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Abstract
The avocado crop (Persea americana Mill.) is one of the most important in Mexico, among the
states with the highest production is the State of Mexico, which is the third producing state
nationwide. Coatepec Harinas and Donato Guerra are two of the most representative municipalities
regarding this activity; however, there is no census that specifies the surface of the crop, so the
objective of this research was to test vegetation index methods, spectral angle mapper (SAM) and
spectral information divergence (SID) algorithms and the combination of these in Sentinel-2 sensor
images to evaluate its performance in identifying areas planted with the avocado crop. The results
were validated with a confusion matrix and the comparison of the training and validation reference
data. The SID algorithm achieved an accuracy of 97.5% to detect avocado, while the SAM
treatment obtained an accuracy of 63.1%. The combination of SID with the Anthocyanin
Reflectance Index 1 (ARI1), provided a better result on regional validation mapping with 85%
accuracy. Other combinations of indices and treatments gave results less than 50% of the precision,
so they are not recommended. This methodology could be tested for the detection of other crops of
commercial interest, since Sentinel-2 shows to be a viable alternative for this type of study, having
a good spectral resolution, as well as being easily accessible and manipulated.
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Introduction
Mexico is the main avocado producer in the world, with an average annual production of 1 836
700 t, on 235 317 ha (SIAP, 2019), the leading entity in national production is still Michoacán. In
second and third place, respectively, are Jalisco and the State of Mexico, the latter contributes with
large areas of avocado plantations, which are distributed in different municipalities in the south of
the state: Coatepec Harinas 2 155 ha, Tenancingo 884 ha, Temascaltepec 1 558 ha, Donato Guerra
1 493 ha and Villa Guerrero 1 321 ha (SIAP, 2019).
Currently, the avocado Hass absorbed production, since of the total hectares that are dedicated to
the avocado planting in the State of Mexico, between 90 and 95% are destined to this fruit
(Sangerman et al., 2014). This crop has caused profound changes in the agricultural culture of the
region, since areas previously planted with corn were gradually occupied by avocado orchards;
likewise, it has brought a series of consequences in the towns and communities of the region
(Chávez, 2012).
The importance of the economic impact of avocado cultivation in the State of Mexico, as well as
the diagnosis of the area it occupies for efficient and sustainable management, makes the use of
remote sensing methods a viable option thanks to its potential in identification of specific
agricultural and forest crops, making Sentinel-2 particularly attractive, due to their free
availability, with relatively high spatial resolution, as well as strategically positioned bands,
useful for many applications including vegetation characterization and mapping (Chemura et al.,
2018), as well as tracking a series of land use changes and vegetation, so the satellite is of interest
for crops (ESA, 2017).
Vegetation indices are one of the foundations of remote sensing, which resides in a different
response of different surfaces to different wavelengths of the electromagnetic spectrum (Pérez,
2017). Each type of vegetation responds differently (Chuvieco, 2007), general parameters are
met, given by low reflectivity in the visible, high in the near infrared (NIR) and low with the
presence of some peaks in the shortwave infrared (SWIR). These vegetation indices consist of
the abstraction or synthesis of the values of the image bands to a single band by arithmetic
operations, the result is normally adjusted on a scale of 0 to 1, but it can vary (Chemura et al.,
2016).
Due to the characteristics of Sentinel-2 and the economic importance of the avocado crop and its
distribution, the objective of this research was to test vegetation index methods, spectral angle
mapper (SAM) and spectral information divergence (SID) algorithms and the combination of these
in the free access images of the Sentinel-2 sensor to evaluate its performance in the identification
of areas planted with the avocado crop. It is considered of great value to have detailed information
on the distribution and area of this crop to show those interested in information that is closer to
reality and thus propose more effective management strategies.
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Materials and methods
The vegetation index methods, SAM and SID algorithms and the combination of the latter with the
vegetation indexes were applied in the free access images of the Sentinel-2 sensor, May 2, 2017,
resampled at a spatial resolution of 10 m, cloud free and at 1C processing level; that is, in
reflectance values at the top of the atmosphere (TOA).
For the identification of the crop of interest, it was carried out with the image treatment
methodology, obtaining an individual result of the spectral analysis of the avocado signature with
the spectral angle mapper (SAM) and spectral information divergence (SID) algorithms, the use of
vegetation indices and the combination of algorithms with vegetation indices.
Study area
The study was carried out in two municipalities in the south of the State of Mexico (Figure 1).
Coatepec Harinas is part of the second system of the Xinantecatl, so its altitude varies from 1 900
to 3 000 m, its climate is temperate sub-humid, with an average temperature of 16.1 °C and an
average annual rainfall of 1 242.53 mm. mesophyll forest of mountain.

