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Indian rainfall data over the period 1870 to 1990 have
been analysed using continuous wavelet transforms.
Results obtained are found to be particularly revealing
with recard to the temporal structure of the time
series if local scaling is used for the transform coeffi-
cients, normalizinge their values at any wavelet scale
with the maximum at that particular scale. Tracking
the maxima in such normalized values leads to a pic-
ture of seven prominent modes, which are modulated
in wavelet scale (and hence also frequency) and Iin amp-
litude. Because the modes wander over the parameters
of the wavelet map, they cannot always be easily detec-
ted by classical spectral analysis. The quasi-cyclic
modes so identified exhibit appreciable jitter, and have
average periods varying from a little less than 2 years
to nearly 80 years.

THE nature and causes of the spatial and temporal varia-
bility of Indian monsoon rainfall and its interaction with
clobal circularion continue to be among the most 1nte-
resting guestions in climate research. Since the f{irst stu-
dies of the fluctuations of Indian rainfall', data stretches
(of length varying from 25 to 120 years) have continued
to be examined for oscillations, short- and long-term
trends, distribution of extreme events like droughts and
floods, and other characteristics like epochs in rainfall®™.

In particular, possible periodicities in the rainfall time
series have been sought 10 be unravelled from different
observational data sets as well as numerical simulations.
Such periodicities are generally inferred either by classi-
cal harmonic analysis using Fourier transforms and
associated filtering techniques, or by determination of
correlations between the rainfall and other periodic local
or global parameters. Among the various cycles so deter-
mined are those corresponding to 11 and 22-year periods”,
suggesting a close relation to the sunspot cycle, the quast-
biennial (recently termed ‘tropical’ biennial) oscillation
(QBO)® with a period between 2.3 and 2.8 years, and a
prominent 60-year cycle found in decadal averages .

It is well known, however, that many correfations have
varied over time, sometimes even changing sign®. This has
led to attempts to identify different regimes or ‘epochs’
from time-series data of monsoon meteorotogical vanables.

However, despite a variety of such studies, the issue of
possible periodicities remains controversial’, and there is
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as yet no clear picture of the nature of the complex non-
[inear tnteractions that must be responsible for the observed
vartability. In a ditferent application of wavelet tech-
niques, Torrence and Webster'™'' have recently used
wavelet power spectra and variance timne series to study
correlations between the El-Nifio-Southern Qscillation
(ENSO) indices and monsoon rainfall, and have drawn
interesting conclusions about the inter-decadal changes in
the ENSO-monsoon system. However, they have concen-
trated on the absolute value of the wavelet coetficients,
while we have attempted to identify the various modes in
the monsoon system using local scaling on the real part of
the wavelet transform co-efficients.

In this first report on a series of wavelet analyses of
Indian rainfall, we use the data set of Parthasarathy er al.®,
who have formulated the concept of the ‘homogeneous
Indian monsoon® (HIM) region and compiled the appro-
priate data on a monthly basis over the period {871 to
[990. The range of scales over which this data set can be
analysed is determined at the lower end by the resolution
(not more than {2 data points a year), and at the upper end
by its limited length (120 years).

The HIM rainfall data set provides area-weighted rain-
fall over the northwestern and central parts of India (cov-
ering about 55% of the area of the country), known to
exhibit a significant degree of spatial coherence. While an
appreciable part of the country is thus left out of conside-
ration in this data set, it is also well known that rainfall in
different parts of the Indian subcontinent are sometimes
anti-correlated; the use of HIM data may therefore be ex-
pected to contain the strongest signal present in the Indian
monsoons.

Since its introduction by Grossmann and Morlet'’, an
extensive literature on the wavelet transform 1$ now availa-
ble, with many excellent books on this subjact” '
Mathematically, the continuous wavelet transform of the
rainfall signal R(f) results from its convolution product
with a dilated and translated mother wavelet yAt),

R(t,a)=- L
Ja
Here a is a scale parameter and ¢’ is the translation para-
meter. The mother wavelet (1) is any oscillating mathe-
matical function that fulfills certain ‘admissibility” condi-
tions, which are that it must have compact support and zero
mean. Many such functions have been proposed and used
in the literature. The usual normalization of the wavelet
shown in the above formula preserves the L*(R) norm (or
‘energy’) and is what is used in the analysis below.

