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Abstract. The Wenchuan earthquake was a deadly earthquake that occurred on May 12, 2008, in
Sichuan province of China. With the help of classic statistic methods, including arithmetic mean,
standard deviation and linear trend estimation, vegetation restoration was recognized by analyzing
spatio-temporal features of normalized difference vegetation index (NDVI) before and after this
earthquake. Results indicate: (1) spatial distribution of NDVI mean values remains similar from
1998 to 2011. Higher values are mainly found in north, whereas lower values are mainly distrib-
uted over southeast, which is in good correlation with elevation and landform. Vegetation damage
is at different levels in different seismic intensity (SI) regions: the higher SI is, the worse vegetation
damage is. (2) Over the whole region, standard deviation is bigger after earthquake than before.
Both absolute and relative changes in ecosystem stability increase with increasing SI. In different
counties, variation of ecosystem stability is more obvious after earthquake, increase of standard
deviation is approximately 6.5 times. Relatively, vegetation regionalization is the smallest analysis
unit. Consequently, changes resulting from earthquake are unobvious. (3) Linear trend estimation
coefficient increases from 0.0079 before the earthquake to 0.0359 after the earthquake in this
whole region. This indicates that the plant ecosystem is rapidly restored between 2009 and
2011. The biggest linear trend is for the hill region, indicating good plant restoration and increase
after earthquake. Fluctuation of linear trend estimation coefficient in different counties is more
obvious after earthquake. Vegetation restoration after earthquake is most obvious in the regions
that suffered the greatest SI (SI10 and SI11). In contrast, fluctuation in linear trend estimation
coefficient of annual NDVI mean value for different classes of vegetation is more obvious before
earthquake. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported
License. Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JRS.8.083651]
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1 Introduction

Vegetation is one of the most important components in a terrestrial ecosystem. It is regarded as the
hinge of the cycle of mass and energy fluxes of ecosystem, and drives the evolvement and develop-
ment of an ecosystem.1 Distribution and growth of vegetation are determined by environmental
factors, such as water, heat energy, and nutrient availability, and their changes are logged by plant.
Among these, water and heat availability are the most important. They are indicated by the rainfall
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and air temperature, respectively. Because they are obvious or unobvious in different years, their
correlation with vegetation growth paid the most attention over a long period. Popular study topics
include the relationship between precipitation and the composition and distribution of vegetation
population on an annual scale, spatio-temporal vegetation growth feature and rainfall and air tem-
perature on season and month scale,2–5 and so on. Contrasted with natural hazards, annual var-
iations of climate factors are gradual and gentle, simply influencing vegetation growth. However,
many unexpected natural hazards, such as landslide, mudslide, earthquake, drought, flood and
freezing, impact badly on the growth and spatial distribution of vegetation.6–9

Disaster not only affects ecological quality but also changes the ecosystem classifications.
Usually, assessment of ecological damage induced by natural disasters focuses mainly on the
measures of ecosystem conversion, that is to say, calculating the area reduced by the disaster.
However, ecological restoration assessment is more important than ecological damage assess-
ment. Vegetation is the most important ecological factor, and its damage assessment is very
important. There is no doubt that timely monitoring of vegetation growth is the key to assess
damage and evaluate vegetation restoration. Five and ten years after the 921 earthquake in central
Taiwan, Lin et al. and Chuang et al. assessed the vegetation restoration with the Markov chain
model and Systeme Probatoire d’Observation dela Tarre (SPOT) images.10,11 Although this case
used model and satellite images, satellite images only record instantaneous vegetation informa-
tion's, because that SPOT images are only acquired one time per month according to the devise of
satellite. However, some satellite sensors, such as SPOT VEGETATION (VGT), moderate res-
olution imaging spectroradiometer (MODIS), images can be acquired two times per day accord-
ing to the devise of satellite, 10-day satellite images can be gain and exactly reflect the real
vegetation states. These satellite images were used to assess the vegetation restoration.12,13

After the earthquake occurred on May 12, 2008, in the Sichuan province of China, many
researchers focused on this case. Xu et al. assessed the importance of ecological protection for
ecological conservation, based on soil erosion sensitivity and the importance of biodiversity
and water conservation.14 Kong et al. mainly analyzed the ecological vulnerability, based on
resources and environment, and social and economic features.15 Xu et al. mainly paid attention
to the ecological influence in the epicenter region, with the help of remote sensing and geographi-
cal information systems.16 Wang et al. analyzed the correlation between geographical physiog-
nomy and ecoenvironmental damage.17 Gao et al. used information extracted from satellite
images taken on September 18, 2007, and July 28, 2008, to compare land use before and
after earthquake.18 These studies mainly monitored and assessed ecological damage, and offered
advice. However, 3 years after the earthquake, assessment of vegetation restoration after this natu-
ral disaster has been neglected, it is very important to monitor and assess changes in the ecosystem.

