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Abstract

This study is based on the best crop classification result generated by the proposed unsupervised Machine Learning (ML) method in
Li et al., 2025a, using the spectral indices calculated by the formula with spectral bands from Sentinel-2 image products, Normalized
Difference Vegetation Index (NDVI), Soil Adjusted Vegetation Index (SAVI), Enhanced Vegetation Index (EVI) and Normalized
Difference Moisture Index (NDMI). The patterns and characteristics of these spectral indices, across arable fields with different crop
types following the winter growing seasons, have not yet been analyzed in detail. This research aims to provide a comprehensive study
of each input spectral index and its impact on the crop classification model. Each spectral index is analyzed across a series of crop
fields, using Sentinel-2 images, carefully selected to follow the patterns of winter crop phenology, and the results of unsupervised
classification for each crop type in Norfolk, UK are successfully generated and analyzed. The different growing rates between winter
barley and wheat have been classified found on a monthly basis using Sentinel-2 RGB images and thus the images during the harvest
time, May and June, can support crop classifications. Wild grasses or other plants on the fields led to some crop misclassification from
November to March in the Sentinel-2 RGB images. Similarity between winter barley and wheat and the different sowing time among
the same type of crop also led to misclassification. In future these misclassifications could be avoided through better understanding of

the relation between spectral indices and crop planting cycles.
1. Introduction

Spectral indices have been widely applied in crop and land
studies, and Normalized Difference Vegetation Index (NDVI). is
the most widely used because of its simplicity and that the
necessary spectral bands are available on most multispectral
sensors (Tenreiro et al., 2021); NDVI has been applied in crop
classifications and identifications (Veloso ef al., 2017, Johnson,
2019, Tenreiro et al., 2021, Blickensdorfer et al., 2022, Md-Tahir
et al., 2024), crop yield analysis (Marino ef al., 2021, Belmabhi,
et al., 2023) and Land Use Land Cover (LULC) studies (KC et
al., 2021, Ghorbanian et al., 2022, Ahmed et al., 2023, Md-Tahir
et al., 2024) over many decades of research. Additionally, long-
term LULC mapping has been conducted widely using NDVI
patterns over 5-year or decadal periods (Ghorbanian et al., 2022,
Ahmed et al., 2023). To understand the phenological character of
crops, the NDVI values should be collected and analyzed by
months or at particular date periods throughout the growth cycle.
Some studies have provided NDVI analysis per month but they
included all crop cover (winter and summer crops) in the same
category which was not precise enough for any specific crop
classification (KC et al., 2021, Tenreiro et al., 2021). The
phenological NDVI trends of specific crop types have been
studied and analyzed and some have included winter barley,
wheat and rapeseed (Veloso et al., 2017, Johnson, 2019,
Blickensdorfer et al., 2022, Md-Tahir et al., 2024), which were
used as benchmarks to identify clusters for unsupervised winter
food crop classification. Johnson (2019) produced historical crop
maps in the USA, of corn, soybean and winter wheat, from 1984
to 2007, based on Landsat image products. The NDVI trends of
different crop types (corn, soybean, winter wheat, cotton, rice,
sorghum, canola, barley, sugar beets, potatoes) from March to
November, with data values every 16 days, were analyzed. The
monthly NDVI time series analysis of crop types within a crop

rotation scheme (wheat-fallow, wheat-cotton-rotation, wheat-
rice-rotation and wheat-maize-rotation) were provided in an
unsupervised LULC classification using MODIS and Landsat 5
TM images in Pakistan (Md-Tahir et al., 2024). In these studies,
only the NDVI trends were studied but other spectral indices
were not analyzed in combination with crop phenology. In this
research study therefore, in addition to NDVI trends across
winter food crops, three other spectral indices have been
analyzed, monthly and in combination with crop phenology. The
crop classification results produced by each variable (spectral
index) are presented here.
2. Methodology

