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Abstract

Harmonic analysis of a one-year time series (26 periods) of
NOAA AVHER NDVI biweekly composite data was used to
characterize seasonal changes for natural and agricultural
land uselland cover in Finney County in southwest Kansas.
Different crops (corn, soybeans, alfalfa) exhibit distinctive
seasonal patterns of NDVI variation that have strong periodic
characteristics. Harmonic analysis, also termed spectral
analysis or Fourier analysis, decomposes a lime-dependent
periodic phenomenon into a series of sinusoidal functions,
each defined by unique amplitude and phase values. The
proportion of variance in the original time-series data set
accounted for by each term of the harmonic analysis can also
be calculated. Amplitude and phase angle images were pro-
duced from analysis of the time-series NDVI data and corre-
lated with information on crop type and extent for the region
to develop a methodology for crop-type identification. Crop
tvpes occurring in southwest Kansas, including corn, winter
wheat, alfalfa, pasture, and native prairie grasslands, were
characterized and identified using this technique and biweekly
AVHRR composite data for 1992. For crops with a simple phe-
nology, such as corn, the majority of the variance was captured
by the first and additive terms of the harmonic analysis, while
winter wheat exhibited a bimodal NDVI periodicity with the
majority of the variance accounted for by the second har-
monic ferm.

Introduction
Recent advances in remote sensing technology and theory have
expanded opportunities to characterize the seasonal and inter-
annual dynamics of natural and managed vegetation communi-
ties. Studies have shown that the temporal domain of multi-
spectral data frequently provides more information about
vegetation cover and condition than the spatial, spectral, or ra-
diometric domains (Briggs and Nellis, 1991; Kremer and Run-
ning, 1993; Eastman and Fulk, 1993; Samson, 1993; Reed ef al.,
1994). Time series analysis of Advanced Very High Resolution
Radiometer (AVHRR) multispectral imagery has allowed scien-
tists to examine regional- to global-scale phenological phenom-
ena such as greenup, duration of green period, onset of sene-
scence, and changes in seasonally dependent biophysical vari-
ables such as leaf area index (LAl), biomass, and net primary
productivity (Tucker et al., 1985; Roller and Colwell, 1986;
Achard and Brisco, 1990; Eastman and Fulk, 1993; Reed et al.,
1994; Lancaster et al., 1996; Myneni ef al., 1997).

Approaches to the analysis of time series remotely sensed
imagery have varied considerably, from standardized princi-
pal component analysis (Eastman and Fulk, 1993), to textural
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analysis (Briggs and Nellis, 1991), to the development of phe-
nological metrics that describe seasonal changes in the normal-
ized difference vegetation index (NDv1) (Lloyd, 1990; Samson,
1993; Reed et al., 1994). While metrics defined by Lloyd and
Reed et al. are excellent descriptions of a particular time-series
phenomenon and have found general acceptance and applica-
tion in ecology and agriculture (Loveland et al., 1995; Reed et
al., 1996; Kastens ef al., 1997; Reed and Yang, 1997; Tieszen et
al., 1997;), they do not represent a true time-series analyses,
defining instead the characteristics of a time-series phenome-
non (e.g., the height, magnitude, duration, or area of the time-
series curve).

In this paper, we describe the application of harmonic
analysis (also known as Fourier analysis) to a 26-period time
series of NOAA-AVHRR NDVI biweekly composite NDVI data of
Finney County, Kansas. We discuss the theory behind har-
monic analysis (HA) of time series, some applications of one-
and two-dimensional harmonic analysis of time-series data in
otherresearch fields, and the application of HA specifically toa
time-series of satellite imagery. Within the scope of this paper,
we discuss only the application of the HA to a single year of
NOAA-AVHRR data (26 periods), focusing on five specific land-
use/land-cover types common to the study area (irrigated corn,
winter wheat, irrigated alfalfa, native shortgrass prairie, and
native sandsage prairie as case examples of the harmonic analy-
sis applied to time-series imagery.

