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Satellite  remote  sensing  provides  an alternative  to time-consuming  and  labor  intensive  in situ measure-
ments  of  biophysical  variables  in  agricultural  crops  required  for precision  agriculture  applications.  In
orchards,  however,  the  spatial  resolution  causes  mixtures  of  canopies  and  background  (i.e. soil,  grass  and
shadow), hampering  the  estimation  of  these  biophysical  variables.  Furthermore,  variable  background
mixtures  obstruct  meaningful  comparisons  between  different  orchard  blocks,  rows  or  within  each  row.
Current correction  methodologies  use spectral  differences  between  canopies  and  background,  but  strug-
gle  with  a  vegetated  orchard  floor.  This  background  influence  and  the  lack  of  a  generic  solution  are
addressed  in  this  study.

Firstly,  the  problem  was demonstrated  in  a  controlled  environment  for vegetation  indices  sensitive  to
chlorophyll  content,  water  content  and  leaf  area  index.  Afterwards,  traditional  background  correction

methods  (i.e.  soil-adjusted  vegetation  indices  and  signal  unmixing)  were  compared  to the proposed
vegetation  index  correction.  This  correction  was  based  on the  mixing  degree  of  each  pixel  (i.e. tree  cover
fraction)  to  rescale  the  vegetation  indices  accordingly  and  was  applied  to synthetic  and  WorldView-2
satellite  imagery.  Through  the  correction,  the effect  of  background  admixture  for  vegetation  indices  was
reduced, and  the  estimation  of biophysical  variables  was  improved  (�R2 =  0.2–0.31).

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Precision agriculture in orchards requires accurate, reliable and
ontinuous information at high spatial and temporal scales (Pinter
t al., 2003), sensitive to stress-related biophysical variables such
s chlorophyll content (Zarco-Tejada et al., 2004), water content
Govender et al., 2009) and leaf area index (LAI). In situ measure-

ents of these biophysical variables are time-consuming and labor

ntensive, while technological advances in remote sensing provide
on-destructive, time efficient and cost beneficial alternatives
Dorigo et al., 2007). For precision farming in deciduous orchard
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303-2434/© 2014 Elsevier B.V. All rights reserved.
growing regions, the high cloud cover requires a near-to-daily
revisit time to provide consistent information throughout the
growing season (Moran et al., 2003). Furthermore, the high spa-
tial variability in orchards (Perry et al., 2009) requires high spatial
resolution imagery to provide accurate information essential for
steering precision farming management schemes. Currently, this
combination of both high spatial and temporal resolution data
is feasible from high spatial resolution satellite sensors with off-
nadir viewing capabilities, such as GeoEye-1, Quickbird, Pleaides
or WorldView-1 and WorldView-2.

Despite the relatively high spatial resolution of these satellite
sensors, remote sensing imagery over orchards will contain mix-
tures of canopies and backgrounds (i.e. soil, grass and shadow).
Even at sub-meter spatial resolution, this mixture of canopies and

background will be present (Stuckens et al., 2010). Furthermore,
the combination of satellite imagery with a high spatial resolution
(i.e. 2 m)  and orchard geometry (i.e. row planting distance) will
also cause variable background mixtures, obstructing meaningful
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Table 1
The mean, standard deviation (�) and range of chlorophyll, water content and leaf
area index for the unmodified trees used in the virtual orchard.

Biophysical variable Mean value (±�) Range

Chlorophyll content (�g/cm2) 38.69 (±10.55) 16.08–58.92
68 J. Van Beek et al. / International Journal of Applied E

omparisons between different orchard blocks, rows or within each
ow. Moreover, the background will be influenced by geological
ifferences, slopes, presence or absence of vegetation and weed
pecies distribution, causing a high spatial variability within one
rchard.

In the past, several methods were constructed to remove the
nfluence of the background components. An established way to
iminish soil background effects is the use of soil-adjusted veg-
tation indices combined with TCARI (Transformed Chlorophyll
bsorption in Reflectance Index) (Haboudane et al., 2002; Zarco-
ejada et al., 2004). Another technique to minimize or remove
ackground effects in orchards is signal unmixing models (Somers
t al., 2009; Tits et al., 2013b), which often require large databases of
ackground spectra to correct imagery and account for spatial vari-
bility. However, both these approaches were based on the spectral
ifferences between soil and vegetation, rendering them less usable

n orchards with vegetative orchard floors or backgrounds.
Mixture effect could also be avoided by the application of a spa-

ial filtering or smoothing of reflectance or vegetation index values,
.g. Acevedo-Opazo et al. (2008). This approach requires a uni-
orm background and a similar row and tree spacing in order to
resent similar canopy and background mixtures throughout the
rchard. However, both spectral information and spatial variabil-
ty might be lost due to the smoothing algorithm and comparisons
etween orchards with different row or tree spacing would cause