The continuous wavelet transform provides generously
abundant information on the signal, often revealing many
facets otherwise impossible to determine (as we propose
to show). Use of a complex wavelet provides for addi-
tional information on the phase of the signal, useful in
determining the presence of cycles”,
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The wavelet transtorms are determined using NALLETS, a
software package developed in VC'™ at the National Aero-
space Laboratories primarily for analysis of complex flow-
turbulence data. For complex wavelets, the package
provides a display of either the real or the imaginary part of
the wavelet coefficients, or their phase or modulus, or any
combinations thereof. The package has been extensively
used by the authors in both 1D and 2D applications'®'®.

In the two plots that we shall show below, the wavelet
scale a 1s quoted in terms of the support of the wavelet in
years (which 1s a measure of the stretch of data windowed
by the wavelet at that scale). Furthermore, as the data
stretch considered is of finite length (120 years), it is
continued on either side of its end-points by the usual
technique of periodic mirroring, in order to obtain wavelet
coefficients for the whole duration of the data stretch'”.
This procedure permits us to obtain an idea of the ‘larger-
scale’ transtorm coefficients. Strictly speaking, the Morlet
wavelet picks up a cycle of period unity at a wavelet scale
about 6.5 times the period (as can be verified from the
wavelet transform coefficients reproducing the annual
period). Hence, for this wavelet, a wavelet scale of up to
six titmes the length of the data set could be utilized to
obtain meaningful information, but we have restricted the
analysis here to a maximum wavelet scale of 480 years to
ensure that there are no residual effects of so extending
the data set.

In displaying contour maps of the wavelet transform
coefficients in the (r,a) plane —we shall call this the

wavelet map ~ we have found it convenient to adopt what
we shall call ‘“local’ scaling. Here the coefficient is nor-
malized at each value of a with respect to its maximum
value at that particular value of a (in contrast to the more
common ‘global’ scaling, where the normalization is with
respect to the maximum value of the transform over all a
and t). Thus the structure present at each value of a
becomes visible. However, interpretation of the wavelet
map with local scaling must be made with caution, as a
prominent “high’ on local scaling may be quite weak in an
overall sense. The identity of the wavelets that make
dominant contributions to the original signal cannot there-
fore be directly inferred from such locally scaled maps.

Figure 1 shows a continuous wavelet map obtained
using the Morlet wavelet on the annual HIM data. The top
panel shows the actual rainfall. The wavelet map is
colour-coded to show contours of the absolute value of
the real part of the (complex) wavelet transform coeffi-
cient, using local scaling. (The imaginary part behaves
very similarly, but with a slight phase shift. We use the
absolute value to highlight the quasi-cyclic behaviour of
the signal.) The wavelet scale axis is logarithmic, in order
to display inter-scale variations better.

One strniking feature of the map i1s the existence of
strong “vertical’ organization at various times, best seen
usually between the wavelet scales of 10 to 100 years (and
occasionally beyond). (‘Vertical’ here refers to features
oriented perpendicular to the time axis in the wavelet
map, while ‘horizontal’ will refer to orientations roughly
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paraliel to the time axis.) Thus, the drought of 1898, the
flood—drought dipole of 1916-17, the flood of 1960 and
the drought of 1971 all have strong vertical organization,
suggesting the cooperative interaction of what we shall
call the modes revealed at vanious wavelet scales. Other
events with weaker organization may also be noticed in
Figure 1.