Figure 1. Study area.

Donato Guerra is located in the region that belongs to the Eje Transversal Mexicano, which is why
it presents characteristic forms of rugged relief, semi-flat and flat, most of the mountains are of
volcanic origin with an altitude between 2 200 and 3 040 meters above sea level, their climate is
subhumid temperate with an average temperature of 22 °C and an average rainfall of 1 000 mm
(PMDUCHEM, 2009; PMDUDGEM, 2009).
Field data
Two reference data sets were applied, one for training and the other for validation. The field data
for the training process was obtained on May 18, 2017 with a portable digital Garmin ® GPS,
achieving accuracies between three and five meters, which consisted of 130 georeferenced field
data points for avocado cultivation, randomly distributed in the study area.
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Regarding the data set for validation, 120 points were geo-referenced in areas of each municipality
totally remote from the first sampling points (training), so it should be mentioned that this data set
is completely independent from the first data set and was not used for Sentinel-2 image training.
In addition, there are leptosol soils in the study area.
Image acquisition and preprocessing
The Sentinel-2 data was downloaded from the European Space Agency (ESA) server available at:
https://scihub.copernicus.eu/dhus/: accessed on June 06, 2017 with the scene name: S2B-MSIL1C20171128T170639-N0206-R069-T14QMG-20171128T221610,S2B-MSIL1C-20171128T1706
39 -N0206-R069-T14QLG-20171128T221610;S2B-MSIL1C-2017112 8T170639-N0206-R069T14QMF-20171128T221610 corresponding to May 7, 2017, date on which cloud-free images were
obtained. The images were re-sampled at a spatial resolution of 10 m with the free software SNAP
5.0 developed and distributed by the European Space Agency (ESA).
The image was calibrated radiometrically by the flat field calibration method, an area of interest
ROI (Region of Interest) was marked using the laminated roof of the greenhouses as a reference,
because they emit a high and homogeneous response, and the average wavelength of each band
with ENVI 4.7 software.
Sentinel-2 image processing
The image was processed using two strategies: the use of the spectral angle mapper (SAM) and
spectral information divergence (SID) classifiers and the development of logical queries on
vegetation indexes. Figure 2 shows the process of the combined method applied to the Sentinel-2
MSI image to obtain the avocado cultivation sites in the study area.

Figure 2. Process of the method applied to the Sentinel-2 image.
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The typical spectral curve of the avocado crop was obtained and from the excluded libraries the
vegetation of laurel, jasper mountain range, strawberry tree and two oak varieties was excluded,
with which the spectral signature was obtained (Figure 3).

Figure 3. Excluded libraries.

These spectral signatures were kept for reference and were used to classify the image considering
the SAM and SID algorithm. Reliability rules were generated with the spectral signatures obtained
from the avocado crop according to their classification and tests were carried out to visualize which
one generated a clearer result. Regarding the angle chosen for SAM and SID, which produces a
classified image based on its maximum angle threshold, the maximum angles of 0.1, 0.075, 0.05
and 0.025 were tested.
A classification of plantations found in the field was carried out according to that reported by Rubi
et al. (2013) trees from 1 to 3 years old (Figure 4), 3 to 6 years old (Figure 5) and the third tree
from 6 years and older (Figure 6) that show greater distance in bands 8, 10 and 12 The behavior
curve of each classification of the plantations was obtained.

Figure 4. Trees from 1 to 3 years old.
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Figure 5. Trees from 3 to 6 years old.

Figure 6. Trees 6 years and older.

In order to apply each one of the algorithms and vegetation indexes according to the type of
plantations present in the study area, only ten trees were chosen that presented the typical curve of
avocado cultivation (Figure 7) of behavior of each of the spatial patterns corresponding to
plantations.

Figure 7. Typical curve of the avocado.
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For identifying areas avocado cultivation was applied to the SAM and SID algorithms different
values of maximum angle (radians) chosen based on trial and error (Table 1).
Table 1. Algorithm and applied angle.

Algorithm
SAM
SID

Place and type of plantation
Coatepec plantations from 1 to 3 years
Coatepec plantations from 3 to 6 years
Coatepec plantations over 6 years

Maximum angle
0.1, 0.075,
0.05, 0.025

SAM
SID

Donato plantations from 1 to 3 years
Donato plantations from 3 to 6 years
Donato plantations over 6 years

0.1, 0.075,
0.05, 0.025

Vegetation indices
Using the Envi 4.7 software, 10 available vegetation indices were tested, from which four
vegetation indices were obtained that provided the best results: anthocyanin reflectance index 1
(ARI1), anthocyanin reflectance index 2 (ARI2), normalized difference vegetation index (NDVI)
and simple ratio index (SR) (Table 2).
Table 2. Calculated vegetation indices and relation of bands ‘B’ used.