Overview of Harmonic Analysis

Briefly defined, harmonic (Fourier) analysis permits a complex
curve to be expressed as the sum of a series of cosine waves
(terms) and an additive term (Rayner, 1971; Davis, 1986), Each
wave is defined by a unique amplitude and a phase angle,
where the amplitude value is half the height of a wave, and the
phase angle (or simply, phase) defines the offset between the ori-
gin and the peak of the wave over the range 0 to 27 (Figure 1a).
Each term designates the number of complete cycles com-
pleted by a wave over the defined interval (e.g., the second term
completes two cycles) (Figure 1b). Successive harmonic terms
are added to produce a complex curve (Figure 1c), and each
component curve, or term, accounts for a percentage of the
total variance in the original time-series data set. Fourier analy-
sis has been used in digital image processing for analysis of a
single image as a two-dimensional wave form (Jensen, 1996;
Schowengerdt, 1997), and more recently has been used for ana-
lyzing sets of successive regular multidate samples of satellite
remotely sensed imagery (Andres ef al., 1994; Olsson and
Eklundh, 1994; Verhoef et al., 1996; Azzali and Menenti, 2000).
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Figure 1. (a) Simple cosine curve representative of the first harmonic. (b) Curves for harmonic terms 1, 2, and 3. (c) Curve
produced from addition of curves in Figure 1b.

Mathematical Definition of Harmonic Analysis
Fourier series analysis decomposes a signal into an infinite
series of harmonic components. Each of these components is
comprised initially of a sine wave and a cosine wave of equal
integer frequency. These two waves are then combined into a
single cosine wave, which has characteristic amplitude (size of
the wave) and phase angle (offset of the wave). Convergence
has been established for bounded piecewise continuous func-
tions on a closed interval, with special conditions at points of
discontinuity. Its convergence has been established for other
conditions as well, but these are not relevant to the analysis at
hand. For simplicity, the following write-up is for functions
which are continuous in the closed interval [0,L], but these
results can easily be generalized to piecewise continuous func-
tions. In this paper, L = 26, because there are 26 biweekly com-
posite periods in the 1992 data set, and any period x (1 to 26)
occurs in that data set.

Let f(x) be a continuous function on [0,L]. Then

=
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The right hand side is the Fourier series representation for f(x).

By the orthogonality properties of sine and cosine, the
above equation can be manipulated (multiplied by a function
and integrated) twice to yield the following equations for a, and
b,,, the coefficients of the Fourier series:

f(x) cos X dx forn=0 (2)

I""‘IN

Xdx forn=0 (3)

t“*IN

|
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L
Note that b, =0 and W=7 J f(x) dx, which is actually the

function average for f(x). With the coefficients as defined
above, the Fourier series is unique (i.e., if two Fourier series
describe a function, then it can be shown that corresponding
coefficients of the two series must be equal and hence the two
series are the same).
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Define the jth harmonic to be the jth term in the Fourier
series (for j = 1), given by

2mjx
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L
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The jth harmonic can be converted to a single cosine term
as follows:
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where ¢; = /aj + bf is the length of the vector (a;,b;) in the xy-

plane, and ¢; = arctan — % !is the angle (direction) of the vector
{a;,b;) in the xy-plane. Because the inverse tangent function

. s m
only returns values in the interval [—% ; E] , wheneverg; <0

b;
arctan —a— + 7 must be used to obtain
7]
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a true phase angle. It follows that ¢, e [ T B ] If ¢ is

defined to be% ay, we have the following:

f@= s+ S cacos (2”"" ~ ¢,,), (a)
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where ¢, is the amplitude of the nth term (which is the nth har-
monic), and ¢, is the phase angle of the nth term.

For a finite data set |y(k); k = 1, 2, ..., NJ, a finite tech-
nique that does not involve integrals is needed. Define the
following:
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These are the trapezoidal approximations to the Equations
2 and 3 defined above.
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Equations 5 and 6 can be evaluated numerically to acquire
the Fourier coefficients for each term, which can then be used
to calculate amplitudes and phase angles for each of the har-
monic components.