Even more interestingly, the wavelet map shows a
striking degree of quasi-horizontal organization. One easily
notices regions of high ‘activity” which fall into distinct
groups roughly aligned along weakly meandering rows;
within each group the active regions occur at approxi-
mately but not strictly equal intervals. We shall call these
croups quasi-cycles. Such quasi-cycles can be missed in
classical spectral analysis, as both interval between suc-
cessive crests in the quasi-cycles as well as their location
on the time scale axis vary, so that they do not correspond
to a well-defined spectral line.

To i1denufy the major quasi-cycle groups (or modes)
revealed in Figure 1, we string together adjacent points of
peak activity in each half-cycle (the coetficient shown in
Figure 1 being an absolute value, it will possess two crests
per cycle). This process yields what we shall call modal
trajectories, shown as an overlay in Figure 1. These tra-
jectories are obtained by joining each maximum in the
locally scaled wavelet coefficient to its neighbour in the
same nearly horizontal row first through a series of short
straight lines, and later by a smooth curve generated
through a curve-fitting routine.

As can be seen from Figure I, 1n many cases the gen-
eration of such a curve is surprisingly unambiguous, sug-
gesting strongly the presence of the quasi-cycles already
mentioned. There are, however, certain isolated maxima
where the situation s not clear (e.g. those around the 300
year wavelet scale); in these cases examination of numeri-
cal values often reveals a maximum that may be concealed
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in the coarser contours. A point that must be kept in mind
is that a maximum in the locally scaled transform may not
necessarily correspond to a maximum with global scaling;
in this case the trajectory determined by the present pro-
cedure is picking out a preferred point along a ridge in the
globally-scaled map.

We have shown in Figure 1 five such modes, labelled
T1 to TS5. To examine shorter-period quasi-cycles, we
analyse the monthly data; at wavelet scales greater than 30
years the monthly and annual data yield virtually the same
transforms, so Figure 2 is confined to values from smaller
wavelet scales. This i1s seen to lead to a clearer 1dentifica-
tion of the sixth and seventh modes, indicated as T6 and
T7 in Figure 2; these modes are present in Figure 1 as
well, but cannot be unambiguously identified there. In
general these short-period modes are extremely jittery. In
drawing therr modal trajectories, we have adopted the
following rules. (i) Identify the maxima in the locally-
scaled wavelet coefficient nearest to the next lower modal
trajectory (e.g. TS when drawing T6). (i) Where the
maxima are not clear, explore the neighbourhood i1n
detail, and select the maxima whose separation is closest
to the inter-crest intervals found on parts of the trajectory
that can be unambiguously identified. (i11) Join the
maxima so found, and draw a smooth curve through them.

The average period of the modes so determined can be
obtained by counting crests in the locally normalized
wavelet coefficient. The periods so identified are respec-
tively 79, 48, 22, 12.0, 5.8, 3.0 and 1.8 years for trajec-
tories T1 through T7. The seventh mode 1s extremely
jittery but is close to a biennial oscillation. It 1s intriguing
that the seventh and sixth modes have average periods
towards the limits usually quoted for the QBO; similary
the sixth and fifth modes cover between them the periods
usually quoted for the ENSO. This makes it difficult to
associate any of the 5th-7th modes exclusively with the
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Fipure 2. Wavelet map of homogeneous Jndian monsoon monthly rainfalt up to 30-year wavelet scales, with trajectories of the 6th and 7th modes.
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QBO or the ENSO. The second mode is close to the 60-
year cycle noted in earlier work. The present analysis
suggests the existence of an 80-year quasi-cycle as well;
those with average periods of 12 and 22 years invite an
obvious association with sunspot cycles.

It 1s significant that the 120-year rainfall time series
data analysed here shows clear evidence of 7 prominent
modes in the monsoon rainfall. None of these is strictly
periodic, but the allowance for scale modulation in wave-
let analysis permits us to identify quasi-cycles (with jittery
periods) more clearly than with any spectral method.

A more detailed analysis, showing the evolution of each
quasi-cycle over time, and the identification of different
regimes in the rainfall time series in different regions of

India, will be published elsewhere™.
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