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ABSTRACT

The long-term variability of the Indian summer monsaon rain-fall and related regional and global param-
elers are studied. The cubic spline is used as a digital filter to smooth the high frequency signals in the
time series of the various parameters. The length of the data series varies from 95 to 115 years during the
period 1871-1985. The parameters studied within the monsoon system are: (a) monsoon rainfall of the
country as a whole; (b) number of break-monsoon days during July and August; () number of storms’
depressions in Bay of Bengal and Arabian Sea during summer monsoon s€ason; and (d) dates of onset
of summer monsoon over South Kerala Coast. The parameters studied outside the monsoon system are:
(2) the Wright's Southern Oscillation jndex (June-July-Augusi); {(b) the January mean Northern Hemi-
spheric surface air temperature anomaly: and (c) the East-equatorial Pacific sea surface temperature anomaly.

In order 1o examine the variability under various degrees of the smoothing, the series are filtered with
splines of 50% variance reduction frequency of one cycle per 10, 20 and 30 years. It is observed that the
smoothed time series of the parameters within the monsoon system comprise a common slowly varying com-
ponent in an episodic manner distinctly showing the excess and deficient rainfall epochs. The change of
intercorrelations between the time series with increasing degree of smoothing throws some light on the time
scales of the dominant interactions, The relation between Southern Oscillation and East equatorial Pacific
sea surface lemperature and the Indian summer monsoen seems to be dominant on the interannual scale.
The low frequency variations are found to have significantly contributed to the instability of the correlations
of monsoon rainfall with parameters outside the monscon system.

I. INTRODUCTION

The Asian summer monsoon, which is basically a manifestation of the influence of the
seasonal heating and cooling over Asiatic land mass, constitutes an important component
of the global atmospheric and oceanic circulation. Therefore, the monsoon over India,
as a part of planetary-scale circulation, is represented in terms of long-term climatic
anomalies of many variables. Sikka (1980) sstablished the relation of the year-to-year
fluctuations of summer monsoon rainfall with several planetary and regional scale circulation
features like the El Nino, Northern Hemispheric tropospheric temperatures. equatorial
Pacific sea surface iemperatures, monsoon depressions and lows, break monsoon, etc,
During the last few years, long-term data series of several regiomal and global atmospheric/
oceanic parameters have been prepared and their relationship with Indian summer monsoon
rainfall has been studied extensively. The following are some important parameters with
which the relationship of the Indian Summer monsoon rainfall has been studied by different
workers: (i) dates of onset of the monsoon (Dhar et al., 1980); (ii) storms and depressions
in the Bay of Bengal and Arabian Sea (Mooley and Parthasarathy, 1983; Mooley et al., 1984);
(iii) break-monsoon days in July and August (Mooley and Parthasarathy, 1983); (iv) dil-
ferent indices of Southern Oscillation (Pant and Parthasarathy, 1981; Shukla and Paolino,
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1983: Parthasarathy and Pant, 1984, 1985; Bhalme and Jadhav, 1984; Mooley et al., 1985,
Wu and Hasternath, 1986): (v) equatorial Pacific sea-surface temperatures (SST) (Angell,
1981; Mooley and Parthasarathy, 1984b); and {vi} Northern Hemispheric surface air tem-
peratures (Parthasarathy, 1984; Verma et al,, 1983).

The inferences drawn from the above studies generally indicate that the Indian monsoon
rainfall is related to many regional and global circulation features and that for a stable
correlation, time series of data of length 20 vears or more is essential. 1t is an emerging
scientific opinion that the relationship between the onsct, sctive, break and withdrawal
phases of the mansoon and the low frequency medes need 1o be studied in detail for a better
understanding of interannuat variability of monsoon (8hukla, {985: Parthasarathy and Pant,
1986). The low frequency signals representing the episcdic changes in monsoon behaviour
may provide information on slowly changing medes otherwise masked by the high frequency
fluctuations. Therefore, an attempt has been made in this paper to examine the relation-
ship between the low frequency components of the Indian summer monsoon rainfall and
other regional and global parameters using cubic spline smoothing technique on the data
series of the longest available period.

