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Abstract

The work described in this paper is aimed at validating hyperspec-
tral airborne reflectance data collected during the Regional Experiments
For Land-atmosphere EXchanges (REFLEX) campaign. Ground reflec-
tance data measured in a vineyard were compared with airborne reflec-
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tance data. A sampling strategy and subsequent ground data processing
had to be devised so as to capture a representative spectral sample of this
complex crop. A linear model between airborne and ground data was
tried and statistically tested. Results reveal a sound correspondence be-
tween ground and airborne reflectance data (R2 > 0.97), validating the
atmospheric correction of the latter.

Key words: hyperspectral remote sensing, AHS, validation, reflectance
field spectrometry.

1. INTRODUCTION

Hyperspectral Remote Sensing has been proven to be a very powerful tech-
nique in land surface studies (Govender et al. 2009). It has evolved as an
important tool for deriving high spectral and spatial resolution information
about soil and vegetation (Blackburn 2007, Yao et al. 2010). The applica-
tions of hyperspectral data can be cited in various fields like agriculture, for-
estry and biodiversity, mineral and oil explorations as well as soil
characterization. Specifically, narrow band spectral indices derived using
this data are particularly efficient in deriving information about land surface,
as they rely on the specific spectral response of the targeted object (Cho et
al. 2008, Delalieux et al. 2009, haboudane et al. 2004) . These indices have
been used mostly in empirical models for retrieval of biophysical parameters
like Leaf Area Index (LAI) (Haboudane et al. 2004, Johnson 2003), leaf
chlorophyll and dry matter content (Zarco-Tejada ef al. 2005 and references
therein). They have also been utilized in net photosynthesis models to take
into account the plant’s physiological status (Dobrowski et al. 2005, Osoério
et al. 2012). Beyond spectral indices, hyperspectral remote sensing data have
also been found useful for complex physically based radiative transfer mod-
els (Darvishzadeh et al. 2010, Zarco-Tejada et al. 2004) that are a proxy to
the real field spectra. However, irrespective of the approach adapted for ex-
ploitation of hyperspectral research it is important to validate this data with
appropriately designed scientific field spectroscopic measurements
(Anderson et al. 2011). In the case of hyperspectral remote sensing, the
trade-off between the spatial and spectral resolution becomes quite critical
and so does the field validation plan. Airborne hyperspectral remote sensing
applications require high spatial and spectral resolutions. Hyperspectral air-
borne sensors like the Airborne Hyperspectral Scanner (AHS) offer a full
coverage of the visible and near infrared range of the spectrum (400-
2500 nm) but a spatial resolution limited to a few metres. This spatial resolu-
tion may not be high enough for some applications and it determines the
validation procedure. Especially for heterogeneous landscapes, capturing the
variability through field spectroscopic measurements for the validation of
remotely acquired data demands a carefully designed field spectroscopic
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plan. During the Regional Experiments For Land-atmosphere EXchanges
(REFLEX) campaign, airborne hyperspectral images were captured by the
AHS sensor from Instituto Nacional de Técnicas Aeroespaciales, Spain
(INTA) over the Las Tiesas Experimental Farm. This site is a good example
of combination of different vegetative covers. It consists of maize field,
grassland, bare ground, plantations of various crops and a vineyard
(Timmermans et al. 2014). All these land covers are different with respect to
their spectral response and hence would need different field spectroscopic
plans for proper characterization.

