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ABSTRACT
In this study, the characteristics of the summer monscon season
Low Pressure Systems (LPS) over the Indian region in respect of

their formation, life, movement, intensity,'and dissipation are
examined for the period 1888-~1983., By LPS we mean the transitory
closed low pressure system which includes the low pressure area
formed and its subsequent daily locations.and intensities (low,
depression, cyclonic storm and severe cyclonic storm) during the
life of the low pressure area. The relationships of their charac-
teristics with the monsoon rainfall of India, and of the three
divisions; north India, central India, and south India, are also
examined. Information about LPS is collected from the Indian
Daily Weather Report available at the library of the National
Oceanic and Atmospheric Administration (NOAA) at Rockville (Maryland).
Monthly rainfall data of 306 raingauge stations evenly-distributed
over India are utilized to prepare monsoon rainfall series for
India and its three divisions, for 1888-1983.

The ffequency distribution of the number of LPS formed
during the monsoon season is found to be Gaussian. The mean and
SD of the distribution are 13 and 2.2 respectively. About 88% of
the LPS are formed east of longitude 80°E. The percentages of
LPS which form over the Bay and the land area are 64 and 30
respectively.

The series of number of LPS days over the Indian region
during the monsocon season is observed to be random and Gaussian-
distributed with mean 56.4 and SD 11.7. A large majority (70%)

of the LPS has a life of { 5 days. Average life per LPS is 5



days for LPS which form over the Bay and 3 days.for those which
form over the land., Mean ﬁumber of LPS days for the period
1970-83 is significantly higher than the normal due to higher
ffequency of LPS with the life of one week and longer.

The series of total westward longitudinal displacement of
LPS during the monscon season is also random and Gaussian-
distributed. The mean and SD of the distribution are.73.6°
and 21.1° of longitude.

The central pressure anomaly at the locations of the LPS
has a negatively skewed distribution, i.e., a much longer tail to
the left, due to storms and severe storms. Its mean and SD are
-5.7 mb and 3.6 mb. Anomaly of ¢ -12 mb is observed at less than
5% of the locations of LPS. Central pressure anomaly over the
area 20°-22°N, 84°-92°E fHead Bay and north Orissa) is found to
be lower in years of good monsoon over India than that in years of
deficient monsoon over India. It is also found that the LPS
located over this area in good monsoon years have a mean life
greater by 1 day and mean westward longitudinal displacement
greater by 2.5° of longitude than the corresponding mean values
in deficient monsocon years. Both of these factors tend to increase
the rainfall in good monsoon years.,

The number of LPS dissipating from the area 22°-26°N, 88°-
92°E is found to be significantly larger in years of deficient
Indian monsoon rainfall than that in years of good Indian monsoon
rainfall. Larger dissipations results in smaller 1life and smaller
longitudinal westward displacement during the season and hence

lesser rainfall.



The number of LPS formed is significantly (above 5% levél)
and directly related to central Indian monsoon rainfall. The
number of LPS days has a significant and direct relation to the
Indian monsoon rainfall (above 5%) and to cenfral India monsoon
rainfall (above 1%), and the relationships generally show goodd
stability. Total westward longitudinal displacement of the LPS
and monsoon rainfall over India and central India are directly
and significantly (above 1%) related and the relationships generally

show good stability.



The number of LPS formed is significantly (above 5% level)
and directly related to central Indian monsocn rainfall. The
‘number of LPS days has a significant and direct relation to the
Indian monsoon rainfall (above 5%) and to central India monsoon
rainfall (above 1%), and the relationships generally show good
stability. Total westward longitudinal displacement of the LPS
and monsoon rainfall over India and central India are directly

and significantly (above 1%) related and the relationships generally

show good stability.