I, DATA

To study the long-term variations by the cubic spline smoothing technique, it is desirable
{hat the longest available homogeneous data series are considered. Therefore, the Indian
summer monseon rainfall for the period 1871-1985 has been considered in this study. For
the other parameters, the longest available data series lying within the period 1871-1985
have been considered. In selecting the seasonal or monthly mean values of some data, the
availability of long and reliable series relevant to the monsoon system is only considered
and, since the prediction aspects of monsoon rainfall are not intended to be examined, many
series are concurrent with monsoon season.

(1) Al-Indio summer monsoon rainfall

A long homogenecus summer monsoon [June Septemnber) rainfall series has been
prepared by Mooley and Parthasarathy (1984a) and Parthasarathy et al, (1987) for the
period 18711984 for the country as one unit (All-India series) as well as various subdivisions.
They considered a fixed number of 306 raingauges and gave an appropriate area-weighted to
each of the raingauges throughout the period of study. The All-India rainfall series has
been updated to 1985 (Parthasarathy and Pant, 1986).

(2) Date of onset of Indign surmmer monsoon

The date of onsct of the southwest monsoon over the Indian peninsula is determined on
the basis of a sharp increase and characteristic persistence in the rainfall over the South
Kerala coast. The onset depends on a series of earlier events such as the change in the
circulation pattern and on the heat and moisture content of the atmosphere over the Arabian
Sea. The date of onset of monsoon is determined by the India Meteorelogical Department
(IMD) cn a real-time basis, and may have scme amount of subjectivity. However, sub-
sequent determinations of the onset using objective criteria (Ananthakrishnan and Soman,
1987) also resulted in series of similar nature in terms of mean as well as variability. The
onset of monsoon over Kerala, though may appear tc be of local character, is generally
gonsidered to be a pointer for the advancement of mogsoon over India, For example,
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Deshpande et al. (1986) found that the anomalies in the dates of onset were similar at
Kerala and Bombay on 709% of the occasions. The normal date of onset is 31st May;
however, it varies from 11th May to 15th June. The labulated values of these dates are
obtained from the publications of Ramdas et al, {1954), Ananthakrishnan et al. (1979) and
Parthasarathy and Pant (1986} for the period 1891-1985.

(3)  Storms and depressions in Bay of Bengaf and Arabien Sea during monsoon

The cyclonie storms and depressions in the Bay of Bengal and Arabian Sea during mon-
soon (June-Sepilember) are not as frequent and intense as their post and pre-monsoon coun-
terparts. However, since the embedded vortices are an importani element of monsoon
cyclogenesis, their number and frequency are considered to help the monsoon system (o
establish as they move across the country. The data on the rumber of storms and depres-
sions in Bay of Bengal and Arabian Sca are obtained from the publication of the India Me-
teorological Department (1979) for the period 1377-1970 and updated for the period 1971~
1985 from the recent weather charts.

(4) Nwmber of Freak-monseon days in July and August

The monsoon over India is in peneral vigorous and active over the entire country during
the months of July and August each year. During this period, on several occasions, situa-
lions characterised by cessation of rain and disappearance of monscon like synoptic condi-
{ions occur.  This infervening dry period in most parts of the country except the Himalayan
foothills, between two active spells of monsoon is referred to as the break-monsoon,
The number cf break-monsoon days in the months of July and August of each year for
the period 1888-1965 are obtained from the siudy of Ramamurthy (1969) and the series is
updated 1o 1985 from the recent records of the India Meteorological Department.

