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In this investigation,
an advanced Harmon-
ic Analysis of Time
Series (HANTS) tech-
O nique has been intro-
duced in order to
remove cloud contami-
nation from the satel-
lite-based Normalized
Difference Vegetation
Index (NDVI) over the
Tibetan Plateau. Due to high elevation, Asian monsoon,
and the prevailing local convective weather, the proba-
bility of cloud occurrence in the daytime is very high
over the Tibetan Plateau. It is therefore very difficult to
directly obtain cloud-free vegetation index images using
satellite optical remote sensing data over the entire
Tibetan Plateau. Applying the HANTS algorithm made it
possible to successfully replace the cloud contamina-
tion in NDVI images by the HANTS synthesized results,
not only in temporal variation but also in regional distri-
bution. The reconstructed NDVI images are cloud-free
and more reliable; the HANTS-generated parameters are
also potentially useful in understanding vegetation evo-
lution and phenological characteristics over the moun-
tainous regions of the Tibetan Plateau.

Keywords: Vegetation; remote sensing; HANTS; time
series; Tibetan Plateau; China.
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Introduction

Satellite remote sensing data have been successfully
applied to monitoring and studies of land surface veg-
etation and land cover change (Zomer et al 2001;
Bewket 2002). However, cloud contamination in satel-
lite images seriously hampers their applicability. The
Normalized Difference Vegetation Index (NDVI) is a
preliminary parameter directly derived from satellite
optical remote sensing data that has been widely used
to characterize land surface vegetation and relevant
applications (Valor and Caselles 1996; Maselli and
Rembold 2001). Many vegetation variables can also be
parameterized using NDVI; for instance, vegetation
fractional coverage and leaf area index (Su 2000).
Even certain physical parameters have to be parame-
terized using the vegetation index, by up-scaling
ground point observation to regional distribution
using remote sensing data. For example, soil heat flux
can be parameterized with the vegetation index in
land surface energy flux estimates (Su et al 1999). The
vegetation index has also been widely and successfully

used in regional and temporal vegetation classification
and drought monitoring (Peters et al 2002). Since the
NDVI is derived from satellite optical remote sensing
data, cloud contamination not only significantly influ-
ences the precision of its application but also makes it
unfeasible to obtain completely cloud-free NDVI
images for a limited period over a large area or in
mountainous regions.

The Tibetan Plateau is characterized by high above
sea level elevation and local convective weather. Vegeta-
tion thrives mainly in summer. It is almost impossible to
directly derive regional cloud-free vegetation index
images using optical remote sensing data owing to
weather characteristics. Even if NDVI values are
rearranged using a maximum value-composing algo-
rithm within every 10 days, cloud contamination still
occurs in the NDVI images over the Tibetan mountain-
ous regions. However, cloud-free images are essential
for understanding the regional vegetation distribution
and temporal evolution over the entire Tibetan Plateau.
Therefore, an algorithm for removal of cloud contami-
nation from NDVI images is necessary for vegetation
study and associated applications.

A Harmonic Analysis of Time Series (HANTS) algo-
rithm for time series dataset analysis has been devel-
oped (Verhoef et al 1996) and successfully applied in
vegetation index analyses on the European continent
(Roerink et al 2000). The object of the present investi-
gation is to explore the HANTS’s potential for cloud
removal in NDVI images over the mountainous regions
of the Tibetan Plateau; the cloud-free NDVI images will
be reconstructed. The characteristics of vegetation evo-
lution and phenological characteristics will also be out-
lined using the HANTS-generated parameters over the
Tibetan Plateau.

Algorithm

In practical cases, any natural variation can be separat-
ed into many simple harmonic waves defined by differ-
ent amplitudes, frequencies and phases. These ampli-
tudes, frequencies and phases can be obtained by a so-
called Fourier Transformation, by fitting the oscillation
curve using observational samples in a finite discrete
time series. The first step is to transfer observational
samples from time domain to frequency domain; then,
a new time series can be reconstructed using a reversed
Fourier Transformation or synthesis, which can gener-
ate values of the variable at any desired time. A Fast
Fourier Transformation (FFT) is often used in the
Fourier Transformation process in order to save compu-
tational time.