naccuracies.
All of the above-described methodologies were able to remove

ackground effects in certain circumstances but did not provide a
tandard solution for the mixture problem. This lack of a generic
olution to reduce background effects irrespective of background
ypes (i.e. soil, grass and shadow) and the influence of vari-
ble background mixtures on vegetation indices require further
nvestigation. Therefore, this study addresses the mixture prob-
em in orchards presented in high spatial resolution space borne
magery. Through synthetic imagery, the mixture problem was
emonstrated in a controlled environment for different back-
round scenarios toward the estimation of biophysical variables
i.e. chlorophyll, water content and LAI). A vegetation index cor-
ection method, based on the canopy cover fractions, was  tested
n the virtual environment and afterwards implemented on space
orne imagery of a commercial hedgerow pear orchard.

. Materials

.1. Synthetic images

Synthetic or simulated imagery provide a useful data source
or improving our understanding of remotely sensed data and are
requently used to perform a preliminary evaluation of analysis
echniques, e.g. Tits et al. (2013b). The advantages of synthetic data
re the availability of the exact cover fractions, spectral signatures
nd the biophysical variables of the target crop. In this study, the
imulations were used to demonstrate the mixed pixel problem
n orchard crops, to visualize its effect on vegetation indices, to
rove the necessity of a correction method and to quantify the

mprovements of the proposed correction algorithm.
A virtual orchard, developed by Stuckens et al. (2009), was mod-

fied and adapted for this study. The virtual orchard consisted of
irtual citrus trees (Citrus sinensis L.), comprises triangular meshes
Weber and Penn, 1995), for which the leaf and stem optical prop-
rties and physical properties were based on field measurements

Somers et al., 2009; Stuckens et al., 2009). The virtual trees were
rranged in a 3.5 m × 2 m grid with a row azimuth of 7◦.

In the virtual orchard, three biophysical variables were inves-
igated, i.e. chlorophyll, water and LAI. For each variable, several
Water content (mg/cm2) 18.81 (±2.35) 13.43–21.63
Leaf area index (cm2/cm2) 6.44 (±1.72) 3.20–10.97

sections of the virtual orchard were modified to mimic  stressed
conditions. The leaf optical properties of these virtual trees were
modified by extracting the biophysical variables from the unmodi-
fied spectra through the inversion of PROSPECT (Jacquemoud and
Baret, 1990), and lowering the extracted variables to 50% and 75%
of the original value for chlorophyll and to 70% and 85% of the
original value for water content. Afterwards, the modified spectra
were recalculated through PROSPECT with the modified variables
(Stuckens et al., 2009). For LAI, the virtual trees were modified
by randomly removing or adding leaves to represent 125% and
56% of the original LAI (Stuckens et al., 2009). An overview of the
used biophysical variables is shown in Table 1, while the spatial
distribution of each biophysical variable is represented in Fig. 1a,
b and d.

From these virtual orchards, different images were made in a
physically based ray-tracer (PBRT, Pharr and Humphreys, 2004),
with a direct and diffuse illumination source (elevation of 79.2◦

and azimuth of 339.6◦), corresponding to the position of the sun
on Southern summer solstice on 22nd of December in 2007 at
13:00 h. The sensor was  positioned in zenith, and combined with an
orthographic projection to yield images without any geometric dis-
tortion. The spectral range of the synthetic image was  350–2500 nm
with a spectral resolution of 10 nm,  while the spatial resolution of
the sensor was fixed at 2 m.  The resulting canopy cover fractions
within the 2 m pixels are shown in Fig. 1e.

The influence of different background types was  investigated
by varying the orchard floor or background through three different
scenarios, while the position of the virtual trees remained identical
for each scenario.

• Scenario 1 (S1), a uniform soil background, consisting of an Albic
Leptic Luvisol soil (FAO, 1988), for which the reflectance was mea-
sured in situ (Somers et al., 2010). An RGB image of the orchard
with the uniform soil background is shown in Fig. 1c.

• Scenario 2 (S2), a uniform weed background, consisting of Phleum
pratense L. modeled with leaf reflectance obtained from the Leaf
Optical Experiment database (Hosgood et al., 1994; Stuckens
et al., 2009).

• Scenario 3 (S3), a variable weed background, consisting of a
weed background with a chlorophyll gradient. The weed back-
ground was  modified similar to the leaf reflectances, increasing
the chlorophyll content from 75% to the reference value (i.e. uni-
form weed background). The spatial distribution of the variable
weed background is depicted in Fig. 1f.

