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Abstract: This paper uses Savitzky-Golay filter method to reconstruct MODIS 16d NDVI time-series product of Ruoergai
plateau wetland from 2000 to 2009, and the results are compared with other two methods— Mean Value Iteration filter and Fou-
rier method. As a result, reconstructing method based on Savitzky-Golay filter has got a better result in both image visual effects
and NDVI temporal profiles. High-quality long time-series NDVI which is reconstructed based on this method offers a good

foundation for the monitoring of ecosystem of Ruoergai wetland.
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1 INTRODUCTION

Calculated from multi-spectral remote sensing data, Vegeta-
tion index (V1) is a certain sense of value which indicates the
growth or biomass of vegetation (Zhao, 2003). VI has a close
relationship with bio-physical parameters such as LAI, chloro-
phyll content, vegetation coverage and biomass, and it is also
one of the important parameters of land surface eco-environ-
mental systems such as climate change, plant evapotranspira-
tion and soil moisture (Lu, 2005; Moreau et al., 2003; Tong &
Zhang, 2007). Time-series VI data derived from high temporal
resolution satellite sensors such as NOAA/AVHRR, SPOT/
VEGETATION or MODIS have been widely used in monitor-
ing of vegetation dynamics, macro-vegetation cover classifica-
tion and inversion of the plant bio-physical parameters (Gu et
al., 2007). Previous studies focused mainly on different vegeta-
tion types or different climate zones. The quantitative study on
the land cover change from the temporal aspect has become a
hot point in recent years.

Temporal profile of NDVI time-series is the best indicating
factor which is able to reflect changes between vegetation
bio-physics and time; it is also an important indicator of sea-
sonal change or human impact (Zhao, 2003). In theory, curve of
NDVI should be a continuous and smooth curve due to the little
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change range of canopy within certain time period. However,
there are always some points up or plunge suddenly because of
the interrupt of cloud, data transmission errors, bio-directional
effects or the ice/snows cover (Ma & Veroustraete, 2006). Al-
though maximum value composite and cloud detection method
are often used in the processing of NDVI time series dataset,
residual noise in the dataset still impedes further analysis and
has a risk to generating erroneous results (Chen et al., 2004;
Bethany et al., 2007). For this reason, a number of methods for
reducing noise and constructing high-quality NDVI time series
dataset for further analysis have been developed and evaluated.
These methods can be classified into two types: treatment on
time domain such as the best index slope extraction algorithm
(BISE) (Viovy et al, 1992; Lovell & Graetz, 2001),
Mean-Value Iteration Filter (MVI1) method (Ma & Veroustraete,
2006), Savitzky-Golay filter method (Chen et al., 2004)); and
the frequency domain such as Fourier method (Wang et al.,
2005; Wen et al., 2004; Poerink & Menentir, 2000; Zheng &
Zhuang, 2003). All these methods have both merits and demerit.
Xiao (2003) used BISE method to reconstruct SPOT-4
VEGETATION (VGT) time series data, and classified forest
type in northeastern China based on the reconstructed result.
Ma (2006) used mean-value iteration filter method to recon-
struct AVHRR NDVI time-series dataset of northwest of China.
Wang (2005) used HANTS method based on Fourier transfor-
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mation to reconstruct AVHRR NDVI time-series dataset in
China. However, these methods still have some demerits which
restrain their uses. The BISE method needs a size of the slide
window and an acceptable threshold, but these parameters
should be adjusted according to different climate zones or dif-
ferent vegetation characteristics, and it makes the credibility of
this method not very high. Setting of optimal threshold is very
important when there is no pixel reliability data for cloud de-
tection using the MVI method. Fourier method can make a very
smooth time series NDVI curve. However, compared with
original NDVI curve, the result value has a great offset.

Savitzky-Golay method fits a polynomial according to the
selected point and its nearby fixed number points, and then uses
the polynomial to give the smooth value of selected points. This
method does not have strict requirements of scale of NDVI or
type of sensors. Given a fitting effect index, Savitzky-Golay
filter will iterate until the fitting effect index reach local mini-
mum value; and it indicates that fitting progress yields the op-
timum results. This paper uses Savitzky-Golay filter method to
reconstruct MODIS 16d NDVI time-series product of Ruoergai
plateau wetland from 2000 to 2009, and the results are com-
pared with the results by the other two methods—Mean Value
Iteration filter and Fourier method. As a result, reconstructing
method based on Savitzky-Golay filter yields a better result in
both image visual effects and NDVI time curves. High quality
NDVI time-series which is reconstructed based on this method
offers a good foundation for the monitoring of the ecosystem of
Ruoergai wetland and also can provide a reference for the user
of this dataset.

