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The effects of rainfall and wind speed on the dynamics of suspended sediment concentration (SSC), dur-
ing the 2004 Indian Ocean tsunami, were analyzed using spatial statistical models. The results showed a
positive effect of wind speed on SSC, and inconsistent effects (positive and negative) of rainfall on SSC.
The effects of wind speed and rainfall on SSC weakened immediately around the tsunami, indicating tsu-
nami-caused floods and earthquake-induced shaking may have suddenly disturbed the ocean–atmo-
sphere interaction processes, and thus weakened the effects of wind speed and rainfall on SSC. Wind
speed and rainfall increased markedly, and reached their maximum values immediately after the tsunami
week. Rainfall at this particular week exceeded twice the average for the same period over the previous
4 years. The tsunami-affected air–sea interactions may have increased both wind speed and rainfall
immediately after the tsunami week, which directly lead to the variations in SSC.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Indian Ocean tsunami on 26 December 2004 was an
unprecedented natural disaster. The marine and terrestrial envi-
ronments along the coastal zones were massively damaged, which
include extensive coastal erosion, contaminant dispersion and
deposition, ground and surface water pollution, long-term impacts
to coastal zone ecosystems, and widespread introduction of con-
taminated materials to the sea (Liu et al., 2005; UNEP, 2005; Dah-
douh-Guebas and Koedam, 2006; Tang et al., 2009). The transport
of sediment-associated contaminants (SAC), from the coastal land
to the ocean, is especially important to the marine environment,
because the subsequent dispersal directly affects biological pro-
ductivity of the oceans (Eisma, 1981; Nittrouer and Kuehl, 1995;
Witt and Siegel, 2000; Yan and Tang, 2008). In recent years, sus-
pended sediment concentration (SSC) has been being used as a less
costly and more easily measured surrogate for SAC in some coastal
wasters (Leatherbarrow et al., 2005; Schoellhamer et al., 2003).
Physical processes that affect SSC also largely affect SAC (Schoellh-
amer et al., 2007).

There are many oceanic and atmospheric factors (such as off-
shore distance, wind, rainfall, etc.) that influence SSC dynamics in
the ocean (De Haas and Eisma, 1993; Ridderinkhof et al., 2000;
Zheng and Tang, 2007). Also, various natural physical processes
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(such as tides, storm surge and waves) can significantly affect the
spatial variability of SSC and associated SAC (Powell et al., 1989;
Schoellhamer, 2002; Ramaswamy et al., 2004). Earthquakes and
floods are the catastrophic events that typically bring about major
changes to SSC and SAC in the coastal zones (Zonta et al., 2005).
These large and abrupt events can also induce sudden changes in
the ocean–atmosphere interactions, including anomalous behavior
of numerous oceanic and atmospheric processes (Hayakawa et al.,
1994; Krishnakutty, 2005). The spatial dynamics of SSC at the sea
surface is one of these interaction processes.

The massive flooding caused by the 2004 Sumatra tsunami was
unprecedented. This paper seeks to answer the question of
whether, and to what extent, this tsunami-caused flood, together
with other changes in marine environmental factors, affected the
SSC dynamics in Indian Ocean. We also attempt to explain the sig-
nificance of this impact.

A few studies have recently focused on the spatial variations in
SSC dynamics associated with the 2004 Indian Ocean tsunami.
Notable increases of SSC, along the Andhra and Tamilnadu coasts
of India, were found after the tsunami (Anilkumar et al., 2006). A
significant increase in SSC, around the estuaries of some large riv-
ers, was also observed one month after the tsunami (Yan and Tang,
2008). These studies advanced our understanding of the influence
of tsunamis on SSC in the coastal sea regions. However, questions
still remain about various environmental factors which could have
also affected the spatial and temporal dynamics of SSC around the
tsunami, and how these environmental factors contributed to SSC
variability and distribution.
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Satellite remote sensing data have been widely used to study
the spatial distributions of SSC, wind, sea surface temperature,
phytoplankton, etc. at the sea surface (Bowers et al., 1998; Tang
et al., 2004, 2006a,b; Zhao et al., 2008). Because of many contribut-
ing factors, such as tides, offshore distance, wind, rain, etc. the val-
ues of SSC among adjacent areas may not be independent but tend
to be related, i.e., the SSC may be spatially clustered or spatially
correlated. In this study, in order to solve the problem of spatial
correlation in SSC, a spatial autoregressive model was used. We
used satellite data to model the joint effects of rainfall (RF) and
wind speed (WS) on SSC.