Our study area is located in Norfolk, UK, where three types of
food crops, barley, wheat and rapeseed, are the main varieties
grown in the winter. Sentinel-2 atmospherically corrected image
products, with cloud cover less than 10%, were downloaded from
the Copernicus data space ecosystem (Sentinel-2, 2023). The 5
spectral bands of Sentinel-2’s image products, Red, Green, Blue,
Near Infrared (NIR) at 10 m spatial resolution, and Short-Wave
Infrared (SWIR), at 20 m spatial resolution, were used in this
research. The images were resampled to the most suitable pixel
size, 60 x 60 m, to classify the crops using an unsupervised
Machine Learning (ML) model, referred to as FastDTW-HC,
which was constructed using Fast Dynamic Time Warping (DTW)
and Hierarchical Clustering (HC) (Li et al., 2025b). Spectral
indices were calculated on a pixel-by-pixel basis, using well
known formulae to derive NDVI, Soil Adjusted Vegetation Index
(SAVI), Enhanced Vegetation Index (EVI) and Normalized
Difference Moisture Index (NDMI) images, summarised in Table
1. These were used as inputs to our model to generate classified
crop maps in 2020 using FastDTW-HC. To further optimize
FastDTW-HC and to better understand the phenological trends of
winter barley, wheat and rapeseed using these 4 spectral indices,
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all input variables and their crop classification results have been
analyzed following the winter food crop phenology patterns
across three main growing seasons: The germination and seedling
growth stages occur in November and December (GS00-20);
tillering and stem elongation in January, February and March
(GS20-29); stem elongation, flowering and grain filling in April,
May and June (GS30-89) (AHDB, 2025), as shown in Figure 2.
This analysis was conducted across cropped fields identified with
the Ground Observation Points (GOPs) collected by the Rural
Payments Agency (RPA), UK, and are marked as 1A to 3E in
Figures 1b and lc.

Table 1. The formulae of spectral indices used in this study.

Index Formula
NDVI (NIR-Red)/NIR+Red) (Goward et al., 1991)
SAVI (14L)*(NIR-Red)/(NIR+Red+L); where L=0.5

(Huete, 1988)

EVI 2.5*(NIR-Red)/(NIR+6*Red-7.5*Blue+1) (Liu and
Huete, 1995)

NDMI | (NIR-SWIR)/(NIR+SWIR) (Gao, 1996)

Winter barley Winter wheat Winter rapeseed

area (blue box) in Norfolk, UK; (b) GOPs of winter barley
(orange), wheat (blue) and rapeseed (pink) in 2020 (RPA, 2021);
(c) Fields of winter barley marked as 1A to 1L, winter wheat as
2A to 2J, and winter rapeseed as 3A to 3E, at the GOP locations
shown in (b).
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Figure 2. The phenological patterns of winter barley, wheat and
rapeseed illustrated by month. (Li et al., 2025a)
3. Results

Our best unsupervised winter food crop classification result in
Norfolk, UK was generated with NDVI, SAVI, EVI and NDMI
by FastDTW-HC (Li et al., 2025a), as shown in Figure 3. To
understand the respective contributions of the selected spectral
indices, the phenological trends of NDVI, SAVI, EVI and NDWI
of winter barley, wheat and rapeseed have been analysed.
However, the results suggested that more detailed investigations
were required to optimize FastDTW-HC and thus to fully
understand the arable crop phenological changes, which was
achieved through the use of monthly Sentinel-2 image products.
This analysis allowed the visualisation of growth stages of winter
barley, wheat and rapeseed, using Sentinel-2 true-color
composite images. It was found that growth stages clustered into
three seasons: 1. Germination and seedling; 2. Tillering and stem
elongation; 3. Stem elongation, flowering and grain filling
stages; these can all be recognised in true-color composite
images, shown in Figure 4. Crops were, therefore, analysed only
within these three seasons, in the following sections.

Winter

barley

B Winter
wheat

. Winter

rapeseed

Figure 3. The best result of winter food crop classification
compared with GOPs (dots) from RPA, UK (modified after Li ez
al., 2025a).

3.1 Sentinel-2 true-color composite images

Two months, November and December (GS00-20), are included
in season 1, as shown in Figures 4a and 4b. The germination and
seedling stages of winter varieties of crops (barley, wheat and
rapeseed) occur in season 1. It can be seen that these fields appear
very pale green (low vegetation cover) when compared to the
following seasons. Nevertheless, due to the slight difference of
the sowing time across multiple fields, which might have
multiple owners, some winter barley and wheat fields are shown
as bare soil. In season 2, January, February and March, we see
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the tillering and stem elongation stage (GS20-29) of winter food
crops, barley, wheat and rapeseed. The green color of the fields
becomes more obvious and darker, since the stems have
elongated and leaves sprouted out from the stems in this season,
hence the chlorophyll reflectivity is higher, as shown in Figures
4c, 4d and 4e. Season 3, April, May and June, are characterized
by stem elongation, flowering and grain filling stages (GS30-89).
The fields appear darker green in this season, as shown in Figures
4f, 4g and 4h, since the winter crops, barley, wheat and rapeseed
become more mature, with longer stems and denser leaves. The
flowering season occurs in late April and this is clearly seen in
the intense yellowy-green color of the fields occupied by winter
rapeseed with its iconic yellow flowers during the season (Figure
4f). Some other fields sowing seeds of plants in spring trimmed
the grass or plants on the fields in April. Due to the untrimmed
grass or other plants on the fields before April, these spring plants
are misclassified as winter barley or wheat in the classification
results with single spectral index input. In this case, it is worth
adjusting the date ranges of the input images to the ML model, to
avoid this type of misclassification. From late May until mid-
June, it is the grain filling stage which is seen in the dark green
color of the winter barley, wheat and rapeseed fields, which later
became sparse again. June sees harvest time for all these winter
crops arrived in Figure 4h, when many of these green fields
become bare again.