S1 was used to investigate the usefulness of existing background
correction methodologies (i.e. soil-adjusted vegetation indices and
signal unmixing), while S2 was  used to link this to variable condi-
tions (S3).

2.2. Study area and satellite imagery

Satellite imagery was acquired over an orchard, planted with

Conference pear trees (Pyrus communis L. cv. ‘Conference’), situated
in Bierbeek, Belgium (50◦49′34.59′′ N 4◦47′42.83′′ E). The ±2.5 m
high trees were planted between 1989 and 2010 in a 3.5 m × 1 m
grid (row azimuth 41◦) and trained into either a V-system with
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ig. 1. Spatial distribution of biophysical variables in the virtual orchard for chloro
f  the orchard (c), the canopy cover fractions (e) and the spatial distribution of chlo
olor  representation of the figures, the reader is referred to the web version of this 

our fruiting branches on one central stem or a spindle bush sys-
em (Sansavini and Musacchi, 1994). Grass was sown in between
he tree rows.

The WorldView-2 satellite sensor was used in this study because
f the possibilities toward agriculture through the inclusion of a
ed-edge band (705–745 nm)  (Marchisio et al., 2010) and a high
evisit time, insuring the presence of imagery at requested times.
ther sensors with similar spatial resolutions would present a

imilar variable background mixture. In addition, WorldView-2
atellite imagery was used in this study because it was  previously
sed to study water status of pear trees (Van Beek et al., 2013). A
orldView-2 multispectral image was acquired in 2012 on DOY

48, with a 2 m spatial resolution, a 2.7◦ off-nadir viewing angle
nd a satellite azimuth and elevation angle of 181.1◦ and 86.7◦,
espectively. Based on metadata provided by the manufacturer
DigitalGlobe), radiometric correction was carried out through the
pplication of gain and offset (Updike and Comp, 2010). Afterwards,
tmospheric influences were removed through Fast Line-of-sight
tmospheric Analysis of Spectral Hypercubes (Adler-Golden et al.,
998).

. Methods

.1. Vegetation indices

In this study, vegetation indices were used to estimate the
iophysical variables from the synthetic images. The GM1  index
Gitelson and Merzlyak, 1996) was related to chlorophyll con-

ent, the Normalized Difference SWIR Index (NDSI; this study) to
ater content and the standardized LAI Determining Index (sLAIDI;
elalieux et al., 2008) to LAI. The strength of correlation between
iophysical variables and vegetation indices was determined with
content (a), water content (b) and leaf area index (d), together with an RGB image
ll content of the background for Scenario 3, the variable weed background (f). For a
.

the coefficient of determination (R2) and the Root Mean Squared
Error (RMSE).

GM1  = R750

R550
(1)

NDSI = R1750 − R1800

R1750 + R1800
(2)

sLAIDI = S ×
[

R1050 − R1250

R1050 + R1250

]
(3)

R2 = 1 −
∑ (y − ypred)2

S(y − ymean)2
(4)

RMSE =
√∑

(ypred − y)2 (5)

where Rx is the reflectance at wavelength x; S a scaling factor equal
to 5; y the measured biophysical variable; ypred the predicted bio-
physical variable and ymean the average biophysical variable.

For the multispectral satellite imagery (Section 2.2), the Red-
Edge Normalized Difference Vegetation Index (ReNDVI; Van Beek
et al., 2013) was  applied, a normalized difference ratio between the
NIR 1 (Near-Infrared; 770–895 nm)  and Red-edge (705–745 nm)
bands of WorldView-2. ReNDVI was  previously linked to water sta-
tus in irrigated and non-irrigated pear orchards (Van Beek et al.,
2013) and should represent a low spatial variability as all trees
received similar irrigation amounts.

ReNDVI = RNIR1 − RRed-Edge

RNIR1 + RRed-Edge
(6)
3.2. Canopy fraction estimation

For the synthetic images, the exact tree cover was known for
each pixel. For the real satellite imagery, the canopy cover fraction
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Fig. 2. Schematic representation of the relation between cano

as estimated through a Gram-Schmidt pan-sharpening (Laben
nd Brower, 2000) to produce multispectral bands with a panchro-
atic resolution (0.5 m).  This pan-sharpened image was  classified

hrough unsupervised classification (Tou and Gonzalez, 1974) and
esampled for each 2 m multispectral pixel to provide an estimation
f the canopy fractions, similar to Hamada et al. (2011).