(5) Sonthern Oscillation Index

Wright (1975) prepared an index of the Southern Oscillation, based on the seasonal mean
sea-level pressure data at eight tropical stations, namely, Cape Town, Bombay, Djakarta,
Darwin. Adelaide. Apia, Honolulu and Santiago. He performed principal components
analysis on homogeneous series of 50 values (1896-1945) of the seasonal mean pressures al
these eight stations and standardized the time series of the coefficients of the first eigen-
vector, The series were then extended back to 1851 and forward to 1975. The resulting
combined series consisting of dimensionless numbers are homogeneous and represent ade-
quately the Southern Oscillation in each season {Wright, 1977; Fleer, 1981). A high index
corresponds to high atmospheric pressure in the South.east Pacific Subtropical high and to
low pressure in the Malayan-Indonesian low. The data on Wright's index of Southern
Occillation Tor the season June-July-August (JJA) during the period 1871-1974 have been
used in the present study.

(6) Fast Fyuatorial Pacific sea-surface temperature anomalies

The East equatorial Pacific SST anomaly values, averaged over the area bounded by
0°-10°S and 90°—180°W are available for a considerably long pericd, 1860-1979 (Angell,
1981). From these series, the data for the season JJA during the pericd 1871-1979 have been
vsed in the present study,
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(7) Northern Hemispheric surface-air temperature

The long homogeneous series of Northern Hemispheric surface-air temperature anomalies
for the month of January for the period 1871-1985 has been obtained from the study of
Jones {1985).

. CUBIC SPLINE SMOQOTHING

The cubic spline smoothing technique, specially designed for use in low-frequency signal
detection from long tree-ring data series, is used in the present study. The computer sub-
routines and algorithms of the cubic spline vsed are those developed at the Lamont-Doherty
Geological Observatory, Columbia Universily, USA (Cook and Peters, 1981; Peters and
Coock, 1981).

The cubic spline is basically a concatenation of cubic polynomial segments that are joined
together at their ends or knots. The continuity of the first and second derivatives assures
ihat the segments are joined in a very smooth fashion {Reinsch, 1967; Wold, 1974). When
the behaviour of the data series in one region is not much related to its behaviour in the
other region the spline smoothing is the best choice, since polynomials and many other math-
ematical [unclions possess the property that their behaviour in a small region determines
their behaviour everywhere.

The smoothing spline minimizes the total squared curvature,

\: Lg" (x) Ydx, (1)
under the constraint
""\ T - }ri T2
S <, (2)

i=n
where g(x) is the fitting function of the spline, g () is its second derivative, ¥, is the input
series, &Y, is a series of weights and S is a scaling parameter. The use of cubic spline
as a symmetric Jow-pass digital filter with a continuous range of frequency response functions
along with its time and frequency domain properties are discussed by Cook and Peters (1981),
Peters and Cook (1981) and Blasing et al. (1983). The frequency response function of the
form

=T pleasta=) )
6(cos2af —1)*

is obhtained afler Fourier transforming the matrix operations of computing the spline.
Here, f is the required frequency and p is computed for a spline which has a 30%response
at a specified [requency, using the relation (for u{f)=0.5),

_ 8(cos2af—1)" (1)

(cos2mf+2)

The frequency response functions are shown in Fig, L.

A spline is selected for use as a filter based on its frequency response, which is related
to the percentage of variance at each frequency that will remain with the filtered series.
The frequency at which 50 of the variance is retained in the series and rest of the variance
is distributed according to the selected response curve (Fig. 1) is referred io as the 50%;
variance Teduction frequency (507 VRF}.

[ —
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FREQUENCY RESPONSE FUNCTIONS FOR SEVERAL
SMOOTHING SPLINES (AFTER COOK 8 PETERS, 1981)

FREQUENCY RESPONSE

[l 1
-3C -20 =10 0
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1 1 | | 1 1 1 L 1 .
1000 400 200 (100 50 22 0 5 2 1

Fig. 1. Frequency response functions for several smoothing splines
{after Cook and Peters, 1981).