Applications of Harmonic Analysis to Environmental Phenomena
One-dimensional harmonic analysis of time-series data has
found widespread application in the geosciences, including
geology (varve sequences), oceanography (tidal patterns), and
hydrology (runoff and stream flow)(Anderson and Koopmans,
1963; Rayner, 1971; Yevjevich, 1972; Schulz and Stattegger,
1997). The two-dimensional extension of harmonic analysis
adds spatial pattern to the temporal data stream and has found
significant application in meteorology and climatology. Van
Loon et al. (1973), for example, used harmonic analysis to
describe zonal standing waves in the atmosphere—pressure
waves that describe the ridges and troughs exhibited by the iso-
bars on weather maps. Their analysis indicated that the first
three harmonic terms (up to three ridges and troughs around
the globe) were sufficient to explain nearly all of the large-scale
latitudinal variations in pressure. Heddinghaus and Kung
(1980) similarly used harmonic analysis, in combination with
principal components analysis, to investigate mean patterns of
circulation in the Northern Hemisphere. They also concluded
that most of the variability in atmosphere pressure could be
explained by the first three harmonic terms. Legates and Will-
mott (1990b) further employed harmonic analysis to explain
seasonal trends in global surface air temperature. Their analy-
sis clearly delineates areas that exhibit a strong seasonal cycle
in air temperature (i.e., the middle and upper latitudes) from
areas where air temperature has a strong biannual cycle (i.e.,
equatorial regions).

The most widespread use of harmonic analysis in the geo-
sciences has been to examine precipitation patterns and thun-
derstorm frequencies. For example, Horn and Bryson (1960)
represented the observed precipitation curve for Madison,
Wisconsin using six harmonics. These harmonics then were
used to help explain the more complex precipitation patterns
exhibited by the raw data. Wallace (1975), Hamilton (1981),
Balling (1985), Landin and Bosart (1985), Landin and Bosart
(1989), Riley et al. (1987), and Legates and Willmott (1990a) all
have successfully applied harmonic analysis to describing and
representing precipitation patterns. In addition, harmonic
analysis has been widely used to investigate thunderstorm fre-
quencies and to help explain diurnal patterns of thunderstorm
occurrence, Rasmusson (1971), Wallace (1975), Easterling and
Robinson (1985), and Maso (1991), for example, used harmonic
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Figure 3. Finney County 1992 land-use/land-cover map,
from Egbert et al. (1995).

analysis to describe the characteristics of afternoon, evening,
and nocturnal thunderstorm dynamics for various regions of
the United States. By examining the phase shift and the ampli-
tude of the various harmonic terms, these researchers were able
to describe the spatial variability in various patterns of thun-
derstorm activity. Clearly, harmonic analysis has proven useful
with data that exhibit relatively abrupt changes, because pre-
cipitation and thunderstorm frequency data rarely are smooth
fields. Harmonic analysis is useful in that seasonal and intra-
seasonal cycles can be highlighted and offers great promise for
analyzing seasonal and interannual variation in land surface
condition as recorded by NDVI values calculated from time-
series remotely sensed data such as the AVHRR.

Methodology

Study Area: Finney County, Kansas

Finney County, the second-largest county in Kansas at approxi-
mately 1300 square miles (3366 sq km), is located in south-
western Kansas in the High Plains at approximately 100°W
longitude (Figure 2). Cropland dominates the relatively flat
landscape of Finney County, comprising over 76 percent of the
county (Figure 3). The Arkansas River extends east-west
through the central portion of the county, and irrigated agricul-
ture (predominantly corn, milo, and alfalfa) is clustered along
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the river, drawing on the Ogalalla Aquifer to supply center-
pivot irrigation systems. Dryland agriculture dominates the
northern and southern parts of the county, with winter wheat as
the principal crop. Some native shortgrass prairie remains in
the northeast where the topography is too rugged for agricul-
ture, and the land is used for grazing. Much of the increase in
irrigated cropland in the past two decades in Finney County
has been at the expense of the sandsage prairie vegetation com-
munity south of the Arkansas River, but two large tracts of prai-
rie remain unbroken. Land-use/land-cover types not in crop-
land or grassland (woodland, urban, and other developed
areas) constitute only 1.2 percent of the total county area.

