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Spatio-temporal dynamics of suspended sediment concentration (SSC) in Indian Ocean during the 2004 Sumatra tsunami 

was analyzed using satellite data. Surface SSC in epicenter area increased notably right after the tsunami week (about 200% 

higher than that in the same period in earlier 4 years); the surface SSC in a deep water area about 1600 km from the 

epicenter area did not increase after the tsunami. Increase of SSC in the epicenter area may be mainly caused by the 

transportation of SSC by the tsunami backwash. Range of spatial clustering in SSC significantly decreased during the 

tsunami week. It may be related to the tsunami waves that diluted the spatial clustering level in SSC. A new spatio-temporal 

correlation model shows that the fluctuation in the spatio-temporal correlation surface of SSC appeared remarkably intense 

round the tsunami. Present study reveals that the tsunami considerably disturbed the spatio-temporal dynamics in SSC. 
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Introduction 

Earthquake on 26 December 2004 with the 

epicenter off the west coast of northern Sumatra 
produced a great tsunami. It swept through the  
Indian Ocean region and caused massive damages to 
the marine and terrestrial environment along the 
coastal area

1-5
. In particular, the tsunami backwash 

transported lots of suspended sediment matter  

from the coastal land to the sea, which is very 
important to the marine environment since the 
subsequent dispersal transports many contaminants  
to the oceans and affects the coastal seas

6-8
. 

Suspended sediment concentration (SSC) can be 
affected in many ways. Storm surge can increase  

SSC and offshore transport in the estuary
9,10

.  
Natural physical processes (such as tidal currents, 
wind waves and mixing with clear ocean water) 
explain some of the spatial variability of SSC  
and associated contaminant concentrations

11-13
. In 

addition, phytoplankton bloom also affects SSC
14

. 

Floods are believed to be the fundamental events  
in the transfer of sediments and contaminants from 
the mainland to the coastal zones, and also from  
the coastal zones to the seas

15
. Huge suspended 

sediments, transported by the tsunami backwashing 

floods, may have polluted the Indian Ocean to a 
certain extent, and may have affected also the spatial 
distribution dynamics of SSC in the ocean surface. 

Satellite-measured remote sensing has been used to 

infer the distribution of SSC in sea surface waters
16-17

. 

A few studies have been concentrated on the changes 

of SSC during the 2004 Sumatra tsunami. Analysis  

of the satellite OCM (Ocean Color Monitor) data 

showed considerable increase of SSC along the 

Andhra and Tamilnadu Coasts of India after the 

tsunami
18

. Satellite MODIS-aqua data showed SSC 

increased markedly in the estuaries of some large 

rivers 4 weeks after the tsunami
8
. By modeling the 

satellite SeaWiFS water-leaving radiance data, Zhang 

et al.
19

 found that the effects of wind and rainfall  

on SSC weakened around the tsunami event and  

the changes in SSC were not significant immediately 

after the tsunami compared with earlier years. 

Because of the flow of seawater and many other 

reasons (such as offshore distance, wind and rainfall), 

the values of SSC at two neighboring regions may  

not be independent. It tend to be similar, i.e., the 

distribution of SSC may be clustered or correlated 

spatially. Quantifying the degree of spatial clustering 

is a central issue in spatial analysis. In this study, 
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based on a spatial correlation model developed  

by Lee
20

, proposed a three-dimensional and spatio-

temporal correlation model. An important feature of 

our new model is that: it accounts for the effect of 

time lag on the spatial correlation in SSC distribution. 

It gives a novel insight into the spatio-temporal 

dynamics of SSC distribution simultaneously along 

space and time. Present study consists the spatial  

and temporal characteristics of the distribution 

dynamics in SSC by using satellite data and new 

spatio-temporal correlation models. 
 

Materials and Methods 
 

Study area and satellite data 

The study area is located in 5°S- 1°N × 74°E- 8°E  

in the eastern Indian Ocean (Fig. 1). It covers  

the earthquake epicenter and was most strongly 

influenced by the tsunami. In order to compare  

the changes of SSC between the epicenter area  

(Box E in Figure 1, 1°×1° square centered the 

epicenter) and two deep areas of the ocean surface  

far away from the epicenter and the coastal zone,  

we sampled two 2°×2° square areas located in  

1°S-1°N × 90°E-92° and 5°S-3°S × 82°E-84°E  

about 650km and 1600km away from the epicenter 

(Boxes Q and S in Figure 1), respectively. 
The satellite SeaWiFS normalized water-leaving 

radiance (NWR) value at 555nm (nLw 555) was 

related closely to the total SSC, and NWR has been 

used widely as a surrogate for SSC to investigate  

the SSC distribution dynamics
8,18,21,22

. In this study, 

NWR is used as a measure of surrogate for SSC  

and refer to NWR as SSC.  