2 Materials and Analytical Methods

2.1 Study Region

The Wenchuan earthquake was measured 8.0 Ms (surface wave magnitude scale). It occurred on
May 12, 2008, in the Sichuan province of China. It is the most damaging and influential of all
earthquakes that have occurred in China since 1949. Tremors were also felt in Vietnam,
Thailand, Mongolia, Bangladesh, Nepal, India, Pakistan, and Russia. Ten counties that were
worst hit were Wenchuan, Beichuan, Dujiangyan, Pengzhou, Shifang, Mao, An Xian,
Pingwu, Qingchuan, and Mianzhu.19 A sketch of this epicenter and region is showed in
Fig. 1. Mean altitude is 2034 m and landform is complex, with many hills in this region.
According to the vegetation classification, there are about 18 kinds of plants.20 SI varied
from SI7 to SI11, with the higher values occurring mainly in the east and south of this region.
About 9.8%, 11.23%, and 23.38% of this region experienced SI11, SI10, and SI9, respectively.

2.2 Materials

In order to clearly show vegetation restoration, normalized difference vegetation index (NDVI)
images were collected from 1998 to 2011. A regional vegetation classification map, digital
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elevation model (DEM), and map of county boundaries were also collected. DEM data were
downloaded from http://datamirror.csdb.cn/, they were acquired with shuttle radar topography
mission (SRTM), produced by International Center for Tropical Agriculture (CIAT), and spatial
resolution is 90 m.

NDVI are satellite images with spatial resolution of 1 km acquired by SPOT VGT, they are
the maximum-value composites synthesized from daily images, with the highest NDVI of an
individual pixel for any given geographic coordinate, which helps to ensure coverage of all land-
masses worldwide with a minimum cloud-cover effect. The platforms of SPOT VGT sensor are
SPOT satellites (SPOT-4 and SPOT-5), which have an equator-crossing time of 10:30. The
10-day synthesis products until January 2003 are available at http://free.vgt.vito.be/origin
from SPOT-4 (VGT1 sensor) and those after that from the SPOT-5 (VGT2 sensor). Real
NDVI values are retrieved from original NDVI product images according to the equation
y ¼ axþ b, where y is the NDVI value, x is the digital number of the image, and a and b
are 0.004 and −0.1, respectively.21

2.3 Methods

Changes of many parameters were used to reflect vegetation restoration, such as growth, sta-
bility, and diversity. These can be recognized by the statistical features of long time series of
NDVI images. Spatio-temporal features of vegetation before and after earthquake were analyzed
by annual means of NDVI from 1998 to 2007 and from 2009 to 2011, respectively. Before
calculating the statistic features of NDVI, average values of NDVI per year were made from

Fig. 1 Seismic intensity, geographical profile, and vegetation classification of the study region.
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10-day NDVI images over entire year. One year covers vegetation growth cycle in general, which
can avoid errors caused by time differences of sprouting and deciduous of different vegetations.
Based on these annual NDVI images, spatio-temporal features of vegetation restoration and
variation were analyzed. After that, statistic images, including arithmetic mean, standard
deviation and linear trend estimation of annual NDVI before and after earthquake, are analyzed
with overlay methods based on the different counties, seismic intensity, and vegetation classi-
fication. By contrast, vegetation restoration and variation have been recognized and identified.

Arithmetic mean and standard deviation are the most commonly used statistical parameters.
Arithmetic mean is the sum of a collection of numbers divided by the number of numbers in the
collection,22 it is often used to report central tendencies. In this case, arithmetic mean was used to
find the global central feature of annual NDVI in some regions or several years. Standard
deviation is the square root of the variance of the random variable, statistical population,
data set, or probability distribution. It shows how much variation or dispersion from the average
exists.23 Standard deviation reflects individual dispersion in statistical samples, and thus indi-
cates the statistical distribution and fluctuation amplitude in any region. According to the
statistical signification, standard deviation was used to show the stability of vegetation.

