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Abstract: Soil management practices that maintain crop residue cover and reduce tillage
improve soil structure, increase organic matter content in the soil, positively influence water
infiltration, evaporation and soil temperature, and play an important role in fixing CO: in the
soil. Consequently, good residue management practices on agricultural land have many
positive impacts on soil quality, crop production quality and decrease the rate of soil erosion.
Several studies have been undertaken to develop and test methods to derive information on
crop residue cover and soil tillage using empirical and semi-empirical methods in
combination with remote sensing data. However, these methods are generally not sufficiently
rigorous and accurate for characterizing the spatial variability of crop residue cover in
agricultural fields. The goal of this research is to investigate the potential of hyperspectral
Hyperion (Earth Observing-1, EO-1) data and constrained linear spectral mixture analysis
(CLSMA) for percent crop residue cover estimation and mapping. Hyperion data were
acquired together with ground-reference measurements for validation purposes at the
beginning of the agricultural season (prior to spring crop planting) in Saskatchewan
(Canada). At this time, only bare soil and crop residue were present with no crop cover
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development. In order to extract the crop residue fraction, the images were preprocessed, and
then unmixed considering the entire spectral range (427 nm—2355 nm) and the pure spectra
(endmember). The results showed that the correlation between ground-reference
measurements and extracted fractions from the Hyperion data using CLMSA showed that the
model was overall a very good predictor for crop residue percent cover (index of agreement
(D) of 0.94, coefficient of determination (R?) of 0.73 and root mean square error (RMSE) of
8.7%) and soil percent cover (D of 0.91, R? of 0.68 and RMSE of 10.3%). This performance
of Hyperion is mainly due to the spectral band characteristics, especially the availability of
contiguous narrow bands in the short-wave infrared (SWIR) region, which is sensitive to the
residue (lignin and cellulose absorption features).
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1. Introduction

Conservation of post-harvest crop residue on agricultural land plays an important role in the
protection of the soil surface against water and wind erosion [1-3]. Regarding the environmental
benefits [4], crop residue improves soil structure, increases organic matter content in the soil,
positively influences water infiltration, evaporation and soil temperature [5], and plays an important role
in fixing CO2 in the soil [6]. Consequently, good residue management practices on agricultural land
have many positive impacts on soil quality and crop production. In the literature, several spectral
indices for quantitative evaluation of the crop residue cover have been developed [4,7-13]. Although
the initial demonstration of these techniques was successful, application of empirical models are in
general difficult to be applied to other locations with different conditions. Even though the relationship
between the parameter in question and specific index can be re-established to address these
differences, it is no guarantee that a satisfactory relationship can be found [9,10]. Accordingly, these
methods are not sufficiently rigorous and accurate for discriminating residue from bare soil and for
estimating the fraction of residue cover [14]. They do not consider the spectral mixture of different
materials in the same pixel [15,16]. Moreover, the broad spectral and spatial resolutions of
multispectral sensors do not allow an accurate analysis of the composition of the target materials on
the ground [17]. Using hyperspectral (Probe-1) data and the constrained linear spectral mixture
analysis (CLSMA) approach, the estimation of percent crop residue cover was improved but was not
accurate enough, because the image data were acquired when the crop vigor was very developed and
very high [18]. Accordingly, the crop residue was shaded and/or completely covered, and therefore,
the performance of the proposed approach was reduced. Acquisition of imagery post-harvest or prior to
spring seeding would simplify the extraction of percent residue cover by eliminating confusion with
the crop canopy.

Monitoring agricultural land from space has been restricted in the past by low temporal, spatial
and spectral resolution. The evolution of information technologies and a better understanding of the
interactions between electromagnetic radiation and different terrestrial targets have opened up new
potential for remote sensing applications. The management and planning of natural resources and the
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environment make satellite and airborne remote sensing one of the key technological tools for this
century. Imaging spectroscopy, or more commonly hyperspectral remote sensing, has emerged as a
new technology in optical remote sensing for the management of natural resources and the
environment [19]. Numerous airborne and a few satellite hyperspectral sensors have been developed to
survey the Earth’s surface and retrieve quantitative information for various applications, such as
agriculture, forestry, geology, mineralogy, hydrology and oceanography [20-23].

