Mausam, (1985}, 36, 4, 479-490

Time series analyses of annual

551,571.22: 519.251:7

rainfall over India

S. M. A ALVI*
Meteorological Office, Lodi Road., New Delhi
and

P. KOTESWARAM
Andhra University, Visakhapatnam (A.P.)

(Received 20 November 1981)

X — W07 & F¢ 2471 7% Fad 23 2 & 100 39 F §7 whuF o7 §1 379720 991 sjman ey arvw e 4
fafiger famesil grey st ok &1 ooy SR o wiamal F1 swaf ar wrafAar aver & 299 & g spaart g frard o
wafy saft oY ghsws e g frand o oF wer wafa & gean 1 af o ool 1 gEar (1940 T T )
o o & fae avew faeeel & sewfen fear wan g | af sjaerat § @ gt qae & f@E o e § o g
fmze At are SEen favam gren gyeTe fFay o ar | Gan dar v E f faden 3 e A afedt s a2 fraat s aa
ghATET T A WATAT T AT F 6779 20 6 g #4 A1 wafa R @ sad deraw, qed, el e A 1 gataat
giferdm = & aga Fe T 2 | weraw § e g gwir s o g

ABSTRACT. The available rainfall series extending to more than 100 years for 23 stations
representing different parts of India have been examined with different types of low pass filters in
order to find out trends and periodicities in these series. The long period trend shown by some of the
scries has been compared with that shown by sunspot numbers the scries of which from 1940 onwards
was treated with the same low pass filter. The rainfall serics have also been treated with band pass
filter and power spectrum analysis for finding out of periodicities in them. It is seen that rainfall of
west coast stations north of Trivandrum as well as the sunspot cycles have shown an increasing trend
from the beginning of the century till the sixties, the trends for Veraval, Bombay. Ratnagiri and
Vengurla being statistically significant. Other results of the study have been given in the conclusion.

1. Introduction

With recurrent floods and droughts occurring over
different parts of the country, the question of periodi-
cities and trends of rainfalls, if any, over different
parts of India has assumed great importance, The
problem has been studied by Indian and other meteo-
rologists for over four decades. The carlier methods
(Pramanik and Jagannathan 19533, Rao and Jagan-
nathan 1963) were fitting orthogonal polynomials
upto the S5th degree and ordinary moving averages
mostly of 10-year period to the rainfall series. The
general conclusion was that neither the annual nor
seasonal rainfal] showed any significant trends, Kraus
(1955) showed with the help of residual mass curves
that when the annual records of Madras are broken
down into seasons, it is seen that the October-Decem-
ber rains constituting about 60% of the stations
rainfall have shown a tendency to increase in the
present century. In recent years two powerful methods
of detecting these parameters have been deve-
loped (/) the numerical filter, and (ii) the power

*Present affiliation : F-2392, Rajajipuram, Lucknow—17 (U.P.)

(479)

spectrum analysis (WMO 1966). Bhargava and Bansal
(1969) analysed power spectra of rainfall records at a
few stations and found a quasi-bicnnial oscillation at
Bombay (Colaba), The authors made a detailed
analysis of rainfall records of 23 reprasentative stations
of different parts of India and preliminary results were
given in two earlier publications (Koteswaram and
Alvi 1969 and 1970). Bhalme (1975) has
shown the fluctuations in the pattern of distribution
of southwest monsoon rainfall over Rajasthan and
their association with sunspot cycle. Dhar and Partha-
sarathy (1974) have also shown with the study of
1901-70 data of about 3000 stations in India the
presence of 2.3 to 2.5 years cycle and a weak cycle
of about 10 to 15 vyears. Raghavendra (1974) has
shown increasing rainfall trend over the west coast
sub-division of Maharashtra north of Latitude 15 deg.
N, confirming earlier findings by Koteswaram and Alvi
at individual raingauge stations along the west coast.
Bhalme and Mooley (1981) recently found a 22-year
cycle in the Flood Areca Index (FAI) for India nearly
in phase with the double (Hale) sunspot cycle,
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In this paper we present detailed results for the
following 23 stations representing various parts of
India :

West coast — Veraval, Bombay (Colaba ), Raina-
girl, Vengurla, Mangalore, Cochin,
Trivandrum.

Peninsula — Nagpur, Pune, Belgaum, Hydera-
bad, Bangalore.

East coast — Visakhapatnam, Madras,
NE India — Calcutta, Gaya. Tezpur.

