), the aspects related to
maintenance of the sensor’s optical set, carried out after the man-
ufacturer’s spectral calibration done in 2004, may have caused
such spectral deviation.

The atmospheric correction, whose scenes’ spectra that better
adjusted to the field spectra, was obtained with the Tropical model
of atmosphere and the Urban model of aerosols, without the use
of the processing option with the K-T (Kauffman-Tanré) aerosol
estimate, or the WR (Water Retrieval) estimate of water vapor.
For the water vapor correction the option used was the WCM
(Water Golumn Multiplier) with values from 0.45 to 60. The initial
visibility of 40 km was assumed for the scene visibility. Concen-
tration of carbonic gas used is around 250 and 390 ppm (part per
million) and, finally, the first 20 VNIR bands were not moved, as
exposed by Moreira (2008).

Since a better curve smoothing and elimination of the small
residual variations observed in the corrected image after being
processed by FLAASH, mainly variations caused by the water va-
por and CO,, was being sought, it became necessary an EFFORT
spectral filtering, that presented better results with the use of a 3
order polynomial in the segment bound by bands 12 to 20, the
influence area of the 0.94,.m water vapor, and other, of 2" order,
in other segment, from channel 22 to 26, area close to 2.05.m,
under the CO, influence.

Upon definition of a better atmospheric correction, with their
respective spectral filterings, the reflectance images were thor-
oughly explored with the purpose of evaluating the spectra of the
scene’s targets, including natural targets, whose characteristics
were also used as parameters for qualitative analysis.

In general, coherence of the HSS spectra was verified both for
information from literature and the spectra obtained at the labo-
ratory. These spectra obtained from pixels — from exposed soil,
water bodies and green vegetation — are targets of several por-
tions of the scene that were used for qualitative analysis of the
reflectance spectra (Fig. 2). These targets are presented with the
real color corresponding composition: R (channel 7; 0.668.m),
G (channel 4; 0.54,m), and B (channel 1; 0.627 um).

Preidentification of the soil classes in the images and
selection of the field sampling sites

During this stage, the identified soil classes facilitated the defini-
tion of the areas where field samples were collected. In order to
identify the soil classes at the scenes and subsequent field sam-
ples collection, not only the basic elements for analysis and in-
terpretation were used, those from which information about ob-
jects are draw out. Those elements are shade/color, texture, size,
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Figure 2 — Surface reflectance, spectra extracted from the HSS sensor image (value multiplied by 104) after atmospheric correction processed by AZAASH
and optimization with the £#/7ORT. R7G4B1 normal color compositions are shown for: vegetation, exposed soil and asphaltic pavement.

forms, shading, pattern and location. Besides the aforementioned
elements, hyperspectral classifiers were applied — those that use
average reference spectra obtained from the HSS own scene.

At Scene 1, out of the tested classifiers, SAM was the classi-
fier with better results regarding the soil targets. This supervised

classifier determines the similarity of a test spectrum for a ref-
erence spectrum. The SAM processing was accomplished for all
targets at once, considering the mean angle generated from the
endmembers in the interest area previously selected (soil refer-
ence spectra in the images).

Revista Brasileira de Geoffsica, Vol. 30(3), 2012
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Figure 3 — Area near to SIPAM. A: SAM image and B: HSS's R7G4B1 composition. An intense contamination by adjacent pixels may be seen (blue arrow 1 and
Green circles 5 and 6); anisotropic effect (arrow 2); and good separateness among the objects with materials similar to soils, mainly tiles of argilliferous composition

(circles 3 and 4).

With the intention of obtaining a better classification, the
option was for monitoring the angles in the rule images (SAM
resulting image), being later divided into values and presented
in colors.

In Scene 1, that includes the SIPAM area, three average spec-
tra of soil samples taken from the image were used. The soil sam-
ples were appropriately identified in the SAM image, with 0.1 ra-
dian angles, as can be seen in the example given in Figure 3,
where the SAM’s image scene (to the left) is presented at the side
of the HSS's R7G4B1 composition (to the right).