Finney County was selected for development and testing of
the harmonic analysis methodology for several reasons. First,
the land use and land cover for the county are well-documented
and have been mapped to the level of crop type for 1992 by
Egbert et al. (1995) (Figure 3). Second, the county contains only
a limited number of major crop types, with distinct phenologi-
cal characteristics (irrigated corn, irrigated alfalfa, winter
wheat) and two natural vegetation types (native shortgrass
prairie and sandsage prairie). Third, by using the 1992 land-
use/land-cover data, large parcels composed of a single crop or
land-cover type could be identified as pixels in the AVHRR
imagery.

AVHRR Times-Series NDVI Data

NOAA-AVHRR NDVI biweekly composites for 1992 were acquired
from the U.S. Geological Survey EROS Data Center in Sioux
Falls, South Dakota. Each biweekly composite consists of the
maximum NDVI value within each two-week period for each
pixel (Eidenshink, 1992). Vegetation index data are rescaled by
EROS during processing from a range of —1.0 to +1.0,to 0 to
200. Values less than 100 typically represent snow, ice, water,
and other non-vegetated Earth surfaces. Data for Finney
County were downloaded from CD-ROMs, were co-registered,
and data gaps (missing periods) were identified. Images for
missing biweekly composite periods were created by averaging
image data for periods bracketing the missing period (e.g., the
previous and succeeding periods) (Table 1).

TasLe 1. AVHRR NDVI BiweekLy ComMPOSITE PERIODS FOR 1992

Period EROS Composite Calendar Dates
1 1 10 Jan-23 Jan
2 (Interpolated)

3 2 31 Jan-13 Feb
4 (Interpolated) 14 Feb-05 Mar
5 3 06 Mar—10 Mar
6 4 20 Mar-02 Apr
7 5 03 Apr—16 Apr
8 6 17 Apr-30 Apr
g 7 01 May-14 May
10 8 15 May—28 May
11 9 29 May-11 Jun
12 10 12 Jun—25 Jun
13 11 26 Jun—09 Jul
14 12 10 Jul-23 Jul
15 13 24 Jul-06 Aug
16 14 07 Aug—-20 Aug
17 15 21 Aug-03 Sep
18 16 04 Sep-17 Sep
19 17 18 Sep—01 Oct
20 18 02 Oct=15 Oct
21 149 16 Oct—-28 Oct
22 (Interpolated) 30 Oct=12 Nov
23 20 13 Nov-26 Nov
24 (Interpolated) 27 Nov-10 Dec
25 21 11 Dec—24 Dec
26 (Interpolated) 25 Dec—07 Jan 93
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Harmonic Analysis

Using the formulas defined above, Fourier coefficients a and b
were computed for each term and were then used to calculate
the additive term and the amplitudes and phase angles for each
of the harmonic components for each pixel in the AVHRR NDVI
data sef. Images of amplitude and phase angle for each term out
to the seventh harmonic term were produced. Given that a time
series is the sum of multiple sinusoidal waves, or harmonic
terms, the variance of a time series is thus the sum of the vari-
ances of the individual terms (Davis, 1986). Percent variance in
each image is calculated by first computing the total variance
of all terms jin the harmonic analysis using the amplitude val-
ues (Davis, 1986): i.e.,

. (amplitude;)?
Total variance = Y, Lz_f)_
lton

where jis each term in the series and n is the total number of
terms. The percent variance for each term is computed by
dividing the individual variance for each term by the total vari-
ance. Percent variance was computed on a per-pixel basis to
create images of percent variance for each term.