Hyperspectral remote sensing allows the simultaneous acquisition of images in hundreds of narrow
contiguous bands in specific regions of the electromagnetic spectrum [20,24,25]. The spectral
resolution of this technology is very close to that achieved in laboratories and field measurements,
thus, enhancing the ability to identify materials on the Earth’s surface from aircraft or spacecraft
platforms. The reflectance spectrum in the 400 nm—2500 nm region can be utilized to distinguish a
large variety of surface cover materials, which is not possible with broadband sensor technology [26].
Comparing hyperspectral Probe-1 and multispectral high-spatial resolution IKONOS data with a
similar spatial resolution, Bannari et al. [18] have demonstrated the potential of hyperspectral imaging
for crop residue mapping. Using the Landsat Thematic Mapper (TM), Airborne Visible Infrared
Imaging Spectrometer (AVIRIS) and Hyperion Earth Observing-1 (EO-1) imagery, acquired prior to
spring crop planting, Daughtry et al. [2,17] showed that the spectral crop residue indices using TM
bands were weakly related to crop residue cover, whereas the AVRIS and Hyperion data were
relatively accurate in estimating the percentage of crop residue cover.

The advent of hyperspectral remote sensing not only requires new technology for instruments, but
also new analytical approaches and techniques to manipulate and process data and extract information
from hundreds of spectral bands at a time [20,26-29]. Several new techniques have been developed to
analyze hyperspectral data, including linear spectral mixture analysis [30-35]. It assumes that the
source of the spectral signature from a pixel is produced by more than one spectrally distinct
component. The fundamental assumption of this technique is that generally each pixel is a physical
mixture of several constituents weighted by the surface abundance, while the spectrum of the mixture is
a linear combination of the endmember reflectance spectra which represent the pure target materials.

The objective of this study was to investigate the potential of the Hyperion (EO-1) hyperspectral
data and CLSMA for estimation and mapping of fractional crop residue cover, using ground data for
validation purposes.

2. Material and Methods
2.1. Study Site

The data were collected in an agricultural region near Indian Head (50°N, 104°W), approximately
70 km east of Regina, Saskatchewan, Canada (Figure 1). The selected site is an intensively cultivated
agricultural area dominated by black Chernozemic soils, which developed on neutral to slightly
alkaline and uniform clayey lacustrine deposits. The climate can be regarded as typical northern
continental. Hot temperatures and occasional dry periods characterize the summer. The winter is cold
and snowy with temperatures remaining below freezing until early March. The principal economic
activities of this area are based on agricultural practices. Generally, the major crops grown are wheat
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(Triticum aestivum L.), pea (Lathyrus aphaca L.), canola (Brassica napus L.), and corn (Zea mais L.).
The most dominant crop was wheat followed by pea and canola. The test fields are located around the
Indian Head Agricultural Research Foundation (IHARF) experimental farm. Ground and image data
were acquired before the beginning of the agricultural season with no tillage and seeding applied to the
fields. Therefore, no crop (or weeds) emerged from the soil (Figure 2). For validation purposes, sampling
points of different wheat residue cover were selected in 10 fields of various sizes (0.7 to 8 km?). These
points were distributed randomly throughout the study area. Within these fields, a total of 77 sampling
points with different residue densities were selected with 6 to 8 sampling points per field.

Figure 1. Study site, Indian Head, Saskatchewan (Canada).

Figure 2. True-color composite of the Hyperion 3D cube sub-scene (7.50 km by 16.08 km)
and acquired photographs of residue (a,b), soil status (¢), and mixed soil and residue (d)
for validation purposes.