1v. RESULTS AND DISCUSSION

The low frequency signals of the above mentioned seven data sets have been computed
for 50% VRF of one cycle per 10, 20 and 30 years. It is observed that a high degree of
smoothing is achicved with a spline having 50%; VRF at periods of 30 years and above.Smooth-
ing splines with 50% VRF at a period of 30 years, superimposed on the original se-
ries, are presented in Figs. 2 through 8, for all the seven data sets. It can be seen from
Fig. 2 that the All India monsoon rainfall series, upon smoothing, clearty shows the 4
distinct epochs, two of excess rainfall (before 1856 and 1932-1963) and two of deficit rainfafl
(1897-1931 and after 1964). These epochs are similar to those pointed out by Mooley and
Parihasarathy (1984a). The smoothed curves of the date of onset of the monsoon (Fig. 3),
storms and depressions (Fig. 4) and break monsoon days (Fig. 5) also show an episodic
type of variation. These are consistent with the epochs in the All-India summer monsoon
rainfall, indicating the presence of a common low frequency mode. Wright's Southern
Oscillation Tndex (Fig. 6) as well as the Easi equatorial Pacific 8ST (Fig. 7) show a bas-
{cally oscillatory nature, but persisting around the mean. The Northern Hemispheric
surface-air temperatures (Fig. 8) show the well-known dominant warming during the first half
of the 20th century.
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ALL-[NDIA MOMSOON RAINFALL ( 187}-1985) SMOOTHED WiTH A CUBIC SPLANE OF 50% VARIANCE
,1 REDUCTION FREQUENCY AT 30 YEARS
"
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Fig. 2. All-India summer monsoon rainfall (1871~1985) smoothed
with Cubke spline of $0% variance reduction frequency
at 30 vears.

ONSET DATE OF MONSOON OVER KERALA,SMOOTHED WITH A CUBIC SPLINE OF
soq 50% VARIANCE REDUCTION FREQUENCY AT 30 YEARS.
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Fig. 3. Onset dates of monsoon over Kerala (1891-1985) smoothed
with cubic spline of 504 variance reduction frequency at
310 years.

For a critical examination of the association between the low frequency modes of mon-
soon rainfall and related parameters, the data sets are divided into two groups. The first
group comprises of the time series of the parameters from within the monscon system;
namely, dates of onset of monsoon, number of storms and depressions during rmonsoon in
the Bay of Bengal and Arabian Sea and break-monsoon days in July and August. The
second group consists of the parameters with established teleconnections with monsoon but

basically outside the monsoon system; they include the Southern Oscillation Index, Northern
Hemispheric surface-air temperature anomaly for January and the SST anomaly for the
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MUMBER DF STORMS/ DEPRESSIONS DURING MOWSOCN ( JUME - SEPTEMBER) M ARALBIAN 3[4 aND
BAY QF BENGAL, SMODTHEG WiTH A JUBIC SPLME CF 50% VARIANCE REDUCTION
FREQUENCY AT 30 YEARS
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Fig. 4. Mumber of storms/depressions during monsoon in the Bay of
Bengal and Arabian Sea (1877-1985) smoothed with cubic
spling of 50%; variance reduction frequency at 30 years.

BREAK MONSOCN DAYS IN JULY AND AUGUST, SMOOTHED WITH A
VARIANCE REDUCTION FREQUENCY AT 30 YEAR! CUBIC SPLINE OF 30%
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Fig. 5. Number of break-monsoon days in July and  August
{1888-1985) smoothed with cubic spline of 50%{ variance
reduction frequency at 30 years.