Case Examples

Because farm fields in the Great Plains are smaller than the res-
olution of the AVHRR sensor, most AVHRR pixels are typically
mixtures of two or more different land-use/land-cover types. A
method was necessary to identify representative pixels domi-
nated by a single land-cover/land-use type where the phenolog-
ical response for a pixel as recorded by the AVHRR NDVI time
series resulted from predominantly one land-use/land-cover
type. Using the 30-meter resolution 1992 land-use/land-cover
map produced by Egbert et al. (1995), we calculated the percent
cover of each land-use/land-cover type within each AVHRR
1000-meter pixel for Finney County, allowing us to identify
“pure” pixels composed of a single land-use/land-cover type.
Values for amplitude, phase, and percent variance for each
term, and the original NDVI value were extracted from the
respective images for “pure” pixels for each of the five land-
use/land-cover types (corn, winter wheat, alfalfa, grassland,
and native sandsage prairie) selected as case examples of the
harmonic analysis.

Results and Discussion

Interpretation of the Harmonic Analysis

The additive, or zero term, is the arithmetic mean of NDVI over
the time series (26 periods) and represents the overall green-
ness of a land-cover type, analogous to the first axis of a princi-
pal component analysis. Within Finney County, patterns of the
additive term generally follow irrigated/non-irrigated land-use
patterns (Figure 4a). High values, in particular, irrigated crop-
land along the Arkansas River, represent high total greenness
over the course of a year. Low values (blue and violet) are mani-
fested by land-cover/land-use types that have lower seasonal
NDVI values, such as urban areas and the sandsage prairie south
of Garden City.

High amplitude values for a given term indicate a high
level of variation in temporal NDVI, and the term in which that
variation occurs indicates the periodicity of the event. High
first-term amplitude values indicate a unimodal temporal NDVI
pattern, where a land-use/land-cover has a wide annual range
in NDVI values. High amplitude values in the second term indi-
cate semiannual peaks in greenness, a phenomena exhibited in
this region by winter wheat. Images of the first- and second-
amplitude terms also closely correspond to land-use/land-
cover patterns within the study area. The highest first-term
amplitude values (white areas on Figure 4b) occur on areas

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING




Figure 4. (a) Additive term image. (b) First harmonic amplitude image. (c) Second
harmonic amplitude image. (d) First harmonic phase image. (e) Second harmonic
phase image. (f) First harmonic variance image. (g) Second harmonic variance image.

planted in corn and alfalfa, while the native grasslands in the
northeastern part of the county appear in light grey. Dark tones
on the first-term amplitude generally appear white or light grey
on the second amplitude image, indicating higher amplitude
values in the second term than in the first term (Figure 4c).
These are wheat fields or areas in fallow rotation, and exhibit a
bimodal temporal NDVI profile as opposed to the unimodal
summer peak greenness pattern of corn and alfalfa.

Phase indicates the time of year at which the peak value for
a term occurs. For land-use/land-cover types with unimodal
NDVI phenological profiles that peak in midsummer (such as
irrigated corn or grasslands), phase values typically are near ,
or 3.14, over a possible range of 0 to 27 (Table 2). Although
grasslands and irrigated cropland in Finney County exhibit
different additive term values (Figure 4a) and first-term ampli-
tude values (Figure 4b), first-term phase values are similar,
indicating the midsummer peak greenness timing of these
cover types (grey areas, Figure 4d). Winter wheat, which domi-
nates the northwestern and central portions of Finney County,
appears dark grey to black in Figure 4d, indicating a first-term
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amplitude peak earlier in the year, consistent with the spring
maturing of the winter wheat crop. These concentrations of
winter wheat appear light grey to white on the second-term
phase image (Figure 4e).

Variance Images

Variance images show the amount of variance in the original
data that is contained in a specific harmonic term. As expec-
ted, for land-use/land-cover types exhibiting a strongly uni-
modal NDVI profile, the majority of the variance is contained in
the first harmonic term. In Figure 4f, areas where the majority
of the variance is contained in the first term appear in white or
light grey, and are probably irrigated crops along the Arkansas
River in the lower part of the image or native shortgrass prairie
in the northeastern corner of the county. Dark areas on Figure 4f
indicate that the majority of variance is contained in other
terms. Most of the dark areas on Figure 4f appear light on the
variance image for the second term (Figure 4g), indicating that
these areas are strongly bimodal in their NDVI phenological pro-
file, and are probably winter wheat.
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TABLE 2. PARAMETERS OF THE FIRST FOUR HARMONIC FuncTioNS FOR Five Lanp-Use/LanD-COVER TYPES