In the SAM image, a good definition was verified among the
mapped classes (Fig. 3A), with the respective targets selected in
the reflectance image (Fig. 3B). The soil® targets selected in the
reflectance image were yellow Latosol with reddish shades, clas-
sified within the red color in the SAM image; reddish colored
Latosol with concretions of iron nodules, classified within the
magenta color in the SAM image; and yellow Latosol, classified
within the yellow color in the SAM image.

The classification did not contemplate some classes, how-
ever, later a punctual analysis was accomplished, where a strong

influence of adjacent pixels was verified. This influence occurs
due to the fact that those soils are situated in a small area, some
8 meter-wide streets, in other words, involving only about three
pixels (blue arrow 1, in Fig. 3A).

Other non mapped soils are found in the Scene’s border,
where a visible anisotropy effect (blue arrow 2, in Fig. 3A) is seen,
caused by the illumination and sight geometry — the relative posi-
tion of the sensor towards the Sun — evidenced by the Sun’s light
retrospreading effect.

However, other objects made of material similar to soils,
mainly tiles of argilliferous composition, were appropriately dif-
ferentiated from the soils, as it can be verified observing the roof
pixels of the SIPAM complex with argilliferous tiles (green circle
3, Fig. 3B), they did not present mapped classes in the SAM im-
age (green circle 4, Fig. 3A), while in circle 6 such material is
well-separated (Fig. 3B).

With the appropriate slicing, discriminated in colors, the good
soil separateness was verified in relation to other targets; how-
gver, some patches of exposed soils were not mapped, evidencing
spectral variation caused by frequent modifications (green circle,

"In the area, the pedologic unit consists, practically of yellowish Latosols (RADAMBRASIL, 1978). However, laterite exposures (plinthite horizons) and fillings are found

in the mapped sites.
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A

Figure 4 — A: SAM image (left) and B: HSS's R7G4B1 composition (right).

Fig. 3A), presented at the side of the HSS’s R7G4B1 composition
(green circle 6, Fig. 3B).

In the green circle 5 of Figure 3A, three classes of soils
are noticed. Subsequent field evaluations demonstrated that this
area underwent intense modifications, mainly due to the horizons
excavation, used for building purposes.

Figures 4, 5 and 6 show Scene 2. Three average reference
spectra were used for this classification, making possible, also, a
preseparation of targets on soil.

In the SAM image of Figure 4, a good definition among the
red class (Fig. 4A) is seen, soils presenting a redder color (Fig.
4B); in this case 0.08 radian was used. Some blug classes (white
arrows, Fig. 4A), mapped with 0.065 radians, they appeared ad-
jacent to the main area, but spectral analyses revealed that these
classes occurred due to their sandier texture? and not for spectral
mixture of other targets.

Even in relation to the asphaltic pavement (white arrows, Fig.
4p), there was not spectral divergence. Field analyses revealed
that these pavements are covered with soils from adjacent areas.

In the SAM image of Figure 5, there is a mixture of the blue

Texture refers to the clay, silt and soil proportion in the soil.

with the red class. In this case there is a mixture of sandy with
argillaceous materials. But in spite of the good discrimination in
relation to soils of different textures, some divergence was verified
in relation to pixels located in streets, asphalted avenues and con-
structions (green arrows, Fig. 5), possibly associated to asphalt
spectra and aged constructions, with some amount of sand.

In Figure 6 the yellow soil (red arrow, Fig. 6B) was easily sep-
arated from the other targets in the SAM image, with angle of 0.08
radians, without discrepancies in relation to the adjacent soils.
This soil, even presenting a very whitish color, was not mixed up
with the blue class (sandy texture), a spectral separation being
gvidenced and it was not attributed to color.

Using the HSS images, previously classified by SAM, four
areas were defined in the two classified scenes, where thirteen
soil samples were collected (Table 1).

The identified soil® classes/horizons/materials were: Yel-
low Latosols/plinthite horizon Bw2 (LP); Yellow Latosols/yellow
horizon/sandy-clay Bw1 (LA); Yellow Latosols/horizon C (red)
Alter do Chdo Formation (LV); Sandy-Quartz Neosoils/sandy
material (NQ).