The data of NWR, 0.5° resolution at 555nm  

8-day (Level 3), observed from satellite SeaWiFS,  

were obtained from the Ocean Color Time Series 

Project (http://reason.gsfc.nasa.gov/Giovanni/). Eight 

temporal periods (called “week” hereafter) were 

chosen (Fig. 2). This is done for 3 weeks before  

the tsunami week and 4 weeks after. In order to 

investigate the spatio-temporal dynamics of SSC,  

the SSC data in another 6 weeks, immediately  

before the 8 weeks, were analyzed later. The data  

of wind, 0.25° resolution (Level 3), observed  

from satellite QuickScat, were obtained from the  

Jet Propulsion Laboratory (http://poet.jpl.nasa.gov/).  
 

Modeling  

To solve the problem of spatial autocorrelation  

in a single variable y, Whittle
23

 first proposed the 

famous SAR model and the standard formula as: 

y Wyρ ε= +   … (1) 
 

Where ρ is the coefficient of spatial dependence  

in variable y, W is n by n spatial weight matrix,  

Wy is the space-lagged (SL) vector of y. ε is  

the error term with normal distribution. The  

row-standardized spatial weight matrix W is 

determined by the spatial configuration of the  

n locations as: 
 

1

j n

ij ij ij

j

W C C
=

=

= ∑   , , 1,...,i j n=

 

… (2) 

 

Where Cij = 1 if locations (or grids) i and j  

are immediate vertical and horizontal neighbors  

and 0 otherwise. 

By examining the degree of ordinary Pearson 

correlation between a variable x and its SL  

vector Wx, Lee
20

 proposed a spatial correlation 

statistic to measure the degree of spatial 

autocorrelation in x. The standard version is as: 
 

( )I
r z z z z z z′ ′ ′= % % % , -

i i
z x x= ; -

i i
z x x= % %% ;  

x Wx=% ; 1,...,i n=  … (3) 

Where the transpose of z is z′ , x is the mean of  

x. In this study, the vector x is the observations of 

SSC at the n locations (or grids) in the study area 

(Fig. 1). Formula (3) can be used to plot spatial 

correlograms if the high-order spatial weight matrix 

Wg, g = 1, 2 ... is used. g is the number of spatial  

lags, and Wg can be derived from mathematical 

recursion in equation (2). Model (3) indicates the  

total level of spatial clustering in SSC distribution  

as this correlation function measures directly the 

correlation degree of the observations of SSC and  

its SL vector. The distance of spatial lag g may be 

used as a relative indicator of the size or range  

of spatial clustering in SSC. 

It may be reasonable to consider the effect of  

time lag in formula (3), i.e., observation xi at time  

t is not only correlated to the observations round  

the i
th
 location at time t, but also affected by the 

observations round the i
th
 location at a past time  

t - k. Then, formula (3) may be improved as: 
 

( )- - -

t

I t t k t t t k t k
r z z z z z z′ ′ ′= % % % ,  … (4) 

 

-
i it t t

z x x= ; ( - ) ( - ) ( - )-
i it k t k t kz x x= % %% ; ( - ) ( - )t k g t k

x W x=% ; 

1,...,i n= ; g = 1, 2 ...; k = 1, 2 ... 
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Fig. 1—SSC distribution in one week in study area (5°S-11°N × 74°E-98°E). Box E: a sampling area (1°×1° square centered the 

epicenter). Boxes Q and S: two sampled areas in the sea surface (2°×2° square about 650km and 1600km away from the epicenter, 

respectively). 
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Where t - k (k = 1, 2 ...) is the number of time  

lags, xt and x(t-k) are two observation vectors  

of the same variable x at time t and at time t - k, 

respectively. 

Above model had been applied to model the  

spatio-temporal dynamics of SSC distribution.  

The test method in Tables 1, 2 is t test.  

All the above computation and test estimation  

were implemented using statistical software R 

(http://www.r-project.org). 
 

Results 
 

General trend in SSC from the epicenter 

The SSC showed a drastic fluctuation in the 

epicenter area (Box E in Fig.  1) and had a significant 

increase and reached the maximum in Week 5  

(Fig. 3 (1) a). The SSC showed a less notable 

fluctuation in the sampled area of Box Q  

(about 650km away from the epicenter) and  

increased noticeably two weeks after the tsunami 

(Fig. 3 (1) b). But SSC in the sampled deep area  

 
 
Fig. 2—Spatial correlograms for SSC along spatial lags. One spatial lag is 0.5°. rI is the spatial autocorrelation coefficient of SSC, g is the 

number of spatial lags in model 3. 