NW India — Amritsar, Delhi, Lucknow, Jodhpur,
Bikaner, Ahmedabad,

Some of the results and discussions in this paper
were  previously  published in Idojaras (1970,
Huneary, Since the earlier paper was communicated
to the 75 Anniversary Volume of Idojaras in res-
ponse to an invitation extended to one of the authors
(P. Koteswaram) by the Hungarian Meteorological
Society at that time and is not readily available in
Indian Libraries for reference. the authors have fel
it necessary to repeat some of the material in the

carlier paper for the sake of completeness of the pre-
sent article.

2. Data used and analysis techniques

The rainfall records of most of these stations extend
for periods exceeding 100 vyears. Actual durations
are mentioned in individual cases, The rainfall re-
cords are quite reliable as the stations have been
maintained by the India Meteorological Department
since its inception in 1875 and by the Meteorolagical
Reporters of the concerned Presidencies earlier. The
statistical analysis techniques nsed arve the followine -

(i) S and 10 years moving averages.

(if) Low pass filter with 9 effective weinhts.
(iii) Low pass filter with 31 effective weights.
(iv) Band pass filters, '
(v) Power spectrum.
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Fig. 2. Five yzar ordinary moyingaverages of annual rain-
fall for Bombay (Colaba) & neighbouring stations

Details of these methods are well known and have
been described in WMO Tech. Note No. 79 (1966)
particularly with reference to their applicability for
climatological analysis, The frequency response curves
for jow pass filtcrs (b) and (¢), moving average
filter and band pass filter are given in Fig. 1.

We have not utilized the Maximum Entropy Method
of power spectrum for rainfall analysis because this
method generally gives a large number of signal peaks
which appear at very close frequency intervals, This
makes it difficult to decide as to which of the peaks
is a real peak. Turther, till date, there is no proper
method of testing the significance of sienals.

3. S-vear moving averages

We have examined rainfall series for the period
1901-1967 of 10 stations within 100 km of Bombay.
Of these Bombay (Colaba) and Alibagh are India
Meteorological Department stations and the rest are
maintained by the State Government, The rainfall
curves of Colaba, Mahim, Kalyan and Karjat are
siven in Fig. 2. as an example. Of these. Colaba has
the lowest annual rainfall while Karjat has the high-
est. It is interesting to note peaks occurring at all
these stations in the year 1915, 1945 and 1955 and
Tows in 1920 and 1947. The progressive increase in
average rainfall from the beginning of the centurv
at all these stations is unmistakable. This filter can re-
press periodicities of one or two years, After the peak
of 1957 (sunspot maximum also) there has been a
downward trend ar Bombay where data upto 1980
has been examined.

4. Low pass filter with 9 effective weights

This filter eliminates periodicities of less than 3
vears and suppresses those between 3 and 10 vears
as can be seen from the response curve (a) in Fig. 1.
Annual as well as the monsoon rainfall curves of 23
representative stations although for a few stations—
notably Vengurla, Belgaum only data upto 1973 could
se ntilised doe 10 hreakage in the records. These curves
may be categorized into a pumber of similar groups
mentioned below,
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4.1. West coast of India-north

Veraval, Colaba (Bembay), Ratnagiri and Venpurla
(all to the north of Lat. 15 deg. N) have almost
similar characteristics with maxima occurring in 1885
1915, 1930 and 1955 although so far as Veraval
is concerned the 1955 maximum was delayed and
occurred at 1960. A few subsidiary maxima, notably
at 1948, may also be seen from the curves, A notable
feature is that Vengurla is showing a maximum in
1900, a feature not shown by the other stations, The
sharp peak (55-60) shown at Bombay and Veraval
becomes a broad hump between 1950-1952 as we
proceed south fo Ratnagiri and Vengurla-Vengurla
showing 3 small humps before showing the falling
tendency. All the 3 stations Veraval, Bombay and
Ratnagiri, are showing a minimum at 1967-68 al-
though Bombay is the only station showing a marked
increasing tendency after 1968.

The most pronounced minimum shown hy Veraval,
Bombay and Ratnagiri is in 1905 while what shown by
Veneurla is in 1920, Other minima are in 1920, 1940,
1950 and 1968. The fall from the unprecendented
peak at 1955-60 to the minimum at 1967 is remark-
able at all stations, However, the minimum in 1967
is siill appreciably above the worst minima of 1905
and 1920, showing that the rainfall sitvation during
the second half of 1960s in this part of the century
was not as bad as during the earlier part of thz
century, 10-15 year periodicity is indicated at all these
stations,

Since the southwest monsoon curves closely follow
the annual pattern, the above periodicity can be attri-
buted to the southwest monsoon rainfall along the
west coast north of 15 deg. N. The amplitude of
fluctuation is also quite considerable. At Colaba the
annual rainfall decreased from a maximum of 210 em
in 1885 to 150 c¢m in 1905 and rose to 230 cm in
1955, 1t again fell to 178 cm in 1967 before appre-
ciably rising again,

At Ratnagiri there was a similar drop from 260 cm
in 1890 to 210 cm in 1905 and a rise to 330 c¢m in
1955. After 1955 the rainfall has shown in down-
ward trend and in 1967 it was only 257 cm before
reversing the trend.