.3. Traditional background correction

.3.1. Soil-adjusted vegetation indices
A traditional method to bypass the background effects on images

as the use of soil-adjusted vegetation indices (Huete, 1988;
ondeaux et al., 1996). In this study, both TCARI/OSAVI (Trans-

ormed Chlorophyll Absorption in Reflectance Index/Optimization
f Soil-Adjusted Vegetation Indices) and MCARI/OSAVI (Modified
hlorophyll Absorption in Reflectance Index/Optimization of Soil-
djusted Vegetation Indices) ratios were applied to S1, as they were
reviously shown to mitigate the effects of a soil background, while
eing relatively insensitive to canopy cover variations (Haboudane
t al., 2002; Zarco-Tejada et al., 2004).

SAVI = (1 + 0.16) × R800 − R670

R800 − R670 + 0.16
(7)

CARI = 3 × (R700 − R670) − 0.2 × (R700 − R550) ×
(

R700

R670

)
(8)

CARI = [(R700 − R670) − 0.2 × (R700 − R550)] ×
(

R700

R670

)
(9)

.3.2. Signal unmixing
Next to soil-adjusted vegetation indices, signal unmixing was

pplied to remove or reduce background effects. Alternating Least
quares (ALS) was chosen as it was an established Chemometrics
ethodology to estimate both the absorption spectrum and con-

entration of different components (Tauler et al., 1993). Recently,
t was successfully applied to the unmixing problem in remote
ensing (Tits et al., 2013a), to avoid the requirement of large
atabases for traditional signal unmixing models, such as MESMA
Roberts et al., 1998). In ALS, each set of four adjacent pixels was
sed to iteratively estimate canopy spectral signatures for the four
ixed pixels. For this, the ALS model required a starting estimate of
oth the background and canopy spectra. In this instance, the pure
ree spectra were averaged for the entire orchard, together with
n average soil background, similar to (Tits et al., 2013a), based on
eld measurements (Somers et al., 2009).
ction and vegetation index, before (a) and after correction (b).

3.4. Vegetation index correction

In the proposed vegetation index correction method, the range
of index values for all pixels was rescaled to the range of index
values for the pure canopy pixels (i.e. pixels with a canopy frac-
tions over 0.8), assuming that the range of index values for the
pure canopy pixels was non-contaminated and representative for
the true range of index values (or biophysical variables). A graph-
ical representation is shown in Fig. 2 and comprised the following
steps:

• For each mixed pixel, the distribution of index values from pixels
with similar canopy fractions (i.e. within a canopy fraction range
of 0.05) was determined (left box in Fig. 2a).

• All index values in the selected box were rescaled to the index
value range present in the pure canopy pixels (right box in Fig. 2a).

• As a subset was defined and rescaled for every pixel individually
for all possible canopy fraction subsets (within a range of 0.05),
each image pixel will be rescaled multiple times. Only the aver-
age index value was retained in the further analysis (left box in
Fig. 2b).

Overall, this correction assumed that the variability along the
y-axis (i.e. vegetation index value) was only caused by the vari-
ability in tree conditions, while the variability along the x-axis (i.e.
canopy fraction) was caused by the admixture of the background
component. This is true if no variability in the background is present
(e.g. uniform soil scenario) or if the variable background does not
influence the vegetation index value. As both cases only seldom
occur, a moving window approach needs to be applied for sce-
narios with a variable background (e.g. variable weed background
scenario and real conditions). Within each moving window, some
assumptions were made, namely (i) the uniformity of the back-
ground, (ii) the representation of the true vegetation index range
in the pure canopy pixels for that moving window and (iii) the pres-
ence of the full range of canopy fractions. To fulfill these criteria,
a moving windowsize of 7 × 7 pixels was  found to represent all
canopy fractions. Within each moving window, the range of vege-
tation indices was rescaled to the range of the pure canopy pixels
within that moving window. Afterwards, the index values for each
pixel were averaged from all the moving windows which included

that pixel.

Before the correction was  applied, outliers were detected and
removed, based on the threshold of 1.5 times the inter-quartile
range from the upper or lower quartile (Laurikkala et al., 2000).
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abeled for chlorophyll content (�g/cm2), water content (mg/cm2) and leaf area ind

. Results

.1. Synthetic images: uniform soil background (S1)

In the synthetic images, the influence of the mixture could be
nvestigated because the exact cover fraction of all components

as known. The relation between canopy fractions and vegetation
ndices (Section 3.1) for the uniform soil background scenario is
hown in Fig. 3.

The expected spatial distribution of the biophysical variables
Fig. 1a, b and d) was not visible in the vegetation index images
Fig. 3a–c) and although the modified regions were highlighted,

ixed pixels would also be classified as modified/stressed. The
esulting striped pattern was the result of an alternation between
ure and mixed canopy cover fractions, also visible in Fig. 1e. These
ependencies of the index values on canopy cover fractions were
lso shown in the scatterplots (Fig. 3d–f). As such, these results
emonstrated the necessity of a correction (Section 3.4).