WRIGHT'S SOUTHERN OSCILLATION INDEX [JJA):SMOGTHED WITH A CUBIC SPLINE
OF 50% YARIANCE REDUCTION FREQUENCY AT 30 YEARS,
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Fig. 6. Wright's Socuthern Oscillation Index( JJA) (1871-1974)
smoothed with cubic spline of 50% variance reduction
frequency at 30 years.
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SEA-SURFACE TEMPERATURE ANOMALY DURING J-J-4, SMOOTHED WiTe A GUBIC SPLINE OF
50 % VARIANCE REDUCTION FREQUENCY AT 30 YEARS
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Fig. 7. East equatorial Pacific sea surface temperature (JJA)
{1871-1980) smoothed with cubic spline of 50% variance reduction
frequency at 30 vears,

NORTHERN HEMISPHERIG SURFACE TEMPERATURE ANOMALY FOR JANUARY, SMODTHEQ WITH & CUBIC SPULINE
OF 50 % VARIANCE REDUCTION FREQUENCY AT 30 YEARS
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Fig. 8. Northern Hemispheric surface air temperature anomaly for
January (18735-1985) smoothed with cubic spline of 502 variance
reduction frequency al 30 years.

eastern equatorial Pacific region. The smoothed curves{50%; VRF at 30 years) of these param-
eters are standardized (departure from mean divided by standard deviation) and plotted
along with the standardized spline of All-India rainfall, with their zero value lines superimposed.
Figs. 9 and 10 show the two groups of the smoothed curves. The excess and deficient All-
India rainfall epochs are marked in the curve by shading the arcas between its standardized
curve and the zero line. An examination of the smoothed parameters and their intercom-
parison suggests that the removal of the high frequency fluctuations brings out a distinet rela-
tionship among the residual low frequency sigpals. Fig. 9 shows that the excess rainfall
epochs are associated with a positive anomaly of number of storms and depressions and a
negative anomaly in the onset date of monsoon and break monsoon days; opposite situa-
tions are seen for ihe deficient monsoon rainfall epochs. Joseph (1976) pointed out that
the epochs of good and bad monsoon years are associated with distinctly different regional
circulation fealures. A feature of particular interest is that all the curves (Fig. 9) almost
simultaneously change their signs before (around 1896) and after (around 1964) one full cycle
of poor and good monscon epochs. This indicates that all these variables have a common
slowly varying component. Though these relations are physically consistent and rather
obvious, since more storms and depressions, less break days and early arrival of monsoon
may bring excess rains, the raw series of data do not exhibit a clear relationship, There
are many years when the relations discussed above are opposite and the extremes may not

e
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tally on many occasions for individual years.
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Fig. 9. Standardized fow frequency signals in the time series (smooth-
ed with a cubic spline of 50% VRF at 30 years) of mensoon
rainfall and related variables within the monscon system.
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Fig. 10.  Siandardized low freguency signals in the time series

(smoothed with a cubic spline of 509 VRF at 30 years)

of monscon rainfall and related variables outside the

MONSoOn system,

The parameters in the second group, though outside the mousoon system, are known
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to have significant correlations with the Indian summer monsoon rainfall and are believed
to have some prediciive capabilities for monsoon rainfall. However, the stability of such
relationships over long periods of time has not been encouraging. The low frequency varia-
tions in these parameters with reference 1o those in the rainfall (Fig. 10} also show that the
association between them is not conmsistent over the full period ( 1871-1975) considered.
This is particularly conspicuous in the case of the Northern Hemispheric surface-air tempera-
ture anomaly for January, which showsa direct association with rainfali only after 193S.
This could be one of the reasons for the high correlations during 1931-1980 and poor corre-
lations during the earlier period, obtained by Verma et al. {1985) between the Indian
summer monsoon rainfall and Northern Hemispheric surface-air temperatures of January
and February. In this situation, it is useful to study the low frequency signals in the long
time series in a stepwise manner, in order to examine the change of phase which reversed
the trend of significant correlations.

