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Abstract
This paper defines a land cover classification technique based on the annual NDVI cycle. A similarity measure based directly on the
components of the Discrete Fourier Transform is used to determine a pixels class membership. This Fourier component similarity measure
produces an objective, computationally inexpensive and rapid method of classification that is able to classify rangeland vegetation by dominant
shrub type, and which performs favorably compared to previously published classification techniques. By also defining a Fourier component
based coverage measure this technique provides an estimate of vegetation coverage.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
Temporal signatures of remotely sensed vegetation indices
provide one basis for image classification. In fact, time
evolution of spectral reflectance (or derived vegetation indices)
contains significantly more information than any measurement
at a given point in time. The Discrete Fourier Transform (DFT),
despite being well suited for analyzing cycles within time series,
has not been well developed for this purpose. This paper seeks
to provide this development by proposing a classification
technique based on the DFT of the annual cycle of the
Normalized Difference Vegetation Index (NDVI).
An essential requirement for shape description of annual
NDVI-cycles is the removal of high frequency noise. DFT has
been successfully used by various authors to minimize noise in
NDVI time series and enhance relevant vegetation features.
Andres et al. (1994), Azzali and Menenti (2000), Menenti et al.
(1993), Moody and Johnson (2001), and Olsson and Eklundh
(1994) calculate noise filtered NDVI-cycles mostly using just
the first two harmonics and submit the smoothed outputs to
further analyses. Geerken et al. (2005b) interactively weigh
individual harmonics as calculated from a reference vegetation
⁎ Corresponding author.
E-mail address: jason.evans@yale.edu (J.P. Evans).
0034-4257/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.rse.2006.05.017

cycle to enhance the characteristic features. Optimum Fourier
parameters are applied to the entire satellite image and pixels of
similar shape are identified by comparing them to the reference
cycle. The measurement of similarity is based on linear
regression calculated between the reference cycle and the target
cycles. Shape similarity is given by the correlation coefficient,
vegetation coverage by the corresponding slope value. While
the Fourier Filtered Cycle Similarity algorithm (FFCS) of
Geerken et al. (2005b) produces detailed classifications for
rangeland vegetation covers, the process is computationally
intensive and requires interactive user inputs.
Following the requirements for rangeland classification as
described in Geerken et al. (2005b) and our experience with the
FFCS classification, we developed an alternative DFT based
classification algorithm that is significantly cheaper computationally, and requires no subjective input from an expert user.
Like the FFCS classification it is independent from scene
statistics and therefore spatially and temporally comparable.
In Section 2 the Fourier Component based shape Similarity
Measure (FCSM) is defined and shown to contain the shape
invariance properties desired. Section 3 presents and tests the
classification itself, while Section 4 compares these results with
those obtained from the FFCS classification as well as
presenting an alternative measure to discriminate within class
vegetation coverage. The conclusions are given in Section 5.
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2. Shape similarity
As discussed by Geerken et al. (2005b), the common NDVI
feature between identical vegetation types, vegetation communities or distinct functional characteristics is the similarity in the
shapes of their growing cycles (Aguiar et al., 1996) or their
NDVI-cycles. Variations in absolute NDVI-values are not
necessarily vegetation type diagnostic, and may vary considerably depending on vegetation coverage and vigor. In classifications, therefore, the primary classifier should be a quantifiable
measure which describes shape similarity between NDVIcycles.
Typical Fourier transform based shape similarity algorithms,
as discussed by Loncaric (1998), are designed to characterize
the shapes of the boundary of 2-D objects. To this end they
focus on the amplitude of the Fourier components, ensuring
invariance to phase shifts simply by ignoring the phase. In our
case the NDVI curve does not represent a closed boundary and
phase shifts cannot be ignored.
Our algorithm quantifies the similarity between NDVI cycles
of individual pixels and is designed to consider the various
dynamics that may influence vegetation growth under different
growing conditions. In this regard the algorithm is invariant to
shape transformations including: amplitude scaling; time
(phase) translation; amplitude translation; and noise. Amplitude
scaling would occur if the same vegetation were growing with
greater vigor or a more complete coverage, thus allowing the
peak NDVI value to be higher. Time translation would occur
primarily due to an earlier or later onset of rain. Amplitude
translation would result from differing backgrounds, e.g.
different soil types under semi-arid shrub lands or different
understory below deciduous forests.
The similarity measure is based on the amplitude and phase
of DFT components of the annual NDVI cycle. Any such cycle,
f(t), may be represented using a DFT
Fk ¼