2.2. Image Data Acquisition

Image data were acquired on 20 May 2002 using the Hyperion hyperspectral sensor on NASA’s
Earth Observer-1 (EO-1) platform (Figure 2). This sensor collects the upwelling radiance in 242
spectral bands, each 10 nm wide with an average spectral sampling interval of 10 nm [36]. It has a
single telescope and consists of two spectrographs, one covering the visible and near-infrared (VNIR)
wavelength range from 357 nm to 1055 nm, and the other covering the short-wave infrared (SWIR)
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from 851 nm to 2576 nm. Its telescope images the Earth onto a slit with a field-of-view (FOV) of
0.624°, resulting in a ground sampling distance (GSD) of 30 m, and a swath width of 7.65 km from a

705 km altitude [37]. The size of the sub-scene used in this research (region of interest) covers an area of
7.50 km (254 pixels) by 16.08 km (536 lines).

2.3. Image Data Pre-Processing
2.3.1. Radiometric and Spectral Calibration

The Hyperion data were pre-processed with an objective to correct for sensor artifacts and
atmospheric and geometric effects [38]. The Imaging Spectrometer Data Analysis System (ISDAS)
developed at the Canada Centre for Remote Sensing [28] but accessible to Canadian remote sensing
scientists, was used to perform all the pre-processing steps. A flowchart shown in Figure 3 summarizes
all pre-processing steps. The procedure begins with geometric corrections (shift and rotation) of the
SWIR data to spatially register them with the VNIR data. Furthermore, the striping problem due to
systematic noise caused by factors, such as detector non-linearity, movement of the slit with respect to
the focal plane and temperature effects, was corrected [39]. In addition, the column dropouts caused by
dead pixels (a dead pixel is a functional failure of a single detector element during acquisition) were
then removed from the whole image cube [40]. This was followed by noise reduction using automated
software in the ISDAS system [38]. To achieve this step, the raw imagery (digital numbers) recorded
by the sensor was converted to at-sensor radiance using the radiometric calibration coefficients (gains
and offsets) derived in the laboratory and provided by NASA [41].

The data cube was subsequently analyzed to characterize the distortions of keystone and spectral
smile [42]. At this step, the data were cropped to exclude noisy bands resulting in a final data set that
spans the spectral range from 427 nm to 2355 nm with a total of 192 bands (excluding the overlap
bands between the VNIR and SWIR spectrographs). Keystone is a term used in hyperspectral remote
sensing to refer to the inter-band spatial mis-registration in imaging spectrometers [43]. These
distortions may be caused by geometric distortions or by chromatic aberration, or a combination of
both. Due to these distortions, a particular spatial pixel, corresponding to a specific detector element in
the across-track dimension in one specific band will not be registered on the ground with the
corresponding pixel in the other spectral bands. Neville et al. [43] reported that the Hyperion sensor
has minor keystone distortions, ranging from —0.05 to 0.49 pixels for the VNIR spectrometer and
—0.06 to 0.07 pixels for the SWIR spectrometer. For our data, the keystone distortion was not
significant, i.e., from a minimum of —0.075 pixels to a maximum of 0.3 pixels for the VNIR and
0.1 pixels for the SWIR [38]. Accordingly, no keystone correction was performed.

Furthermore, the spectral smile/frown is a wavelength shift, which is a function of the across-track
pixel (column) in the swath [44]. In an ideal case, all pixels in the across-track dimension correspond
to the same wavelength. This wavelength shift is due to many sources, such as spatial distortions
caused by the dispersion element, prism or grating, or by aberrations in the collimator and imaging
optics [42]. To achieve spectral calibration, the at-sensor radiance spectra were analyzed to evaluate
the bandwidth and band’s center position using five known atmospheric absorption features: 760 nm
(oxygen), 940 nm and 1130 nm (water vapor) and 2005 nm and 2055 nm (carbon dioxide). The correct
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band-center wavelengths and bandwidths are determined by correlating the at-sensor Hyperion
radiance with a modeled at-sensor radiance calculated with the radiative transfer (RT) code

MODTRAN 4.2 [45]. Wavelength shifts of 1-3 nm were observed in the VNIR and SWIR and applied
after the atmospheric correction process.
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Figure 3. Hyperspectral data (Hyperion EO-1) pre-processing steps for retrieval of surface
reflectance data.