3In order to deal with the soils in the remote sensing area, the concept of geologic or physic soil will be adopted, corresponding to what is denominated as “weathered
rock” (Guerra & Guerra, 2009). It also includes fragments from artificial deposits of any type of material removed by men, and such places are called fillings.

Revista Brasileira de Geoffsica, Vol. 30(3), 2012



CORREIAMRD & ARAUJO RLC 349

Figure 5— A: SAM image (left) and B: HSS's R7G4B1 composition (right).

[ A B |

e e T TR e U UT R U = e oy

| Fie Overlsy Enhance Took Window

Figure 6 — A: SAM image (left) and B: HSS's R7G4B1 composition (right).
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Table 1 — Sample identification, class/horizon/material, granulometry, textural classification, organic matter and iron.

Sample Textural Organic matter Fe
) ”p i (Class / Horizon / Material Sand Silt Clay XU , gan! 3
identification classification (9/ka) (mg/dm®)

Yellow Latosol / Bw2 Plinthite Hori
A LP ellow Latosol / B2 Plinthite Horizon /-1 o o7 | 7574 | 66.45 | Very Clayey 5,39 27
Ferruginous Profiles
Yellow Latosol / C ti f
A2 LP Bllow Latosol / Concretions o 24245 | 11.705 | 6405 | Very Clayey 422 8
Iron Nodules (Laterite)
A3 LA Yellow Latosol / Bw1 Yellowish Horizon | 15.233 | 6.817 | 77.95 | Very Clayey 35 2
Yellow L |/ Bw2 Plinthite Hori
A4LP ellow Latosol /B2 Plinthite Horizon /| o7 h0a | 45 107 | 50,8 Clay 22 19
Ferruginous Profiles
Yellow Latosol / Bw1 Yellowish Horizon
A5 LP W Latosol /BT Yellowish Horizon /| 1) 6oy | g078 | 78.4 | Very Clayey 10.05 66
Ferruginous Profiles
Yellow Latosol / Bw2 Plinthite Hori
A6 LP ellow Latosol / B2 Plinthite Horizon /1 o soe | 15650 | 55.65 Clay 82 13
Ferruginous Profiles
A7NQ Neosols (Arenite Material) 97.648 | 0.852 15 Sand 2.75 38
F
ASLA | Yellow Lalosol / Bui Yellowish Horion | 56.762 | 14738 | 285 | a0 S 22 1
Argillaceous
Yellow Latosol / Horizon C (Reddish

A9 LV ellow Latosol /Horizon € (Reddish) | 200 | 13492 | 618 | Very Clayey 254 2

of the Alter do Chdo Formation

A10NQ Neosols (Arenite Material) 99.166 | 0.234 0.6 Sand 0.39 20

F
ATLA | Yellow Latosol /B Yellowish Horizon | 64615 | 3535 | 315 | oo SNy 2.44 1
Argillaceous

M2 LV Yellow Latosol / Honzon C (Re§d|sh) 729% | 3704 | 23.35 Fran.co Sandy 197 7

of the Alter do Chdo Formation Argillaceous

M3 LP Yellow Latosol / §w1 Yellowlsh Horizon / 66.269 | 4181 | 2055 Fran.co Sandy 401 07

Ferruginous Profiles Argillaceous

Correlations among soil characteristics and the
sensor’s (HSS) spectral data and spectral curves
at the laboratory (FRB)

Relationships among physicochemical constituents

It is appropriate to evaluate the soil physicochemical constitu-
ents’ relationships amongst themselves, before verifying their in-
fluence on the spectral signature of the studied samples. Table 2
shows the correlation matrix among the physicochemical con-
stituents of thirteen analyzed soil samples, and all correlation co-
efficients are significant at 5%. As the samples’ content of total
sand increases, the total clay and organic matter contents are re-
duced. The best correlations were between total sand and total
clay (r =-0.9901), total sand and silt (r = —0.7089).