It is not enough to analyze the vegetation restoration with arithmetic mean and standard
deviation, because their values only showed the statistical distribution state, which does not
indicate the global change in trend of variables with time. In order to recognize vegetation
change and restoration state, linear trend estimation method was used to analyze the change
trend. Linear trend estimation shows the change in trend of the temporal series of statistical
variables. The linear trend estimation method analyzed the change in trend of interannual
mean values using Eq. (1):23
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where k is the linear trend estimation coefficient, which shows the change in trend of sample
values, x is the analysis sample value, t is the time of sampling, and n is the number of samples.
Positive and negative k is shown by the different signs. There is a rising trend when k > 0, and
there is a declining trend when k < 0. The size of k values shows the rate of rise or decline. The
bigger the value of k is, the larger the rate of change is.

3 Results

3.1 General Features of Vegetation Variation

According to statistic means of arithmetic mean, its value mainly reflects the center tendency of
statistical variables, that is to say, mean value of annual NDVI over years. In detail, the bigger mean
value of annual NDVI is, the better vegetation growth is. Figure 2 indicates a generally stable
spatial distribution of mean NDVI values before and after earthquake. Higher values are mainly
in the north, and lower values mainly distribute over the southeast, which is in good correlation
with elevation and regional landform. In regions with higher elevation and complex landform,
vegetation grows better. Specifically, the highest NDVI value is in Pingwu and the lowest
value is in Shifang, corresponding to no difference in NDVI before and after the earthquake.
Also, there is a minute change in the range of NDVI values. To be precise, the NDVI value varies
from 0.0025 to 0.6666 before the earthquake, and from 0.0163 to 0.6807 after the earthquake. It is
clear that both maximum and minimum are slightly increased by 0.0138 and 0.0141, respectively.
On the other hand, NDVI mean value over the whole region is decreased from 0.4553 to 0.4417.
The reduction is 0.0137, about 3% of the NDVImean value before the earthquake. Thus, there is an
overall slight decrease in the general growth of vegetation in this region.

Regions differ in geological and geographical features, which result in spatial variation in the
ability to withstand seismic activity. Therefore, it is reasonable to find that vegetation damage
after earthquake is at different levels in different regions. In order to define this spatial variation,
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several types of maps are used to overlay the analysis: a map of political boundaries of counties,
vegetation regionalization maps, and a seismic intensity distribution map. Figure 3 shows varia-
tion in mean values of NDVI before and after the earthquake (a) with seismic intensity, (b) by
county, and (c) with vegetation type.

As well as the region where earthquake damage to vegetation occurs, the impact of seismic
intensity on the vegetation growth must also be taken into account, and so the NDVI mean value
is plotted against the variation in seismic intensity before and after the earthquake. In Fig. 3(a), it
is seen that the higher the seismic intensity of the region, the worse the damage to vegetation.
Typically, the greatest decrease in vegetation appears in regions of SI11 and SI10. It is about
9.8% in the SI11 region, which covers the earthquake center. According to the graph for the
different counties [Fig. 3(b)], average NDVI has been in decline for many years, for example
in An Xian, Mao Xian, Pingwu, Wenchuan, and more especially in Mianzhu, Shifang,
Pengzhou, and Dujiangyan. The decline trend is more obvious in the northeast of this region,
where the land is mainly cultivated. In general, a decline in different classes of vegetation is not
observed after the earthquake, as shown in the plot of NDVI mean value against vegetation
classification before and after the earthquake [Fig. 3(c)].

3.2 Stability Variation in Different Regions

The stability of a regional ecosystem is indicated by the stability of spatial distribution. Standard
deviation is calculated with annual NDVI and used as the indication index: the bigger the

(a) Spatial distribution of NDVI mean value for 1998 to 2007,
before the earthquake  

(b) Spatial distribution of NDVI mean value for 2009 to
2011, after the earthquake
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Fig. 2 NDVI mean value of vegetation restoration before and after the Wenchuan earthquake,
(a) spatial distribution of NDVI mean value for 1998 to 2007, before the earthquake, (b) spatial
distribution of NDVI mean value for 2009 to 2011, after the earthquake, and (c) static feature of
NDVI value before and after the earthquake.
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standard deviation and the less stable the regional ecosystem. Adversely, the regional ecosystem
is more stable. This index is clearly and closely linked to the area under assessment. Figure 4
shows the variation in standard deviation with (a) seismic intensity, (b) county, and (c) vegetation
type. In general, the standard deviation is bigger after than before the earthquake. Both absolute
and relative changes in stability increase with seismic intensity, being most obvious in the SI11
region [Fig. 4(a)].