2.3.2. Surface Reflectance Retrieval

The calibrated at-sensor radiance data were converted to surface reflectance using a look-up table
(LUT) approach to correct for the atmosphere [46]. Two five-dimensional raw LUTs, each one for a
5% and 60% spectrally flat reflectance, with tunable breakpoints were generated with the selected RT
code to provide additive and multiplicative coefficients for the removal of atmospheric scattering and
absorption effects. The MODTRAN-4.2 RT code was applied to the imagery using a midlatitude—summer
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atmosphere model and a continental-rural aerosol model. The input parameters for the RT code are
presented in Table 1. The LUTs were convolved with the Hyperion sensor characteristics and then
used in combination with a curve-fitting technique in the 940 nm and 1130 nm water vapor absorption
regions to estimate the atmospheric water vapor content from the image data on a pixel-by-pixel
basis [47,48]. The column atmospheric water vapor estimates were then interpolated using the LUTs to
retrieve surface reflectance. Subsequently, the reflectance data were corrected for smile effects.

Table 1. Input parameters for the MODTRAN 4.2 radiative transfer code.

Date of over flight 20 May 2002
Time of over flight (GMT) 17:42:36
Solar zenith angle 33.3536°
Solar azimuth angle 149.7354°
Atmospheric model Mid-latitude summer
Aerosol model Continental (rural)
Terrain elevation (ASL) 0.579 km
Horizontal visibility 23 km
Water vapour 1.5-2.5 mg/cm?
CO, mixing ratio 365 ppm (as per model)

GMT = Greenwich Mean Time; ASL = Above Sea Level; ppm = parts per million.

Finally, the post-processing concluded the corrections by removing residuals that still remained after
the correction of sensor artifacts and atmospheric effects. This step involved the calculation of correction
gains and offsets using a spectrally flat target pixel approach [49]. The technique assumes that there are a
number of pixels whose reflectance spectra are flat, or nearly flat (feature-less), and their brightness
range covers a major portion of the full range for all the pixels in the scene. A second-order polynomial
fit to the reflectance spectra using y-squared as a goodness of fit measure is calculated on a
pixel-by-pixel basis. The pixels with the smallest y-squared values are selected as “spectrally flat target
pixels”. Finally, linear fits are performed on a band-by-band basis providing slopes and offsets, which
are used as gain and offset for the correction of residual errors in the reflectance data.

2.3.3. Image Geo-Referencing

In order to preserve the radiometric integrity of each image pixel, the Hyperion data were resampled
only when the SWIR was registered to the VNIR. Champagne [50] reported a technique that locates
sampling points in the hyperspectral image (master) by first locating them on a geo-referenced image
(slave) and then warping this image to match the hyperspectral data. For this purpose, a high-spatial
resolution (0.69 m) panchromatic QuickBird image of the study area was used to locate the sampling
plots for validation purposes. The locations of these were measured during ground-data acquisition
with a differential global positioning system (DGPS) assuring less than =1 m accuracy. The locations
of the sampling plots were “burned” (encoding vector information into a raster image) into the
QuickBird image using PCI Software [51] so that the locations would still be detectable in the warped
image. The QuickBird image was then registered to the Hyperion imagery with a 2nd order
polynomial. About 20 ground control points (GCPs) were selected at the corner of each field and
intersections of roads from both images. The GCPs were selected evenly over the entire image to get a
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better image fit and even the distribution of registration errors. In the registration process, a cubic
convolution resampling method was used. This approach applies the weighted average of the 16
surrounding pixels (i.e., 4 pixel % 4 pixel window) to calculate the reflectance. Finally, pixel and line
coordinates from the warped image were recorded for each sampling point. For the registration
accuracy between QuickBird and Hyperion data, the root mean square error (RMSE) was 0.33 and
0.61 pixel in x and y directions, respectively. Finally, the recorded pixel and line coordinates of each
sampling plot were used to extract information (from Hyperion data), which was carried out using the
information extraction network in ISDAS.