N −1
X

ft e−2pikt=N

ð1Þ

t¼0

Eq. (1) can be written as a real part (Eq. (2)) and an imaginary
part (Eq. (3)),
Fc ðkÞ ¼

N −1
X

ðft cosð2pkt=N ÞÞ

N −1
X

ðft sinð2pkt=N ÞÞ

ak ¼

Ak
A1


hk ¼

ð6Þ

Ak
A1



ð3Þ

where t is the NDVI layer number, ft is the tth sample value, k is
the number of Fourier component or harmonic, N is the total
number of layers (or samples), Fc(k) is the cosine (real part) and
Fs(k) is the sine (imaginary part).
The amplitude Ak of each harmonic can be calculated as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Fc2 ðkÞ þ Fs2 ðkÞ

½2 þ cosðk/1 −/k Þ

ð7Þ

ref

The relative amplitude, αk, and phase, θk, are defined for
each harmonic. The relative amplitude is the kth amplitude
relative to the first (or annual) amplitude. The relative phase is
the cosine of the difference between the first phase and the
kth phase, in the kth components phase space; adding a
value of two ensures positive values. By multiplying the result
by the appropriate relative amplitude, αk, of the reference
cycle we achieve a scaling according to each harmonics'
significance.
If the annual wave is the harmonic with the largest
amplitude, as is the case for many managed and natural
vegetation covers, we have 0 ≤ αk ≤ 1 and 0 ≤ θk ≤ 3. Hence in
order to give the relative amplitude and phase similar weighting,
and using a Euclidean distance based metric, the similarity
measure, ξ, is defined in Eq. (8).
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
m
X
X
2
2
n¼3
þ
ðaref
−a
Þ
ðhref
k
k −hk Þ
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ð8Þ

k¼1

ð2Þ

t¼0

Ak ¼

ð5Þ

In our classification each vegetation type is defined by a
reference NDVI cycle, extracted from an image pixel. The
measure of similarity between the reference cycle and the target
cycles is based on the relative amplitude, α, and the relative
phase, θ, defined in Eqs. (6) and (7). It is a relatively simple
mathematical task to show that a measure based on the absolute
amplitude can not satisfy the amplitude scaling requirement,
while a measure based on the absolute phase can not satisfy the
time translation requirement, hence the use of relative rather
than absolute values.

k¼1

t¼0

Fs ðkÞ ¼

and the phase ϕk is given by


Fc ðkÞ
/k ¼ arctan
Fs ðkÞ

ð4Þ

ξ is zero if the cycles have the same shape and increases as
differences between the shapes increase. Testing this measure
for the required properties as defined above shows that it is
invariant to amplitude translation as the mean NDVI value is
removed during DFT. ξ is also invariant to amplitude scaling as
this manifests as a scaling of each harmonic's amplitude which
is removed when divided by the first amplitude. Using a
measure based on the first m Fourier components also ensures
invariance to noise, assuming that noise is contained in the
higher order terms (white noise).
Time (or phase) translation does not affect the relative
amplitude hence this invariance needs to be proved for the
relative phase only. Time translation of the NDVI cycle by a
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factor ϵ results in a change in the first (annual) phase of ϵ, but a
change in the kth phase of kϵ, hence Eq. (7) becomes
 
Ak
hk ð / þ e Þ ¼
½2 þ cosðk f/1 þ eg−f/k þ kegÞ
A1 ref
Ak
¼
½2 þ cosðk/1 þ ke−/k −keÞ
A1 ref
Ak
¼
½2 þ cosðk/1 −/k Þ ¼ hk ð/Þ
A1 ref