I. INTRODUCTION

The major rain-producing systems over India and neighborhood
during the summer monsoon season are, the semi-permanent monsoon
trough which extends from west Pakistan to Burma,_and the Lransi-
tory closed Low Pressure Systems (hereafter refered to as Low
Pressure Systems, LPS) forming over India and neighborhood, or
entering northeast India or north Bay from east. The term LPS
includes the low pressure area formed over the Indian region and
its subsequent daily locations as low, depression, cyclonic stornm,
and severe cyclonic storm, during the period of existence of the
low pressure area. According to the criteria followed by India
Meteorological Department, an area of low pressure is a low if
the wind speed within the associated cyclonic circulation is < 17
knots (i.e. nautical miles per hour), a depression, if the wind
speed is 17-33 knots, a cyclonic storm, if the wind speed is > 34
knots, a severe cyclonic storm if the wind speed is >48, and a
severe cyclonic storm with a core of hurricane winds, if the wind
speed is > 64 knots. These criteria are generall& followed for
identifying the systems over the sea and adjoining coastal area. A
large majority of these systems forms over north and adjoining
central Bay of Bengal (north of latitude 15°N) and some form over
the Indian land area north of 15°N. These systems develop in Bay
either afresh or from remnants of tropical depreséions/storms which
strike Viet Nam and south China coast and travel westwards (Iyer,
1931, 1935 and Saha et al, 1981). On a relatively few occasions,
the systems form over the Bay between 10°N and 15°N. LPS rarely

form south of 10°N. During monsoon, low pressure systems form over



Arabian Sea mostly in June. Occasionally, however, the systems
moving in a westerly direction across the central parts of India,
emerge into Arabian Sea during the months July to September, and
intensify. Number of LPS forming over the Arabian Sea during the
monsoon season is very small.

A large proporiion of these LPS move across north and central
India in a direction between west and northwest. During September,
some of these systems recurve towards north or northeast after
having moved upto north Madhya Pradesh and east Rajasthan. The
cyclonic_storms, on crossing the coast generally weaken into
depressions over the land area. Rainfall associated with the
cyclonic storms is intense and heavy over a relatively small ares
in left front quadrant. 1In the case of depressions, heavy rainfall
ocecurs in léft ffont quddrant, but is less intense and covers an
area larger than that in the case of a storm. Rainfall associated
with a low covers a relatively much larger area and heavy rainfall
occuring in the field of low is scattered in character. Formation
of severe storm during summer monsoon season is rare.

The lows play a notable role during the monsoon season, These
produce rainfall over a wide area through convergence and vertical
motion associated with them. 1In addition, on account of transport
of heat and moisture upwards over the iows, the periodical passage
of these lows across the country maintains the normal location and
activity of the monsoon trough which are conducive to good rainfall
distribution over a large portion of the country.

Considéring the fact that the rainfall resulting from storms

during the monsoon season generally does not extend much inland



beyond the coastal belt, and the nuﬁber of storm days in the monsoon
season is small, we can see that the contribution of the storms to
the Indian monsoon rainfall is small, The major contributors are
thus the depressioné and the lows. Since rainfall associated with
the lows generally occurs over a relatively much larger area than
that associated with the depressions, the lows could be considered
to be at least on par with the depressions in respect of their
contributions to the Indian monsoon rainfall.

Low and depression are the main components of the low pressure
systems of the monsoon season. However, only the depression has
been studied extensively (Pisharotiy and Asnani, 1957; Lal, 1958;
Raghavan, 1965; Dhar and Bhattacharya, 1973; Mooley, 1973, Venkataraman
et al., 1974; Mooley, 1976; Sikka, 1977). Neither the lows nor the
LPS in their totality have been studied in any detail,

.india Meteorological Department (1979) has published an Atlas
df Cyclonic Storms and depressions over the Bay of Bengal and the
Arabian Sea during the period 1877-1970. '

Sikka (1980) examined the depressions/lows which formed over
Iﬁdia in July and August during 5 good monsoon years and 5 bad
monsoon years, He observed that there was no difference hetween
good and bad monsoon years in respect of the number of depressions
and the number of depressions days, but there was a notable difference
in the number of lows and the number of low days for good and bad
monsoon years.,

Bhalme and Mooley (1980) found that smaller frequency of
depressions and shorter westward extent of their tracks are the

major factors associated with large-scale droughts.



Mooley and Parthasarathy (1983), who examined the characteristics
of the depressions, during all the flood and drought years of the
period 1871-1980 found that westiward penetration of the depressions
was more in flood years as compared to that iﬁ drought years.

In view of what is mentioned above, it appears necessary to
study the low pressure systems which formed during the monsocon
season in their totality i.é., covering all the lows, depressions,
storms which formed over the Indian land area as well as sea area,
to understand inter-annual variability of Indian monsoon rainfall.