Index

Abbreviation

Anthocyanin reflectance index 1

ARI1

ARI1 =

1
1
−
B3 B5

Anthocyanin reflectance index 2

ARI2

ARI2 =

B8 B8
−
B2 B3

Normalized difference vegetation index

NDVI

Simple ratio index

SR

Sentinel-2 bands

NDVI =

B8 − B4
B8 + B4

SR =

Author

Sentinel-Hub
(2017)

B8
B4

In ArcGis 10.2.2 software, the minimum, average and maximum values of these indices were
analyzed in sites with and without avocado. Having understood the characteristic values of the
avocado, logical queries were constructed by means of the direct query of the value of each pixel
in the scene to extract the values of the indices, with the criteria that are displayed below (Table
3 and 4).
Table 3. Value of the conditional applied to each of the indices.

Index
ARI1

Place and type of plantation
Coatepec from 1 to 3 years
Coatepec over 6 years
Donato from 3 to 6 years

Applied conditional consultation
Value > 0.2 value < 1.45
Value >= 0.39
Value >= 0.3 value <= 1.45
871
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Index

Place and type of plantation

Applied conditional consultation

ARI2

Coatepec from 1 to 3 years
Donato from 3 to 6 years
Donato over 6 years

Value >= 0.35 value <= 0.82
Value >= 0.34 value <= 0.95
Value > 0.07 value < 0.65

NDVI

Coatepec from 3 to 6 years
Donato over 6 years

Value >= 0.5 and value <= 0.73
Value > 0.4 and value < 0.65

SR

Donato over 6 years

Value >= 2.45

A value of 1 was assigned for pixels that meet the condition and 0 for pixels with no value. Value= pixel value.

Table 4. Value of the conditional applied to the combinations of indexes and algorithms.

Combinations

Place and type of plantation

Applied conditional consultation

SAM + ARI1
SAM + NDVI
SID + ARI1
SID + ARI1
SID + ARI 2
SID + NDVI

Coatepec from 3 to 6 years
Coatepec from 3 to 6 years
Coatepec from 1 to 3 years
Donato from 3 to 6 years
Donato from 3 to 6 years
Coatepec from 3 to 6 years
Coatepec from 3 to 6 years
Coatepec from 3 to 6 years
Donato from 3 to 6 years
Donato from 3 to 6 years

Value >= 0.025 and Value <= 0.65-1.35
Value >= 0.1 and Value <= 0.5-0.73
Value >= 0.05 and Value <= 0.2-0.145
Value >= 0.1 and Value <= 03-0.145
Value >= 0.1 and Value <= 0.34-0.95
Value >= 0.05 and Value <= 0.5-0.73
Value >= 0.075 and Value <= 0.5-0.73
Value >= 0.1 and Value <= 0.5-0.73
Value >= 0.1 and Value <= 2.45
Value >= 0.075 and Value <= 2.45
Angle
Value= 0.1, 0.075, 0.05, 0.0025
Value= 0.1, 0.075, 0.05, 0.0025

SID + SR
Algorithms
SAM
SID

Coatepec from 3 to 6 years
Donato over 6 years

A value of 1 was assigned for pixels that meet the condition and 0 for pixels with no value.

For the mapping of crops, the same range of conditionals was not necessarily considered for all the
scenes, since the index values can vary from scene to scene, so the threshold of index values that
correspond to the cultivation of interest. The regions extracted, both from the classifier and from
the indexes, were related using map algebra with the combinatorial and tool. This allowed
consulting those sites where both (the SAM and SID classifier and the conditional indexes) have a
true value.
Map validation
The precision obtained by these digital treatments in the image was validated by means of the
superposition of this cartography against validation points obtained in the field. This validation
data set allowed the creation of a confusion matrix (Table 5) with which the value was obtained as
a percentage of the precision of the treatments and the commission error, in which it is observed
that both the SID algorithm and its combinations have the highest percentage of precision for
obtaining areas with avocado plantations in the study area.
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Table 5. Confusion matrix of combinations of SAM, SID and vegetation indices.