4.2, West coast-south

Mangalore, Cochin and Trivandrum are typical of
the region, Data of Trivandrum before 1900 were not
available, Since the region, specially Cochin and Tri-
vandrum is affected both by the southwest monsoon
and mortheast monsoon, the annual and southwest
monsoon curves differ appreciably during certain
periods. There is a tendency for the Mangalore curve
to follow the Vengurla pattern 1o the north.

Mangalore has peaks in 1875, 1897. 1903, 1923,
1932, 1947, 1961, 1974, while the troughs are shown
in 1880,1900, 1918, 1940, 1952 and 1966. Most
of the peaks and troughs are refiected at Cochin and
Trivandrum also although there are significant differen-
ces. Cochin shows two peaks in 1959 and 1967 res-
pectively against one in 1961 shown by Mangalore.

In fact the 1967 Cochin peak is not shown even by
Trivandrum. Trivandrum has got a maximum at 1960
followed by a fall till 1969 with slight rise near the
end period. The Mangalore monsoon rainfall series
follows the annual rainfall series more closely than
those of Cochin and Trivandrum, This is because
Mangalore receives most of its rainfall in the south-
west monscon season while the contribution of the pre-
monsoon and post-monsoon rainfall tc Cochin and
Trivandrum rainfall is considerable. The 1966 mini-
mum of the annual rainfall series of Mangalore was
only 310 cm as against the maximum 405 cm in 1961
while the 1969 minimum of Trivandrum was 174 cm
as against the maximum of 1961 of 215 cm. Cochin
has also shown a decreasing trend after the last
maximum of 1967, The amplitude of variation is
however, small compared to the annual mean.

il

4.3, Peninsular India

The annual and monsoon rainfall curves of Nagpur
in Fig. 3(c), Pune, Belgaum and Bangalore in Fig.
3 (b) and Hyderabad in Fig. 3 (e) show the fol-
lowing peaks and troughs which are almost common :

Name of the
station

Maximum year Minimum year

Nagpur 1883, 1894, 1915, 1900, 1921, 1952, 1968,
1936, 1960

Pune 1883, 1895, 1915, 1904, 1923 1951, 1970
1933, 1957

Belgaum 1882, 1893, 1913, 1899, 1919, 1948, 1969
1932, 1954

Hyderabad 1880, 1894, 1916, 1899, 1922, 1952, 1967
1934, 1956, 1963

Bangalore 1880,

— 1917, 1900, 1924, — 1966
1933, 1963

In addition, there are a few other minor peaks and
troughs shown by these stations which are individua-
listic,

From the above table it is seen that the common
peaks and troughs roughly show a periodicity of 20
to 25 years except at Bangalore, the rainfall of which
does not conform to the pattern of other Peninsular
stations.  This is understandable as Bangalore gets
a considerable amount of rainfall from the northeast
as well as pre-monsoon thundershowers. All the sta-
tions show an increasing trend near the end of the
series except Belgaum. Since, Belgaum data were
available only upto 1973 the last phase of the curve
is not available. It might have shown an increasing
trend. Bangalore has maintained a somewhat increasing
trend since 1925,

4.4, East coast

Visakhapatnam and Madras rainfall along the east
coast show different characteristics since the former
gets most of its rainfall from the southwest monsoon
and the latter from the northeast monsoon,
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The maxima and minima in the annual rainfall
series of these two stations are as shown below :

Station Maxima Minima

1891, 1900, 1922,
1935, 1945, 1967

1880, 1893, 1915,
1929, 1940, 1956,

Visakhapatnam

1970

Madras 1872, 1885, 1897, 1877, 1891, 1906,
1919, 1930, 1944, 1924, 1935, 1950
1962

The southwest monsoon rainfall curves of Visakha-
patnam show more or less the same pattern as the
annual rainfall curve while those for Madras are
often out of phase. At times the monsoon rainfall
curve does not show a maximum where the annual
curve shows one,

Detailed investigations are necessary for more sta-
tions in the southwest and northeast monsoon zones
along the east coast,

4.5. Northeast India stations

Gaya, Calcutta (Alipore) and Tezpur [Fig. 3 (d))]
reveal that the annual and monsoon rainfall curves
have peaks round about 1918, 1935, 1948 and 1969
and troughs in 1873, 1895, 1925, 1954 and 1963.
Since the data of Tezpur was only upto 1973 the
last maximum could not be shown by the station’s
curve. However, some notable differcnces are also
there, viz., the prominent maximum of 1880 at Tez-
pur is not reflected either at Gaya or Alipore. Another
remarkable difference in northeast Indian rainfall is
that the stations there are showing a peak round about
1918-1920, a period when the monsoon rains gene-
rally were poor in most parts of India. Further, these
stations are showing a minimum round about 1955
when most of the Indian stations have been showing a
maximum. Both Alipore and Gaya are showing a
downward tendency near the end of the period after
reaching a maximum at about 1969.