Term Amplitude Phase a b % Var. Cum. Var.
Corn 0 125.46
1 14.514 3.232 —14.45 —1.31 0.93 0.93
2 1.806 2.183 —1.04 1.48 0.01 0.94
3 1.889 0.058 1.89 0.11 0.02 0.97
4 2.103 0.681 1.63 1.32 0.01 0.98
Shortgrass prairie 0 125.16
1 16.067 3.295 —15.88 —2.46 0.93 0.94
2 2.679 1.850 —0.74 2.57 0.02 0.96
3 2.450 —0.200 2.40 -0.49 0.01 0.98
4 1.179 0.033 1.18 0.04 0.00 0.98
Sandsage prairie 0 122.50
1 16.059 3.205 —16.03 —-1.01 0.90 0.90
2 2.688 0.740 1.98 1.81 0.00 0.90
3 1.310 4.679 —0.04 =131 0.01 0.92
4 2.632 0.434 2.39 1.11 0.02 0.94
Alfalfa 0 141.78
1 23.146 3.265 —-22.97 —2.85 0.84 0.85
2 6.529 3.289 —6.46 —0.96 0.06 0.92
3 5.308 0.175 5.23 0.92 0.04 0.96
4 2.581 =0.120 2.56 -0.31 0.01 0.97
Winter wheat 0 134.02
1 7.39 1.977 —2.92 6.79 0.09 0.09
2 8.915 3.743 —7.35 —5.05 0.55 0.65
3 1.926 —1.286 0.54 —1.85 0.04 0.69
4 4.640 1.282 1.32 4.45 0.17 0.86

Case Examples

The following discussion focuses on the best examples of the
five land-use/land-cover types to demonstrate and interpret
the harmonic analysis technique as applied to time-series satel-
lite imagery. For the purposes of discussion and illustration,
data from pixels of exclusively one cover type (i.e, no mixed
pixels) are used here. In practice, given the coarse resolution of
the AVHRR sensor in relation to the typical field size in the west-
ern Great Plains, the NDVI values of most AVHRR pixels are a
composite of two or more land-use/land-cover types.

Irrigated Corn

Irrigated corn in Finney County exhibits a strongly unimodal
periodic pattern, with a high amplitude value in the first term
and low amplitude values in successive terms (Figure 5a). The
majority (93 percent) of the total variance in seasonal NDVI is
contained in the first harmonic term (Table 2). Peak greenness
occurs during mid-summer, as expected for a crop that is
planted in the spring, matures by mid-summer, and is harvested
by late summer/early fall. In the phenological NDVI profile con-
structed from summing the additive term and the first four har-
monic terms (Figure 5b), the second and third harmonic terms
slightly shift the dominant mid-summer (period 13) peak
greenness date of the first harmonic term to a later period
(period 14, 10-23 July), consistent with typical crop calendars
for the region.

Grassland and Sandsage Prairie

Shortgrass prairie grassland and sandsage prairie exhibit a phe-
nological pattern similar to corn in that all three cover types are
strongly unimodal, with high first-term amplitude values and
the majority of the variance (greater than 90 percent) in the first
harmonic term (Figures 6a and 7a). First-term phase values
(Table 2) indicate that peak greenness occurs during July, con-
sistent with the warm-season nature of the grass species in both
vegetation types. Grassland and sandsage prairie, however,
exhibit somewhat different phenological patterns that are a
function of the different vegetation occurring in these areas.
Sandsage prairie is dominated by sand sagebrush (Artemisia
filifolia Torr.), interspersed with sand bluestem (Andropogon
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hallii Hack.), little bluestem (Andropogon scoparius Michx.),
and switchgrass (Panicum virgatum L.) and bare soil. Changes
in phenological NDVI occur rapidly because these warm-season
species increase photosynthetic activity during the spring and
early summer, and steadily decline after peaking in mid-July
(period 14) (Figure 6b). In contrast, the shortgrass prairie grass-
land (dominated by buffalograss (Buchloe dactyloides), blue
grama (Bouteloua gracilis), and purple three-awn (Aristida
purpurea Nutt.) is less constrained in the duration of its grow-
ing season and exhibits higher late-summer NDVI than does the
sandsage prairie (Figure 7b).