3. Classification
The algorithm relies on there being an NDVI cycle
present which, in areas dominated by bare soil and rock, may
not be the case. Pixels with annual amplitude less than
0.0311 are deemed to have no vegetation cover and are
excluded from the remaining analysis. This cutoff value was
determined by interactive examination of the NDVI time
series and the ground truthing data, and defines the bare soil
class (class 9). Noise rather than phenology is thought to
dominate at frequencies smaller than 1 month hence
harmonics representing these frequencies are dropped from
the analysis, (harmonics 12 and higher). The time translation
invariance property was required in order to account for
climatic gradients that are in the order of ± 4 weeks (not
considering some snow covered areas). If applied without
restriction the NDVI peak may move to other seasons and
hence implies that different phenologies may be considered
to be the same cycle. In order to avoid this, a limit of
± 1 month is placed on the annual phase before a similarity
measure is calculated. The classification is created by first
calculating the similarity of the annual NDVI cycle of a pixel
to each reference pixel using Eq. (8). The pixel is then
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assigned to the class of the reference pixel to which it is most
similar, that is, it is assigned to the class with the minimum
FCSM (ξ).
To test our shape similarity algorithm we selected the semiarid to arid rangelands of the Syrian Steppe, also including areas
of the Fertile Crescent falling into the dry sub-humid climate
zone (Fig. 1). This covers a range of natural and managed
vegetation types with NDVI-cycles displaying different shapes.
For demonstrating the potential of the algorithm we used a
subset of a SPOT Vegetation NDVI time-series (SPOT
Vegetation, 2004), covering the rangelands of Syria and
spanning one annual cycle from 1 October 2000 to 21
September 2001.
For the rangelands it was the objective to differentiate among
various perennial shrub types, characterized by differences in
the length of their growing period (Geerken et al., 2005a). In
this particular case differences in the growing period are also
indicative for the shrubs' palatability. We further wanted to
separate the perennial shrubs from the annual grasses, a
differentiation helpful for assessing soil erosion risk. In the
Fertile Crescent we find different field crops either rain-fed or
irrigated, single crop or double crop areas, tree crops
(deciduous, evergreen), and forests (deciduous, coniferous).
While the FFCS algorithm of Geerken et al. (2005b), because of
its use of linear regression as a similarity measure, is restricted
to vegetation types with a quasi-normally distributed NDVIcycle, no such restrictions apply to the FCSM algorithm. NDVIcycles from snow covered areas have been flagged, as snow
causes sudden drops in NDVI values. This affects the shape and
the magnitude of NDVI-cycles, with the evaluation of shapes
being further complicated by the variable length of snow cover
periods. Thus any pixels that are snow covered for a period
significantly different to that of the reference pixel will not be
assigned to this class, this is particularly true on the fringe of the

Fig. 1. Location map.
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Table 1
Class descriptions and reference NDVI cycles
Description
Class 1 Vegetation with an extended
growing period: Woody
shrubs, some herbaceous
shrubs and annual grasses.
Dominant shrubs are Noaea
mucronata (limited
palatability), various
Atriplex species (in
reserves) and Peganum
harmala (limited palatability).
Class 2 Vegetation with an extended
growing period: Woody
shrubs and annual grasses.
Dominant species is
Cornulaca setifera, some
Noaea mucronata,
Astragalus, and Peganum
harmala (shrubs are of
limited palatability).
Class 3 Vegetation with a “regular”
growing period: Annual
grasses and woody shrubs
including palatable shrub
species like Artemisia herba
alba, Salsola.

Class 4 Short lived grasses, denser
coverages may also include
areas of some rainfed
cultivation.

Class 5 Single crop of wheat or
barley either rainfed or with
supplementary irrigation.

Class 6 Tree crops and rainfed grain
or grasses.

NDVI reference cycle

Table 1 (continued)
Description

NDVI reference cycle

Class 8 Snow. Identifies pixels that
are snow covered for part of
the year. If the length of time
a pixel is snow covered
varies significantly from the
reference cycle it may not be
placed in this class.

snow covered areas which remain largely unclassified. Class
descriptions can be found in Table 1 for all classes except class
9. Class 9 contains pixels with NDVI cycles that do not display
any seasonality. In this class NDVI values remain very low and
it is representative of bare ground with perhaps some sparse
vegetation coverage. While it is theoretically possible that
vegetated areas, such as evergreen forests, may contain little or
no recognizable annual cycle, it was found that implementation
of the definition of class 9 given previously did not misclassify
any forested pixels into this class.
The number of classes found using this technique depends
entirely on the number of reference cycles used. An NDVI
reference cycle is defined as a single pixel, identified as being
purely covered by a single vegetation type. Further field work
which identifies additional “pure” pixels, representing distinct
vegetation types, may substantially change the distribution of
classes shown in Fig. 3. Rangeland reference pixels where
chosen based on field measurements. These were first identified
by eye as being homogenous over a large area (greater than
1 km2). The Syrian rangelands are mostly flat and contain low
growing vegetation. From these sites three 30 × 2 m transects
separated by 50–100 m were sampled. Along each transect we
identified all vegetation types, for some we also measured their
coverage. The areas found to be as close to a single species as
possible were used as reference pixel sites. Non-rangeland
reference pixels were identified using field data from earlier field
campaigns (CEO digital atlas; http://research.yale.edu/ceo/) in
combination with Landsat and Aster data. Since no information
was then collected about these sites' spatial extent and their
homogeneity, their classes were not included in the accuracy
assessment of the classification.
In total we sampled 207 sites, using the process described
above. In many cases more than one field site would fall within
a 1 km pixel leaving only 161 independent pixel values for
Table 2
FCSM classification confusion matrix