4.6. Northwest India

The annual rainfall curves of Amritsar, New Delhi,
Lucknow, Ahmedabad [Fig. 3 (c)] and Bikaner and
Jodhpur [Fig. 3 (e)] reveal the following common
features :

Stations Maxima years

Amritsar 1880, 1893, 1910, 1915, 1925, 1935,
1950, 1960, 1966

New Delhi —, 1893, 1910, 1915, 1924, 1934,
1948, 1960, 1963

Lucknow —, 1893, —, 1915, 1923, 1937,
1947, 1960, 1971

Bikaner —, 1893, 1908, 1917, —, 1934,
1943, 1959

Jodhpur —, 1893, 1908, 1916, 1925, 1933,
1943, 1956, 1966

Ahmedabad 1880, 1893, 1906, 1914, 1925, —
1043, 1958, —

Stations Minima years

Amritsar —, 1885, 1897, 1905, 1920, 1944,
1952, 1964

New Delhi 1880, —, 1897, 1905, 1920, 1940,
1952, 1969

Lucknow 1880, —, 1910, 1919, 1941,
1952, 1965

Bikaner —, 1887, — 1902, 1913, 1939,
1947, 1969

Jodhpur —, 1886, 1897, 1904, 1920, 1937,
1948, 1969

Ahmedabad —, 1888, —, 1902, 1918, 1937,
1948, 1969

It can be seen that roughly a frequency of 10 to 15
years in shown by the above stations although the
peaks and troughs of the stations often coincide with
each other,

During the recent years Jodhpur and Delhi have
shown an increasing trend while Lucknow, after attain-
ing a prominent maximum in 1971 has shown a slight
decrease. Amritsar and Ahmedabad have remained
indifferent lately.

4.7. Sun-spot cycle

Fig. 3 (¢) also shows the sun-spot cycle treated with
the low pass filter of 9 binomial weights. It can be
seen that the series shows a very regular fluctuation
of 10 to 12 years the lowest minima occurring
between 1877 and 1912 at 1877, 1888, 1900 and
1912 while 1958 has recorded the highest maximum.

It is seen from the above analysis that the common
maxima and minima shown by rainfall stations of vari-
ous regions when treated with low pass filter with 9
effective binomial weights show a periodicity of 10 to
15 years, which is close to the sun-spot cycle, Further
the nature of the filter itself rules out any frequency
less than 4 years to be shown by the curve. As against
this the power spectrum analysis of rainfall should
show all the significant frequencies (short period as
well as long period). Hence a comparison has been
made regarding the periodicities shown by the curves
of different low pass filters and power spectrum ana-
lysis and the results are given in Table 1.

5. Low pass filter for long period frend

In order to find out long period trend which can
suppress frequencies of 10 years or less, a low pass
binomial filter with 100 weights had been used. It
may be scen from the response curve for n — [00*
(Fig. 1) that the response is zero for periods upto
10 years. Hence any series treated with this filter
would clearly bring out any long period trends if they
are present in the series,

In order to show the various types of smoothening
given by the various filters, the rainall series of Colaba
(Bombay) 1901-1977 was treated with (a) 10 years
ordinary moving average, (b) Low pass filters n=:12,

*Although the use of low-pass filter (n=100) requires 101 weights (fifty on each side of the central weight) in effect the use of 1)
effective weights (15 on each side of the central weight) is sufficient because the weights beyond this area are less than one per cent
of the central weight and hence their contribution is insignificant. This economizing in weights also results in a suffi
after treatment with the filter without any apparent loss in the smoothening of the series.

ciently long series
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TABLE 1

Periodicities shown by the curves of different low pass filters

Low pass Low pass

Station filter of  filter of Power spectrum
9 e.w. 31 ew,
West coast (North)
Veraval 10-15 yr 50 yr 40 yr
Bomb 10-15 yr 50 yr 2.02.9yr
m— ’ 5 vr, 40 vr
Ratnagiri Do. Do. 2.5-2.9 yr, 40 yr
© Vengurla Do. Do. 2.5:2.9vr,
e 6-7 yr, 40 yr
West coast (South)
Mangalore 7-10 vr About 25 y1 Nil
Cochin Do. 40-45 yr 33,5, 4-5ar
Trivandrum Do. Short series Nil
Peninsular India
Nagpur 15-25 yr 28-32 yi 2-2.4yr, 36 yr
Poona 8-12 yr Not —
significant
Belgaum 7-10 yr About 20 yr —_
Hyderabad 7-10 yr 35-40 yr 4 yr
Bangalore 6.8yr 30-35vr 3.0yr
East coas?
V. Pattinam  8-12yr 25-35 yr 2.52.9 yr
S yr
Madras 12-15 vr 25.35 vr 2.2.4 yr,
12-13 yr