2.4. Ground-Data Acquisition

Ground spectroradiometric measurements were collected simultaneously with the Hyperion data
acquisition (20 May 2002) in two fields, considering four different targets: dry and slightly moist
wheat residue, and dry and a slightly moist dark soil. The relatively low number of samples is due to
the fact that pure residue targets are extremely hard to find, because they are generally mixed with soil.
The same is true for pure soil targets. The selected targets were acquired using a GER-3700
spectroradiometer [52] over naturally occurring dense patches of residue and bare soil to reflect the
same moist and dryer conditions as the Hyperion data. The GER-3700 instrument measures radiance
over a spectral range from 400 nm to 2500 nm using 704 spectral bands varying from 1.5 nm to
20 nm at full-width half-maximum (FWHM). The 10° FOV of the GER 3700 was used and the
distance between the target and the instrument was 1.85 m, which provided a diameter of 32.37 cm on
the ground. Surface reflectance was calculated by ratioing target radiance to the radiance obtained from
a calibrated 25 cm by 25 cm white Spectralon panel [54], according to the method described by
Jackson et al. [55]. Corrections were made for the wavelength dependence and non-Lmbertien
behavior of the panel. The Spectralon radiance was acquired immediately before the target radiance.
For each considered target material, the average of 20 spectra from pure patches in different fields was
calculated using the GER-3700. The averaged spectra were then convolved with the Gaussian response
profiles in ISDAS to match the bandwidths and the band centers of the Hyperion EO-1 sensor.

For wvalidation purposes, ground-percent crop residue cover was calculated from vertical
photographs taken at each sampling plot and compared to extracted results from CLSMA. These
photographs were taken with a 35 mm camera equipped with a 28 mm lens. The camera was mounted
on an overhead mast and used at a height of 2 m above ground. In this configuration, the camera
viewed a ground area of about 5 m?. Given that the Hyperion data have a pixel size of 30 x 30 m?, five
photographs were acquired within 3 m to 6 m of the center of the sampling site locations (depending
on the density of the residue) for greater site representation. The perspective center of each photo was
localized using the DGPS.

2.5. Image Processing
2.5.1. Ground-Photo Classification

The vertical ground digital photographs acquired in three channels (blue, green and red) were
classified using an unsupervised ISODATA classifier in PCI Image Works [51]. This step was carried
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out using the following five classes: soil, dry residue, moist residue, shaded residue, and shaded soil.
These classes were then automatically aggregated into two major components: residue and soil. Based
on this decision, and on the photos’ histogram analysis [44,53], all pixels were classified. When there
are only two or three classes this method is the most popular and the most used for validation purposes
in the remote sensing field [14—-16,56,57]. A visual inspection with the ground photographs confirmed
the obtained results from the unsupervised classification. Once the classification was completed,
percentages of soil and residue cover were determined for each photograph by dividing the number of
pixels for each component with the total number of pixels in the photograph. Final percent crop residue
cover was then calculated from the average of the five replicate photographs per sampling plot and
compared to the extracted fractions of soil and residue for the 77 sites in the 10 fields. All these fields
were only representing residue of wheat.

2.5.2. Constrained Linear Spectral Mixture Analysis (CLMSA)

Linear spectral mixture analysis (LSMA) approaches have been used extensively in geology, soil,
land use, forestry and agriculture applications [18,29,50,58—62]. This method assumes that the source
of the spectral signature from a pixel is produced by more than one spectrally distinct component [58].
The fundamental assumption of LSMA is that generally each pixel on the surface is a physical mixture
of several constituents weighted by the surface abundance, and the spectrum of the mixture is a linear
combination of the endmember reflectance spectra. In spite of the omission of the multiple scattering
effects among different targets in the pixel, the errors associated with the linear assumptions have been
found insignificant [63,64]. The general equation that expresses LSMA is as follows [31,65]:

R, :Zfirbi"'eb (1)
inl
where
Sf=10, 0<f<1 2
i1

R» is the reflectance of a pixel in band b, f; is the fractional abundance of endmember i, m is the total
number of endmembers, 7 is the reflectance in band b of endmember i, and e is the residual error in
band b of the model. Equation (2) represents the CLSMA case compared to the unconstrained linear
spectral mixture analysis, where the sum of the fractions can be larger than 1 and the individual
fractions can be lower and/or higher than 1 [61]. CLSMA was performed on Hyperion imagery using
an algorithm implemented in ISDAS [31,66] and was carried out using the full spectral range from
428 nm to 2355 nm. As a result, the crop residue fraction map was derived from the Hyperion data for
each individual field. The values range from 0 to 1, where 0 indicates a very low abundance and 1 a
high abundance. Finally, the percent crop residue cover (PCRC) and the percent soil cover (PSC) were
validated with the ground vertical photographs taken during the field campaign.

2.5.3. Endmember Measurement

Endmember selection is the most important step to successfully unmix the reflectance data cube and
produce valid fractional abundances for the study site. Improper endmember selection and
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identification can lead to meaningless percent (fraction) cover maps, especially if the endmember spectra
are inaccurate in a physical sense [32]. In order to minimize the sources of errors and to increase the
accuracy of crop-residue estimation, image data were acquired at the beginning of the agricultural
season [18]. In this period, primarily only bare soil and crop residue (only a few centimeters in height)
are present and no crop development have started yet (Figure 2). However, a vegetation endmember
was considered from our spectral library, which has been generated from the site under study over
several years. This endmember was adequate to represent the coniferous trees (Figure 2d) and all other
photosynthetically targets in the scene. The other endmembers were collected in the field,
simultaneously with Hyperion data acquisition, using a GER-3700 spectroradiometer as described in
Section 2.4. These endmembers were measured from natural “pure” patches (Figure 2a,b), which were
considered representative of the wheat residue and bare soil in the study site (Figure 2c,d). Other
residue types such as pea, canola and corn were also present in the study area, but they could not be
measured due to their sparse distribution and degraded appearance. Accordingly, only the dry and
slightly moist wheat residue and soil were used together with the vegetation endmember in the
CLSMA. The resulting fractions of both residue components were added to form one fraction map of
residues. The same was done for soil. It is important to mention that a crop residue shadow endmember
was not included given that the study area is very flat, crop cover was absent, and crop residue was
only few centimeters in height (Figure 2a,b). Consequently, basically no shadow component existed in
the considered fields (sun elevation and azimuth were 56.65° and 149.73°, respectively). Scene-based
endmembers were not considered due to the Hyperion 30 m GSD and the relatively small patches of

homogeneous residue cover, which would have led to endmembers not representing pure residue.
2.6. Statistical Analyses

Statistical analyses were computed with the Statistica software [67]. Various statistics were
computed for both ground measurements (observed values) and image data (predicted values).
Standard deviation statistics allowed the evaluation of data variability. This parameter was reported in
all cases as an error percentage of the average extracted from ground measurements (vertical
photographs) and image data. To validate PCRC and PSC, ground measurements and image data were
compared using the 1:1 line. Ideally, observed and predicted values should have a correspondence of
1:1. The index of agreement, D, reflects the degree to which the observed value is accurately estimated
by the predicted value. This measure was calculated as follows [68]:

n

Z(P: _Oi)2

D=1--~ (3)

> (£ ]+]olf

i=1

where P; is the predicted value at sample i, Oi is the observed value at sample 7, P/’ is the difference
between P: and the average of the predicted values, and O/ is the difference between O:; and the
average of the observed values and 7 is the number of values. This index provides a measure of the
degree to which a model’s predictions are error free. The index ranges between 0 and 1, with 1
indicating a perfect match between observed and predicted values. The observed values were those
calculated from the vertical photographs and the predicted values were from the abundance maps.