The high negative correlation between total sand and the other
chemical and physical constituents shows that the bigger the sand
fraction, the smaller the organic matter, silt fraction and, espe-

cially, the total clay fraction of the constituents’ content, that pre-
sented the best result (r = —0.9901).

There was not a correlation between iron and the other con-
stituents, since the same soil type prevail in both environments.
For the iron case, there is a difference because at Scene 1 there
exists a great amount of concretions of iron nodules or laterite,
which are also evidenced in the spectral analyses.

Table 2 — Results for correlation among the physicochemical constituents of
13 soil samples.

Argila total Fe Silt Total sand
Total Clay
Fe 0.0488
Silt 0.6035 -0.2801
Total Sand -0.9901 0.0058 | —0.7089
0.M. (g/kg) 0.6342 0.5898 | 03926 | -0.6297
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Attributes of the soil versus terrestrial reflectance
(Fieldspec) and the (HSS) sensor

The behavior or spectral signature, both at the laboratory or at the
terrestrial level, depends directly on its chemical, physical, bio-
logical and mineralogical composition (Table 1). Soils present
different constituents, which can be identified through the analy-
sis of their spectral responses.

The spectral signature is the result of the interaction of
the electromagnetic radiation with the soil attributes, such as:
parental material, organic matter, iron oxides, mineralogy, granu-
lometry, humidity and surface rugosity. The results of the spectral
analysis carried out by the FieldSpec will be presented consid-
ering the interval from 0.45 to 2.37 um. The results obtained by
the HSS sensor are presented in two wavelength intervals: from
0.45t0 1,0pem, visible and near infrared, and from 2.0t0 2.37 um,
short wave infrared. These curves present typical features or ab-
sorption bands, due to the interaction of the atoms or molecules
from different soil constituents with the electromagnetic radiation
in specific wavelengths.

According to Hunt (1980), the absorption bands are caused
by electronic and vibrational processes.

In the electronic process, transitions among the energy levels
of the atomic orbitals are responsible for the absorption features
in the spectra. These processes are accentuated in the part of the
spectrum between the visible and near infrared.

According to Clark (1999), in the vibrational process, a free
molecule can rotate and translate. These movements are denom-
inated reticular vibrations and they typically occur at very low
levels of energy, approximately, above 2.0.4m, in the areas of the
short wave infrared.

Since each soil presents different composition, the referring
spectral curve will have different absorption bands. The soil spec-
tra analyses may facilitate the identification of some components
and of some of their physical characteristics.

According to Meneses & Ferreira Junior (2001), when dis-
cussing the influence of the soil constituent materials on re-
flectance, among the most important are the argillaceous min-
erals such as kaolinite and montmorillonite, the aluminum and
iron oxides, minerals such as calcite, gibbsite, organic matter
and water.

Goethite (FeOOH) and hematite (Fe, 03 ) are the most frequent
iron oxides in soils. These iron oxides show different spectral fea-
tures in the ultraviolet regions, visible and near infrared (Fig. 7).

Basically, LP present strong features of energy absorption
due to the higher iron grades than LA, NQ and LV (Table 1). This
is ratified by the descriptive analysis of the form and absorption
intensity (Figs. 7 and 8).

Brazilian Journal of Geophysics, Vol. 30(3), 2012

The spectral feature around 0.9.m with concave format in-
dicates the presence of iron oxide, as well as the albedo reduc-
tion in relation to LV, NQ and LA, evidenced in Figures 7 and 8.
Spectral values found in Vitorello & Galvao (1996) study show
the concave format of the spectral curve in the 0.85..m band, also
an indicative of iron.

According to Novo (2008), the decreasing gradient in the
interval from 0.75 to 1.3m is typical of soils with high iron
oxide content.

In Figure 9, the spectra of Sample 8 are representative of
soils lacking iron oxides and have as a characteristic the ab-
sence of an intense and wide band centered at 0.9.m. As ex-
posed by Meneses & Ferreira Junior (2001), iron oxide-rich soils
exhibit the following characteristic features: one band centered
at 0.65.4m, a wide band centered at 0.95.m and other between
0.45and 0.53m.