Northeast India

Calcutta 8-12 yr 30-40 yr 4yr
Tezpur [BIAN 25-30 ¥r 4 yr, 6-7 yr
Gaya Do. 30-35 yr 2.2.4 yr, 34 yr

Northwest India

Amritsar 1013 yr 20-25 yr Nil

i 8-12 ¥ 20-25 yr 3.3, 5 wr
Delhi 8-12 yr 3 a1
Lucknow 10-15 yr 25-30 yr 22.4yr
Bikaner 8-10 yr Not -

significant
Jodhpur R-10 yr Do. —
Ahmedabad 10-15 yr 30-35 vr Sar
Sur-spot 10-12 yr 30-35ar 1 sr
and (c) Low pass filter n — 100% and the results are

shown in Fig. 4. The remarkable smoothening of the
cainfall. curves when created with {c} as also l]}.;
long period trend in the Bombay ra nfoll series s
clearly brought out.

Figs. 5. (a & b) show the annual rainfall series of
the 23 representative stations of Inin treated with
the low puss filter with 31 eifective binomial weights.
The sunspot numbers series treated with the same
filter is shown in the diagram 5 (a) in order to com-
pare the trends.

5.1. West coust of India

Of the 7 stations on the west coast of india, 4 sta-
tions situated north of Lat. 14 deg. N show marked
increase in the annual rainfall during the present cen-
tury as pointed out in an earlier communication by
the authors (Koteswaram and Alvi 1969). The chief
features are as follows :

(i) Veraval (1901-1976) — The scrics is rather
short as the data are available from 1901, The treated
series which shows a minimum weighted average of
about 45 cm round about 1923 shows cousiderable
increase therealter in two stages and the (otal in-
crease shown is over 30 em, je., zboirt 607 of the
normal. The curve shows a flattening near the end
indicating that it has reached its maximum.

(ii) Bombay (Colaba) (i847-1977) — Shows a
minimum round about 1905 but later there is a conti-
fivous increase of varying degrees which becomes
marked after 1940, 1ill 1958 when it reaches a maxi-
mum before reversing the trend. The ieorease from
1905 ti'l 1957 is almost 60 cm which is about 33%
ol the normal anonua! rainfall,

(iif) Rotiagivi (1869.1973) — Also shows a mini-
mum rouid about 1205 and later more or less a
continuous increase with 3 marked stages till 1953
after which it shows o downward trend. It is worth
noiing that the maximum of the curve is reached
5 years carlier than Bombay, The increase hetween
1923 and 1935 aind 1946 onwards is remarkable and
there has been an increase of over 70 em from the
jowest point in the series which also works out to
almost 30%¢ of the annual normal.

; (iv)  Vengwla (1871-1970) — The difference
vetween  Vengurla  and Bombay-Ratnagiri is  that
Vengurli docs not show a mivimum in 1905 but
siows a downward vend from the beginning of the
series to about 1919 when it reaches a minimum and
thereafter a much more mirked increasing trend. The
nerease between 1919 and end of the series is nearly
70 cm. which is over 25% of the normal, As the
data of Vengiria is only upto 1970 the downward
trend has not been shown by the curve near its end.

v )Mangalore (1864-1978
tern with a minimum in the
1916, The difference betwee
end of the series s only ab
about 10% of the normal
downward trend near the en

})—Shows a wavy pat-
present century at about
n the minimum and the
it 30 em which is only
Manralore alsa shows 2
d of the serics.

(vi) Cochin 1884-1977) — Shows
the last century and althoue ]
upto 1925 there
there is

a minimum in
1 h there is slioht increpse
re is appreciable fall later. However
appreciable increasing trend near the end of
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Fig. 4 Annual rain’all series of Bombay (1901-80) treated
with differcn. filters

the scries the last point recording 332 cm, The in-
crease  between minimum and maximum  is  about
45 cm which is less than 20% of the normal,

(vii) Trivandium (1901-1977) — The series is
short, shows a decreasing trend at firse then an increa-
sing trend from 1952 onwards. There is no appreci-
able trend, the difference between maximum and
minimum is less than 20 cm,

5.2. Peninsular staiions east of ilie Western Ghats

Of the 4 stations Pune, Bangajorc. Nagpur and
Hyderabad [Fig. 5 (a)], Pune and Bangalore show a
maximum about 1910 and a minimum about 1927,
No appreciable trends are shown by these stations,
Nagpur shows a marked periodicity of about 25 years
but no trends. Hyderabad has a maximum about 1915
and then slightly falling trend upto 1940 and then a
light rising trend.