2 MODIS NDVI TIME-SERIES DATASET

MODerate-resolution Imaging Spectroradiometer (MODIS)
is the new generation optical remote sensor currently for its
data has medium spatial resolution, fine spectral resolution,
high temporal resolution and a large covering area. It has shown
good application prospects in the eco-environmental assessment
and monitoring. VI products of MODIS mainly include
Normalized Difference Vegetation Index (NDV1) and Enhanced
Vegetation Index (EVI). Compared with the VI product of
NOAA-AVHRR, VI products of MODIS get rid of the vapor
absorption zone in near-infrared band, and its red channel
(620—670nm) are narrower which are more sensitive to chlo-
rophyll and easier to detect rare vegetation (Liu & Cheng,
2003). When composed by the MVC method, VI products of
MODIS take the bio-direction reflection into consideration and
convert NDVI value of a certain solar zenith angle into its
equivalent value of nadir observation (Huete et al., 1999). It is
helpful for improving the comparability of VI acquired in dif-
ferent time periods. NDVI is calculated from the reflectance
near-infrared channel and the red channel:

NDV = Prir ~ Pred )
Prir ¥ Pred

where o is the reflectance of near-infrared channel, and preq

is the reflectance of red channel.

The development team of MODIS has dedicated to research
and development of products and algorithms. Through a series
of processing and handling, there are currently 44 standard
products of MODIS such as land surface temperature (MOD11),
vegetation index (MOD13), albedo (MOD43). These products
have been widely used in researches of atmosphere, oceans and
land. Data source used in this research is the MOD13Q1 prod-
uct of MODIS which is composed by the 16d MVC method
from Feb 18, 2000 to Feb 18, 2009, and the spatial resolution is
250 m. There are 23 scenes in one year and 208 scenes in the
study period.

There are 12 bands in the MOD13Q1 product, and the first
band is the NDVI. The twelfth band of MOD13Q1 is pixel
reliability summary QA layer which marks the summary reli-
ability corresponding to the NDVI pixels. It is helpful to detect
cloud or ice/snow in our study. The setting of this layer is
shown in Table 1 (Huete et al., 1999).

Table1 MOD13Q1 Pixel Reliability

Rank key Summary QA Description
-1 Fill/No data Not processed
0 Good data Use with confidence
1 Marginal data  Useful, but depard on other QA information
2 Snow/Ice Target covered with snow/ice
3 Cloudy Target not visible, covered with cloud

In this table, the pixel values equaling 2 or 3 represent tar-
gets covered by snow/ice or cloud, so the snow/ice or cloud can
be easily detected using this pixel reliability layer.

In the data pre-processing period of this study, we firstly
used the MODIS Reprojection Tool (MRT) to convert the
original Sinusolidal projection of the MOD13Q1 dataset into
Standard Abert projection, and then repaired the filling data in
the image. Finally, NDVI value is calculated through multiply-
ing the original value by the scale factor. Base on land use, 10
points were chose as NDVI curve validation points. As shown
in Fig.1, the original NDVI curve is not very smooth, and some
points in the temporal profile drop significantly. These points
which are unreasonable in the cycle of vegetation growth are
shown as ice/snow pixels in their pixel reliability layer and
should be amended as noise.

3 METHODOLOGY

3.1 Study area

Most of the Ruoergai wetland locates in the Ruoergai
County of Sichuan province, China. Ruoergai wetland covers a
total of four protected areas which are Gangiao provincial na-
ture reserve and Ruoergai national nature reserve in Sichuan
province, and Shouqu provincial nature reserve and Gahai-
Zecha national nature reserve in Gansu province. \We chose the
Ruoergai County as our study area for the Ruoergai national
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Fig. 1 NDVI temporal profile and its pixel reliability of a validation point
(a) NDVI temporal profile in 2002; (b) NDVI temporal profile in 2006; (c) NDVI temporal profile from 2000 to 2009; (d) Pixel reliability of this point

nature reserve completely locates in this county. Vegetation in County and its national nature reserve.
our study area is mainly alpine meadow and marsh vegetation.