Number of pixels

Percentage

Treatment

Success

Error

Total

Success

Error

Commission error

SAM

76

44

120

63.1

36.6

6.7

SID

117

3

120

97.5

2.5

13.2

ARI1

103

17

120

85.8

14.1

11.6

ARI2

80

40

120

66.6

33.3

18.7

NDVI

108

12

120

90

10

31.7

Simple Ratio

95

25

120

79.1

20.8

26.8

SAM + ARI1

63

57

120

52.5

47.5

2.44

SAM + NDVI

74

46

120

61.6

38.3

4.2

SID + ARI1

102

18

120

85

15

9.7

SID + ARI2

80

40

120

66.6

33.3

41.1

SID + NDVI

108

12

120

90

10

14.2

SID + SR

95

25

120

79.1

20.8

23.6

Results and discussion
The validation results indicate that the combination with SID achieved an accuracy of 97.5%
to detect avocado, while the SAM treatment obtained an accuracy of 63.1%, being SID a more
effective algorithm than SAM, both individually and in combination with vegetation indices,
so we agree with what was mentioned by Du et al. (2004) that SID is a spectral classification
method that uses a measure of divergence to match the pixel response of the image to the
reference spectra.
As with what was observed by Du et al. (2004), who indicates that the SID algorithm can
characterize spectral similarity and variability more efficiently than other classification algorithms,
since it sees each pixel spectrum as a random variable, and then measures the discrepancy of the
probabilistic behaviors that exists between two spectra. Regarding the vegetation indexes tested,
the highest percentages of success are ARI1 with an accuracy of 85.8% and NDVI 90%.
Among the combinations of vegetation indices with the algorithms and the result of the confusion
matrix (Table 5), the methods that achieved greater precision are: SID with the indices ARI1, ARI2,
NDVI and SR with a percentage of 85%, 66.6 %, 90% and 79.1% respectively, despite the sum of
the algorithm with the NDVI index it obtained a higher percentage of precision, in this case it is
not recommended because it tends to overestimate the established area of avocado plantations, the
combination of SID plus ARI2 shows a too conservative result underestimating the area of avocado
plantations currently established (Figure 8 to 11).
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Figure 8. Combination of the SID + ARI1 index Figure 9. Combination of the SID + NDVI index
for 1-3 year plantations and
plantations from 3 to 6 years and
validation points.
validation points.

Figure 10. Combination of the SID + ARI2 Figure 11. Combination of the SID + SR index
plantations from 3 to 6 years and
index plantations from 3 to 6
validation points.
years old and validation points.

Other combinations of indices and methods gave results less than 60% of the precision, so they are
not recommended. Regarding the combinations of the spectral angle parameters with the vegetation
indices, a better response was obtained with the maximum angle (radians) 0.025, 0.05 and 0.075,
resulting in an image with greater coherence and better quality, as mentioned by Robson et al.
(2016) that the additional extraction of specific spectral information shows strong correlations
between the derived vegetation indices and a series of measured parameters.
The results obtained from the combined methods applied to the Sentinel-2 image show reliability
when exposing sites with a high probability of being planted with avocado crops, which is
corroborated with what was observed by, which indicates that the results of the classification
confirm the high Sentinel-2 potential to obtain specific crop types and tree species maps.
In terms of spectral information, the red curve and short-wave infrared waves (SWIR) for mapping
the vegetation, as well as the blue band were important in obtaining the presence of the avocado
crop in the study area. The result of the presence of planted area of avocado cultivation in the
municipalities of Coatepec Harinas and Donato Guerra with 70% precision (Figures 11 and 12) is
5 658.62 ha and 5 901.57 ha, with a total of 11 560.19 ha.
Data that differs from those reported by SIACON (2017), who reports an area for these two
municipalities of 5 501.36 ha, as well as the SIAP (2017), which reports 3 188.36 ha for the two
municipalities, for 2018 the SIAP reports a planted area of avocado in Coatepec Harinas of 2 155
ha and for Donato Guerra 1 493 ha. The difference in the reported data on the planted area of the
avocado crop in the study area with respect to those obtained is attributed to the fact that official
statistics are three and one year’s different from the information obtained.
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With the treatments applied to the Sentinel-2 image, in addition to the existence of reports that
avocado plantations have increased in the study area in recent years. It is important to mention that
these new plantations are being established in areas previously covered with forest, which causes
deforestation of them, becoming the source of significant environmental problems in the short,
medium and long term, as occurs in the state of Michoacán, where experts point to the avocado
crop as being responsible for an ecocide of incalculable magnitudes (Montiel et al., 2008; Toledo
et al., 2009).
Figures 12 and 13 show the avocado mapping in Coatepec Harinas and Donato Guerra, State of
Mexico, obtained by combining the SID and the ARI1 index, on the result obtained from the
combination of the algorithm and the index, the validation points were superimposed obtained in
the field. These are found in areas identified with the presence of avocado cultivation in both
municipalities, in addition to displaying a pattern of behavior with the establishment of avocado
plantations.