(230" Nov 2019

~

(h) 25 Jun 2020

(2) 28" May 2020

Figure 4. (a to h) Monthly Sentinel-2 true colour composite
(RGB) images throughout the growing season of winter crops
from Nov 2019 to Dec 2020.

3.2 Normalized Difference Vegetation Index (NDVI)

Images of NDVI values are shown in Figure 5, with each image
representing values between 0 and 1 (red to blue) across the crop
fields of the study area, allowing analysis of the chlorophyll
content of the crops throughout the growing season. It is clear
that the NDVI values of winter barley were increasing throughout
the growth season until the point of flowering in April, as shown
in Figure 5. Analysis of the NDVI values shows that two different
germination and seedling periods for winter barley fields (at sites
1A, 1B, 1D, 1F, 1G, 1H, 1J, 1K and 1L; 1E and 1I) can be seen
in Figures 5a and 5b. Around 0.1 difference in NDVI values
caused by the multiple germination periods on same types of crop
fields continued throughout the growth stages from tillering, stem
elongation, flowering and grain filling. Winter wheat and winter
barley share phenological characteristics and hence class
separation is challenging using NDVI alone within the ML
method; misclassifications are visible in this result, as shown in
Figure 6. From germination until flowering, the NDVI trends are
visible in the fields of winter barley and winter wheat, where 2D
and 2E are similarto 1A, 1B, 1D, 1F, 1G, 1H, 1J, 1K and 1L and
2A, 2B, 2C, 2F, 2G, 2H, 2I and 2J are similar to 1E and 11, as
shown in Figures 5a to 5f. From the grain filling stage, the NDVI
values of winter wheat decrease at a lower rate than those of
winter barley; this is evident in the fact that winter wheat fields
had yet to be harvested in late June, as shown in Figure 5h. The
phenological patterns of winter rapeseed are notably different
from both winter barley and winter wheat, and thus it can be
separated readily using only NDVI in the ML model, as shown
in Figure 6. The NDVI values of winter rapeseed in Figures 5a to
Se are higher and increase more rapidly than both winter barley
and winter wheat, between the germination to stem elongation
stages, of November to the late March. In the flowering season,
winter rapeseed shares the same average NDVI values with
winter barley and winter wheat, as shown in Figure 5f. The fields
of winter rapeseed have NDVI values close to 1 after the
flowering season, as shown in Figure S5g, then NDVI values
decrease in the grain filling stage, as shown in Figure Sh.
Although the winter rapeseed fields 3A, 3C, 3D and 3E share the
same NDVI patterns, 3B appears to be different and therefore has
not been classified as winter barley in Figure 6.
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Figure 5. (a - h) NDVI images of the study area derived from
Sentinel-2 data acquired from November 2019 to June 2020.
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Figure 6. The crop classification result using NDVI only in the
FastDTW-HC model comparing with GOPs (dots) from RPA,
UK.