 



ZHANG et al.: SPATIO-TEMPORAL DYNAMICS OF SUSPENDED SEDIMENT 

 

 

317 

of the sea (Box S in Fig. 1) did not show significant 

changes (Fig. 3 (1) c). Comparisons of SSC in  

the epicenter area (Box E) in Week 5, with the  

same period in 4 earlier successive years, indicated 

that SSC was considerably higher (about 200%)  

than that in the same period of Jan. 1 - 8 in 4 earlier 

successive years (Figure 3 (2)). 
 

Spatial distribution of SSC 

The Pearson's correlation test of rI value, calculated 

by formula (3), showed that SSC had significant 
spatial autocorrelation for each week (Table 1).  
But the degree of spatial correlation in SSC  
decreased noticeably round the tsunami occurrence. 
The smallest rI value (0.16) appeared in Week 4.  
The high-order spatial correlograms of SSC showed 

that the degree of autocorrelation decreased gradually 
as spatial lags increased for all the 8 weeks (Fig. 2). 
Distance of positive correlation varied considerably 
among the weeks from 5 lags to 48 lags. The longest 

correlation distance (g = 48), which exceeded 
significantly the correlation distance in other weeks, 
appeared in Week 3 (Figure 2(3)). The smallest 
correlation length 5 appeared in Week 4 (Fig. 2(4)). 
Correlograms of Week 1 and Week 8 were generally 

similar and decrease consistently. This can be 
considered the “normal” correlograms. In order  
to understand the anomalous increase of spatial 
correlation distance in SSC immediately before  
the tsunami, we undertook time series comparison  
of spatial correlograms of SSC in Week 3 with the 

same period in other 5 years. The results showed  
that the positive correlation distance in SSC in  
Week 3 was significantly longer than that in the  
same period of Dec. 19 - 26 in other 5 years from 2001 
to 2006 (Fig. 4(4)). 
 

Spatial and temporal dynamics of SSC distribution 

The temporal correlations in SSC, between the  
8 weeks, were measured by formula (4) as spatial  

lag g = 1 (Table 2). There was a general trend of 
decrease in correlation over time (along each row  
of Table 2), this pattern was not consistent. It was 
noticeable that except Week 6 the significance of  
the temporal correlation in SSC disappeared between 
Week 5, 7, 8 and Week 4 (column of Week 4 in  

Table 2).The high-order Spatio-temporal correlograms 
were measured by formula (4) (Fig. 5). There is a 
general trend of decrease, in the spatio-temporal  

 
 

Fig. 3 (1)—. SSC content (mWcm-2um-1sr-1) in Box E (1°×1° square centered the epicenter), in Box Q and in Box S (2°×2° squares about 

650km and 1600km away from the epicenter, respectively). Weeks 1, 2 … 8 are in the order of the 8 weeks shown in Figure 2. (2). Time 

series for SSC in Jan. 1 – 8 from 2001 to 2005. 

Table 1—Pearson correlation coefficient (rI) test between SSC 

and its SL vector, and wind speed (m/s). Weeks 1, 2, 8 are  

in the order of the 8 weeks shown in Figure 2.  

Week 1 2 3 4 5 6 7 8 

rI  

(SSC and its SL) 

0.39 0.46 0.27 0.16 0.32 0.42 0.56 0.46 

Average wind  

speed(m/s) 
4.65 4.10 4.88 4.86 6.02 5.59 3.70 3.78 

p-value < 0.0001 
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autocorrelation surface of SSC, as spatial lags and 

backward time lags increased. The correlation surface 

had fluctuations along g and k for each week. In 

particular, this fluctuation appeared significantly 

intense round the tsunami occurrence (Fig. 5 (3),  

(4), (5), (6)). Spatio-temporal correlograms of  

Week 1, 2 and Week 8 were very similar, their 

correlation surfaces were comparatively smooth, and 

the degree of their correlation consistently decreased 

as g and k increased. They can be considered the 

“normal” spatio-temporal correlograms. 

 
 

Fig. 4—Time series comparison of spatial correlograms in SSC for the week of December 18 - 25. One spatial lag is 0.5°. rI is the spatial 

autocorrelation coefficient of SSC, g is the number of spatial lags in model 3. Figure 4(4) starts at Dec. 18 one day ahead of other figures 

due to the leap year handled by satellite SeaWiFS. 