The focus of this paper is on the validation of aerial images over a vine-
yard. A detailed description of the sampling strategy devised is presented
and a thorough statistical analysis is performed, which are the most remark-
able contributions of this work. A vineyard field is very heterogeneous due
to its row structure, consisting of an irregular canopy mixed with bright and
dark soil areas. In this case, scaling-up methods are needed to account for
canopy structure and soil reflectance. For these methods to be applied, a
characterization of the structure of the vineyard is needed, since structural
parameters like separation of rows, relative orientation to the sun and the
sensor and height for vines are needed for the models. At the same time, a
careful spectroscopic characterization of the vineyard is mandatory. Surface
reflectivity spectra measured at ground level are used for validation and
model parameterization (Guanter ef al. 2007) and in the recalibration of the
reflectivity spectra obtained from remote sensing data. Validation of air-
borne and satellite data over Las Tiesas Experimental Farm has been carried
out in previous campaigns. Extensive data can be found concerning valida-
tion of satellite-derived products like LAI (Martinez et al. 2009) and thermal
airborne data (Sobrino er al. 2006). Regarding reflectance data, comparison
of field and airborne reflectance data has also been undertaken in the past.
Measurements of reflectance over homogeneous fields of bare soil, barley,
and alfalfa were compared with HyMap airborne imaging spectrometer data
(Beisl et al. 2000). Reflectance airborne data obtained using the Compact
Airborne Spectrographic Imager (CASI) spectrometer and field reflectance
data were compared in Guanter ef al. (2007) over alfalfa, corn, bare soil, and
reforestry fields.

For the spectroscopic characterization, spectroscopic measurements over
the vineyard were performed using a GER 1500 spectroradiometer. Taking
into consideration the pixel size of airborne images in this work (3 m), it can
be stated that the pixels in the image would always be mixture of spectral
signatures of soil and vegetation. Hence, a sampling strategy had to be de-
vised so that the area sampled was representative of the heterogeneity of the
field.
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2. EXPERIMENTAL PROCEDURE
2.1 Description of the test sites

Field measurements were conducted in a vineyard at Las Tiesas Experimen-
tal Farm (39°3.544'N, 2°6.082' W, elevation ca. 700 m a.s.1., Fig. 1), located
in the La Mancha region in Southern Spain, ca. 20 km west of Albacete. Flat
morphology and large, uniform land use units render Las Tiesas a suitable
test site for remote sensing applications. Approximately 65% of the area is
dry land and 35% is irrigated and cultivated with different crops. The climate
is Mediterranean, with low average annual rainfall (400 mm), which is
mainly concentrated in spring and autumn. La Mancha is among the driest
regions of Europe, with water tables between 20 and 30 m below the land
surface.

The vineyard covers an area of ca. 6.8 ha and it is irrigated. Field meas-
urements were restricted to an area of 2.4 ha in the northern part of the vine-
yard (Fig. 1b), which was planted with the same variety of vine (Vitis vini-
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Fig. 1: (a) Location of the study site within Spain; (b) Aerial image of the vineyard.
Real colour composite with AHS channel centred at 650 nm as red, AHS channel
centred at 530 nm as green and AHS channel centred at 471 nm as blue. The study
site is framed in a red box. Approximate locations of plots 1-3, where field meas-
urements were conducted, are demarcated by yellow boxes; (c) Schematic depicting
of the sampling strategy within each plot (please see text for details).
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fera). Vines were ca. 1.3 m in height and were planted in roughly NW-SE
oriented rows approximately 3 m apart, with a cross-row canopy extension
of approximately 0.2-0.3 m at the time of the study. Areas in between the
rows were dominated by bare soil with some sparse cover of small forbs.

2.2 Field measurements and airborne data

Within the vineyard, three plots (3 x 6 m?) were randomly chosen (Fig. 1b),
each consisting of 3 transects. Transects were 1 m apart and 6 m long, such
that the starting and end points of each transect would be in the middle in be-
tween two rows of vines, and the transects would cross two rows of vines
(Fig. 1c). One 6 m transect can thus be considered the smallest “homoge-
nous” measurement unit, such that although the transects were moved within
the vineyard, it would always cover two rows of vines and two inter-row ar-
eas (from now on referred to as bare soil), i.e., fractions of canopy and bare
soil would be representative for any given 6 m transect within the study site.
Plot 1 and the first transect of plot 2 were sampled on 25 July 2012, from
8:00 to 10:10 UTC; transect 2 and 3 of plot 2 and complete plot 3 were sam-
pled on 26 July 2012, 8:20 to 11:59 UTC. Airborne data were acquired on
the same dates as the field measurements, and nearly simultaneously. On
25 July 2012 airborne data acquisition started at 8:41 UTC and was com-
pleted at 9:47 UTC. On 26 July 2012 airborne data acquisition started at
8:42 UTC and was completed at 9:38 UTC (de Miguel et al. 2015,
Timmermans et al. 2014).