The average spectral curves of the soil samples with higher
clay contents resulted in less reflectance intensity, both by the
ground and aerial sensors. For Sample 12 (Fig. 10) case, lesser
reflectance intensity occurs due to high clay values not due to
iron or organic matter present; both constituents also favor less
reflectance.

LP show low reflectance between 0.1 and 02, not present-
ing an escalating tendency along the spectrum (Fig. 11). These
values are close to values obtained by Epiphanio et al. (1992),
as for Purple Latosol with high iron grades.

The granulometry and presence of different argillaceous min-
erals have influence on their spectral answer (Madgira Netto,
2001). In addition, soils with a sandy texture tend to show a
higher reflectance intensity than the argillaceous soils, especially
when sand is made up of quartz (Fig. 12).

Samples A10 and A7, regarding Neosols (sandstone-like
material), are by definition soils with a sandy texture, with low
organic matter content, with sand-sized mineralogy made up pre-
dominantly of quartz, resulting in a high reflectance intensity all
over the studied spectrum band (Fig. 12) and shallower depth
in the absorption band of the argillaceous minerals, near 2.2em
(Fig. 13).

According to Simmons (1972) goud Batista (2006), the ex-
planation for that behavior is attributable to the fact that the
finest materials present a flatter surface, with less porosity to
capture the incident light. In the field, reflectance on nondis-
turbed soils tend to show inverse results to those obtained at
the laboratory. Reflectance of the argillaceous soils usually is
inferior to reflectance from sandy soils. The explanation is that
the structure of soils with a finer texture under nondisturbed
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Figure 7 — Reflectance spectra of iron-containing samples in the FieldSpec sensor.
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Figure 8 — Reflectance spectra of iron-containing samples in the HSS sensor.
conditions usually form bigger aggregates than sand (Myers & In the spectral band from 0.7 to 1.0.m, it may be seen that

Allen, 1968). This behavior was found in both sensors, in other ~ LP and LA had average to strong concavities, passing to weak or
words, there was an increase of the soil reflectance intensity from  even null convexities in NQ.

0.45 to 2.37m, as the sand content increased and clay content Comparing the Latosols, it may be seen that LA is very sim-
decreased (Fig. 14). ilar to LP, differing basically in the iron content; the LA tended
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Figure 9 — The reflectance spectra of Sample 8, with insignificant iron oxide content.
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Figure 10 — Spectra of Sample 12, less reflectance intensity occurs due to high Clay values.

to present more intense reflectance, and the LP were disposed
to absorb a larger amount of energy at ground and aerial levels.
Differences among the Latosols’ iron contents are distributed by
the studied area, in other words, the highest iron grades are con-
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——ADB_HSS
—— ADB_Field

—— A12_HSS
——A12_Field

centrated in area 1, what can also significantly influence the low
intensity of their reflectances, what means that the LP are under
the influence of the exposed plinthite horizon, with laterite nodules

present, with ferruginous profiles.
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Figure 11 — The LP’s reflectance spectra.

FieldSpec® Pro-FR e HSS

0.7 1

06 4

~—_

0.5 A

0.4 4

0.3 1

Reflectance (%)

0.2 4

0.1 4

Reflectance intensity increases due to granulometry of the sand fraction

——A10_HSS
——A10_Field

AD7_HSS
—— A7 Field

0.4 06 0.8 1 1.2 1.4

16 18 2 22 24

Wavelength (jum)

Figure 12 — Reflectance spectra of samples A10 and A7.

Therefore, Latosols are similar in the two studied areas, their
main differences are the iron grades.

The soil's organic matter (M.Q.) content is quite reduced when
compared to the mineral content. However, its influence in the soil
properties and, consequently, in the reflectance intensity is ex-
tremely important, because it is a color primary constituent, pre-
senting a close relationship with the soil reflectance.

According to Moreira (2005), in sandy soils of desertic areas
the organic matter reaches 0.5% of the total weight. In most of

the cultivated soils, the organic matter content varies from 2 to
5% and, in some cases, it can reach 10%.