Class 7 Irrigated crop – summer
crops (e.g. Harran Plain) –
also added cycles dominated
by the biannual harmonic to
this class as they also
contain summer irrigated
crops.

Classified data

Reference data
1

2

3

9

1
2
3
7
9
Total
Producers accuracy

32
1
2

4
47
1
2
12
66
71.212

1
1

11
6
2

1
36
88.889

2
0

38
57
66.667

Total

User
accuracy

48
55
5

66.66667
85.45455
0

51
161

74.5098
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Fig. 2. FCSM maps for each class. The star indicates the location of the reference pixel for each class. White indicates no value. Class definitions are given in Table 1.

verification of the FCSM classification. Most of the points only
provided information about the dominant vegetation species, for
23 sites we had additional information, including shrub density
and shrub coverage. Because the field survey took place during
early summer, the classes with annual grasses could rarely be
verified and are poorly sampled (class 3 and class 4). The
clustering of our sampling points (Fig. 1) in the two major
grazing areas of the Syrian Steppe (Aleppo Steppe and Bishri

Mt.) may also bias the accuracy assessment. The field surveys
were originally performed to support interpretation of high
resolution satellite imagery. The field sampling strategy used is
always a trade off between the density that a particular site is
sampled and the number of sites that can be sampled. While
there are scale issues when comparing field points to 1 km
pixels, the nature of the landscape and vegetation (flat and lowlying) reduced this problem compared to most other landscapes.
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Fig. 3. Fourier component similarity measure (FCSM) classification. White pixels are unclassified. They include water bodies, areas with relatively short snow covered
periods and some pixels that differ substantially from all the reference pixels used.

This overall scale mismatch must be remembered when judging
classification accuracy against field data. The spatial range and
diversity of sampling points is adequate for comparison with
1 km SPOT data, but the spatial structure of the survey does not
match the structure of variability in the SPOT image. The
confusion matrix for the classification is given in Table 2. The
overall accuracy of the classification is 72.67%, and the Kappa
Statistic is 0.60.
Fig. 2 presents maps of the FCSM for each class. The lower
the value the more similar a pixel is to the class reference
pixel. Clearly many pixels are assigned FCSM values for
multiple classes reflecting both the similarity of the reference
cycles themselves and the fact that 1 km pixels are in general
mixtures of land cover types rather than being purely one type.
A dominant land cover classification is then produced by
assigning each pixel to the class for which it has the lowest
FCSM, resulting in the classification shown in Fig. 3. It would
also be possible to define classes based on a cutoff value for
the FCSM for each class. This is not done here as it introduces
a subjective factor which would reduce the reproducibility of
results.
4. Comparison with FFCS classification
A classification that is focused on the rangelands and
provides useful distinction of classes there is the Fourier
Filtered Cycle Similarity (FFCS) of Geerken et al. (2005b).
The accuracy of the FCSM classification compares well with
the classification accuracy found by Geerken et al. (2005b)
using their FFCS method tested on the same field points. The
accuracy of the FFCS method, however, was achieved by