Two GER 1500 spectroradiometers (Spectra Vista Corporation, Pough-
keepsie, NY, USA) were operated in Dual-Beam Bi-Conical mode, using a
notebook equipped with the DFOV 1500 software. In the Dual-Beam Bi-
Conical mode, one spectroradiometer (from now on target sensor) can be
used to measure the target, while the second device (from now on reference
sensor) simultaneously measures the Spectralon reference panel. This mode
of operation provides simultaneous measurements of reference and target,
minimizing uncertainties due to changes in irradiance between target and
reference scans. To complete the measurement procedure, a reference panel
must be measured using the target sensor to allow for intercalibration of both
spectrometers. These measurements were performed at the beginning and at
the end of each plot. Two different Spectralon reference panels were used,
one for each spectrometer. The spectral response of both Spectralon refer-
ence panels (25 % 25 cm? reflective area, Labsphere Inc., North Sutton, NH,
USA) was known. For target measurements, the reference sensor remained
at a fixed point over the reference panel, with both, sensor and reference
panel, being fixed to tripods. The target sensor was mounted to the top of a
2.8 m pole, using a tripod and duct tape. The angle between pole and spec-
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trometer was set to ca. 25°, so that when the pole was tilted by ca. 25°,
measurements could be taken from 2.5 m height from nadir, with the opera-
tor interfering as little as possible with the field of view of the sensor. GER
1500 spectroradiometers recorded the spectral range from 350 to 1050 nm,
with a spectral resolution of 3.2 nm and a sampling interval of 1.5 nm.
8° foreoptics were used, resulting in a field of view of 35 cm on the ground
with a measuring height of 2.5 m. With this field of view, and given the
cross-row canopy extension and the separation of the rows of vines, the field
spectrum of soil contains most probably pure soil information, whilst the
field spectrum of the vegetation contains for sure not only vegetation but soil
information too. Integration speed was set to automatic. Each sample repre-
sents the average of 16 scans. GER 1500 devices were switched on and
warmed up at least 20 min before the start of measurements. Intercalibration
was conducted between reference and target sensor and finally Hemispheri-
cal Conical Reflectance Factor (HCRF) (Schaepman-Strub et al. 2006) was
calculated following the methodology proposed by NERC Field Spectrosco-
py Facility (Anderson ef al. 2011). Once this step was done, all spectra were
resampled to match the spectral resolution of the AHS sensor using the spec-
tral response function of each band provided by INTA. In order to capture a
representative sample, i.e., an unbiased representation of fractional covers of
vegetation and bare soil within one transect, spectra were recorded every
25 cm on each transect. Transects and the measuring points were marked on
the ground, so the operator just needed to place the pole at each point ensur-
ing consistency in the measurements along time. Taking into account the
field of view of 35 cm, transects were thus completely recorded by this
method. In total, 236 spectra were collected. Differences in illumination
conditions during field measurement acquisition were considered. Due to the
orientation of the vines (NW-SE) and the time at which the field measure-
ments were taken (7:30 to 10:00 UTC) the shadow effect in soil measure-
ments was minimum as sun azimuth at 7:30 UTC is 85° whilst at 10:00 UTC
is 114° (0° taken pointing north). Furthermore, as nadir looking geometry
was maintained for the measurements, we assume that the target measure-
ments on top of the canopy were captured with least fraction of shadow pos-
sible. As we will see below, the role of shadows is also minimized by
discarding the four adjacent measurements on both sides of the vines, avoid-
ing thus the areas most affected by shadows.

