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Sea level wvariations reflect the dynamics of the
nonlinear atmosphere—ocean—cryosphere-lithosphere
system. The nature of the nonlinearity can be deci-
phered from the analysis of the sea level records.
Fractal analysis of the data recorded at the Indian
tide gauge stations during the past several decades
has been done using the Iterated Function Systems
(IFS) technique. The calculated fractal dimensions
vary between 1.2 and 1.3. This is slightly more than
the values of the dimension of the sea level record
over the duration of thousands of years‘. It is in-
ferred that the long term behaviour of sea level
changes can be modelled by a-nonlinear dynamical
system having a small numb-r of variables.

— —————

THE-changes in the global sea level are due to a variety
of endogenic and exogenic causes and have gained cur-
rent interest because of their relevance to greenhouse
effect. Greenhouse effect causes global warming and
this results in rise in sea level. Over a long span of time
(say decades/centuries) the following additional factors
affect the sea level: melting of large polar 1ce sheets;
thermal expansion of ocean water and lithospheric sub-
sidence, etc. The major impact of sea level rise is on the
socio-economic conditions of the coastal regions as a
large part of the world’s population and food production
activitics are situated along the coastal zone. It is, there-
fore, essential that the nature of sea level changes is
analysed and modelled in order to assess its implications
to coastal resources and environment.

As the sca level is a response of a nonlinear sysiecm
consisting of ocean, atmosphere, cryosphcre and litho-
sphere, it would be desirable to apply nonlinear time
serics analysis techniques, such as the [ractal analysis to
this data, which yields the fractal dimension of the time
serics. The importance of the fractal dimension lies in
its association with an attractor and the mcasure of al-
tractor provides the information about the structure,
complexity and nonuniformity of the asymptotics of the
associated dynamical system. They also provide ap-
proximations to the number of degrees of freedom nece-
essary to effectively model the system asymptotics, A
non-integer value for the dimension of the fractal curve
representing sca level variations at a station will indicate
that the underlying {(or causative) process is non-linear.
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Hsui et al.' had conducted a fractal analysis of long
term sea level changes and obtained fractal dimensions.
Longer period data show values closer to one except the
Missourian sea level data (296 to 292 m.y. before pres-
ent) showing a large value of 1.4. They use this result to
imply that sea level shows a persisient behaviour in long
term. Larger value for the Missourian data 1s ascribed
due to both climatic and tectonic causes or different
climatic responses than at present. In this paper fractal
analysis of the annual sea level data over the Indian coastal
stations 18 performed to see the existence of any such be-
haviour, The tide gauge data of India using stochastic
modelling techniques have been analysed”. Further, Indian
tide gauge records have also been analysed to 1dentify pos-
sible trends in sea level variations’. Shetye et al.® have ex-
amined tide gauge records in order to study the
vulnerability of the Indian coast to a possible sea level rise.

The fractal dimension can be obtained by several
methods. The power spectrum analysis is the frequently
used method provided the data length 1s large. However,
it is known that the fractal dimension obtained by spec-
tral method is over-estimated when values of the di-
mensions are small’. Since the fractal dimension for
long period sea level changes' is small and the data
length in the present study is between 30 and 60 years,
IFS technique® is being used here to obtain the fractal
dimension of sea level variations at Indian coastal sta-
tions. IFS technique has been applied to analyse the
marine bathymetric data’.

Method of analysis and results

Tide gauge data at the Indian coastal stations have been
collected by the Survey of India. The annual data for
five coastal stations in India Bombay, Cochin, Madras,
Vizag (Vishakhapatnam) and Sagar Island (Calcutta) are
uscd for the analysis.

The details on the implementation of the 1S techs
nique, for the construction of the fractal interpolation
algorithn, are given by Barnscley”, Tn this echnigue, a
synthictic curve of known fractal dimension s generiated
and is fitted 1o the observed sea level curve. bor the
peneration of synthetic curve, a few polnts are chosen at

first from (he observed  data points {(x, ) € R7,
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i=0,1,..,N), where x; is on the time axis and z; is the
corresponding sea level and xp<x <..<xy. A con-
tinuous interpolation function f: [xo, xy] = R 1s con-
structed such that f{x) =z fori=0, 1, ..., N. AnIFS i1s
defined in the form {R* w,, n=1, ..., N}, where N is a
positive integer greater than one and w, 1s such that the
maps are affinc transformation given as

wfoHe e XiHE) @

Here a,, ¢,, e, and f, are constant real numbers and d,
(0 £d, £1) is the vertical scaling factor in the transfor-

mation w,. These constants are determined by using
the following constraints by the data on the transforma-

tion

X X =1 An || *n
“n (Zz J: (zn—l ] and ¥, (ZN )_ (z,, ] (.2)

forn=1, ..., N. Points in between the chosen points are
generated by using this transformation and by applying
iteratively the interpolation algorithm which calls for the
random number generator. Larger number of iteration
Icads to better quality of the synthetic curve. The
fractal dimension D of the synthetic data is obtained by
solving

2ld laP1 =1, (3)
where the numbers g, are
Ay = (X, — Xpy WXy — X0} (4)

obtatned from the data. The solution of D in equation
(3) is valid if the interpolation points do not lie on a
straight line and 2. ld,] > 1, otherwise the fractal dimen-
ston of the synthetic data is one.