Alfalfa

Alfalfa, although it also exhibits a strong summer-peak green-
ness pattern, differs from the strongly unimodal pattern of corn
and grass in that it has relatively high second-and third-term
amplitudes resulting from cultivation practices (Figure 8a).
Alfalfa is harvested repeatedly during the summer, producinga
secondary and tertiary periodicity in greenness with the
growth-cutting-growth-cutting-growth cycle during the sum-
mer (Figure 8b). This pattern of greenup-harvest-regrowth-har-
vest-regrowth is manifested in the harmonic analysis as high
additive term values and a strong first harmonic term (85 per-
cent of the total variance is in the first term) (Table 2). Irrigated
alfalfa is typically harvested four times in western Kansas dur-
ing a typical growing season, beginning in May and extending
until July-September. Values for variance and amplitude in the
second and third terms are substantially higher compared to
the variance and amplitude values of respective terms for corn,
grass, or sandsage prairie (Table 2).

Wheat

Winter wheat has a strikingly different phenological pattern in
comparison to other crop types described above, exhibiting a
more bimodal temporal NDVI curve. Winter wheat is planted in
the fall (late September/early October), sprouts, and goes dor-
mant over winter and may be covered by snow. In the spring,
the wheat greens up and is harvested by May, followed by
plowing or fallowing of the land in a two-year or three-year crop
rotation. The second harmonic term therefore has the highest
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Figure 5. (a) First three harmonic curves for corn. (b) Raw NDVI profile for corn and Novi profile
constructed from the summing the additive term and first four harmonic curves.
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Figure 6. (a) First three harmonic curves for shortgrass prairie grassland. (b) Raw nNDvI profile for
shortgrass prairie and NDVI profile constructed from the summing the additive term and first four
harmonic curves.
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Figure 7. (a) First three harmonic curves for sandsage prairie. (b) Raw NDVI profile for sandsage prairie

and NDVI profile constructed from the summing the additive term and first four harmonic curves.
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Figure 8. (a) First three harmonic curves for alfalfa. (b) Raw NDvI profile for alfalfa and NDVI profile
constructed from the summing the additive term and first four harmonic curves.
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Figure 9. (a) First three harmonic curves for winter wheat. (b) Raw NDVI profile for winter wheat and
NDVI profile constructed from the summing the additive term and first four harmonic curves.
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amplitude and contains the majority of the variance (Figure 9a),
producing the bimodal NDVI profile characteristic of this land-
cover type (Figure 9b).

Given that different land-use/land-cover types produce
different phase and amplitude values in the harmonic analy-
sis, results suggest that these values of amplitude, phase, and
the additive term generated for a single year of time-series data
could be used in a cluster analysis for identification and map-
ping of land-use/land-cover types. Beyond simple character-
ization and mapping, extension of the harmonic analysis to
multiple years of data, applied either on a year-by-year basis or
collectively to the entire multivear data series, may allow the
detection of interannual and directional change in land use/
land cover. Hobbs (1990) has described several types of vegeta-
tion change: (1) seasonal variability, in particular, the pheno-
logical change of vegetation throughout the course of a growing
season; (2) interannual variability, or change from year to year
as a result of climatic variability; and (3) directional vegetation
change, which results from intrinsic vegetation processes such
as succession, anthropogenic (human-induced) change, or
changes in global climatic patterns. Any of the three types of
change should be detectable using harmonic analysis of a time-
series of satellite imagery by examining changes in amplitude,
phase, or the additive term.