Remote Sens. 2015, 7 8117

The RMSE was used as an overall error to supplement the index of agreement described above. This
error also quantifies the 1:1 relationship between observed and predicted values. It was calculated as
follows [68]:

RMSE = “)

The relationships between observed and predicted values were also analyzed using a linear
regression model. The coefficient of determination (R?) of the regression model was also used to
evaluate the strength of the linear relationship between observed and predicted values.

3. Results and Discussion

Figure 4 illustrates the endmember spectra used for the CLSMA: dry and slightly moist wheat
residue, dry and slightly moist dark soils, and vegetation. The residue spectrum is similar to the soil
spectra in the VNIR region of the electromagnetic spectrum and differs only in amplitude. However, in
addition to the amplitude difference, the spectral shape is also considerably dissimilar in the SWIR
region (1600 nm—2400 nm). The wetness reduced the amplitude of the spectral signature of the residue
and soil across all wavelengths. The two considered spectra for soil show the same signature with a
little difference in amplitude, likely due to differences in their color and moisture content. The dry and
slightly moist residue spectrum shows the typical cellulose absorption features around 2100 nm,
2280 nm and 2340 nm, while the lignin absorption features are located around 1680 nm, 2270 nm,
2330 nm and 2380 nm. These absorption features are absent in the soil and vegetation spectra and offer
the possibility to discriminate among residue, soil and green vegetation. Similar observations have also
been made by Daughtry [69] and Bannari et al. [1,70]. Although only bare soil and crop residue were
present, and there was no crop development in this period of the year, a green vegetation endmember
was considered from our spectral library to deal with the coniferous trees in the scene (Figure 2d).

In order to extract the crop residue fractions, the image reflectance cube was unmixed considering
the entire spectral range from 428 nm to 2355 nm. The PCRC derived from the CLSMA was validated
against the percent cover estimated from ground vertical photographs (PCRCg). The relationship
between the two variables was established and statistics were generated. Figures 5 and 6 show the
derived fraction maps for residue and vegetation from the Hyperion EO-1 data. Pixels with blue and
red color represent the very low (0%) and very high (100%) percent crop residue and vegetation cover,
respectively. Figure 5 presents a very good spatial distribution and variability of residue within the
fields. Independent of the crop residue fraction and using ground reference measurements and GPS
localization, the spatial variability of the ground-reference measurements was similar to the spatial
variability found in the fractions derived from the hyperspectral data.
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Figure 6. Vegetation cover fraction map derived from the Hyperion cube using CLMSA.

The correlation between PCRC retrieved from the Hyperion data and PCRCc ground reference
values calculated from ground vertical photographs shows a good index of agreement (D = 0.94) with
a low RMSE (8.7%). The scatter plot, as presented in Figure 7, reveals a good linear relationship
between the two variables (R? of 0.73) and a good spatial variability (15%-75%). The PCRC between
18% and 45% was overestimated for the majority of the sampling points. This is probably due to the
fact that only the endmember of wheat residue was considered, which is most abundant in the scene. In
the study area, different crop residue types, such as canola, barley and corn, was found. However, they
were distributed very sparsely and degraded, and, therefore, it was not possible to measure
representative spectra for these residue classes in the field, as well this type of residue does not exist in
our spectral libraries. The use of a specific endmember representing these crop residues type may
relatively improve the results. The contribution of the shadow component was not significant or
completely absent in this study. Therefore, it does not influence the results, because the image data
were acquired early at the beginning of the agricultural season without any crop development. The
localization of the ground sampling points in the Hyperion imagery and classifying the ground photos
could be also a source of this small overestimation. On the other hand, according to the method
described by Pacheco et al. [61], the endmember spectra were selected and extracted manually within
the reflectance cube itself, representing the real image and field conditions. Unfortunately, the results
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did not improve because not all the selected wheat residue pixels were completely pure. Nevertheless,
despite this small absolute difference (Figure 7), the relationship between the PCRC estimated from
Hyperion data and PCRCg ground reference values is generally modeled satisfactorily.
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Figure 7. Relationship between percent crop residue cover (PCRC) derived from Hyperion
data and the ground-reference measurements (PCRCg). The black line represents the 1:1
line and the red one indicates the regression line.