The correlations among the parameters after successive smoothings are summarized in
Fig. 11, in which the correlation values significant at 1% level for the common period
1891-1974 are marked by the sign of the correlation in appropriate locations. For a purely
random series, the less significant correlations among the two series are expected to attain
significance after smoothing due to increased autocorrelations, but this is not observed as a
rule in the present analysis. Many series which are not correlated significantly with uns-
moothed data show a significant correlation only for a specific degree of smoothing and for
some parameters the significance is lost afler certain degree of smoothing. The physical ex-
planation for the behaviour of these series can be located within the time scales of dominant

INTERCORRELATIONS AMONG THE PARAMETERS ( TQ T
DATA SERIES 84 YEARS (1B9I-1374]

BOXES WITH SIGNIFICANT CORRELATIONS (AT 1% LEVEL) ARE INDICATED WITH THE SIGN OF CORRELALATION

(MNCATDR NUMBSER — PARAMETER

ALL INDIA SUMMER MONSOON RAINFALL

1
2 DATE OF ONSET OF WONSOON OVER SOUTH KERALA.
3 NUMBER OF STORMS/DEPRESSIONS (N BAY OF BENGAL 8 ARABIAN SEA {wJas)
‘ BREAK MONSOON DAYS IM JULY B AUGUST
s SST ANDMALY OF EAST PACIFIC JJA
5 WAIGHT'S SOUTHERW OSCILLATION INDEX FOR JJa
4 NORTHEAN HEMISPHERIC SURFACE TEMPERATURE ANGMALY IN (ANUARY
SMODTHED DATA SMOOTHED DATA SMOQTHED DATA
UNSMOUTHED DATA 0 YEAR SPLINE 20 YEAR SPLINE 30 YEAR SPLINE
e lelslsP I [z[3+[s]e 7 [2[3][a[s[cs (7 (1 [2]3]s |5 ]6]7
11+ 1+ 1-1-1+ -+ I-] [+ “T1-] I+
nEe ] = 1+ -

oo slu|n]~-
1
|
|

Fig. 11. Intercorrelations among monsoon rainfall and related
variables with various degrees of smoothing during the
period  1891-1974,
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variations in these parameters. A logical relationship between the late and carly arrival of
monsoon with the less or more net rainfall during the season and in the same manner between
the number of storms and depressions and the rainfall is conspicuously absent in the un-
smoothed data but the correlations become significant after smoothing, thus pointing out
that these signals basically refer to the long-term mean monsoon condition. The Wright’s
Southern Oscillation Index persistently retains the significance of correlations in stepwisc
smoothing but the correlation coefficient value goes on decreasing, with highest value of
+0.58 for the raw data. The correfation between the Southern Oscillation Index and SST
anomaly of East equatorial Pacific is —0.62 and its magnitude decreases sharply afier smooth-
ing and loses its statistical significance after smoothing with a spline having 30%, VRF
of 10 years and above. This relationship suggests that the mechanism involved in feedback
coupling between the Southern Oscillation, SST and monsoon rainfzll is dominating in inte-
rannual scale and that the signal may damp out in decadal scale (scale of Southern Oscil-
lation is 3-6 years). The January MNorthern Hemispheric mean temperature anomaly for
1891-1974 shows poor correlation and the only significant correfations appearing in the
smoothed data series is with break-monsoon days in July and August.

V. CONCLUSIONS

The study demonstrates the applicability of cubic spline smoothing to cxamine the asso-
ciation of the low frequency variations in monsoon rainfall and several local and teleconne-
cted climatic parameters. The results indicate that the parameters generally used to describe
the Indian summer monsoon behaviour comprise a commoen slowly varying component in
an episadic manner, as can be seen from the significant asseciation of the low frequency varia-
tions of rainfall with those of date of onset, number of storms and depressions and break-
monsoon days. However, the physical mechanisms relating the Southera Oscillation and the
equatorial Pacific SST and their dynamical links with the Indian monsoon are very com-
plex anid not well understood; results of this study may only indicate that these relations may
be dominant in the interannual scale. The low frequency variations are found to have
significantly contributed to the instability of correlations of monsoon rainfall with the para-
meters outside the monsoon system over long periods of time. The physical causes under-
lying these changes may be associated with the interacting land/ocean/atmosphere progesses
which may unfold only after the ocean-atmoesphere coupled models are successfully  simu-
lated to the relevant time scales.