.1.1. Vegetation index correction
The results of the correction are depicted in Fig. 4. Through

he correction, the canopy fraction dependency of the vegetation
ndices was removed. The modified regions within the orchard

ere clearly visible (Fig. 4a–c), while the differences within each
anagement block were minimized.
The improvement of the correction method was indicated

y the R2 and RMSE values between vegetation indices and
iophysical variables before and after correction, shown in
able 2. The correlation between chlorophyll content and the
M1  index improved (�R2 = 0.31; �RMSE = −1.76 �g/cm2). A sim-

lar improvement was observed between water content and
DSI (�R2 = 0.35; �RMSE = −0.5 mg/cm2). On the other hand, the
nsignificant relation between LAI and sLAIDI before and after
orrection (�R2 = 0.07; �RMSE = 0.07 cm2/cm2), was  most likely
aused by interference of water content, for which the stressed
egion was represented in the corrected index image (Fig. 4f).
e GM1  index (a and d), the NDSI (b and e) and the sLAIDI (c and f). All points were

For lower canopy cover fractions some discrepancies remained,
as small differences related to canopy-background interactions and
shadow were enlarged. A canopy cover threshold was  applied, as
pixels with small canopy cover fractions are less important to end-
users and introduce large errors related to small differences. All
pixels with canopy cover fractions above 0.4 were retained, similar
to Somers et al. (2009), to quantify the usable improvement of the
correction. With the exception of LAI, the R2 values between bio-
physical variables and index values increased significantly after the
application of the canopy cover threshold compared to the uncor-
rected results (�R2 = 0.39 and 0.41; Table 2).

4.1.2. Traditional background correction
The relationship between both the TCARI/OSAVI and

MCARI/OSAVI ratios and the canopy cover fractions are depicted in
Fig. 5. Although both TCARI/OSAVI (R2 = 0.27; RMSE = 7.92 �g/cm2)
and MCARI/OSAVI (R2 = 0.11; RMSE = 8.8 �g/cm2) showed a
better relation with chlorophyll content before correction
(R2 = 0.09; RMSE = 9.39 �g/cm2), the results still showed some
dependencies toward canopy fraction and less correlation com-
pared to the vegetation index correction results (R2 = 0.40;
RMSE = 7.63 �g/cm2).

Through the ALS algorithm (Section 3.3.2; Table 2), improve-
ments similar to the vegetation index correction were observed
between vegetation indices and biophysical variables (R2 = 0.39;
RMSE = 7.71 �g/cm2 for chlorophyll content and R2 = 0.63;
RMSE = 1.26 mg/cm2 for water content). These results showed
that ALS was  able to remove background effects in orchards with
soil backgrounds.

4.2. Synthetic images: weed background
4.2.1. Uniform weed background (S2)
For S2 the index values showed a similar dependency to

the canopy cover fraction. Because of the similarities with
Figs. 3 and 4, the index images and scatter plots are not
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hown. Through the correction method, most of the background
ffects were removed for chlorophyll content (R2 = 0.51–0.56;
MSE = 6.88–6.50 �g/cm2) and water content (R2 = 0.64–0.74;
MSE = 1.22–1.04 mg/cm2). The correlation between LAI and sLAIDI
as insignificant (R2 = 0.13–0.14; RMSE = 1.89–1.82 cm2/cm2), sim-

lar to S1.
For S2, the ALS algorithm (Section 3.3.2; Table 2) decreased
he correlation between GM1  and chlorophyll content (R2 = 0.42;
MSE = 7.43 �g/cm2), indicating that ALS was unable to remove
ackground effects in orchards with weed backgrounds as a result
f the spectral similarity between canopies and background.

able 2
oefficient of determination (R2) and Root Mean Squared Error (RMSE) before and after c
cenario (S1), for the soil-adjusted vegetation indices for the uniform soil background sce
LS  correction (S1 ALS correction), the uniform weed scenario (S2), the uniform weed ba
cenario (S3). The R2 and RMSE were calculated for all the pixels and for pixels with a can
anopies are depicted, extracted from virtual orchards with similar light conditions but w