Figure 8 shows the relationship between the percent soil cover (PSC) derived from the Hyperion
data and the ground-based photographs (PSCg). Compared to the ground-reference data, the model
was overall a good predictor for soil percent cover with an index of agreement (D) of 0.91, a RMSE of
10.3% and a R? of 0.68. The scatter plot, depicting the relationship between PSC and PSCg, clearly
illustrates in general a good fit to the 1:1 line. However, the percent soil cover between 50% and 85%
was underestimated, resulting in the data not fitting the 1:1 line very well. This is likely due to the fact
that the selected soil endmember was probably not representative of all existing soils in the study area.
The slope and the intercept corroborate these conclusions by expressing a little deviation from the 1:1
line. In addition, scaling issues between the endmembers collected in the field and the Hyperion image
data being unmixed might play a role as discussed in [71]. Selecting and measuring other soil
endmembers in the field with a different color and brightness would increase the fractions’ accuracy. The
selection of endmembers, which truly represent the crop residue and soil conditions, is crucial for
proper unmixing. In order to minimize errors in selecting endmembers, “pure” patches were
considered for residue and soil before the data acquisition. However, these endmembers were probably
not perfectly representative of the different soil types found in the experimental fields. In fact, small
changes might occur within the test site, which could affect the spectral signature of soil. For example,
changes in mineral composition, color, brightness, moisture, organic matter content and texture, efc.
are factors, which influence the soil spectrum [72—74]. In addition, pre-processing of the Hyperion data
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is essential and will affect the integrity of the surface reflectance retrieval from the at-sensor radiance
data cube. The sources of errors in the data pre-processing were reduced significantly by applying
different techniques for the removal of sensor artifacts. However, it is probable that residual errors
persist, causing a small difference between the measured endmembers in the field and their
homologous position in the image.
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Figure 8. Relationship between percent soil cover (PSC) derived from Hyperion data and
the ground reference measurements (PSCq). The black line represents the 1:1 line and the
red one indicates the regression line.

4. Conclusions

The capability of the Hyperion EO-1 hyperspectral sensor was evaluated for estimating and
mapping crop residue and soil fractions on agricultural land using CLSMA. The Hyperion data were
corrected for the sensor spatial shift between the VNIR and SWIR detectors, image striping, dead
pixels, and gain and offset errors, and reduced for noise in the imagery. The data were then
atmospherically corrected and transformed to surface reflectance, while removing sensor smile at the
same time. In a final preprocessing step, the data were post-processed to remove residual errors, and
geometrically rectified as well. In order to extract the crop residue fraction, the image was unmixed
considering the entire spectral range (427 nm-2355 nm) and the endmembers. These were
simultaneously collected in the field with the Hyperion data from different targets using a GER-3700
spectroradiometer. The results showed that the acquired Hyperion data at the beginning of the
agricultural season performed well. This good performance of Hyperion is due to the spectral band
characteristics, especially the availability of contiguous narrow bands in the SWIR region, which is
sensitive to the residue (lignin and cellulose absorption features) and soil. Correlation between
ground-references measurements and extracted fractions from Hyperion data using CLSMA showed
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that overall the model was a good predictor for crop residue percent cover (D of 0.94, RMSE of 8.7%,
and R? of 0.73) and soil percent cover (D of 0.91, RMSE of 10.3% and R? of 0.68). However, the
endmember selection is a crucial step for proper unmixing. In order to minimize errors and to increase
the estimation accuracy, endmembers must be selected carefully to represent different soil and residue
types, which are available in the experimental fields. Indeed, changes in the soil mineral composition
(color, brightness, moisture, organic matter content and texture, etc.) or in the residue conditions (type,
degradation, density, etc.) influence the shape and amplitude of endmembers and, consequently, the
extracted fractional cover.
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