As Fig. 4(b) indicates, differences in stability before and after the earthquake are evident in
different counties. The biggest absolute changes are in Qingchuan and Beichuan from 0.0424 to
0.5815 and from 0.0599 to 0.5355, respectively. The greatest relative changes appear in
Qingchuan and Anxian, standard deviations after the earthquake being 12.7303 and 13.3132
times those before the earthquake, respectively. These values indicate that there are obvious
changes in Qingchuan, Beichuan, and Anxian, the ecosystem being less stable after the earth-
quake. In general, ecosystem stabilities in different counties are similar before the earthquake;
stability variation is greater after the earthquake. In different counties, variation of ecosystem
stability is more obvious after the earthquake, increase of standard deviation is approximately 6.5
times. Overall, the ecosystem is less stable in the north than in the south. Absolute changes show
the same spatial distribution.

Relatively, vegetation regionalization is the smallest analysis unit. As a result, differences
between before and after the earthquake are not obvious. However, stability variation is
the most important in understanding the ecosystem change in this earthquake region. As
Fig. 3(c) indicates, there are obvious changes in MNF_CTT, NF_T, NF_ST, MNF_STT,
MMF_ST, MBF_ST, BEF_ST, BFS_STT, BS_STT, BDS_SA, and GM_T. The greatest absolute
changes appear in MNF_CTT and MMF_ST: 0.0235 and 0.0343, respectively. The greatest rel-
ative changes are in MMF_ST and BFS_STT. In general, regions of obvious change are mainly
found at higher altitudes, that is to say, in the west of the study region.
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Fig. 3 Spatial variation of NDVI mean value of vegetation restoration before and after earthquake,
(a) plot of NDVI mean value against seismic intensity, (b) plot of NDVI mean value in different
counties, and (c) plot of NDVI mean value for different classes of vegetation.
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3.3 Variation in Restoration of Vegetation in Different Regions

Although a vegetation ecosystem undoubtedly fluctuates between different years, this change is
minute in a normal year. When a major natural disaster happens, the path of general change is
from good to bad and then back to good. In this process, vegetation growth change is one of the
most useful indices for monitoring and assessing the restoration of vegetation. In order to show
the variation in restoration after the earthquake by area, the linear trend estimation coefficient is
taken as the indicator. The variation of linear trend estimation coefficient over the different
regions is shown in Figs. 5 and 6. Over the whole region, linear trend estimation coefficient
increases from 0.0079 before the earthquake to 0.0359 after the earthquake. Such a large change
indicates that the plant ecosystem is in the process of rapid restoration from 2009 to 2011. As
with the spatial distribution before the earthquake, the biggest and smallest linear trend estima-
tion coefficients are found in the eastern, cultivated, vegetation; and the western hill vegetation,
which reflects the natural hill flora, is stable. However, the biggest linear trend estimation coef-
ficient is mainly scattered over the hill region, indicating that plant restoration and increase after
the earthquake are good in this region.

In order to clearly show the variation in restoration in different regions, graphs of linear trend
estimation coefficient in different counties (a), with seismic intensity (b) and with vegetation
type (c) are shown in Fig. 6. Bigger line trends and good plant restoration are shown in
these figures; however, fluctuation in linear trend estimation coefficient in different counties
is more obvious after the earthquake than before the earthquake. Except in Qingchuan, the veg-
etation shows a bigger linear trend estimation coefficient value and better growth in all counties.
The changes are more obvious, especially in Wenchuan and Maoxian, than before the
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(c) Plot of NDVI standard deviation for different classes of vegetation 

Fig. 4 Spatial variation of NDVI standard deviation of vegetation restoration before and after
earthquake, (a) plot of NDVI standard deviation against seismic intensity, (b) plot of NDVI standard
deviation in different counties, and (c) plot of NDVI standard deviation for different classes of
vegetation.
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(a) Spatial distribution of linear trend estimation coefficient of 

annual NDVI mean value before the earthquake

(b) Spatial distribution of linear trend estimation coefficient of 

annual NDVI mean value after the earthquake

Fig. 5 NDVI linear trend estimation coefficient of vegetation restoration before and after earth-
quake, (a) spatial distribution of linear trend coefficient of annual NDVI mean value before the
earthquake and (b) spatial distribution of linear trend coefficient of annual NDVI mean value
after the earthquake.
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(c) Plot of linear trend estimation coefficient of annual NDVI mean value for different vegetation classes 

Fig. 6 Linear trend estimation coefficient of vegetation restoration after earthquake, (a) plot of
linear trend estimation coefficient of annual NDVI mean value in different counties, (b) plot of linear
trend estimation coefficient of annual NDVI mean value against seismic intensity, and (c) plot of
linear trend estimation coefficient of annual NDVI mean value for different vegetation classes.
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earthquake; the absolute increases are 0.0447 and 0.0350, and the relative increases are 9.8887
and 10.5814, respectively. Among the regions of different seismic intensity, restoration of veg-
etation is the most obvious in SI10 and SI11 regions. However, the biggest absolute and relative
increases occur in areas with SI8 and SI7: 0.0330 and 0.0292, respectively.