Alpine meadow vegetation with sand cephalotus, grass her- 3.2 Algorithm model

banceous plants mainly distributed in the hilly slopes, river
floodplain and terraces with better drainage conditions. Marsh
vegetation of Tibetan kobresia Muli carex mainly distributed in
the hilly terrain, depression of lakeside and the valley marshes ) ) )
(Chai et al., 1965). NDVI response of alpine meadow is similar tives of a set of consecutive values. The design concept of
to vegetation on the plain and NDVI signal of marsh vegetation Savizky-Golay filter is to find a suitable filter coefficient to
is a little weak for it blended with signals of water and soil protect the high-order moment. It uses a high-order polynomial
(Silva et al., 2008). Fig. 2 shows the boundary of Ruoergai instead of a constant to achieve the least-squares fitting within
the sliding window to approximate the base function. Taking a
fixed number of points in the vicinity point to fit a polynomial,
it gives the smooth value of the vicinity point according to the
polynomial during the fitting progress. Based on the principle
of Savizky-Golay filter, the general equation of fitting progress
can be given as follows:

3.2.1 Savizky-Golay fliter
Savizky and Golay (1964) proposed a simplified least-
squares-fit convolution for smoothing and computing deriva-
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where Y] is the resultant NDVI value, Y. is the original NDV/I
value, C; is the coefficient given by the Savizky-Golay filter
and N is the number of convoluting integers which is equal to
the smoothing window size (2m+1) (Luo et al., 2005; Zhu &
Bao, 2008).

3.2.2  Algorithm process
Fig. 2 Ruoergai County and its national wetland reserve area Based on the assumption that curve of NDVI should be
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smooth during the vegetation growing season and its annual
recycle, and supposed that cloud or ice/snow will reduce or
impede sensors to receive vegetation reflectance signals and
depress NDVI values, cloud or ice/snow pixels were identified
by the pixel reliability data layer of MOD13 and were replaced
by a linearly interpolated value using the adjacent points that

NDVI1=0.0001DN

Y

NDVI time-series

A4

are not identified as noise points. Long-term change curve
which represents the gradual process of annual vegetation cycle
was fitted by the Savizky-Golay filter, and then fitted by local
circulation to make the curve of NDVI approach the upper
NDVI envelope. The main steps for implementing the method
were shown in Fig.3.
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Fig. 3 Flowchart of the Savitzky-Golay filter method

There have been some researches on the utilization of
Savizky-Golay filter to conduct filtering of time-series remote
sensing data. This study mainly focused on the use of this fil-
tering algorithm for the NDVI products of MODIS. Consider-
ing the characteristics of MODIS NDVI dataset, this study first
get the index of the pixel reliability layer array whose pixel
value equals 2 or 3 which represent cloud or ice/snow pixel in
the NDVI time-series. Then the noise pixel can be replaced by a
linearly interpolated value using the adjacent points that are not
identified as noise points, and the new time-series is (t;, NY).

NG :<aN (i,t—1) +bN(i,t +1),DNg = 20rDN; =3

_ B G
N(i,t), DNy =00rDNg =1

where DNy is the value of pixel reliability and N(i, t) is the
value of NDVI of the ith pixel in the ith time.

Filtering and reconstructing phase will begin when the linear
interpolation finished. There have been some studies about
reconstruction of NDVI time-series using the Savizky-Golay
filter which is similar with the flowchart shown in Fig.3 in re-
cent years (Gu, 2003; Chen et al., 2004).

4 RESULTS AND ANALYSIS

4.1 Analysis of NDVI time-series curve of validation
point

The fitting process in this study has been achieved based on
Saviziky-Golay filter function provided by Interactive Data
Language (IDL) and r208 scenes of MODIS NDVI time-series
are reconstructed from 2000 to 2009. After 15 fittings, the best
fitting effect has been yielded. Fitting step of one example
NDVI curve in the process is shown as Fig. 4.

It can be seen from Fig.4(a) that noise points in the original
time-series dataset have been fitted, and the fitted curve which
in line with growth pattern of vegetation is smoother.

Those sudden drops in the NDVI time-series dataset which
have been identified as noise points by the pixel reliability layer
are replaced by a linearly interpolated value using adjacent
points. As shown in Fig.4(b), values of those noise points have
increased after linear interpolation. However, it still cannot
represent real condition of vegetation growth because there are
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(a) The whole fitting effect from 2000 to 2009; (b) Comparison between original curve and the linear interpolated result; (c) Comparison between original curve

Fitting effect of an example validation point

and the long-term change trend curve; (d) Comparing between linear interpolated and fitting result

still some jagged up or drop suddenly in the curve after linear
interpolation. Points which are not identified in the pixel reli-
ability layer are same as the original value.