However, the observational samples may some-
times incorrectly represent the true value of land sur-
face geophysical parameters. For example, a satellite-
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based vegetation index might be incorrect if cloud
contamination occurs in the satellite viewing field. If
the new time series is reconstructed using the FFT
algorithm based upon all observational samples, the
reconstructed NDVI time series will misinterpret the
temporal characteristics of land surface vegetation.
Thus, the invalid observational samples should be
eliminated or rejected in the curve fitting process.
The Harmonic Analysis of Time Series (HANTS) algo-
rithm was designed to satisfy the above requirements
(Verhoef et al 1996). The invalid data can be removed
by associating zero weights to them; the original
curve-fitting problem thereby becomes a weighted
least squares curve fitting process. A constant and a
number of harmonic sines and cosines are chosen as
the basic functions for the weighted least squares fit-
ting.

In the HANTS algorithm, zero weights are assigned
to outliers; the curve fitting is only based on the valid
observational samples, and the samples no longer need
to be equidistant in time. In comparing the observa-
tional samples to the curve values, if a value in the
observational sample is obviously lower than that of the
curve values, which are qualified by the pre-assigned
errors, it should be eliminated because this sample is
not the true value of the sample. In this case, a new
curve is computed on the remaining samples, and the
procedure is repeated. This iteration eventually leads to
a smooth curve that approaches the upper envelope
over the data points. By this procedure, the invalid
observational samples (outliers) are removed. The com-
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FIGURE 1 Map of the land cover types combined
with elevation over the Tibetan Plateau. The
western plateau is the arid Gobi Desert region,
the southeastern plateau regions are
pasturelands, and the temperate forests extend
along the southern mountainous regions. Snow
cover and glaciers are mainly confined to the
Himalayan mountain regions.

puted amplitudes and phases are much more reliable
than those based directly on a standard FFT algorithm.

In order to obtain reliable amplitudes and phases,
5 controlling parameters need to be specified in
advance to run the HANTS algorithm:

Number of frequencies (NOF): The number of fre-
quencies determines how many frequencies need to be
used in reconstructing the new time series. A small
number of frequencies will lead to a smooth fitting
curve but give a less detailed description of the time
series, while a large number of frequencies gives a more
accurately fitting curve. The frequencies consist of the
zero frequency, which determines the average value of
the valid observational samples, the base frequency
(period equal to the length of the time series), and a
few multiples of the base frequency (overtones). Annu-
al (12 months), semi-annual (6 months) and seasonal
(3 months) frequencies are used in this investigation.

HiLo flag: The direction of the values that should
be rejected as invalid values in the curve fitting process.
For instance, low NDVI values should be rejected in
processing time series datasets, because cloud contami-
nation always corresponds to low or negative NDVI val-
ues. However, high values should be obviated in recon-
structing surface reflectance time series, because cloud
contamination leads to very high (apparent) surface
reflectance.

Invalid Data Reject Threshold (IDRT): In the cur-
rent software, a Valid Data Range can be specified in
order to flag data as being invalid beforehand. If, for
instance, the values 0 and 255 mark sea pixels and
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FIGURE 2 Color composite of the HANTS-generated NDVI annual average (Red), annual
amplitude (Green) and semi-annual amplitude (Blue) over the Tibetan Plateau. The
annual and semi-annual amplitudes are negligible in the western area, but the annual
average is low in this area, which causes it to appear dark red. The annual amplitude is
dominant in the southwest area; this area appears green. The annual average is
dominant in the easternmost region and on southern slopes in Himalayan mountain
regions; these regions are shown in red.

clouds detected by some algorithm, one could specify a
Valid Data Range of 1-254 in order to indicate poten-
tially valid samples.

Fitting Error Tolerance (FET): The absolute devia-
tion in the chosen direction that is still acceptable in
the curve fitting process. It determines when the curve
fitting will stop. A large FET will lead to only a few
invalid values being removed and the iteration soon
coming to a halt, but the fitting might be based on
many samples, including some invalid samples, which
would yield unreliable results. However, small FET will
lead to the rejection of too many observational sam-
ples, since there will be fewer observations used in the
fitting, and this result will not be reliable either. In
NDVI units, 0.05 is assigned as the FET in this investi-
gation.

Degree of Overdeterminedness (DOD): HANTS
describes the new time series with several amplitudes
and phases. Since zero frequency has only one ampli-
tude, the minimum number of remaining samples that
describe the reconstructed curve is equal to 2 X NFO-1.
The number of valid observational samples must always
be equal to or greater than this minimum number.
DOD defines how many observational samples are still
available in addition to the minimum number of obser-
vational samples in the curve fitting process. DOD is set
to 13 in this investigation.