The authors are grateful to Mr. D.R. Sikka, Director, Indian Instituie of Tropical Meteorology (IITM),
for his eacouragement and interest in this area of research, India Meteorological Depariment has kindly pro-
vided the basic data on monsoon. Thanks are also due to Dr, ER. Cook of Lamont-Doherty Geological
Observatory of Columbia University, USA and Dr. S.V. Singh of IITM for many useful discussions.

REFERENCES

Ananthakrishnan, R., Parthasarathy, B. and Pathan, J.M. (1979), Metecrology of Kerala, Commernmmoration
and Souvenir Volume of Maring Sclences, University of Cochin, Ernakulam, pp. 60-125.

Ananthakrishnan, R, and Soman, M. K. (1987), The onsct phasc of the Southwest monsoon over South
Kerala: 1901-1980, J. Climatology, (in press).

Angell, J.X, (1981), Comparison of variations jn atmospheric quantities with sea surface temperature variations
in the equatorial eastern Pacific, Mon. Wea. Rev., 109: 230-243.

Bhaline, H. N. and Jadhav, 5. K. (1984), The Southern Oscillation and its relation to the monsoon rainfall,
J. Climatology, 4: 508-520,




480 Advainices in Atmospheric Sciences Vol, §

Blasing, T. J., Duvick, D. N. and Cook, E. R. {1983), Filtering the effects of competition from ring-width
series, Tree-ring Bulfetin, 431 19-30,

Cook, E.R. and Peters, K. (1981), The smoothing spline: A new approach to standardizing forest interior
tree-ring width series for dendroclimatic studies, Tree-ring Bullerin, 41: 45-53.

Deshpande, V. R., Kripalani, R, H. and Paul, D, K. (1986), Some facis about monscon onset dates over
Kerala and Bormbay, Mawsam, 37: 467470,

Dhar, O. N., Rakhecha, P. R, and Mandal, B. N, (1980), Does early or late onset of roonsoon provide
any clue of the subsequent rainfall during monsoon season?, Mon. Wea. Rev., 108: 1069-1072.

Fleer, H. (1981), Large-scale rropical roinfall anomalies, Bonner Meteorologische Abhandlungen, Heft 26,
M. Hantel (Ed.), Ferd, Dummlers Verlag, Kaiserstrabe 31-37, 5300 Bonn 1, 114 pp.

India Meteorolvogical Department (1979), Tracks of storms and depressions in the Bay of Bengal and the Avabion
Ses, 1871-1970, Published by the India Meteorological Department, New Dethi, 186 pp.

Jomes, P. D0 (1985), Northern Hemisphere temperatures, 18511984, Climate Monitor, 14: 14-21.

Joseph, P.V. (1976), Climatic cycles in Monsoon and cyclene, 1891 ta 1974, Proceedings of Symposium ot Tro-
pical Monseon, Indian Institwie of Tropical Meteorology, Pune, pp. 378-388.

Mooley, D. A. and Parthasarathy, B. (1983), Drouoghis and Floods over India during summer monsoon
seasons, [R71-1980, Proc. Symp. * Voriations of the Global Water Budger’, (Edilors A.S. Perrot, ot al),
D. Reidel Publishing Company, Dordhet, Holland, pp. 239-232,

Mooley, D.A. and Parthasarathy, B. (1984a), Fluctuations in All-lndia summer monsoon rainfall during
1871-1978, Climatic Change, 6: 287-301.

Mooley, D.A. and Parthasarathy  B. (1984b), Indian summer monsoon and the east equatorial Pacific
sea surface temperature, Annosphere-Ocean, 223 23-35,

Mooley, DnA., Parthasarathy, B. and Sontakke, N.A. (1984), Droughts over peninsular India during 1861-
1980 and associated circulation features, Mousam, 35: 3371-342.

Mooley, D.A., Parthasarathy, B. and Sontakke, N.A. (1985), Relationship between All-India sumimer mon-
soon rainfatl and Southern Oscillation/East equatorial Pacific sea surface temperature, Proc. Tadion Aced.
Sci. (Eerth  Planer. Sci) 947 199-210.