Figure 12. Mapping of the avocado in Coatepec Harinas, State of Mexico, obtained by combining the SID and
the ARI1 index.

Figure 13. Mapping of avocado in Donato Guerra, State of Mexico, obtained by combining the SID
and the ARI1 index.

In areas with steep slopes and areas where previously there was another type of vegetation, which
coincides with that observed by Chávez et al. (2012) that the complexity of avocado cultivation
due to the large area it occupies, its production cycle, the use of agrochemicals and the effect on
the environmental environment, make this product-system drastically influence the change in land
use and in the deterioration of the environment in which it thrives.
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In the Figure 13 shows that the result obtained with these methods shows an increase in the area
planted with the avocado crop to the northwest of the municipality of Donato Guerra, which may
be influenced by its proximity to the state of Michoacán. The vegetation that provided results
closest to what happens in the field was that of 1 to 3 years and 3 to 6 years with the angle 0.0025
and 0.0075 with the combination SID plus ARI1.
The vegetation index with the best percentage of precision both individually and in combination
with SID was NDVI, which obtained 90% precision; however, it should be noted that the result
on the validation cartography at the regional level shows an overestimation of the presence of
the avocado crop. Therefore, it is attributed to the commission error, being the combination of
SID plus ARI1 with 70% precision that minimally underestimates the presence of the avocado
crop. A greater precision is appreciated due to the presence of a number of more representative
pixels compared to the other combinations, this is attributed to the age of the plantations that
according to the index and type of vegetation to determine it, trees from 1 to 3 years and 3 to
6 years were the ones that showed a uniform behavior both in the spectral signature and in the
result obtained.
The change in antiocyanin, which is a pigment that gives plants red, blue, or purple, in the leaves
indicates changes in foliage, shoot growth, or death. However, weakening vegetation contains
higher concentrations of anthocyanins, making this index a measure of stressed vegetation.
Affirmation with which it differs, because its behavior in plantations with ages from 1 to 3 years
and from 3 to 6 years showed good performance.
This is attributed to the fact that increases in ARI1 indicate changes in the foliage through new
growth, which is why this index was correct. According to the behavior of the NDVI index and its
combination with SID. Where commission error was obtained and vegetation and patterns did not
fully meet the requirements of this index, it is attributed to what was observed by Gill et al. (2009)
who comments that the NDVI has some problems in estimating the vegetation cover.
For example, this index begins to saturate when the vegetation cover is over 50% and is not
sensitive to green when the vegetation cover is low. For this reason, it can overestimate or
underestimate the vegetation cover, giving erroneous information in some areas (Zhongming et al.,
2009). Probably one of the explanations for the lack of precision and errors in the indexes and
combinations applied to this research is due to what was found in several studies (Castro et al.,
2004; Sánchez and Castro, 2006; Kalacska et al., 2007), having a pixel size of 10 m, if the surface
occupied by the tree tops is less than this, species identification problems may occur, which is one
of the reasons for not finding satisfactory results. It could be the contamination of the pixel by
climbing, epiphytic or nonstructural species, leading to confusion in the characteristic spectral
signature of trees, as has been shown in studies carried out in tropical forests.
Authors like Abdulridha et al. (2019) in their remote sensing detection research on avocado
diseases mentions that the avocado industry would benefit from an automated and remote detection
method to help growers make timely management decisions. Therefore, it is important to recognize
that the technology of remote sensors that, given its exhaustive spatial focus and the timing of visits
to the same pixel, poses an efficient and low-cost solution (Zhang et al., 2012).
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Therefore, the quality of the results and the availability of the information makes Sentinel-2 a viable
and reliable alternative for the avocado crop identification. This can be supported by adopting
measures proposed in various studies (South et al., 2004; Peña et al., 2008; Peña et al., 2011) in
which the information on the use of agricultural land is updated routinely in many growing regions
in the USA and Europe; through farmer communications or visits by administrative inspectors to
selected fields.

Conclusions
The vegetation index methods, SAM and SID algorithms and the combination of these in the
free access images of the Sentinel-2 sensor, show high potential for the identification of areas
planted with the avocado crop. The Sentinel-2 image processed with the SID algorithm has
great potential for vegetation identification studies, showing high resolution and precision. The
ARI1 vegetation index provided greater reliability when determining the pattern followed by
the avocado crop.
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