In this study, the closed Low Pressure Systems (LPS) which
formed during June to September in the period 1888-1983 over the
area (shown in Fig. la) covering India, Pakistan, Bangla Desh, the
Bay of Bengal and the Arabian Sea and are observed at mean sea
level on daily weather charts, have been considered. The term LPS
as used here covers a low pressure area formed and its subsequent
daily locations and intensities during the life of the 10& pressure
area.

The main objective of this study of the westward-moving monsoon
LP systems in their totality is to understand the contribution of
these systems to the inter-annual variability of the Indian monsoon
rainfall and for this purpose, the interannual variability of the
characteristics of these systems has been examined with reference to
their formation, location, life, intensity, movement and dissipation,
and the relationship of these characteristics with the monsoon

rainfall has been investigated.

}
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2. DATA SOURCE

India Meteorological Department commenced the preparation and
issue of the Indian Daily Weather Report from the year 1888.A The
report included the daily meteorological observations made at the

observatories in India (which included at that time the present

india, Pakistan, Bangla Desh, Sri Lanka and Burma) at 8 a.m., and a

weather chart with isobars. These reports which are available from
1888 to 1983 in the library of the National Oceanic and Atmospheric
Administration, Rockville, MD, were used in this study. Reports of
a few months which were missing in NOAA library were obtained from
the Massachussets Insitute of Technology, Cambridge, Massachussets.
The series of area-averaged Indian summer mMonsoon {(June through
September) rainfall (hereafter Indian monsoon rainfall) for the
period 1888-1983 is taken from Mooley and Parthasarathy (1984) and
Mooley et al, (1986), The series 1s based on monthly rainfall from
a fixed network of 306 stations evenly-distributed over the plain
region of India. The network of raingauge stations is shown in
Fig. 1l(b). Each station represents the area of the district in
which it is located. District is an administrative unit in India.
These 306 stations from the plain region of India cover an area
of about 2.88 x 106 sq. Km. Thus, the average. area represented by
a raingauge station is about 9400 sg Km. The monsoon rainfall series
for India and for divisions of India are area-weighted averages,
the rainfall of each station Seing wveighted by the area represented
by each station. The hilly region of India is excluded. The area
considered is about 88% of the total area of India and it will

hereafter be referred to as the country or India. Area-averaged



monsoon rainfall series for 3 divisions of India, north, central
and south, are prepared for the period 1888-1983 from the monthly

rainfall of the stations.

3. PROCEDURE FOR IDENTIFYING THE LPS

A summary of the characteristics of pressure variability based
on a preliminary examination of the charts and the meteorological
observations contained in the Indian Daily Weather Reports is given
below. These characteristics have been taken into consideration
while framing the criteria for listing LPS and information in
respect of these systems.
(i) Within the area of the monsocon trough the pressure variation

is generally small,

(ii) Occassionally, over the trough area, the pressure falls or rises {i

by a small amount at a few locations and this results in the

appearance of a closed low or a few closed lows within the trough!}

However, these lows are not maintained and on the next day's
chart no closed low is observed within the area of the trough.
These are ephemeral lows which appear temporarily due to some
apparent random pressure changes at some locations within the
trough, Such ephemeral lows have not been considered in this
study. These have been taken as part of the monsoon trough.
(iii) Sometimes, as a result of distinct pressure fall over some

area within the trough, a low is formed within the monsoon

trough and the same is maintained. The low may or may not move,

but it has a distinct identity of its own. Occassionally two
such lows form within the trough and these are observed on the

next day's chart either at the same locations or at other

i
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(iv)

(v)

(vi)

locations to which they have moved. Such lows are distinctly
separate from the trough and these have been considered in the
present study. The low may form either over the sea or over
the land, Over the Bay, the low may also develop from the

weak system which emerges into the Bay from the east after a
tropical storm/depression has struck Viet Nam coast and moved
westwards.

Sometimes, based on one or two slightly lower pressure values

& marginal low pressure area could be drawn within the monsoon
trough, and this situation is observed on the next day also.
Such marginal lows even if they are found to persist on the next
day, have been considered only as part of the trough and not
classified as LPS.

It is noticed that at times an LPS can be distinctly identified
on the basis of the pressures and pressure changes at a few
stations, but is not sustained'till the next day, and hence
cannot be located on the next day's chaft. Such a distinctly
identified LPS is considered in this étudy. -

The LPS, during its life, may have the same intensity or have

different intensities, depending on the number of closed

isobars around the center of the system on different days.