3.3 Soil Adjusted Vegetation Index (SAVI)

In general, the SAVI values of crop fields are slightly lower than
the corresponding NDVI values throughout the growing season
because SAVI is an adjusted spectral index that is less sensitive
to soil color and moisture than NDVI, hence it is designed to be
more sensitive to the chlorophyll content and so to enhance the
presence of vegetation. From the SAVI images, two different
germination periods of winter barley fields (1A, 1B, 1D, 1F, 1G,
1H, 1], 1K and 1L; 1E and 1I) can be identified, in Figure 7a.
Thus, throughout the growing season, as shown in Figures 7a to
7h, the SAVI values across the winter barley fields show slightly
variations. The SAVI values are highest in the flowering stage
and start to decrease from the grain filling stage onwards, which
resembles the patterns seen in the NDVI images. From November
to April, the germination to flowering stages, the fields of winter
wheat share the same SAVI values with winter barley and thus
the majority of winter wheat pixels are misclassified as winter
barley in Figure 8. Unlike NDVI, SAVI values of winter wheat
are slightly lower than those of winter barley in the flowering
stage. The situation of winter wheat growing more slowly than
the winter barley can be seen in Figures 4a to 4h. After the
flowering stage, SAVI values for winter wheat reach their highest
in late May, as shown in Figure 7g, and they decrease in the grain
filling stage in June, as shown in Figure 7h. SAVI values of
winter rapeseed are above 0.5 and are consistently higher than
those of winter barley and winter wheat until late May. From
November to late May, Figures 7a to 7g, SAVI values for winter
rapeseed fields increase until late March and then decrease at the
flowering stage in April, then they and increase again after the
flowers have withered in May. The grain filling stage of winter
rapeseed occurs in June which is reflected in the relatively lower
SAVTI in Figure 7h. In Figure 8, the winter rapeseed field 3C was
not classified at all and 3E was misclassified because the SAVI
trends are different from the other winter rapeseed fields, 3A, 3B,
3D and 3E throughout the growth season.
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Flgure 7. (a- h) SAVI 1mages of the study area derived from
Sentinel-2 data acquired in November 2019 to June 2020.
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Figure 8. Crop classification result using SAVI only in the
FastDTW-HC model comparing with GOPs (dots) from RPA,
UK.

3.4 Enhanced Vegetation Index (EVI)

Compared to NDVI and SAVI, EVI values are lower than NDVI
but higher than SAVI. EVI is a spectral index which includes the
blue band in its calculation, which makes it more sensitive to leaf
cover and therefore the density of vegetation. Referring to section
3.1, two different germination periods of winter barley fields (1A,
1B, 1D, 1F, 1G, 1H, 1J, 1K and 1L; 1E and 11) were still found
in Figure 9a. This influence of around 0.1 EVI value difference
on same crop types continued throughout the growing season
until the harvest time in late June. The germination and seedling
period (November and December), in Figures 9a and 9b, have
similar EVI values in the fields over this period. The EVI values
of winter barley fields increased from January to April (tillering,
stem elongation and flowering stages), in Figures 9c to 9f. In May
(grain filling stage), the EVI values of winter barley decreased in
Figure 9g and returned to around 0.25 in Figure 9h during the
harvest time in June. In November, grasses could clearly be seen
on two fields of winter wheat, as shown in Figure 4a, where the
EVI values of winter wheat fields 2G and a part of 2J are above
0.6, as shown in Figure 9a. In December, these two fields are
trimmed to bare soil in December, leading to EVI values of nearly
zero, and thus winter wheat on fields 2G and 2J are subsequently
sown later in December, as shown in Figure 9b. The influence of
sowing may influence the classifications in Figure 10, where
most pixels in these two fields have been recognized as winter
barley. Though few of the pixels in the other winter wheat fields
are correctly clustered, most pixels are classified as winter barley
due to the similarity between winter wheat and barley (2D and
2E are similar to 1A, 1B, 1D, 1F, 1G, 1H, 1J, 1K and 1L and 2A,
2B, 2C, 2F, 2G, 2H, 2I and 2] are similar to 1E and 11, as shown
in Figures 9a to 9f) on EVI values. The difference of EVI values
can be seen in Figures 9g and 9h, May and June, which improves
the classifications of winter wheat.

The EVI trend across winter rapeseed fields are clearly different
from those of NDVI throughout the growing season. At the
germination stage (November) the winter rapeseed fields had
high values above 0.7 in EVI, as shown in Figures 9a and 9b. The
EVI values decrease in December and remain very similar from
January to March, the tillering and stem elongation stages, in
Figures 9c, 9d and 9e. At the flowering stage (April), the EVI
values decrease again since the flowers effectively obscure the
leaves from satellite observations. Thus, after the flowering, the
dense leaves are shown again and the EVI values gain again and
reach around 1 in Figure 9g, the highest throughout the
phenology. In June, the grain filling stage in Figure 9h, the EVI
values reduce to their lowest because the plants senesce (turn
yellow) and droop during this period.
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Figure 9. (a - h) EVI images of the study area from Sentine-2 data

acquired in November 2019 to June 2020.
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Figure 10. Crop classification result using EVI only in the
FastDTW-HC model comparing with GOPs (dots) from RPA,
UK.