For the analyzed samples, the organic matter content practi-
cally did not vary, from 2 g/kg=" to 10 g/kg—", in other words,
values smaller than 1% of the total weight. Therefore, the effect of
the iron feature stood out in relation to the organic matter.

Galvdo & Vitorello (1998) affirmed that the organic matter is
the main component responsible for reflectance reduction in the
0.6 to 0.75..m band and, if more than 1.7% of M.Q. is present,
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Figure 13 — Samples A10 and A7, referring to Neosols.
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Figure 14 — Reflectance spectra of samples A10 and A04.

it would obliterate the iron spectral characteristics, inducing a
reduction larger than 40% in the correlation between the total
content of Fe, 05 and the reflectance.

In the case of this work, in every analyzed sample, low M.O.
values — less than 1.0% — were observed (Table 1). When the
M.0. content is below 2.0%, other soil constituents, such as iron
oxides, also observed in this work, become more influential in the
soil's spectral behavior than the organic matter.

Brazilian Journal of Geophysics, Vol. 30(3), 2012

Baumgardmer et al. (1970) goua Moreira (2005) verified that,
when the organic matter content in the soil exceeds 2.0%, it plays
an important role for determining the soil’s spectral properties.

Opague minerals, especially the iron oxides (goethite and
hematite), tend to exert less influence on the reflectance intensity.

The sandy samples’ albedo or with low iron oxide content
tend to show lighter shades and more intense reflectance in the
curves, especially in samples 7, 8, 9, 10, 11 and 12.
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Figure 15 — Correlation coefficient among the reflectance values measured with the HSS and the Fieldspec for 37 wavelengths.

Forsamples 4, 5 and 6's case, the result was the opposite, that
is, the albedo and reflectance intensity showed low values since
they present high clay fraction and iron oxide content.

Correlation among the HSS (Sensor) Spectral and
Fieldspec (Laboratory) Data
Figure 15 displays the linear correlation coefficient* among re-
flectances obtained through the HSS (aircraft) and FieldSpec
(laboratory) for eight sampling sites. In this stage, correlations
were calculated for 37 wavelengths; the spectroradiometer’s band
widths were convoluted using the spectral response from the
HSS sensor. There is a better correlation in the 0.6 to 1.0m
interval, and poorer correlation in the 2.0 to 2.19m interval.
The poorer correlation was expected, since, at the atmospheric
correction moment a subcorrection, among the HSS’s 20 to 25
channels was evidenced. According to Moreira (2008), subse-
quent tests indicated that adjustments to the lesser in the pa-
rameter then identifies the CO, concentration, close to 230 ppm,
brought up benefits for the spectral continuity in the 2000 nm
area, however, as a consequence, resulted in a low restitution
of the CO, influence.

However, according to Moreira (2008), it should be taken
into consideration that for the CO2 concentration, as for the

4l correlation coefficients are significant at 5%.

water vapor, a reasonable variability along such a heterogeneous
scene may occur, such as the urban area, with areas requiring
more or less correction adjustments being expected.

It should be emphasized that, in spite of the magnitude dif-
ferences of the HSS and FieldSpec’s reflectance, spectra will grow
towards the channels with longer wavelengths; a good proximity
was verified in the field and imaged spectral profiles.

An important aspect to be pointed out when analyzing data
is the correlation coefficients found among the HSS and Field-
Spec’s curves, in this case, not for wavelength, but for individual
samples.

When carrying out individual analyses, linear regressions
were accomplished among the spectra of both sensors, in this
case, values obtained at the laboratory were adopted as inde-
pendent variable and those from the HSS as dependent variable,
shown in Figure 16.

Results from eight analyzed samples (Fig. 16) showed high
correlations, with adjustments (r = 0.94), (r = 0.91), (r = 0.87);
and smaller correlations (r = 0.63), (r = 0.65), (r = 0.75).