Airborne hyperspectral data were acquired using AHS sensor mounted
on a CASA 212-200 aircraft, property of INTA. Several flights were under-
taken simultaneously to ground measurements. The data presented in this
paper correspond to the flight at 8:43 a.m. on 25 July 2012 at an altitude of
1700 m a.s.l. Figure 2 is a false colour composite of the area covered by the
flight. The INTA AHS sensor has 63 channels in the reflective part of the
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Fig. 2. False color RGB composite of the flight line (left) and of an enlarged image
of the vineyard (right),taking the AHS channel centred at 856 nm as red, the channel
centred at 650 nm as green, and the channel centred at 530 nm as blue.

electromagnetic spectrum (20 bands from 442 to 1019 nm, 1 band from 1491
to 1650 nm, and 20 bands from 2028 to 2498 nm), 7 bands in the 3 to 5 mi-
crons range, and 10 bands in the 8 to 13 microns range. The Instantaneous
Field Of View (IFOV) is 2.5 mrad with a Field Of View (FOV) of 90°. The
Full Width Half Maximum (FWHM) of the bands from 442 to 1019 nm (the
bands that coincide with the GER spectral range) is 27-30 nm. At sensor ra-
diance data were corrected by INTA using ATmospheric CORrection
(ATCOR4) (Richter and Schldpfer 2011) to produce Hemispherical Direc-
tional Reflectance Factor (HDRF) since ATCOR4 does not correct for the
hemispherical irradiance (Schaepman-Strub et a/. 2006). In this way we as-
sure that ground and airborne reflectance products are comparable. Data
were subsequently georeferenced to a 3-m-on-a-side pixel.

After resampling of the ground measurements, each spectral HDRF and
HCREF consists of 19 values of reflectance, each one for each of the 19 AHS
channels from 442 up to 973 nm.

2.3 Modeling

Once the data from both sources was comparable, a statistical approach was
applied to understand some of the issues on the upscaling process in a het-
erogeneous crop such as a vineyard. It is well known that the agreement be-
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tween airborne and ground spectra depends on the nature of the target, spa-
tial resolution, viewing geometry, and regarding remote sensing of vegeta-
tion; it becomes less when the proportion of soil increases (Guanter et al.
2007). In the case of the vineyard field, given the pixel size and the distribu-
tion of soil and vines, airborne spectra were modelled as a linear combina-
tion of two ground reflectances, representing domination of soil and
vegetation, respectively:

(AHS)=Sxp +Vxp, , S,V>0. )

where p(AHS) is the HDRF obtained from airborne data (the reflectance
spectrum of a pixel), and p, and p, are soil and vegetation ground HCRF
spectra obtained using the GER spectroradiometer. Spectral signatures p, and
pv do not have to be understood as pure-soil and pure-vegetation ground
spectral signatures, but as two spectral signatures obtained from ground
measurements that represent the two ends of all the measured mixed soil-
vegetation spectra. This is clearly understood in the case of p,, since even in
the case of measuring just above the canopy, some signal from the soil will
enter the radiometer, due to the FOV of the instrument, the sparse canopy
and the reflected soil energy transmitted from the canopy. Coefficients S and
V" are the contributions of each of these ground endspectra to the spectrum of
each pixel. Since we are comparing ground against airborne data the restric-
tion S+ V<1 was not imposed. This analysis is not intended to be a spec-
tral unmixing to obtain abundances of soil and vegetation. Further analysis
should be carried out in order to obtain the spectral unmixing endmembers
from p, and p, like matching field spectra with the image endmembers spec-
tra (Schmid et al. 2004) or other techniques (Quintano et al. 2012). The re-
striction S+ V=1 must have been imposed in the case of having obtained
ps and p, as image endmembers or after having related them to the image
endmembers. Nevertheless, S and V provide an estimation of the weight of
soil and vegetation in the pixel spectrum. As we will see later, for some pure
soil pixels we obtained V=0 and S> 1, an unsurprising result since p; is
not the soil endmember of the image.