NDVI time-series should follow the gradual process of sea-
sonal and annual vegetation cycle, so sudden falls which are
inconsistent with this trend should be regarded as noise points
affected by clouds or some other reasons. Long-time change
trend curve is got after fitting the linear interpolated curve.
Most of the noise points should be below the long-term change
trend for clouds or poor atmospheric conditions making NDVI
a negative bias. The long-term change trend is smoother than
the original curve and can represent the gradual process of an-
nual vegetation cycle, but there are still some errors in the local
part especially in the noise points. Some none cloud/snow
points deviate from its original value in the long-term change
trend and there are large errors if reconstructed by long-term
change trend.

After linear interpolated curve fitted by Savizky-Golay filter,
a new smoother time-series representing the NDVI long-term
change trend is obtained. Those points which are lower than the
trend curve are replaced by the trend value and those points

which are higher than the trend curve keep the original value.
Then it makes the first reconstruction between linear interpola-
tion and long-term change trend. Setting fitting effect index and
calculating each time fitting effect, the program reaches best
fitting effects after 15 fitting. The result makes noise points
reach the upper envelope and keeps non-clouds points its origi-
nal value. It also reflects the growth condition of vegetation
well. As can be seen in Fig.4(d), the points identified as noise
points increased and those fall points which were not identified
as noise points were also increased because they also should be
noise points.

Table 2 shows the value of NDVI before and after recon-
struction of the first validation point. It can be seen from the
table that values of ice/snow pixel have increased, and they can
reflect condition of vegetation for that the curve of NDVI has
reached the upper envelope after reconstruction. However, the
results will not be very satisfactory when there is a continuous
period of clouds, snow or ice. Taking the 19, 20, 21 and 22 time
point as example, date of these four time points is from December,
2000 to January, 2001, and the target is covered by ice/snow
shown in the pixel reliability layer. Value of NDVI is nearly 0
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Table 2 Value of NDVI before and after reconstruction of the first validation point
" . . . . Reconstructed Relative deviation of mean Relative deviation of mean
Time point Value of pixel reliability Original NDVI NDVI before reconstruction after reconstruction
19 2 0.0096 0.11378 -0.1434 -0.0392
20 2 0.0167 0.070264 —-0.0274 0.026
21 2 0.0345 0.082741 0.0005 0.049
22 2 0.015 0.20601 —-0.1167 0.07
45 2 0.0262 0.247337 -0.2276 -0.006
133 2 0.0012 0.274644 —0.28435 -0.01
183 2 0.0097 0.187966 -0.12125 0.057
184 2 0.0395 0.21375 —-0.0841 0.09
205 2 0.0132 0.22859 —0.22795 —0.01256

and there will not be significantly increase through linear in-
terpolation.

4.2 Analysis of image

Images which are interrupted seriously by the noise are im-
proved well in visual effects after the fitting process. The
clouds or ice/snow pixel are reconstructed well, and good data
in the original image are kept. Fig.5 shows the visual effect of
the filtered image which is composed from Jan 17, 2002 to Feb
1, 2002 using the 16d MVC method.

As shown in Fig.5(b), pixels identified as noise point by
pixel reliability layer are amended by the linearly interpolated
value, but the border between clouds and none clouds is very
clear and does not represent the actual situation of vegetation
distribution. In the long-time change trend image, although the
border between noise and none noise pixel has been improved,
it just reflects the growth trend of vegetation and the value of
those pixels can not represent the actual cover condition. After
the first fitting, pixels which are lower than the trend are re-

Clouds and ice/snow pixels

E

C o220 N I :

Pixel reliability

-0.069 W 09967

2002-01-17—2002-02-01
NDVI

Long-term change trend
(2002-01-17—2002-02-01) (b)

Linear interpoltation

-0.1716

placed by trend value and which are higher than the trend are
kept. The effect of long-time trend is better than the linear in-
terpolation. After 15 fittings, the fitting effect index achieves
the minimum value and it reaches the best fitting effect.

4.3 Compare with other methods

Savizky-Golay filter method is compared with Fourier-based
fitting method and MVI method (Ma & Veroustraete, 2006) in
this study. The Fourier-based fitting method changes signals
from time-domain into frequency-domain in order to remove
the high frequency information and then changes signals back
to time-domain. For NDVI time-series, it changes a time signal
into different frequency sine waves, and each frequency- do-
main component corresponds to a sine signal in the time-
domain. A curve in the time-domain can be expressed as a
number of different frequencies of the sine curve superimposed.
Low-frequency part represents the background while high-
frequency represents the random components. Out of these
methods, the Fourier-based fitting method obtained the

lee/

snow pixels

0.9864
2002-11-17—2002-12-02
NDVI

Pixel reliability

First fitting Result (15 fitting)

100 km

Fig. 5 Noise in the typical time image and its pixel reliability layer
(a) Two images which infected by snow/ice or cloud of 2002-01-17 and 2002-11-17; (b) Reconstructed effect of Savitzky-Golay filter
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smoothest fitted curve, but a large displacement away from the
original NDVI values was shown. The MVI fitting method got
a similar result with S-G filter method. However, it uses the
mean value of points which are adjacent to the drop points to
determine noise points, so the setting of threshold is important
to improve fitting effect.