Adoption of individual correlations made possible the identi-
fication of a better correlation among the samples; the same did
not happen with correlations calculated for the thirty seven wave-
lengths, mainly, in the short wave Infrared (SWIR) band. How-
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Figure 16 — Correlation coefficient calculated for individual samples.

gver, this variation that was seen is not only produced by the low
CO, restitution; in some spectra, it may be observed that curves
have the same spectral behavior, however they present different
absolute values.

This supposed variation is associated with the presence of
more significant neighboring targets, in the image spectrum,
than in the laboratory spectrum. These neighboring targets re-
sultin a smaller absolute value in the image. Baptista (2006) also
observed this variation through the AVIRIS sensor’s data.

CONCLUSIONS
a) Regarding preprocessing and the HSS sensor radiometric
correction, the conclusion may be that:

Practically, the same parameters described by Moreira
(2008) were used to obtain a better atmospheric correc-
tion. However, the main differences found were for the
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correction of water vapor, CO, concentration, and the non
deviation of approximately 0,017.m in the HSS sensor
spectral calibration in channels 18 and 19, near to the
water vapor absorption region of 0.94m:;

The atmospheric correction undertaken with the FLAASH
applicative was considered appropriate, in spite of the
difficulties for full removal of the water vapor feature at
0.94um and in the short wave infrared band, near to
2.0um;

No appropriate results were obtained with the pixel-to-
pixel of the water vapor and aerosols corrections with the
ratios of WR (Water Retrieval) and K-T (Kauffman-Tanré)
bands.

In general, coherence of the HSS sensor’s spectra with
the information from the literature and the spectra ob-
tained at the laboratory was verified;
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b)

With respect to the preidentification of the soil classes in
the images through the SAM classifier, it may be con-
cluded that:

There is a good capacity of spectral identification with the
SAM classifier, whose results made possible the appro-
priate preidentification of the soil classes, as well as the
contribution for defining sites where field samples were
collected;

Soil samples were appropriately identified in the SAM
image, with angles smaller than 0.1 radians.

Some soils were not mapped due to the strong influence of
the illumination geometry because of the HSS sensor wide
field sight (86° FOV), mainly at the edges of the image.

The use of the SAM classifier, with different angular
values, including every imaged scene, facilitated not just
the soil identification with the other targets, but also sep-
aration of visually similar soils.

Results demonstrated that the HSS images can contribute
for discriminating the soil classes.

Regarding the correlations among the laboratory (FRB)
and aircraft (HSS) data, and those with the physicochemi-
cal and mineralogical analyses, it may be concluded that:

LPs present strong energy absorption features due to the
higher iron content than LA, NQ and LV. This is ratified by
the descriptive analysis of the absorption form and inten-
sity of the curves in both sensors;

The mean spectral curves of the soil samples with higher
clay content resulted in lower reflectance intensity, both
from ground and aerial sensors;

LPs present low reflectance between 0.1 and 0.2, without
a tendency to increase along the spectrum;

Samples related with the Neosols (sandy material), pre-
sented high reflectance intensity in every band of the
studied spectrum;

The organic matter content in the analyzed samples practi-
cally did not vary, from 2 g/kg~! to 10 g/kg=", in other
words, values bellow 1% of the total weight. Thus, the
effect of the iron feature stood out in relation to organic
matter;

The albedo of the sandy samples, or with low grades of
iron oxides, tend to end up with lighter shades and a more
intense reflectance in the curves;

The spectral curves representative of the LP, LA, NQ and
LV soil classes, for the laboratory (FRB) and aircraft (HSS)
data are correlatable;

Correlations between the two data acquisition environ-
ments (laboratory and HSS) are usually high, especially
in the near infrared band. The lowest correlation coeffi-
cients were found in the spectral interval corresponding to
the upper limit of the short wave infrared, above 2.0um.

Results, as a whole, demonstrated the potential of the imag-
ing spectroscopy (hyperspectral remote sensing), specifically
using the HSS sensor, for spectral characterization (spectra forms
and mineral absorption bands), propitiating discrimination of the
different classes of tropical soils and identification, in the spectra,
of some of their mineral components.
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