Scenario Biophysical variable Reference canopies 

R2 RMSE 

S1
Chlorophyll content (�g/cm2) 0.79 5.15 

Water content (mg/cm2) 0.75 1.14 

Leaf  area index (cm2/cm2) 0.74 1.23 

TCARI/OSAVI Chlorophyll content (�g/cm2) – – 

MCARI/OSAVI Chlorophyll content (�g/cm2) – – 

S1  ALS correction
Chlorophyll content (�g/cm2) – – 

Water content (mg/cm2) – – 

Leaf  area index (cm2/cm2) – – 

S2
Chlorophyll content (�g/cm2) 0.79 5.15 

Water content (mg/cm2) 0.75 1.14 

Leaf  area index (cm2/cm2) 0.74 1.23 

S2  ALS correction
Chlorophyll content (�g/cm2) – – 

Water content (mg/cm2) – – 

Leaf  area index (cm2/cm2) – – 

S3
Chlorophyll content (�g/cm2) 0.79 5.15 

Water content (mg/cm2) 0.75 1.14 

Leaf  area index (cm2/cm2) 0.74 1.23 
e GM1  index (a and d), the NDSI (b and e) and the sLAIDI (c and f). All points were

4.2.2. Variable weed background (S3)
One of the assumptions made in the previous section was the

uniformity of the background, so that vegetation index variations
were only caused by the variability in tree conditions for simi-
lar canopy fractions. For variable background scenarios, such as
S3, the vegetation index variations were not solely caused by
canopy conditions, indicated by the variability for pixels with a

high background contribution (Fig. 6d). Therefore, a moving win-
dow approach was  applied to correct S3 (Section 3.4). The synthetic
images before and after correction, together with the scatter plot for
each biophysical variable are shown in Figs. 6 and 7, respectively.

orrection for canopy cover variations (Section 3.4) for the uniform soil background
nario (TCARI/OSAVI and MCARI/OSAVI), the uniform soil background scenario with
ckground scenario with ALS correction (S2 ALS correction) and the variable weed
opy cover over 0.4 (Canopy threshold 0.4). In addition, the metrics of the reference
ithout background.

Before correction After correction Canopy threshold 0.4

R2 RMSE R2 RMSE R2 RMSE

0.09 9.39 0.40 7.63 0.57 6.46
0.31 1.71 0.66 1.21 0.72 1.10
0.07 1.89 0.14 1.82 0.18 1.77

0.27 7.92 – – – –
0.11 8.80 – – – –

0.09 9.39 0.39 7.71 – –
0.31 1.71 0.63 1.26 – –
0.07 1.89 0.13 1.82 – –

0.51 6.88 0.56 6.50 0.71 5.38
0.64 1.22 0.74 1.04 0.80 1.40
0.13 1.80 0.14 1.79 0.18 1.75

0.51 6.88 0.42 7.44 – –
0.64 1.22 0.70 1.03 – –
0.13 1.80 0.14 1.80 – –

0.37 7.93 0.57 6.51 0.64 6.16
0.63 1.22 0.76 0.77 0.78 0.97
0.14 1.88 0.13 1.87 0.13 1.85
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Fig. 5. Canopy fraction against the TCARI/OSAVI ratio index (a) and the MCARI/

efore the correction, the alternation between pure and mixed pix-
ls was visible (Fig. 6a–c), albeit less compared to the uniform soil
ackground (Fig. 3), because of the similarity between canopy and
ackground spectra. On the other hand, the scatter plots of the
egetation indices showed a similar dependency toward canopy
raction (Fig. 6d–f).

After the correction, most of the mixed pixel influences were
emoved and only the modified regions were contrasted, while the
ixed pixels could no longer be confused with stressed/modified

anopies. In the corrected vegetation images, some blurred regions
ere visible (Fig. 7a–b). This was the result of the edge between two

tressed/modified regions in combination with mixed pixels (i.e.
anopy fraction ∼0.5). For these pixels, 50% of all moving windows
ncluded pure canopy pixels of one condition (i.e. stress), while in
he other 50% of all moving windows, pure canopy pixels of another

ondition were included. This caused some very distinct correction
esults, which after averaging were similar for adjacent pixels. If
his would occur, the simple correction method (Section 3.4) would
e unable to rectify the background problem.

ig. 6. Variable weed background synthetic images and scatter plots before correction of 

abeled for chlorophyll content (�g/cm2), water content (mg/cm2) and leaf area index.
I ratio index (b) for S1 with all points labeled for chlorophyll content (�g/cm2).

For chlorophyll and water content, the correlation with
GM1  (R2 = 0.37–0.57; RMSE = 7.93–6.51 �g/cm2) and NDSI
(R2 = 0.63–0.76; RMSE = 1.22–0.77 mg/cm2), respectively,
improved after correction (Table 2), while the relation between
LAI and sLAIDI was insignificant both before and after correction
(R2 = 0.14–0.13; RMSE = 1.88–1.87 cm2/cm2).