2. Study area and materials

The study area was located from 5�S to 11�N, 74�E to 98�E in the
eastern Indian Ocean (Fig. 1), covering the epicenter, coastal seas
and also some adjoining deep sea areas.

SSC is usually measured by satellites, from the observations of
the normalized water-leaving radiance (NWR) values. The satellite
SeaWiFS NWR value at 555 nm is related closely to the total SSC (Li
et al., 2003; Mobasheri and Mousavi, 2004; Tan et al., 2006). NWR
has thus been used as a substituted measure of SSC to study the
spatial variability in SSC (Li et al., 2003; Mobasheri and Mousavi,
2004; Tan et al., 2007). Following these studies, we refer to NWR
as SSC in this paper. Seven temporal periods (called ‘‘weeks” here-
after) were chosen, for the time period spanning 3 weeks before
the tsunami week and 3 weeks after (Table 1).

The satellite SeaWiFS NWR 8-day data, 0.5� resolution at
555 nm (Level 3), were obtained from the Ocean Color Time Series
Project (National Aeronautics and Space Administration, USA)
(http://reason.gsfc.nasa.gov/Giovanni/). The satellite QuickScat
wind data 0.25� resolution (Level 3) were obtained from the Jet
Propulsion Laboratory (California Institute of Technology) (http://
poet.jpl.nasa.gov/). The 0.25� resolution wind data were aggre-
gated up to 0.5� resolution for the analysis together with other data
at the same scale. Accumulated 8-day RF 0.5� resolution data, ob-
served by satellite (Daily) TRMM (3B42 V6), were obtained via
the TRMM Online Visualization and Analysis System (National
Aeronautics and Space Administration, USA) (http://disc2.nas-
com.nasa.gov/Giovanni/tovas/). Level 3 data used in this study
are high level data with research quality. To ensure the quality of
the data, a very small portion of outliers and missing values were
identified and excluded in the modeling.
Fig. 1. SSC distribution in one week of January 17–24, 2005 in study area (5�S–
11�N, 74�E–98�E). Epicenter is marked. The figure was generated by the Ocean Color
Time Series Project (National Aeronautics and Space Administration, USA) (http://
reason.gsfc.nasa.gov/Giovanni/).
3. Models and methods

3.1. Spatial models

The commonly used spatial autocorrelation indicator is Moran’s
I:

I ¼ z0Wz=z0z; zi ¼ yi � �y; i ¼ 1; :::;n; ð1Þ
where yi is the observation value of variable y (SSC) at the ith loca-
tion. z0 is the transpose of z. The row-standardized W is an n by n
spatial weight matrix determined by the spatial configuration of
the n locations as:

Wij ¼ Cij

Xj¼n

j¼1

Cij

,
; i; j ¼ 1; :::;n; ð2Þ

where Cij = 1 if locations (or grids) i and j are immediate vertical and
horizontal neighbors and 0 otherwise. Moran’s I is an asymptoti-
cally normal distribution (Cliff and Ord, 1981). Its expectation is –
[1/(n�1)]. It is to zero for large n. I value usually varies between
�1 and +1. The closer the I value is to ±1, the higher is the spatial
positive (negative) autocorrelation.

Due to the existence of spatial autocorrelation in SSC, WS and
RF, ordinary linear regression methods may give invalid or mis-
leading results. In order to better and accurately model the joint ef-
fects of RF and WS on SSC, a widely used mixed autoregressive
model with a spatially autocorrelated error term e was introduced:

y ¼ b0 þ Xbþ e; e ¼ kWeþ l; ð3Þ

where y is dependent variable (SSC), k is the spatially dependent
coefficient in spatial autoregressive structure for the error term e.
k usually varies between �1 and +1. The closer the k value is to 0,
the lower is the autocorrelation in error term e. W is n by n spatial
weight matrix, associated with the spatial autoregressive process in
the error term e. b0 is an intercept. b is a 2 by 1 vector of the param-
eters associated with explanatory variables X = (WS, log(RF + 1)).
The logarithm of RF was, from an exploratory data analysis, identi-
fied to have a linear relationship with SSC; thus, log(RF + 1) was
used to avoid zeroes in the logarithm. The noise l is normally dis-
tributed. Formula (3) is also called a spatial error model (SEM) since
the spatial dependence is related to the error term.