Table 2—Pearson correlation coefficient (r) test between SSC at 

present time and its SL vector at a past time. Weeks 1, 2… 8 are 

in the order of the 8 weeks shown in Figure 2.  

Week 7 6 5 4 3 2 1 

8 0.31 0.14 0.18 0.03* 0.09 0.15 0.18 

7  0.22 0.33 0.03* 0.26 0.3164 0.3104 

6   0.29 0.15 0.27 0.26 0.16 

5    0.09* 0.1* 0.32 0.36 

4     0.s+ 0.18 0.19 

3     S 0.07* 0.09+ 

2     S  0.39 
*p-value > 0.05, no significance; + 0.01 < p-valuse < 0.05; others: 

p-value < 0.0001s 



ZHANG et al.: SPATIO-TEMPORAL DYNAMICS OF SUSPENDED SEDIMENT 

 

 

319 

 
 

Fig. 5 —Spatio-temporal correlograms for SSC. One spatial lag is 0.5°, one backward time lag is one week. rt
I is the  

spatial autocorrelation coefficient of SSC, g and k are the number of spatial lags and the number of time lags in model 4, respectively. 

Weeks 1, 2 … 8 are in the order of the 8 weeks shown in Figure 2. 
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Discussion 
 

Changes of SSC content from the epicenter 

The SSC had a drastic fluctuation in the epicenter 

area. Maximum of SSC content, is in Week 5 

immediately after the tsunami week (Fig. 3 (1) a).  

The SSC in the Box Q (about 650km away from  

the epicenter) increased noticeably two weeks after 

the tsunami (Fig. 3 (1) b). SSC in Week 5 was 

considerably higher (about 200%) than that in the 

same period of Jan. 1 - 8 in 4 earlier successive years 

(Fig. 3 (2)). This should be related to the tsunami 

event. SSC is particularly affected by wind-wave 

resuspension, which resuspends the sediments in 

shallow water
11,12

. Maximum average wind speed 

(6.02) appeared just in Week 5 (Table 1), but it has  

no significant influence on SSC
19

. It should be  

caused mainly by the transportation of SSC, caused 

by the tsunami backwashing currents, that increased 

the spatial clustering in Week 5 and diluted 

subsequently by the sea currents in the epicenter area. 

Two weeks later, the transportation and diffusion of 

SSC caused by the tsunami began to affect and increase 

the SSC content in the sampled area of Box Q  

(about 650km away from the epicenter). But SSC was 

not influenced much in the sampled deep area about 

1600 km from the epicenter area (Box S in Figure 1). 

 
Spatial clustering level in SSC 

It was obvious that the SSC had significant spatial 

correlation for each week (Table 1). But the degree  

of spatial correlation in SSC decreased significantly in 

the tsunami week. The degree of autocorrelation in 

SSC decreased gradually as spatial lags increased  

for all the 8 weeks (Fig. 2). The spatial lags (g) of 

positive correlation distance decreased considerably 

from 48 in Week 3 to 5 in Week 4 (tsunami week). 

Some high level spatial clusters of SSC were 

observed, along the Andhra and Tamilnadu Coasts of 

India and at the estuaries of some of the large rivers, 

several weeks after the tsunami
8,19

. In present study, 

our results indicated a considerable decrease of  

spatial clustering in Week 4, but a large increase in 

range immediately before the tsunami occurrence. 

The positive correlation distance (g) in SSC, in  

Week 3, was significantly longer than that in the same 

period of Dec. 19 - 26 in other 5 years from 2001 to 

2006 (Fig. 4(4)). The decrease of spatial clustering  

in the tsunami week may be related to the tsunami 

waves that dispersed and diluted the level of  

spatial clustering of SSC distribution. The significant 

increase of spatial correlation distance in SSC 

distribution (Fig. 2(3), Fig. 4(4)), immediately before 

the tsunami event, indicated that the flow of sea water 

among neighboring locations (or grids) enhanced 

markedly. The specific reason for the anomalous 

enhancement of the flowing of sea water, among 

neighboring locations and immediately before the 

tsunami event, is still not clear. 

 
Temporal correlation of SSC 

A general trend of decrease in correlation was 

observed over time (along each row of Table 2), but 

this pattern was not consistent. This indicated that  

the spatial distribution in SSC in a past week had  

a positive effect on that in the present week, and  

the spatial variations in SSC distribution showed 

continuity along time. It was noticeable that, except 

Week 6, the spatial distribution of SSC in the tsunami 

week had no significant influence on that in Week 5, 

7 and 8 after the tsunami (column of Week 4 in  

Table 2). This might suggest that the tsunami 

significantly disarranged the spatial distribution and  

the state of spatial clustering in SSC in the tsunami 

week. 
 