using the field points to optimize several free parameters in
the method. Here no such optimization was performed and
the field points represent a truly independent test of the
classification. The development of the FFCS method was
heavily focused on discrimination of dryland vegetation types
and extending it beyond the drylands was not tested,
however the reliance on linear regression requires the NDVI
cycles to be near normally distributed which will only be true
in areas, such as the drylands, that are dominated by the
annual cycle. This limitation does not exist in the FCSM
method and Fig. 3 presents the relative ease with which the
FCSM method can be extended to other climate zones and
vegetation types.
One great advantage of the FFCS method as discussed in
Geerken et al. (2005b) is the discrimination of relative coverage
or vegetation density within each class. It is important to note
that the NDVI values will be affected by the vigor of the
vegetation growth as well as the density of coverage. However,
in the relatively sparsely covered Syrian rangelands, shrub
density varies from a few percent to over 30%. Thus, shrub
coverage varies over an order of magnitude and this dominates
the overall signal on the landscape scale, compared to
vegetation vigor. This is portrayed in Geerken et al. (2005b,
Fig. 10) as changes in intensity of the color representing each
class. Good spatial knowledge of changes in coverage of each
vegetation class is essential for understanding the carrying
capacity for grazing animals and related economic and social
impacts on humans, as well as better overall management of the
drylands, particularly in relation to attempts to stop dryland
degradation and desertification processes (Evans & Geerken,
2004).
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It is desirable then to also have a measure of coverage
derived from the Fourier components which would assist in
addressing such management issues while not requiring the
level of computation and expert adjustment of free parameters
that the FFCS method requires. Higher coverage levels in the
drylands are indicated in the NDVI cycle as a greater range
between the low and high NDVI values. A higher NDVI peak
by itself may not indicate higher coverage as the entire NDVI
cycle can be shifted up or down due to the background
reflectance, i.e. the type of soils. A greater range in the NDVI
cycle within an individual class is manifested in a steeper slope
particularly during green-up. Here we propose a coverage
measure based on the slope, or derivative ft′, of the NDVI cycle.
This is conveniently calculated using the inverse Fourier
Transform as shown in Eq. (9).
ft V ¼ I−1 ½2pikFk 

ð9Þ

where I−1 indicates the inverse Fourier Transform and Fk is the
original Fourier Transform given in Eq. (1). Since the coverage
measure should be related to the slope steepness and not the sign
of the slope, as well as being relative to the coverage of the
reference pixel for each class we define the relative coverage, κ,
as
pP
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V2
t ft
j¼
ð10Þ
jref
Since the slope is sensitive to relatively small variations in
the NDVI during the extended dry season found in the
rangelands, the inverse Fourier Transform given in Eq. (9) is
calculated using only the first five harmonics.
Relatively few observations of coverage were made in the
field. A total of 20 points for class 1 and only 5 points for class
2 are currently available. Field measurements of coverage
which are truly representative of the mean coverage of a 1 km
pixel are particularly difficult to make and hence these
observations are considered preliminary until a more comprehensive survey can be performed. Nevertheless, Fig. 4 shows
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the comparison between κ and the field measurements. The
slope based measure clearly demonstrates potential in
discriminating the density of coverage of various vegetation
covers with class 1 producing a correlation of 0.72 and class 2
correlating at 0.48. By comparison the FFCS methods
coverage measure produced a correlation for class 1 of 0.71
and for class 2 of 0.87. The results for class 1 are statistically
significant at the 1% level. The results for class 2 are not
statistically significant for either method hence this slope based
measure appears to perform as well as the coverage measure
from the FFCS classification.
5. Conclusions
This study presents a land cover classification method based
on how similar the annual NDVI cycles are. Similarity of the
cycles is determined using a newly defined similarity measure
based on components of the discrete Fourier transform of the
NDVI cycle. Land cover classes are defined by the NDVI cycle
of a known reference pixel and all pixels are assigned to the
class to which they are most similar. This Fourier Component
Similarity Measure (FCSM) classification is objective (requiring no user intervention other than the choice of reference
pixel), and requires little computation power or user time to
create. It demonstrates the ability to successfully differentiate
land cover dominated by different shrub types in the rangelands
comparing favorably with the Fourier Filtered Cycle Similarity
(FFCS) classification, the only other classification known to do
this.
A NDVI cycle slope based measure of vegetation coverage
density is also proposed. Though only limited field data are
available this measure performs as well as the measure
associated with the FFCS classification. This would need to
be reassessed after further field work as well as applying the
classification method to higher resolution data (e.g. 250 m
MODIS) where it is expected that coverage estimates
established on the ground would be more representative of the
mean coverage of an entire pixel.

Fig. 4. Comparison of the NDVI cycle slope based coverage measure, κ, and the coverage as determined in the field: (a) class 1, (b) class 2.
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The ability to differentiate various shrub types and coverage
densities, as achieved with this classification technique, should
aid in future rangeland based studies, particularly those with a
focus on human vulnerability and vegetation changes.
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