What do changes in harmonic parameters (phase and
amplitude) for a term over a period of several years imply about
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changes in the landscape? Changes in seasonal amplitude
(phase unchanged) may indicate changes in land-use/land-
cover type (e.g., changes in a crop type or changes in natural
vegetation), or in vegetation condition from drought, flooding,
or overgrazing. Changes in phase (amplitude unchanged) may
indicate changes in time of maximum greenness, which in turn
may occur as a result of changes in the onset of greenness,
changes in planting time, or changes in the time of harvest,
Changes in both amplitude and phase over time would be
indicative of major and significant changes in land-surface
condition. Such radical change could result from postfire
regeneration, changes in land management (crop rotation,
enrollment in conservation programs), loss of vegetation by
natural or anthropogenic disturbance, or changes in regional
climate itself driving changes in the vegetation. For example,
land management practices such as a two-year crop-fallow
rotation pattern should be manifested as high loadings on a bi-
annual amplitude term in a two-year series of AVHRR NDVI
biweekly composite data.

Harmonic analysis of time-series NDVI data also offers the
potential for significant data reduction in that a complex curve
can be reconstructed using the additive term and a limited
number of terms for phase and amplitude. This paper has
shown that nearly all of the variance in the original data (greater
than 94 percent) for the four land-use/land-cover classes with
unimodal seasonal NDVI trajectories (corn, grassland, alfalfa,
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and sandsage prairie) can be accounted for in the first four har-
monic terms (Table 2). A curve defined using 26 biweekly NDvI
values can thus be mathematically described using nine values
instead: the additive term, plus the phase and amplitude values
for each of the four terms, or a data reduction of nearly two-
thirds. Even for land-use/land-cover types with bimodal sea-
sonal NDVI patterns, such as wheat, the majority of the variance
is captured using six harmonic terms, or 13 values, a data reduc-
tion of 50 percent.

In contrast to principal components analysis (PCA), another
analysis technique often applied to times series data (Eastman
and Fulk, 1993; Hirosawa et al., 1996; Jakubauskas et al., 1998),
harmonic analysis differs in the manner by which the source
data set is analyzed. Harmonic analysis evaluates a time series
of imagery on a per-pixel basis, and each pixel is analyzed and
coefficients for the transformation are derived independently
of other pixels in the data set. Transformations to the data are
then applied on a per-pixel basis. Principal component analy-
sis, in contrast, evaluates the variance of all pixels in all images
of the time series and includes all pixels in the computation of
the transformation coefficients. The PCA transformation to pro-
duce derivative components is, however, applied on a per-pixel
basis after the coefficients are derived from the entire data set.
PCA and the resulting components therefore are biased by the
nature of the entire data set (e.g., the range in brightness values,
the relative dominance of scene features with differing spectral
properties within an image, and the size of an image), while HA
does not suffer from any such bias, producing the same values
for a pixel independently of the values of other pixels within
the image.

The potential of harmonic analysis to act as a noise filter
should also be explored as well. Because the noise introduced
into an NDVI time series from clouds and processing is non-peri-
odic and infrequent, the harmonic analysis can further serve as
a noise reduction technique or filter by using a small number of
lower harmonic terms to reconstruct the NDVI profile (Figure
15h). Vegetation phenology patterns, as demonstrated in the
above sections, are concentrated in the first three or four har-
monic terms, and the high-frequency noise is partitioned into
the higher harmonic terms. This potentially obviates the need
for data smoothing algorithms that have been applied in other
temporal NDVI studies (Reed et al., 1994; Tieszen et al., 1997;
Reed and Sayler, 1997).

Conclusions

The objective of this paper was to introduce the use of har-
monic, or Fourier, analysis in analyzing time-series satellite
imagery, and present several case examples of the technique as
applied to several common land-use/land-cover types in the
western Great Plains. Although preliminary, the results
obtained in the study suggest that there are areas of research
and application that could significantly benefit from the use of
harmonic analysis in analyzing a time series of satellite
remotely sensed imagery. These include land-use/land-cover
mapping and monitoring, landscape stability and change anal-
ysis, crop type identification, and reduction of data volume and
noise in time-series imagery.
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