5.3. Western and northern India

Of the 6 stations Ahmedabad, Jodhpur, Bikaner,
Delhi, Lucknow and Amritsar [Fig. 5 (b)] -— Amritsar
and Delhi in northwest India show a slight rising trend
after reaching a minimum at 1923, The trend near the
end of the series is appreciable. Ahmedabad shows
a maximum at about 1925 and then a falling trend
although there is again rising trend and then a falling
near the end of the series. Jodhpur shows  minimum
at about 1900 and shows little variation between 1910
and the end of the series although there is a falling

trend. Bikaner has a maximum at about 1915 and
practically no trend later, Lucknow shows a periodi-
city of 25-30 years — a feature shown by Nagpur and
to some extent by Ahmedabad. However, Lucknow
shows a rising trend after 1940 while Nagpur shows
a falling trend during the same period.

5.4. Eust coast of India

The two stations Madras and Visakhapatnam show
the following features :

(i) In the present century Visakhapatnam shows a
slight peak about 1928 while Madras shows two mark-
ed peaks in 1918 and 1943.

(ii) The two stations often show opposing trends,
e.g., Visakhapatnam has a rising trend between 1910
and 1930 and after 1942 while Madras indicates a
falling trend during these periods. The two stations
belong to different rainfall regimes, the former being
dominated by the southwest monsoon (53 per cent
of amnual normal) and the latter by the northeast
monsoon (60 per cent of anual normal), Near the
end of the series Madras is showing increasing trend
while Visakhapatnam a falling trend.

5.5. Noriheast India

The three stations Gaya, Calcutta (Alipore) and
Tezpur represented here show the following features :

(i) All the three stations show a maximum round
about 1915 although the peak is marked only in the
case of Gaya,

(#i) Tezpur shows a marked minimum at about
1925 there is slight rising trend with a slight fall at
the cnd of the series.

(iii) Calcutta and Gaya both show an appreciable
falling trend after 1940 till about 1960 when the trend
is reversed. In fact Gaya shows a decrease of about
20 cm in rainfall (17% of normal) between 1917
and 1960 before reversing the trend.

6. Power spectrum analyses

The power spectrum analyses of ten representative
stadions are shown diagrametrically in Fie. 6, The null
coniinuom as well as the significance levels of 90 and
U5%% have been shown for each diagram. The main
features are given below :

6.1. Bombay (Colaba)
The spectrum is that of a while noise.

(i) The first harmonic is significant even at 95%
level and hence there is no doubt that there is a long
period trend in the series (> 40 years) a fact which
has also been shown by low pass filter analysis,

. (i) The 34th and 35th spectral values represent-
ing a frequency of 24 and 2 3 years respectively are
significant at 95% level and the 2.3 years frequency
is significant cven at 99% leve!

(i) Another frequency 4.7 years cycle is signifi-
cant at 90% level. This is also a harmonic of 2.3 years
frequency,
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6.2. Vengurla 6.4, Bangalore

(i) The spectrum is partly that of red noisc, The Shows a spectrum which is part that of red noise.
first peak representing a frequency of = 40 years is
significant at 95% level, a trend also shown by low

e (/) Does not show any long period trend,
pass filter,

v ; —_ (it) The only frequencies significant - rars
(i1) Frequencies 4.7 and 5 years are significant Which’ 15 signiﬁcs'llmcaﬂ 95 Ics\:g;"_ﬁcjné '}are 3.3 y;]'.‘“ﬁ'
5 . . - « 5 *ars
at 95% level while two spectral values representing is ‘not significant at 95% leve] i‘wmt o ‘.y"‘.lgb.w 1€
2.8 and 2.9 years frequencies are significant at 907, 00 level S RS BEREE ot
level. ’

6.3. Cochin 6.5. Madras

(i) The spectrum is that of white noise und does )
not show any long period trend. The spectrum is partly that of red noise.

(i) The most prominent frequencies significant at (7) The frequencies of 2.4
95% level are 3.3 and 3.5 years respectively, 95% level while the a
ficant at 90% level.

_ years is significant at
djacent frequency 2.3 is signi-
(i) Two other frequencies representing 4.5 and
4.7 years are significant at 90% although they are
not significant at 957 level.