As the HANTS attaches zero weight to invalid
observational samples in the curve fitting process, it will
involve several matrix multiplications and a matrix
inversion; it will require more computational time than
the FFT algorithm in processing time series datasets.
There are also several parameters for which suitable val-
ues need to be found experimentally. However, the
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specified parameters are easy to assign, the invalid sam-
ples are rejected in the least squares fitting process, and
the cloud-contaminated NDVI values are removed from
the original NDVI image, which makes the reconstruct-
ed time series more reliable and reasonable; nor is it
necessary that the observational samples be equidistant.
Therefore, it is worthwhile adopting the HANTS algo-
rithm in time series analysis. The HANTS software is
downloadable free of charge from the NLR’s web site
(http://remotesensing@nlr.nl).

Cloud removal and its applications

The dominant land cover types over the Tibetan
Plateau are grassland and semi desert; evergreen for-
est and rain forest are distributed along the southern
mountain slopes. A map of the geographical location
and land cover types on the Tibetan Plateau, com-
bined with elevation, is presented in Figure 1. Because
of the geographical location and local convective
weather characteristics, it is difficult to obtain regional
cloud-free vegetation index images from optical
remote sensing over the mountainous regions of the
Plateau. A so-called maximum value compositing tech-
nique (MVC) applied to NOAA/AVHRR NDVI data
can provide fairly reliable NDVI images within every
10 days, but cloud contamination still occurs in the
composite NDVI images, especially over mountainous
regions. In order to explore the potential of the
HANTS in cloud contamination removal over the
Tibetan Plateau, 10 days of periodic NDVI images
from February 1995 to February 1996 were used in this

>

90

= Original Himalayan temperate forest
—o—FFT

—— —e—HANTS

NDVI (%)

Aon Y 1. Y A S 0, v
S8, R, oy M, Yy Y T, Sy, o, Yo, o,
N, T4 Y e s, s, 08y e, O, s,
9 g o g, Mg,
1995 1996
B 90 T T T T
75 == Original | Grassland area
—o—FFT
T 60 —e— HANTS
S 45 >~
o)
Z 30 o
15 OO
S
R M Y, M Yy Ny A S Yo, Qs
S, one, oy Ty g U T, SSop O, Oy “Scg,
N op WY e Usy sy . Sy Sy, Y,
S St o)és,. A %éer '776&» 7
1995 1996

FIGURE 3 Comparison of the original and reconstructed NDVI time series.
(A) Himalayan temperate forest area; (B) Grassland area. This illustration
demonstrates the reliability of the reconstructed NDVI time series.
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investigation. The HANTS algorithm can generate
amplitudes and phases of different periodic vegetation
cycles. A color composite image of the annual average
NDVI in red, and annual and semi-annual amplitudes
in green and blue, are mapped in Figure 2 in order to
compare their magnitudes. In order to focus on the
Tibetan Plateau area and test the success of the
HANTS in cloud contamination removal over the
Tibetan Plateau and Himalayan southern mountainous
regions, only areas above 2000 m above sea level and
the Himalayan southern mountainous regions are
shown on this and subsequent plates.

Research

FIGURE 4 NDVI images over the
Tibetan Plateau in the 3rd 10-day
period of August 1995. (A) the
original image; (B) the HANTS
reconstructed image. The success
of cloud removal is evident on the
southern Himalayan mountain
slopes.
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Due to the different vegetation types, climate, and
phenology or vegetation cycles, the HANTS-generated
NDVI amplitudes composite image displays different col-
ors over the Tibetan Plateau area. The western area is in
dark red, which means the average NDVI is dominant
among 3 amplitudes, while the annual and semi-annual
amplitudes are negligible. However, the vegetation is very
poor over this area, the average annual NDVI value is still
very small, and it causes this area to be dark red. The
southeastern plateau and the southern slopes of
Himalayan mountain regions are magenta or red, which
means the vegetation, which is evergreen, grows very well
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FIGURE 5 Histogram (0.01 bin-box) of the NDVI image over the Tibetan
Plateau in the 2nd 10-day period of August 1995. (A) the original NDVI;

(B) the reconstructed NDVI. The histograms show that some of the cloud-
contaminated NDVI values in the original dataset appear as large values in
the histogram of the reconstructed NDVI image.
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there throughout the year. The southern regions, among
others, show green, which corresponds to a strong annual
but weak semi-annual vegetation cycle; this is a typical
characteristic of the plateau grasslands. The southwestern
and eastern plateau areas are yellow or sallow, which
means that the cycle of vegetation has only annual varia-
tion but weak semi-annual variation in this area. Some
areas are in cyan, meaning that the vegetation is charac-
terized not only by annual but also by semi-annual varia-
tion. The northern slopes of the Himalayan mountain
regions are light blue; this corresponds to a strong semi-
annual vegetation cycle. It associates with the precipita-
tion caused by the yearly arrival and withdrawal of the
Asian monsoon. The above analysis demonstrates that the
HANTS-generated amplitudes can characterize vegeta-
tion evolution and its phenological variations.