3.5 Normalized Difference Moisture Index (NDMI)

The calculation of NDMI includes SWIR band reflectance which
is sensitive to Water Content (WC) within the plants i.e. canopy
moisture (not soil moisture). Plant WC varies throughout the
growing season, and it therefore enables crop phenology to be
analyzed and classified. However, WC can be influenced by
either irrigation or rainfall or both. The monthly cumulative
rainfall at Norfolk is shown in Figure 11; careful analysis of
NDMI patterns and trends (Figure 12) over the period of a year
reveals that there is no clear or direct relationship between
rainfall and NDMI. The hypothesis of the link between irrigation
and WC of crops could not be confirmed. At the early stage of
winter food crop growth, minimal irrigation is needed and excess
moisture can lead to damaged crops (ReuB et al., 2025). In
March, the values of NDMI are at the lowest of the year, which
may be a result of the lack of both irrigation and rainfall. After
stem elongation, in flowering and grain filling stages, adequate
soil moisture is required to ensure the yields of winter food crops
(NeSmith and Ritchie, 1992, Svobodova and Misa, 2004).
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Figure 11. Monthly accumulative rainfall from November 2019
to June 2020.

The NDMI trends of winter barley and wheat are similar from
November to April, from Figures 12a to 12f. Thus, as shown in
previous sections, most pixels of winter wheat are recognized as
winter barley. However, in May and June, the NDMI values of
winter barley and wheat have significantly difference, so the
pixels of winter wheat are better extracted, as compared to the
results of SAVI and EVI, as shown in Figure 13. Winter barley
reaches the grain filling stage in May and harvest time in June
but winter wheat matures more slowly after the flowering stage
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and is still at the grain filling stage in June, whereas the NDMI
values of winter wheat remains higher than winter barley in May
and June, as shown in Figures 12g and 12h. Compared to winter
barley and wheat, winter rapeseed has a higher requirement for
water (Miyasaka et al., 2021) and it can be seen that its NDMI
values are higher than winter barley and wheat throughout the
growing season, as shown from Figures 12a to 12h. From
November to April, in germination to flowering stages, there is
no obvious variation in the NDMI values for winter rapeseed.
Until the grain filling stage, the NDMI values of winter rapeseed
increase around 0.1 to 0.15 in Figure 12g and the NDMI values
decrease in June since the winter rapeseed grain matures and
dries at this time, in Figure 12h.
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Figure 12. (a - h) NDMI images of the study area from Sentinel-
2 data acquired in November 2019 to June 2020.
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Figure 13. Crop classification result using NDMI only in the
FastDTW-HC model.

4. Conclusions

The most successful result from our unsupervised winter food
crop classification was generated using the combination of NDVI,
SAVI, EVI and NDMI indices by the FastDTW-HC method.
Despite the success of the method, there are still some
misclassifications, and these can be analyzed, from the variable
contributions of each spectral index, to improve the method for
the future application. Detailed analysis, using Earth Observation
data, to understand the conditions of crops throughout growing
season becomes vital and has been the focus of this research
study. Following the patterns of winter food crop phenology,
across the three main growing seasons, winter crop types, barley,
wheat and rapeseed have been analyzed using spectral indices
and color composite (RGB) images derived from Sentinel-2
imagery. There are several key findings:

(1) Misclassifications caused by spring plants were identified in
the monthly Sentinel-2 RGB images as untrimmed grass or other
plants growing across the fields from November to March.

(2) Misclassifications are also caused by similarities in the
chlorophyll content, and leaf and plant structures shared by
winter barley and wheat. These similarities lead to
misclassifications when using a single parameter for crop
classification. However, NDMI which detects the water content
of plants, is considered to be a spectral index that could better
classify winter barley and wheat.

(3) Different sowing times in fields with the same crop type was
identified using the Sentinel-2 RGB images acquired in
November and December of each year. This caused variations in
spectral index values among the fields throughout the whole
growing season and caused further misclassifications while
grouping pixels with the same crop types to the same cluster.

(4) The different growing rates between winter barley and wheat
were helpful in crop classification because of clear differences in
the values of spectral indices were observed in May and June,
during the grain filling stage and harvest time.

With the detailed analysis of growing conditions across the arable
crop fields throughout the year, it is suggested image acquisition
dates should be carefully selected to help avoid the
misclassifications causing by the growth of spring plants. It is
also recommended that NDMI should be used in crop studies,
capitalizing on its sensitivity to water content in plant cells, to
assist in discriminating crops that share physical and chemical
characteristics in the same growing season.
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