In contrast, the graphs of linear trend estimation coefficient of annual NDVI mean values for
different classes of vegetation show greater fluctuation before the earthquake. The highest and
lowest values are for different vegetation classifications. Vegetation growth is best for NF_ST
before and MMF_STafter the earthquake, and worst for SV_A before and GM_Tafter the earth-
quake, the increase being 0.0132, 0.0379, 0.0323, and 0.0123, respectively, for these vegetation
types. Over all the regions, the growth shows the greatest change for BESS_SB, i.e., 0.0453,
72.0954 times the growth before the earthquake. There is also a large increase in MNF_STT and
SV_A. According to Fig. 6(c), vegetation types MNF_STT, MMF_ST, BDS_SA, BESS_SB,
and M_AK are growing well.

4 Conclusion and Discussions

The Wenchuan earthquake was taken as the case study for this paper. This deadly earthquake,
measuring 8.0 Ms, occurred onMay 12, 2008, in the Sichuan province of China. Spatio-temporal
features of vegetation restoration and variation after the Wenchuan earthquake were analyzed by
arithmetic mean, standard deviation, and linear trend estimation of NDVI satellite images from
1998 to 2011. Main conclusions are concisely formulated as: vegetation damage is at different
levels in different seismic intensity regions, the higher seismic intensity is, the worse vegetation
damage is. Variation of ecosystem stability in different seismic intensity and counties is more
obvious after earthquake. Plant ecosystem is rapidly restoring and increasing between 2009 and
2011 in the whole region, which is spatial variation, obvious restoration is in the hill region,
greatest seismic intensity.

Before and after the earthquake, the spatial distribution of NDVI mean values is similar for
many years. Higher values of NDVI are mainly found in the north, and lower values mainly in
the southeast, which is in good correlation with the altitude and landform. On the other hand,
different regions vary geologically and geographically, which result in spatial variation in the
ability to withstand seismic activity in different regions, and so vegetation damage due to the
earthquake is at different levels in different regions. In general, standard deviation is bigger after
the earthquake than before. Both absolute and relative changes in stability increase with the
seismic intensity, the most obvious changes occurring in the SI11 region. Ecosystem stability
in different counties is similar before the earthquake, but variation in stability is evident after the
earthquake. The ecosystem is less stable in the north than in the south. Absolute changes show
the same spatial distribution. Relatively, vegetation regionalization is the smallest analysis unit.
As a result, changes resulting from the earthquake are unobvious. Over the whole region, linear
trend estimation coefficient increases from 0.0079 before the earthquake to 0.0359 after the
earthquake. This large difference indicates that the plant ecosystem is in the process of
rapid restoration between 2009 and 2011. The biggest linear trend estimation coefficient is
mainly scattered over the hill region, indicating that plant restoration and increase after the earth-
quake are good in this region. Fluctuation of linear trend estimation coefficient between different
counties is more obvious after the earthquake. Vegetation restoration is greatest in the regions
that suffered the highest seismic intensities, SI10 and SI11. In contrast, the fluctuation in linear
trend estimation coefficient of annual NDVI mean value for different classes of vegetation is
more obvious before the earthquake.

Notwithstanding, some conclusions have been drawn from this study case, some further stud-
ies and analysis are needed to be done in the future. For example, to recognize the restoration
difference of natural and crops is also very important for ecological restoration estimation after
the earthquake. Because of the limit of resolution of satellite images and smaller cultivated land
in the hills resulting in mixed pixels of natural vegetation and crops, it is almost impossible to
recognize this difference in this paper. Moreover, to find which type vegetation is more appro-
priate for ecological reconstruction in this region maybe more important. Maybe this can be done
with satellite images in higher spatial resolution. On the other hand, to find possible reasons for
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the vegetation restoration and variation, that is to say, the driving force of vegetation variations is
more important to direct the ecology reconstruction and restoration. For example, to find the
relationships between the vegetation restoration and climatic (rainfall and air temperature),
soil nutrient and chemical component are also very important. Of course, to find vegetation
changes is the first step and premise.
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