3. RESULTS AND DISCUSSION

For each plot, we obtained p, and p, as the mean values of the reflectance
spectra of soil targets and vegetation targets, respectively, as explained be-
low. To identify a target as soil target or vegetation target we used the
ground NDVI obtained from the GER field spectra, named NDVI GER.
Figure 3 shows the NDVI GER for all the targets measured in the three
plots. In order to calculate p, for each plot, we firstly identified the six tar-
gets with maximum NDVI_GER. We then calculated the reflectance spec-
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Fig. 3. NDVI obtained from field reflectance spectra taken on transects across the
vine rows (NDVI_GER). Target measurements were given consecutive numbers.
The periodicity in NDVI_GER reflects the transitions between soil- and vegetation-
dominated targets as moving across the rows of vine.

trum of vegetation for each plot as the mean value of the six targets with
maximum NDVI_GER. We took 6 targets since, according to the sampling
strategy described above, the spectroradiometer was placed just above the
vine canopy 6 times exactly on each plot. So those targets with the maxi-
mum NDVI GER correspond to measurements taken just above the vine
canopy. Ground soil reflectance spectrum p; was then calculated as the mean
of the rest of the targets, ignoring the four nearest targets to those with the
maximum NDVI GER (corresponding to two targets at each side of the
vine) in order to avoid contamination from the canopy.

Figures 4 and 5 show the correlation between p, and p, for the three plots
(named Py, P,, and P3;) measured in the vineyard for the 19 bands between
442 and 973 nm. It is noteworthy that p, and p, for the three plots exhibit a
linear relationship between each other with very high correlation, a slope
close to 1 and a very small offset (see the fitting equations inserted in Figs. 4
and 5).

Thus, p, and p, from one single plot are representative for all three plots,
suggesting that p, and p, from one single plot can be used to describe the part
of the vineyard framed in the red box in Fig. 1; let us remind that the south-
ern part of the vineyard is not taken into account since it has a slightly dif-
ferent structure.

The spectral properties of the soil and the vegetation change from sample
to sample. But since the variety of vine is the same over the whole area un-
der study and the soil is homogeneous, it has to be possible to find a repre-



1508 J.F. CALLEJA et al.

0.5
P.(P2): p.(P3)
X P2
0.4 4
-P3
0.3 1
0.2 4
p.(P,)=1.1718p (P, ) - 0.0123
- R?=0.9994
0.1 1
p.(P,) = 1.1852p,(P,) - 0.0192
R?=0.9971
4] T T T T
1] 0.1 0.2 0.3 0.4 0.5
pv {Pl]

Fig. 4. Correlation between ground p, measured in the three plots, Py, P,, and P;.
Least-square fits of p,(P,) versus p,(P,) and p,(P3) versus p,(P;) are presented.
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Fig. 5. Correlation between ground p; measured in the three plots, P;, P,, and P;.
Least-square fits of p(P;) versus p(P;) and p,(P;) versus p,(P;) are presented.

sentative spectrum of the soil and of the vegetation of the study area. A good
sampling strategy has to be able to provide these representative spectra. The
results shown in Figs. 4 and 5 prove that the sampling strategy was correct;
otherwise, different p, and p; would have been obtained for each plot.

To investigate the validity of the linear relationship between airborne and
ground data (Eq. 1), p, and p; from plot 1 are going to be used from now on.
Each pixel in the image is supposed to have p, and p, of plot 1, and then the
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Fig. 6. AHS reflectance spectral signature for a pixel located at plot 1 and the fit to
the ground spectra using the model in Eq. 1.

actual reflectance spectrum of that pixel is used to calculate S and V using
Eq. 1. The hypothesis of a linear relationship between p(AHS) and p, and p;
will be tested using the determination coefficient R* of the fit and the p-
values of the 7-test on coefficients S and V' for each pixel. As an example,
ground p, and p; as a function of wavelength from plot 1 are plotted in Fig. 6,
along with the reflectance for a pixel located at plot 1, p(AHS), and the re-
flectance fitted using Eq. 1.