(i) A fre

0% level.

quency of 13.3 years is just significant at
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6.6. Nagpur 6.9, Delhi

The spectrum is slightly that of red noise.

(i) No frequency is significant at 95% level. How-
ever, two frequencies equivalent to 2.3 years and about
36 years are just significant at 90% level.

6.7. Calcutta

The spectrum is that of white noise. The only
prominent frequency is that corresponding to 4 years
period which is quite significant at 95% level, Its
adjacent frequencies corresponding to 4.8 years and
5.3 years are also just significant at 90% level. No
long period frequencies are revealed by the spectrum.

6.8. Tezpur

The spectrum is in part that of red noise,

(i) The most significant frequency are equivalent
to 3.8 and 6 years which are significant at 95% level.

(i) The adjacent frequencies of 3.6 and 4 years
and 6.7 years are also significant at 90% level,

The spectrum is that of pure white noise.

(/) The most prominent frequency is equivalent to
3.1 years significant at 95% level while the adjacent
lfrcqluency of 3.0 years is also just significant at 95%
evel,

(ii) Another prominent frequency is equivalent to
12 years, significant at 95% level while adjacent fre-
quency of 10.3 years is significant only at 90% level.

6.10. Amritsar

The spectrum is that of pure white noise. No fre-
quency is significant even at 90% level.

7. Test of significance of trends

As can be seen that although some trends in rain-
fall is shown by a number
trend which is significant
test are those

of stations, the only
according to Mann-Kendal
shown by west coast stations north of
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TABLE 2

Period average of increase or decrease in rainfall per year and test of randemness ageinst trend

Poriod

Station —
From To

Veraval 1901 1978
Colaba 1851 1900
(Bombay) 1901 1978
Ratnagiri 1269 1900
1901 1975

Vengurla 1671 1920
1921 1970

Mangalote 1866 1915
19i6 1978

Cochin i 866 1905
1906 1977

Trivandrum 1901 1977
Poona 19 1977
Beigaum 1871 1990
1901 1973

Bangalore 1901 1978
Nagpur 1901 1978
New Delhi 1901 1978

Period Y, inzrease Rank statistics

average or decrease — ——*———  Remarks regarding
{mm) per year r (r) trend
607 +1.24 +.253 +.156 Significant
1821 T +.030 -.183 Insignificant
1935 .49 +.230 . 166 Significant
2531 -.30 —.093 —.197 Insignificant
2729 .46 - .283 +. 160 Signifiacnt
2643 -.30 —.023 - 191 Insignificant
2959 .82 i.323 -+.197 Significant
3286 - 11 —.031 —. 187 Insignificant
3490 -.15 1. 157 A72 Do.
2882 —.04 —.039 —.207 Do.
3118 1-.23 -.156 +.159 Do.
1820 .11 -+ .065 +.156 Do.
660 L.22 -+ .050 +.156 Do.
1287 i- .47 234 = Significant
1359 481 160 159 Do.
Gl14 +.21 104 +.156 Insignificant
1196 —. 16 —.122 —.156 Do.
712 .46 -+.206 +-.156 Significant

Lat. 14 deg. N except for Delhi which has also shown
a significant increasing trend (Table 2). As regards
Delhi, it is intercsting to note that it did not show an
increasing significant trend when the rainfall data for
the period 1901-1967 was tested, However, when
the data 1901-1978 was tested its increasing trend
became significant due to the significantly more than
normal rainfall which the station received during the
period 1968-1978. This can be scen from the fact that
the station’s period average for 1901-1967 comes to
846 mm while the average for thz whole period 1901-
1978 amounted to only 712 mm.

7.1. Band pass filter tuned to 24 montlis

In the tropics quasi-biennial oscillations (QBO)
have been found in stratospheric winds and lempe-
ratures and a few other parameters. In order to see
whether the rainfall series of any station has got
QBO the best way is to treat the monthly rainfall
series with a band pass filter of suitable weights
tuned to a 24 months cycle. Landsberg ef al. (1963)
first studied amplitude and phase relationships of the
biennial pulse in the atmosphere by means of filtering
technique suggested by Brier (1961) using a 55-term
moving average with weights distributed like a Gaus-
sain distribution which preserves around a period of
24 months amplitude, phase and period [see Fig.
1 (d)]. The Figure indicates the periods below 14
and above 60 months have practically zero response
periods between 17.5 and 37 months are preserved
with at least 50 per cent and periods between about
20-28 months are transmitted with an error of about
4= 10 per cent of their amplitude, It can also be
seen that this filter nearly completely eliminates the
annual cycle which is the predominent cycle in the
Indian rainfall series. The band pass filters of 24
months as applied to the monthly rainfall series for