As shown in Fig.7, the fitting effect of Savizky-Golay filter
is better, and image is clearer, also the transition between
clouds and none-clouds area is better. The result image of Fou-
rier-based fitting method and MVI method has a clear border
between the noise and none-noise areas. There is an image
quality evaluation method based on the analysis of image defi-

1.0
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0.6

NDVI

0.4
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0.2
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nition. Image definition refers to the differences on both sides
of the border or near the gray-hatched of the image and it
means the change rate of gray level which can be expressed as
the gradient. It reflects the contrast change rate on minimal
image detail and represents the relative clarity of the image.
Quantitative contrast among the three methods is made basing
on the clarity index of the image which can be expressed as:
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Fig. 6 Comparison of the fitting effect of three different methods
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(a) Effect of Fourier-based fitting method; (b) Effect of the MVI method; (c) Effect of Savizky-Golay filter method

where D(i, j) means the gray value of ith row jth column pixel.
M and N means the total row and column of the image. Gener-
ally, g is larger and then the image is clearer. After calculation,
the g of Fourier-based fitting image is 0.021, and g of the MVI
method is 0.03 while g of S-G filter method is 0.039. So it can
be seen that the clarity of Savizky-Gloay filter result is better.

5 DISCUSSION

When NDVI time-series is fitted, width of the sliding win-
dow and order of the polynomial is critical to ensure the fitting
accuracy of the NDVI time-series. There will be a large number
of redundant data if the width of sliding window is relatively
small and the long-term change trend of the dataset can not be
gotten, and it will miss some correct information in details on
the contrary. So when fitting the long-term change trend, low-
level and wider sliding window should be selected to reflect the

change trend while narrower window should be chosen to fit
the local part so as to emphasize local information.

With a continuous period of time affected by clouds or in-
terfered with snow or ice, although these pixels can be identi-
fied well using the pixel reliability layer in the pre-processing
stage, it is not an ideal results to replace those pixels by a line-
arly interpolated value using adjacent points. In addition,
Savitzky-Golay filter needs a fixed number of points near the
noise point to give the smooth value of this point. Therefore, it
requires an equal time interval of the time-series data.
Non-equidistant time series data and frequent clouds and at-
mospheric effects need to be further studied.

There have been a series of algorithms developed for recon-
struction of NDVI time-series dataset. Whether from the fre-
quency-domain or time-domain starting, aim of reconstruction is
to remove any pseudo-data points in the NDVI time-series curve
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and reconstruct high quality dataset which can reflect the true
growth condition and coverage of vegetations. The performance of
each method is different in the different application areas (Liu et
al., 2009). However, some algorithms are subjective for their set-
ting a threshold or using experience parameter. Setting a fitting
effect index which is similar with the Savizky-Golay filter can
help to reduce influence on personal and improve the accuracy.

After removing the impact factor of clouds ice or bio-direc-
tion effectively, time-series NDVI dataset will be able to respond
health of terrestrial ecosystem better. In recent years, due to land
reclamation and overgrazing, eco-environment of Ruoergai wet-
land has faced serious threats. China has enlarged the protection
ability for the eco-environment of Ruoergai wetland. However,
for the complexity of the eco-environment of wetland, biomass
which is an important index for the growth condition of vegeta-
tion is hard to determine. Remote sensing has provided conven-
ient for large-scale biomass surveys. In the follow-up works, we
will work on the NPP and biomass of Ruoergai wetland based
on this reconstruction dataset and other meteorological data, and
we will establish database for the inter-annual biomass to pro-
vide basic resources for the surveying of vegetation, evaluation
and protection resource of Ruoergai wetland.

Though processed by Maximum Value Composition (MVC)
methods, there are still lots of residual noises in the NDVI
time-series data and these residual noises disturbed further
analysis and may lead to false results. The Savizky-Golay filter
used in this paper is an efficient method to improve quality of
time-series dataset. High quality NDVI time-series which is
reconstructed based on this method can reflect long-term
change trend and local information during the growth season
and offers a good foundation for the monitoring of the ecosys-
tem of the Ruoergai wetland.
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