Using the IFS technique, the fractal dimensions of sea
[evel variations in the coastal regions of India have been
obtaincd. As the value of the fractal dimension is sensi-
tive to the choice of the scaling factors than to the
choice of data points, the selection of the scaling factor
has been made carefully for each data set. For each data
set the algorithm iterates 2000 times to generate interpo-
lated points. Table 1 gives the number of points chosen
for interpolation along with the number of scaling fac-
tors and also the range of the scaling factor (d,) selected
for the interpolation.

Table 1. Parameters used in IFS technique

e e e

Number of Number of

chosen scaling
Station Year points factors Range of d,
Bombay [921-1988 33 32 (-0.21, 6.24)
Cochin 956-198% 15 14 (-0.26, 0.24)
Madras 352-1988 19 1 8 (-0.21, 0.18)
Vizag 953-1988 | 8 17 (-0.32,0.12)
Sagar 1948-1988 20 19 (-0.15, 0.21)

VA

Tahle 2. Fractal dimensions

Fractal
Station Year dimension
Bombay 1921-1988 1.28
Cochin 19561988 1.2]
Madras 1952—-1988 [.23
Vizag 1953-1988 .24
Sagar 19481988 1.21

— — T e b —

Figures 1 to 5 show fractal curves fitted to the ob-
served sea level data for the five coastal stations in
India. The observed data points are shown by both
squares and triangles. The points shown by squares are
the points chosen for the application of IFS. The fractal
interpolation algorithm is applied to generate points in
between the chosen points. The sertes of filled circles
forming a curve passing through the observed data
points, are the points generated through IFS technique
between the chosen points shown by squares. Table 2
gives the dimension of the fractal curve for each of the
five coastal stations studied here with their respective
data length. It can be noticed that the fractal dimensions
of sea level curves are non-integer and lie between 1.2
and 1.3 for the five coastal stations taken up here for
analysis. We have also seen that no matter which points
are chosen for fractal interpolation, the fractal dimen-
ston of the curves remains the same. Thus, the dimen-
sion of the sea level variations can be said with
confidence to be a non-integer, thereby demonstrating
the non-linearity in the sea level variations.

Discussions

Fractal dimensions have been used to investigate the
persistence behaviour in the past. For instance, the
Gaussian noise process showing no persistence behav-
tour has fractal dimension D equivalent to [.5. The
processes with values of D different from 1.5 show the
features of fractional Brownian motion which leads to
persistence and antipersistence behaviour®, For D < 1.5
the process is said to have persistence behaviour, i.e. if
there has becn an increase/decrease in the past for some
period then it is expected to continue for arsimilar pe-
riod in future. Antipersistence is the case when D > [.5,
i.e. the process tends to show a decrease in value follow-
Ing previous increase and increase in the value following
previous decrease. Hsui er «l' have argued that the
fractal dimension approaching the value | shows a long
term persistence behaviour. Thus, the sea level data
studied here show persistent behaviour as D values lie
betwecen 1.2 and 1.3.

The fractal dimensions lying between 1.2 and 1.3 ob-
tained in this paper for sea level changes over a short
tirne interval of around 40 years are slightly more than
the fractal dimension of sea level curves over the past
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Figure 1. Scalcvel in Bombay (1921-1988).
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Figure 2. Sea level in Cochin (1956-1988).

thousands of years as obtained by Hsui ¢r al. This dif-  geophysical processes. It is interesting to note that the
ference can be caused by a variety of internal/external  dimensions obtained here are similar to the [fractal
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Figure 4. Sea level in Vizag (1953-(988).

cimension of .22 and 1.26 of the climatic series'. sea level changes analysed here and the climatic varia-
This also establishes a close relationship between  tions.
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Figure 5. Scalevel in Sagar (1948-1988).

It has been suggested’ for the case of climate fluctua-
tions that the fractal dimensions help to determine the
number of variables in the nonlinear dynamical system
responsible for characterizing long term behaviour. Thus
from low dimensions obtained in the present case, it can
also be surmised that the long term behaviour of sea
level fluctuation can be determined by a nonlinear dy-
namical system which has small number of variables'®.

Conclusions

The fractal dimensions of annual sea level data of about
40 years duration using the IFS techniquc are obtained
as non-integer values lying between 1.2 and 1.3. Thus,
sea level variations show a nonlinear nature and should
be represented by a nonlinear dynamical process. The
low values of dimensions suggest the small number of
variables necessary to represent the system. The dimen-
sions also indicate the long term persistence behaviour.
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