Pant, G.B. and Parihasarathy, B. (1981), Some aspects of an association between the Southern Oscillation
and Indian summer monsoon, Arch. Met. Geoph. Biokl., B29: 243-252.

Parthasarathy, B. (1984), Some aspects of large-scale fluctuations in the sumnier monseon rainfall over India
during 1871-1978, Ph. D. Thesis, University of Poona, 370 pp.

Parthasarathy, B. and Pant, G. B. (1984), The spatial and temporal relationships between the Indian summer
monsoon rainfall and the Southern Osciilation, Teflus, 36A: 269-277.

Parthasarathy, B. and Pant, G.B. (1985), Seasona! relationships between Indian summer monsoon rainfall
and the Southern Oscillation, J. Climatology, 5: 369-378.

Parthasarathy, B. and Pant, G. B. (1986), Summer monsoon rainfall over different regions of India and
circulation features during 1981-1984, Proceedings of the first WMO Workshop on “The diegnosis and pre-
diction of Monthly and seasonal Atmospheric voriations over the Globe”, US.A., Long-range forecasting
research series, WMO No., TD-87, Gensva, pp. 235-246.

Parthasarathy, B., Sontakke, N.A,, Munot, A.A. and Kothawale, D.R, (1987), Droughts/floods in the
summer monsoon season over different metecrological subdivisions in India for the period 1871-1984,
£ Climatology, Tt 57-70.

Peters, K. and Cook, ER. (1981), The Cubic smoothing spline as a digital filter, Lamont-Dokerty Geo-
logical Observatory of Columbia University, Tech. Report No, CU-1-81-TRI,

Ramaurthy, R. (1969), Mousoon of India: Some aspects of the ‘break’ in the southwest monsoon during July-
August. Forecasting Manual, Part IV, No. 18.3, India Meteorological Department, Poona, 13 pp.
Ramdas, L. A, Gopala Rao, S. and Jagannathan, P. {1954), Prediction of the date of establishment of

southwest monsoon along the west coast of India, fad J. Met. & Geophys., 5t 305-313.

Reinsch, C. H. (1968), Smoothing by spline functions, Numerische Muothemotik.,, 10: 177-183.

Shukla, J. and Paclino, D.A. {1983}, The Southern Oscillation and Leng-range forecasting of summer monsoon
rainfall over India, Mon Hes. Rev., 111: 1830-1337.

Shukla, J (1985), Repori of a workshop on the Interannual variability of Monsoons, New Delhi, January 21-23
1985, Deptt. of Meteorology, University of Maryland, U.S.A.

Sikka, D.R. (1980), Some aspects of the Iarge scale fuctuations of summer monsoon rainfall over India in
relation to fuctuations in the planctary and regional scale circulation parameters, Proe. Indian Aced, Sci,
(Earth Planet, Sci), 89: 179-195.

Verma, R. K. Subramaniam, K. and Dugam, 5.5. (1985), Interannual and Long-term variahility of the




No. 4 Long-term variability of Indian monseon 481

summer monsoon rainfall and its possible link with northern hemispheric surface air temperature, Proc.
Indian Acod. Sci. (Earth Plapet. Sci) %4: 187-198.

Wold, S. (1974), Spline functions in data analysis, Technemetrics, 16: [-11.

Wright, P.B. (1975), 4n index of Southern Oscillation, Report No. CRU-RP4, Climatic Research Unit, Univer-
sity of East Anglia, Norwich, U.K., 20 pp,

Wright, P.B. (1977, The Southern Oscillation- Patrerns and mechanisis of the teleconnections ond the persistence,
Report No. HIG-77-13, Hawaii [nstitute of Geophysics, University of Hawaii, 107 pp.

Wu, Ming-Chin and Hastenrath. S. 1986. On the interannual variability of the Indian Monscon and the
Southern Oscillation”. Theoretical & Applied Climatology, 36: 239-261.