For k = 0, SEM model (3) is just the ordinary linear regression
model (OLM):

y ¼ b0 þ Xbþ e; ð4Þ
3.2. Estimation and test methods

The significance of Moran’s I values of SSC, RF, WS, OLM resid-
uals and SEM residuals, measured by model (1), were tested using
normal approximation. The test for the Pearson correlation coeffi-
cient r for WS, RF and SSC was conducted by the ordinary t-test. We
then used formula (3) to model SSC (y) in relation to the explana-
tory variables X = (WS, log(RF + 1)). The parameters of the SEM
model (3) were estimated using the maximum likelihood method.
Except for determining the significance of the spatial dependence
coefficient k by likelihood ratio test, the significance of all the other
parameters was tested using the Wald test. The likelihood ratio
statistic and Wald statistic are all asymptotically distributed as
v2

q; where q is the number of degrees of freedom. The log-likeli-
hood function and associated test methods are highly complicated,
and will not be detailed here. For information about these
specialized methods please refer to the work of Anselin (1988).
The computations and test estimations were all implemented
using the package of ‘‘spdep” of statistical software R (http://
www.r-project.org).
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Table 1
Moran’s I tests for 5 items, and the Pearson correlation coefficient r test between WS, RF and SSC.

Index Valuenperiod December 2–9 December 10–17 December 18–25 December 26–31 January 1–8 January 9–16 January 17–24
(Week) (a) (b) (c) 2004 (d) 2005 (e) (f) (g)

I SSC 0.1616 0.2459 0.1586 0.2411 0.3045 0.3874 0.2263
WS 0.8925 0.9041 0.8338 0.9035 0.8306 0.8581 0.9183
RF 0.7895 0.7460 0.8424 0.7478 0.60 0.6441 0.5677
OLM residuals 0.1156 0.2036 0.1584 0.1890 0.3022 0.2906 0.2052
(All the above P-values < 0.00001)
SEM residuals �0.0076 �0.0254 �0.0173 �0.0141 �0.0275 �0.0231 �0.0210
P-Value 0.7881 0.3786 0.5862 0.6335 0.5624 0.4094 0.3284

r SSC–WS 0.2204 0.2516 �0.0002 0.2523 �0.0004 0.1196 0.1642
P-Value 9.8e�14 1.1e�15 0.9943 1.7e�15 0.9918 0.00014 1.04e�09
SSC–RF �0.0645 0.092 �0.0231 0.0592 �0.0794 �0.2677 0.1289
P-Value 0.03123 0.00385 0.4938 0.06576 0.07211 2.2e�16 1.77e�06
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4. Results

4.1. Spatial correlation analysis of SSC, WS and RF

There were significant spatial autocorrelations in the distri-
butions of SSC, WS and RF for each week (Table 1), but the de-
gree of this spatial correlation for WS and RF was obviously
higher than that for SSC. The Pearson correlation r value test be-
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Fig. 2. Spatial correlograms for SSC, WS and RF. One spatial lag is in 0.5� unit. X-axis is th
second column is for WS and the third column is for RF.
tween WS, RF and SSC showed a significant positive correlation
between SSC and WS (Table 1), but the significance of this po-
sitive relationship totally disappeared immediately before and
after the tsunami week (Week d). The relationship between
SSC and RF showed positive during some weeks and negative
in other weeks. However, such positive or negative correlation
displayed no statistical significance immediately around the tsu-
nami week.
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Comparison of the spatial correlograms of SSC, WS and RF
(Fig. 2) showed a general trend of gradual decrease of the spatial
autocorrelations in SSC, WS and RF along spatial lags. A noticeable
fluctuation appeared in the correlograms of SSC, WS and RF around
the tsunami event. The spatial correlograms in Week a and Week g
are similar and decreased consistently, and thus may be considered
as the ‘‘normal” correlograms.

4.2. Spatial and temporal series analysis among SSC, WS and RF

In order to capture the characteristics of the spatial distribu-
tions in SSC, WS and RF, we studied the series of the average of
SSC, WS and RF extending outward from the epicenter, with a spa-
tial interval (or lag) of 2� (called the ‘‘spatial series”). There were
notable fluctuations in SSC, WS and RF for each week as spatial lags
increased (Fig. 3), but the fluctuations in SSC, WS and RF all ap-
peared markedly more intense around the tsunami week. This
was especially the case for SSC (at spatial lag 1), WS (at spatial
lag 6) and RF (at spatial lag 6) all of which increased considerably
and reached their maximum values in Week e. The spatial series of
SSC, WS and RF in Week a and Week g showed weaker fluctuations
(Fig. 3a and g).
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Fig. 3. Spatial series comparison among the average of SSC (mW cm�2 lm�1 sr�1), RF
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The temporal series of SSC, WS and RF showed that SSC and WS
had a very similar increasing trend around the tsunami event
(Fig. 4(1–3)). However, SSC and RF had no common or similar var-
iation trend. The maximum values of SSC, WS and RF all appeared
in Week e. In order to better understand the phenomenon as to
why the maximum values of SSC, WS and RF all appeared in Week
e (January 1–8, 2005), the temporal series of SSC, WS and RF in the
week of January 1–8 from 2001 to 2005 were analyzed (Fig. 4(4–
6)). There were no significant changes in SSC and WS in Week e
compared with the same period (January 1–8) in the four earlier
successive years (Fig. 4(4, 5)). Interestingly, the variation trends
of SSC and WS were totally the same in the successive 5 years.
The RF was remarkably higher in Week e and the average of RF
(58.9 mm) in Week e exceeded twice the average of RF
(26.6 mm) for the same period in the four earlier successive years.