With the HANTS-generated amplitudes and phases,
the cloud-free NDVI images over the entire Tibetan
Plateau can be reconstructed in time series. Two recon-
structed NDVI time series extracted over 2 typical
plateau land surfaces to test the success of the HANTS
algorithm in cloud contamination removal and results
are presented in Figure 3. One site is located in the
Himalayan mountain regions with a high fractional veg-
etation coverage during the entire year; the other site is
located in the southeastern plateau with a clear annual
vegetation cycle. The original NDVI values are also plot-
ted in the figures for purposes of comparison. This
shows that although the maximum values are picked up
every 10 days, the original NDVI time series is still chaot-
ic because of cloud contamination. It is not feasible to
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characterize temporal vegetation variation with these
kinds of dataset, but the HANTS-reconstructed time
series clearly shows yearly variation, since the cloud-con-
taminated values are replaced by the reconstructed val-
ues. In the original time series, there are extremely low
NDVI values in summer, which is impossible since land
surface vegetation cannot change at such a rapid rate
within such a short period. If these values are used to
describe vegetation character, temporal variation will be
misinterpreted, whereas cloud-contaminated values are
removed in the reconstructed time series and give rea-
sonable and reliable results. Therefore, the HANTS has
a powerful potential in time series analyses. For compar-
ison, the FFT results computed using the same frequen-
cies are also plotted in the same figures. The FFT algo-
rithm uses all observational samples; the reconstructed
time series underestimates the true vegetation index.
Although the computational speed of the FFT is faster
than that of the HANTS, it is not worthwhile adopting
FFT in the time series analysis. More plots demonstrate
that the HANTS-generated NDVI time series are reliable
in most cases (figures are not presented). Only a few
cases cannot deliver the expected results.

The original NDVI and the reconstructed NDVI
images for the 3" 10-day period in August 1995 are
mapped in Figure 4. In the original NDVI image, there
were very low values on the southern slope of the
Himalayan mountain regions, in the southeastern area
of the Tsangpo River basin, and in some other moun-
tainous regions on the southeastern part of the Plateau.
As the temperate forest extends throughout the south-
ern slope of the Himalayan mountains, the Tsangpo
River basin is also well vegetated in summer, while the
original NDVI image does not correctly display the true
vegetation situation. Since cloud occurrence probability
is high in the mountainous regions, the original NDVI
values take cloud contamination into account in time
series analysis; some of the original NDVI values are
measured at the top of the clouds. In the reconstructed
time series, the cloud-contaminated NDVI values are
replaced, and the Himalayan mountain regions and
their southern slopes reveal large vegetation index val-
ues. However, extremely low NDVI values still occur in
certain places in the reconstructed images along the
Himalayan mountain regions and other places. These
locations are demarcated as bare soil surface, perma-
nent snow cover, or water surface, with reference to the
land cover map.

The success of cloud removal in the reconstructed
NDVI cloud-free image can also be testified by his-
togram illustrations, as shown in Figure 5. In the origi-
nal NDVI images, clouds occur over the vegetated land
surfaces in some locations. The cloud-contaminated
NDVI only corresponds to the low NDVI values in the
histogram, especially in the Himalayan mountain
regions, although the true vegetation index might be
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very large. In the HANTS-reconstructed NDVI image,
the cloud-contaminated NDVIs are replaced by the
reconstructed cloud-free values, and this area will
appear as large NDVI values in the histogram. There
are still some low NDVI values in the histogram of the
reconstructed image; these are contributions from snow
cover, water surface, and the Gobi Desert.

The HANTS algorithm can also be applied to other
parameters that have similar characteristics to those of
NDVI in time series. For example, the cloud-free land
surface evaporation fraction was reconstructed at spa-
tial and temporal scales (Su et al 2001). In ecological
assessments, Gross Primary Production (GPP) and Net
Primary Production (NPP) can be estimated with the
aid of satellite remote sensing data at temporal and spa-
tial scales (Hicke et al 2002), but cannot be correctly
evaluated over cloud-covered land surfaces. In this case,
the HANTS algorithm has the potential to reconstruct
cloud-free temporal GPP and NPP images and time
series. This also applies to satellite-derived land surface
reflectance, because the values of cloud-contaminated
surface reflectance are much higher than those of the
true surface reflectance.
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