the period from 1901 onwards for selected stations.
Colaba (Bombay) repiesenting west coast  stations
north of Lat. 14 deg. N, Trivandrum representing
stat;ons south of Lat. 14 deg. N, and Pune representing
in land stations east of Ghats and the resultant series
are sitown in Figs. 7 (a), (b) and (c¢). On examination
ol these treated series, it is seen that all the stations
under consideration are having an oscillation of period
about 2 years. The anaiysis induces a two years cycle
in a random series and therefore, caution is necessary
in this casc also while deriving conclusions. About
1/3 of the ampiitude shown in the filtered series may
be due to noise. Thus the annual amplitude of the
biennial pulse may be taken after reducing it by the
above factor for the stations.

~ The main properties of the filtered series are as
follows

(a) Though ihe annval cyele is nearly eliminated
from the series the max'mum siiil occur
mainly in the monsoon months.

(b) The amplitude of the pulse varies rather
irccguiarly and these variations do ot in
every case appear simultancously at  all
stations.

(¢) (i) Periods 1910-1916, 1930-1938, 1944
1948 are the period of decreased ampli-
tude for Bombay.

(i) Periods 1930-1932 and 1936-1942 are

are periods of decreased amplitude for
Trivandrum.

(ifi) Periods 1926-1932 and 1942-1946 are

the periods of decreased amplitude for
Pune,
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It can be seen that apart from the amplitude of the
biennial pulse, its period also differs often consider-
ably from the 24 months. Fig. 7 (d) shows the period
variations of the biennial oscillation at the four stations,
Veraval, Trivandrum, Bombay and Pune during the
present century. It can be seen that the period varies
between 14 months to as long as 36 months. The
following features can be seen from the figures :

(i) Veraval

During the periods 1914-1921, 1937-1940 and
1949-1955, the period of the pulse was more than
24 months. During the periods 1929-1931, 1934-
1936 and 1957-1962 it was less than 24 months.

(i) Bombay

During the periods 1909-1918, 1923-1926 and
1941-1945 the period of the pulse was more than
24 months while during the periods 1929-1932, 1934-
38, 1951-1954 and 1957-1961, it was less than 24
months.

(iii)y Trivandrum

During the periods 1917-1922, 19331936, 1948-
1952 the period of the pulse was more than 24 months,
During the periods 1908-1913 and 1925-28 it was
less than 24 months,

(iv) Pune

During the periods 1918-1922 1928-1932 and
1944-1947, the period of the pulse was more than
24 months, while during the periods 1907-1910,
1925-1927, 1936-1939, 1941-1943 and 1948-1952
it was less than 24 months.

8. Conclusions

(i) The above analyses indicaie that there rave been
an increasing trend in rainfall of west coast stations
north of Trivandrum from the beginning of the pre-
sent century. The increase at Veraval, Bombay,
Ratnagiri and Vengurla after 1920 onwards has been
considerable (30-35% ). These trends are statistically
significant. The power spectrum analysis also shows
that Bombay, Ratnagiri and Vengurla all have a fre-
quency greater than 40 years quite significant at 959 .
The long period trend follows the sun-spot cycle.

(if) Delhi also has shown the increasing significant
trend mainly due to the excess rainfall which it re-
ceived during 1968-1978 period. A few other stations,
Belgaum, Bangalore, Delhi, Lucknow and Amritsar
show increasing trends after 1920, Although thesc
are not statistically significant, the trend is unmistai-
able.

(ifiy A frequency of 2.3 to 2.5 years is significant
at many stations. For Bombay and Madras this period
is quite significant at 95% level while for Nagpur
it is significant only at 90% level. Many of the
remaining stations which do not show this frequency
(Cochin: Vengurla, Bangalore) show a significant
frequency of 4.7 to 5.3 years which is a harmonic

of the basic frequency 2.3 to 2.5 years. Cochin and
Delhi also show a predominent frequency of 3.1 to
3.3 years. Eastern India stations of Calcutta and
Tezpur show a predominent frequency round about
4 years, The quasi biennial oscillation (QBQ) scems
to be prevalent in the rainfall at these stations,

(iv) Frequencies close to the sun-spot cycle of 10-
12 years are found in the rainfall series of all the
stations with low pass filter analysis. These are how-
ever masked by noise and do not show up signifi-
cantly in power spectra.

(v) There is no downward trend at stations over
and near the Rajasthan desert as claimed by Winstan-
lay (1971). On the other hand there has been an up-
ward trend at Jodhpur after 1970,

(vi) A downward trend commenced along the
Konan coast after sunspot maximum of 1957 and has
been continuing. A slight downward trend is notice-
able at Ahmedabad, Nagpur and Gaya also,
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