4.3. The effects of WS and RF on SSC

Clearly, there was a significant autocorrelation in the residuals
of the OLM model (Table 1). However the Moran’s I values in the
SEM residuals notably decreased compared with those in the
OLM residuals, and they were all much smaller and close to zero
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with no test-significant autocorrelation for each week. Clearly the
SEM model has effectively solved the problem of autocorrelation in
OLM residuals. We then used the SEM model to model the joint ef-
fects of RF and WS on SSC.

The results showed that (Table 2): the high significance of k val-
ues indicated that the SEM model fitted the data of RF, WS and SSC
very well and it effectively captured the characteristics of the spa-
tially autocorrelated distributions in SSC, WS and RF. WS had a po-
sitive effect on SSC except in Week c and Week e immediately
before and after the tsunami week. The high P-values indicated
that WS had no significant influence on SSC in Week c and Week
e. Neither the positive nor the negative effects of RF on SSC were
found to be consistent. RF had no significant influence on SSC
around the tsunami event.
Table 2
Spatial autoregressive analysis for SEM model. a, b... g are the 7 weeks shown in Table
1.

Weeknvariable b0 WS log(RF + 1) k

a Coefficient 0.3263 0.00701 �0.00528 0.15996
P-value <2.2e�16 1.54e�10 0.01389 4.96e�06

b Coefficient 0.27110 0.00697 0.00146 0.24297
P-value <2.2e�16 2.67e�11 0.5224 1.44e�12

c Coefficient 0.31904 7.03e�05 1.65e�04 0.19929
P-value <2.2e�16 0.9667 0.9249 1.15e�07

d Coefficient 0.28270 0.00725 0.00319 0.24422
Tsunami week P-value <2.2e�16 1.37e�10 0.1234 1.31e�11
e Coefficient 0.35828 �0.00121 �0.00340 0.34454

P-value <2.2e�16 0.6086 0.1697 4.54e�14
f Coefficient 0.35740 0.00364 �0.01387 0.38492

P-value <2.2e�16 0.00987 <2.2e�16 <2.2e�16
g Coefficient 0.31680 0.00496 0.00299 0.30443

P-value <2.2e�16 2.61e�06 0.04302 <2.2e�16
5. Discussion

5.1. Characteristics of spatial correlation among SSC, WS and RF

Immediately around the tsunami week (Week d), the positive
correlation between SSC and WS disappeared, and the correlation
between SSC and RF, whether positive or negative, also disap-
peared or weakened. We also found noticeable fluctuations in the
correlograms of SSC, WS and RF around the tsunami event
(Fig. 2). Earthquakes and floods can greatly affect sediments and
contaminants in the coastal zones, and can likewise induce sudden
changes in the ocean–atmosphere interactions (Hayakawa et al.,
1994; Krishnakutty, 2005). It thus appears that the tsunami-caused
floods and earthquake-induced shaking during 2004 Indian Ocean
event may have suddenly and significantly altered these funda-
mental ocean–atmosphere relationships, which in turn bring about
disturbances in the spatial distributions of SSC, WS and RF and de-
crease the correlation between WS, RF and SSC.

5.2. Spatio-temporal series comparison among SSC, WS and RF

The fluctuations in SSC, WS and RF, along spatial lags, all ap-
peared notably intense around the tsunami week (Fig. 3). In partic-
ular, SSC (at spatial lag 1), WS (at spatial lag 6) and RF (at spatial
lag 6) increased and reached their maximum values immediately
after the tsunami week (Fig. 3e(1)–e(3)). The maximum values of
SSC, WS and RF also appeared in Week e (Fig. 4(1–3)). Rainfall-
caused runoff and wind-induced circulation typically contribute
to an order-of-magnitude increase in tidally averaged offshore
flow, while waves and seiching motions from wind forcing usually
cause an order-of-magnitude increase in tidally averaged SSC
(Talke and Stacey, 2008). The mixed effects of tsunami-induced
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huge tides, runoff, tsunami-affected circulation and air–sea inter-
actions may have simultaneously driven up WS, RF and SSC imme-
diately after the tsunami week.