4.3. Satellite image

From the synthetic imagery, the usefulness and universal use of
the correction method was shown. Through a satellite image of a
hedgerow orchard, the necessity and usefulness of the vegetation
index correction could be further illustrated. In Fig. 8, an RGB image
of the orchard in the study area is shown, together with the ReNDVI
image before and after correction. The correction was similar to S3,

but the pure canopy threshold was lowered to 0.7 because of the
low cover fraction presented in the orchard.

The differences between the management blocks in Fig. 8b were
mostly related to different management systems (i.e. central block

the GM1 index (a and d), the NDSI (b and e) and the sLAIDI (c and f). All points were
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ig. 7. Variable weed background synthetic images and scatter plots after correctio
abeled  for chlorophyll content (�g/cm2), water content (mg/cm2) and leaf area ind

as Spindle bush system and others were V-system; Sansavini and
usacchi, 1994) and age differences (i.e. younger northern block).

hese differences were manifested as different canopy and back-
round cover fractions, resulting in a flawed comparison between
he different blocks. Furthermore, the alternation between pure
nd mixed pixels resulted in a striped effect in the satellite image
Fig. 8b), similar to the synthetic images in previous sections.

The correction removed the unwanted striping and reduced
ost of the background interference (Fig. 8c). In addition, some

otentially stressed regions in the central block were highlighted,
ith higher ReNDVI values significant of higher stress levels (Van
eek et al., 2013). The highlighted region in the middle of the
entral block was the result of geographic differences, i.e. higher
levation and soil profile (Fig. 8a), which drained more easily and
aused stressed canopies. As the image was taken during a period
ithout significant differences between management treatments,
o significant differences were expected. However, based on the
ncorrected image, faulty management decisions could have been
aken, which could have resulted in increased management costs
r even decreased production.

. Discussion

In general, larger differences between background and canopies
aused larger influences on the vegetation indices, as was the case
or S1 (Fig. 3). However, even for similar backgrounds and targets
e.g. S2 and S3), a correction was required. For example, in the
ariable weed background scenario, canopies with a high chloro-
hyll content (over 50 �g/cm2) were represented by GM1  index
alues between 8 and 10 for pure canopy pixels, while the range

f GM1  index values for mixed pixels (50% canopy cover fraction)
ecreased to between 5 and 7. Without considering this error, the
ixed canopy pixels would correspond to a chlorophyll content

f 30 �g/cm2. Compared to field studies in citrus orchards, this
he GM1 index (a and d), the NDSI (b and e) and the sLAIDI (c and f). All points were

drop would signify the difference between mature healthy leaves
and sunburnt leaves or the difference between summer and winter
leaves (Stuckens et al., 2011).

Through the generic vegetation index correction (Section 3.4),
the background influence was reduced irrespective of background
type (Figs. 4 and 7). Although less visible for S3 (Fig. 7), the cor-
rection removed canopy fraction dependency from the vegetation
index values and hereby also removed differences within one
management block. Compared to other correction methods, the
vegetation index correction was  shown equally or better equipped
to reduce background effects. The soil-adjusted vegetation indices
(TCARI/OSAVI and MCARI/OSAVI) were shown ineffective to cor-
rect the background effects in S1 (Section 4.1.2), as a result of
the relatively low planting density and spatial resolution. In the
past, the TCARI/OSAVI ratios were successfully applied to imagery
with a higher spatial resolution in combination with tree border
delineation (Zarco-Tejada et al., 2004) and larger planting den-
sities (Haboudane et al., 2002). For these conditions, relatively
constant canopy fractions were present (Haboudane et al., 2002).
For imagery with highly variable canopy cover fractions, both
TCARI/OSAVI and MCARI/OSAVI index ratios were not insufficient.
Even though the signal unmixing method (ALS; Section 3.3.2) was
shown to remove most of the soil background influence in S1
(Section 4.1.2), the performance of ALS was  severely hampered
by the spectral similarity of canopies and weeds in S2 (Section
4.2.1) and thus does not provide a generic solution to the mixture
problem.

One of the requirements for the vegetation index correction was
the knowledge of canopy cover fractions for the entire orchard.
In this study, the cover fractions were either available (synthetic

imagery, Sections 4.1 and 4.2) or determined based on a high resolu-
tion pan-sharpened image (real imagery, Section 4.3). However, the
cover fraction might not be available in an operational setting. Sev-
eral techniques could be used to estimate the cover fractions based
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ig. 8. Side view of V-shaped training system used in the study area (a); WorldVie
ogether with the uncorrected (c) and corrected vegetation index image (d) of a sub

n spectral differences (e.g. Multiple End member Spectral Mixture
nalysis or MESMA; Roberts et al., 1998), which could estimate
anopy cover fractions despite variable conditions and spectral
imilarity (Somers et al., 2011; Tits et al., 2013b). On the other
and, as orchards are built up as repetitive systems, orchard struc-
ure and canopy fractions could also be determined with simple

etrics (i.e. planting distance, row distance and row orientation).
oreover, also image-based measurements could be used for large

cale operations, such as the automatic detection and segmentation
f orchards (Aksoy et al., 2012).