The model was applied for the whole vineyard. For each pixel, we calcu-
lated the values of S, V, and the corresponding p-values along with the de-
termination coefficient R* of the fit. Results are shown in Figs. 7-10. The
model can be considered of statistical significance (with a significance level
of 5%) for those pixels for which p-value (S) <0.05 and p-value (V) <0.05.
Results are shown in Table 1. According to these results, 230 pixels (8.3%)
can be regarded as pure soil (V= 0), corresponding to the two parallel wide

Table 1
Distribution of pixels according to the values of V, S, and their p-values
S, V, p-value (S), p-value (V) Number of pixels Percentage
V>0 and p-value (V) <0.05 2351 84.8
V>0 and p-value (V) > 0.05 190 6.9
V=0 230 8.3
S§>0 and p-value (S) <0.05 2771 100
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soil paths crossing the vineyard from NE to SW. Moreover, the model pro-
vides values of V' with p-value (V) > 0.05 for only 6.9% of the pixels. >0
with a p-value below 0.05 were obtained in 100% of the pixels.
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The obtained values of } and S clearly reproduce the rowed structure of
the vineyard, as can be seen in Figs. 7 and 8. Rows of alternatively high
(low) and low (high) S(¥) values running parallel to the vines were obtained.
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The high values of R* obtained across the vineyard confirm the validity
of the model. It is noteworthy that pixels with p-value (¥) > 0.05 are mainly
located in the vicinity of soil paths (see Fig. 10) where no reliable, extremely
low ¥ values are expected. On the other hand, shadows might affect the veg-
etation field spectra more, and this is shown in the larger number of pixels
with p-value (V) > 0.05 (6.9% of the pixels) than pixels with p-value (S) >
0.05 (0% of the pixels).

The results from the statistical analysis confirm that the sampling strate-
gy is suited to capture the variability of the site. They can also be used as a
validation of airborne data and of the atmospheric correction performed.
Previous studies of reflectance performed over the same site do not provide a
description of the sampling strategy and lack a sound statistical analysis of
the data. In the case of the HyMap airborne imaging spectrometer data (Beisl
et al. 2000) over bare soil, barley and alfalfa, the disagreement between field
and airborne data was attributed to either the varying angular behaviour of
the reflectance or to the fact that non-representative samples were collected
in the field. In the case of the CASI spectrometer over bare soil, alfalfa, corn
and reforestry (Guanter et al. 2007), the agreement between airborne and
field reflectance data became worse when the proportion of soil increased,
explained by those authors as probably due to the high heterogeneity of bare
soils. A thorough statistical analysis of the results was not given in any of the
two studies.

In order to reinforce the results, we tried to correlate coefficient 7 with
vegetation properties. Coefficient V' is expected to provide information about
the condition of the canopy. To confirm this, we plotted the value of the
NDVI measured from AHS data (NDVI_AHS) versus the value of V for
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Fig. 11. NDVI_AHS versus V for 2351 pixels with V>0 and p-value (V) <0.05.
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the 2351 vineyard pixels for which V>0 and p-value (V) <0.05 (Fig. 11).
A strong correlation was confirmed. The offset (0.17) would provide an es-
timation of the mean value of the NDVI of the soil.

4. CONCLUSIONS

Validation of airborne hyperspectral HDRF product has been carried out
comparing airborne data with ground measurements over a vineyard. A sam-
pling strategy was devised and a subsequent ground data processing was un-
dertaken in order to obtain ground reflectance products comparable to
airborne ones. Ground spectral reflectance of a pixel area was simulated as a
linear combination of soil and vegetation contributions and then compared to
airborne spectral reflectance on a pixel by pixel basis. Statistical analyses
show that there is a strong correlation between airborne and ground data.
These results indicate that a sound atmospheric correction has been per-
formed for the AHS bands under consideration.
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