The changes in SSC and WS were not significant in Week e com-
pared with the same period of the four earlier successive years
(Fig. 4(4, 5)). This tends to support the work of Singh et al. (2007),
who reported that the changes for wind during the tsunami were
not unique compared to earlier years. The RF was remarkably high-
er in Week e and the average of RF (58.9 mm) at this time exceeded
twice the average of RF (26.6 mm) for the same period (January 1–
8) in the four earlier successive years. The present results suggested
that the tsunami may have significantly altered the atmosphere–
ocean interaction processes and associated circulation, and in-
creased the RF considerably following the tsunami event.

Interestingly, the variation trends of SSC and WS were very sim-
ilar in the time series (Fig. 4(1 and 2), (4 and 5)). This closely posi-
tive relationship between SSC and WS was consistent with the
significant positive correlation in the spatial distributions of SSC
and WS (analyzed in Sections 4.1 and 5.1), and this is also verified
in Section 5.3.

5.3. Effects of WS and RF on SSC

One of the preconditions of the ordinary linear regression meth-
od (OLM) is that the residuals of OLM must be independent. The
significant autocorrelation in the residuals of the OLM model indi-
cated that the results of the OLM model were invalid or misleading
(Table 1). Such spatial autocorrelation, in the residuals of OLM
model, may be partly caused by the mixed effects of significant
spatial autocorrelations in SSC, WS and RF together with the phys-
ical perturbation from the tsunami. The very small and insignifi-
cant Moran’s I values of SEM residuals indicated that the SEM
model effectively solved the problem of autocorrelation in OLM
residuals.

WS had positive effect on SSC except in Week c and Week e
immediately around the tsunami week. The positive effects of
WS on SSC in this study were also consistent with many works
which reported that SSC are often positively affected by wind-in-
duced wave resuspensions (Powell et al., 1989; Schoellhamer,
1996; Warner et al., 2004). However, the disappearance of the sig-
nificant effect of WS on SSC, immediately around the tsunami
week, may be directly affected by the tsunami event.

Neither the positive nor the negative effects of RF on SSC were
consistent, but were nonetheless significant during the first week
and the last two weeks (Table 2). However, RF had no significant
influence, with neither positive nor negative effect, on SSC round
the tsunami event. This was consistent with the results of the
inconstant correlation between SSC and RF (Table 1, Fig. 4). The re-
sults of the spatial error model again indicated accurately that the
weakening or disappearance of the effects of RF on SSC may be re-
lated to the tsunami event.

It is believed that SSC has a direct influence on pollutants in
coastal seas (Eisma, 1981). SSC has been used as a surrogate for
sediment-associated contaminants (SAC) in recent studies, and so
physical processes that affect SSC also largely affect the concentra-
tions of associated contaminants (Leatherbarrow et al., 2005; Scho-
ellhamer et al., 2003, 2007). The mixed physical processes of
tsunami-induced huge tides, runoff and tsunami-affected air–sea
interactions may have directly affected the spatio-temporal vari-
ability of SAC, since it affected SSC, WS and RF significantly.
6. Conclusion

Significant spatial autocorrelations in the spatial distributions
of SSC, WS and RF for each week around the 2004 Indian Ocean tsu-
nami were observed in the present study. WS and SSC had a strong
positive relationship, and WS had a positive effect on SSC during
the tsunami. Both the positive and negative effects of RF on SSC
were inconsistent; however, the positive effect of WS on SSC dra-
matically decreased or disappeared immediately around the tsu-
nami week, with the comparable effect of RF on SSC disappearing
or weakening considerably, immediately around the tsunami
event. It is apparent that these changes might be related closely
to the tsunami event, during which the tsunami-caused floods
and earthquake-induced shaking might have suddenly and mark-
edly disturbed the ocean–atmosphere interaction processes, and
weakened the effects of WS and RF on SSC.

SSC, WS and RF increased remarkably and reached their maxi-
mum values immediately after the tsunami week. In particular,
the average of RF (58.9 mm), immediately after the tsunami week,
exceeded twice the average of RF (26.6 mm) for the same period in
the four earlier successive years. Clearly, the mixed effects of tsu-
nami-induced waves, runoff, and tsunami-affected air–sea interac-
tions have significantly increased WS, RF and SSC immediately
after the tsunami week. These mixed effects may have directly af-
fected the spatio-temporal variations of SAC.
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