A persistent problem for this type of high resolution imagery
s accounting for the within-canopy variability, causing low cor-
elations with canopy derived variables (i.e. LAI; R2 < 0.2). For
ower spatial resolution imagery the within-canopy variability
s not a problem (e.g. Tits et al., 2013b), as the entire canopy
s contained into one pixel. However, the gaps in the canopy
aused spectral differences, not reflected in the biophysical vari-
ble. As the variation for the vegetation index was not related to
anopy cover fraction, the correction method could not mitigate

he effect (Section 3.4). Other studies in high resolution remote
ensing avoided this problem by segmenting or classifying the
anopies into sunlit and shaded areas, therefore avoiding these
ssues (Stagakis et al., 2012; Zarco-Tejada et al., 2004). However,
atellite image (RGB) taken over an irrigated pear orchard in Bierbeek, Belgium (b),
n of the orchard (highlighted in (b)).

further research might be required to solve the within-canopy
variability problem, as problems were enlarged for hedgerow
systems.

Through the use of this generic solution to the mixture problem,
the background effect could be removed from the satellite imagery
over orchards. However, one of the assumptions made in this study
was the presence of the full range of canopy fraction distributions.
The presence of an off-nadir viewing angle, as is common for high
resolution satellite imagery, would result in decreased background
presence and negating the mixture problem (Stuckens et al., 2010).
However, in hedgerow cropping systems larger viewing could also
obstruct the relationship between biophysical variables and spec-
tral measurements as the predominantly shaded side was imaged
(Van Beek et al., 2013). Through the proposed correction, back-
ground effects within an orchard could be corrected for without
prior knowledge or field measurements of the studied area. From
these corrected vegetation indices, spatial differences within each
management block and between management blocks could be
highlighted and the production system could be optimized through

already developed vegetation indices related to chlorophyll con-
tent (Zarco-Tejada et al., 2004) or water status (Van Beek et al.,
2013). Moreover, future satellite missions such as WorldView-3
could offer more possibilities toward the application in orchards,
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hrough the inclusion of Shortwave Infrared bands (1200–2500 nm)
t high spatial resolutions (van der Meer et al., 2014), although the
roposed correction would still be required. In addition, through
he removal of spatial differences related to canopy cover fractions,
ge or growing systems, faulty management decisions leading to
ncreased production costs or production losses could be avoided.

oreover, because the proposed correction standardized the veg-
tation indices images, useful comparison between images should
e possible. Therefore, agricultural systems could be monitored
hroughout the growing season and a decision support system
ased on remote sensing information should be achievable. On the
ther hand, high spatial resolution satellite time series will always
resent variable viewing angles, which could influence spectral
easurements (Stuckens et al., 2011) and index values. As a result,

rior to the application of remote sensing for precision agricul-
ure in horticulture, further research is required focusing on the
nfluence of off-nadir view angles within time series.

. Conclusions

Satellite remote sensing could be useful for precision agriculture
pplications in horticulture. However, high spatial resolutions are
ausing mixtures of canopies and background (i.e. soil, grass and
hadow), hampering the estimation of these biophysical variables.
n this study, this mixture problem in orchards was  addressed.
hrough synthetic images, the problem was demonstrated and
alidated through the estimation of biophysical variables (i.e.
hlorophyll, water content and leaf area index). Furthermore, a
ethod to remove the influence of the canopy discontinuity on

he vegetation indices was provided and its use demonstrated on
ynthetic images with different background and on a WorldView-2
atellite image.

For uniform soil and weed backgrounds, the vegetation indices
ere highly dependent on the underlying canopy fraction. Through

 simple correction method, mixture problems were avoided and
nly relevant information was maintained. Moreover, for variable
ackground scenario’s a moving window approach was required
o obtain similar results in a virtual setting and for real satellite
magery.

In a real-life setting, the study showed that prior to correction;
nly pure canopy pixels were useful toward the estimation of bio-
hysical variables. After the correction, spatial differences within
ach management block and between management blocks would
e related to changes in biophysical variables and not to differ-
nces in canopy cover fraction, age or growing system. As a result,
he correction was found a useful tool for precision agriculture
n orchards and could circumvent faulty management decisions;
ower management costs and avoid production losses.
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