Spatial and temporal dynamics of SSC 

New spatio-temporal correlation model (4), showed 

that there was a general trend of decrease in the 

spatial autocorrelations of SSC along spatial lags and 

backward time lags, respectively. Correlation surface 

had notable fluctuations along spatial lags and time 

lags for each week. In particular, this fluctuation 

appeared largely and significantly intense round  

the tsunami occurrence (Figure 5 (3), (4), (5), (6)). 

Intense fluctuation in Week 3, immediately before  

the tsunami occurrence, had spatial lags of positive 

correlation (g) near 50, which exceeded considerably 

the positive correlation distance in other weeks. 

Spatio-temporal correlation surface is related closely 

to the spatial consistency along spatial lags, and  

to the temporal consistency along time lags in SSC 

distribution. Floods can enhance markedly the transfer 

of sediments and contaminants from the coastal zones 

to the sea
15

. Suspended sediments, transported by  

the tsunami backwashing floods, may have suddenly 

and considerably disrupted the temporal and spatial 

consistency in SSC distribution, simultaneously along 

time and space. 

Earthquakes can induce sudden changes in  

the ocean-atmosphere interactions. Some studies  

have shown that anomalous behaviors, in the  



ZHANG et al.: SPATIO-TEMPORAL DYNAMICS OF SUSPENDED SEDIMENT 

 

 

321 

ocean-atmosphere interactions, are believed to show 

precursory signals of earthquakes
24,25

. Spatio-temporal 

variability of SSC is one of the ocean-atmosphere 

interaction processes (such as sea currents and wind). 

Accordingly, the significantly intense fluctuation  

of spatio-temporal correlation in SSC, immediately 

round the tsunami occurrence (Figure 5 (3), (4), (5), 

(6)), may be related closely to the tsunami event. 

Thus, the intense fluctuation in the correlation surface 

of SSC, with anomalous longer positive correlation 

distance in Week 3 (immediately before the tsunami 

event), might be a precursor of the earthquake and 

tsunami occurrence. SSC in coastal seas has a direct 

influence on pollutants to the oceans
6
. SSC is even 

taken as a surrogate for contaminant concentration  

in coastal shallow waters
14

. Accordingly, physical 

processes that affect SSC also affect largely  

the concentrations of associated contaminants
26

. The  

2004 Sumatra tsunami significantly disturbed  

the spatio-temporal dynamics in SSC distribution.  

It may also have affected the spatio-temporal 

variability of sediment-associated contaminants.  
 

Conclusion 

SSC in the epicenter area had a drastic fluctuation, 
and it was significantly higher immediately after  

the tsunami week than that in other weeks. SSC in  
the epicenter area in Week 5 was about 200% higher 
than that in the same period of Jan. 1 - 8 in 4 earlier 
successive years. But SSC in a sampled deep area of 
the sea, about 1600 km from the epicenter, did not 
change much. The transportation of SSC, caused by 

the tsunami backwash, should be mainly responsible 
for the anomalous increase in SSC immediately  
after the tsunami week, and the sea currents diluted 
SSC afterwards. Two weeks later, the transportation 
and diffusion of SSC began to affect and increase  
the SSC content in the sampled area of Box Q  

(about 650km away from the epicenter). But this 
affection was not observed in a deep area of the  
ocean (Box S) about 1600km away from the 
epicenter. The effect of the tsunami on SSC decreased 
significantly along the distance from the epicenter  
to away from the epicenter. 

The range and degree of spatial clustering in  

SSC decreased largely in the tsunami week.  

The tsunami waves, in the tsunami week, should  

have weakened and diluted the level of spatial 

clustering in SSC distribution. The significant 

increase of the spatial correlation distance in  

SSC distribution indicated that the flow of sea water, 

among neighboring locations (or grids), markedly 

enhanced immediately before the tsunami event. 

New developed spatio-temporal correlation model 
(4) shows that the fluctuation, in the spatio-temporal 

correlation surface of SSC, appeared largely and 
significantly intense round the tsunami occurrence.  
It should suggest that the tsunami disturbed 
considerably the spatial and temporal dynamics  
in SSC distribution, simultaneously along space  
and time. The tsunami may also have affected  

the spatio-temporal variability of sediment-associated 
contaminants. This new developed spatio-temporal 
correlation model is helpful in understanding  
the spatio-temporal dynamics of SSC during the 
tsunami period. 
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