The low pressure area is classified as low, depression, cyclonic
storm, severe cyclonic storm, and hurricgne, on the basis of

the pressure distribution at sea level around the central area
of the systen. Génerally, these systems when over sea area

are classified on the basis of the associated wind speed.

Since wind speed data at the hour of observation are not



aQailable during the earlier part of the data period and since

on account of the complex boundar& layer over land wind speed

at the land surface is not a satisfactory indicator of the
wind speed associated with LPS, it was not feasible to use
wind for classification of the intensity of the low pressure
systems, The classification criteria have been based on the
number of isobars around the center of the LP System. Isobars
are drawn for even millibar values at 2 millibar interval,

The following criteria were adopted for the classification of

the LPS.

(a) Low: A single closed isobar for even millibar value
with pressure near center being lower than the isobar
value by about 2 mb.

(b) Depression: Two closed isobars of even millibar value
with pressure near center being about 4 mb lower than
the outer isobar value.

(¢) Cyclonic storm: - About five or more closed isobars of even
millibar values and estimated central pressure being'
about 10 mb lower than the cutermost isobar value.

(d) Severe cyclonic storm: About eight closed isobars of even
millibar values and estimated central pressure being
16 mb lower than the outermost isobar value.

(e) Hurricane: About ten closed isobars of even millibar
values and estimated central pressure being 20 mb lower

than the outermost isobar value.

While taking decision in marginal cases, the previous and

subsequent classifications of the LPS are taken into account. In




classifying each pressure system, the weather charts with the

isobars, and mean sea level pressures at the observatories located

within the innermost iscbar of the low pressure system have been
considered. It may be mentioned that while objectivity in the
identification of LPS has been aimed at and has been generally
followed, subjectivity could not be completely eliminated. After
classification of each system, information in respect of the same

is noted down. The information collected consists of the date,
month, year and serial number of the system, classification, éxpected
pressure near the center, and lopation of the center of the system,
and similar information on each subsequent day till the low préssure
system ceases to exist. The information in respect of these systems
is collected for the monsoon season, i.e., from 1 June through 30
September, for each of the ﬁears 1888 through 1983, except for June
1902 when due to nonavailability of the weather reports at NOAA

Library, no information could be obtained for this month,
4, FORMATION OF LPS

4.1 Annual and decadal frequéncy.

Rao and Jayaraman (1958) who examined the frequency of
depressions and cyclones over the Bay of Bengal during the period
1891-1950 did not find any trend or periodicity in the series.
Bhalme (1972) who fitted orthogonal polynomial to the series of
cyclonic disturbancés (depressions) over the Indian region during
the monsoon season for the period 1891-1970 found a significant

decreasing trend.
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Table 1 gives the series of the number of LPS formed over

India, adjoining countries, the Arabian Sea and the Bay of Bengal

. (area as in Fig. 1, hereafter referred to as the Indian region) in
the summer monsoon season (June through September). It has been
tested for randomness against trend or oscillation by applyling Swed
and Eisenhart's (1943) test of runs above and below the median and
Mann-Kendall rank statistic test (WMO 1966). Swed and Eisenhart's
test is also used to test the homogeneity of the series. The number

of runs above and below the median (i.e. 13) is 43. A number

smaller than 40 would sﬁggest trend at 5% level and greater than 56 °

would suggest oscillation at 5% level., Since the actual number of
runs lies between these two limits, there is neither significant
trend nor significant oscillation, and the series can be taken to
be random and homogeneous. Mann-Kendall rank statistic 11 is -0.10
and is numerically smaller than 0.14, the valﬁe significant at 5%

level. Thus, both the tests suggest that the series of the annual

frequency of formation of LPS is random. Fig. 2 shows the normalized {;

anomaly of the frequency of LPS.

Table 2 lists the parameters of the series, the mean, median,
standard deviation (SD), coefficient of variation {CV), the
extremes and the years in which these occurred and auto-correlation
coefficient with lag 1. The mean and the median are the same,
viz., 13. The extreme values generally lie within 2 S.D. from the
mean. SD is about one-sixth of the mean. The autocorrelation
coefficient with lag 1 does not show any persistence in the series.

Figure 3 shows the frequency distribution of the number of LPS

formed over the Indian region. The Gaussian distribution fitted to

|
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the data is also shown in Fig. 3. Application of Chi~square goodness-
of-fit test gives Chi-square value of 9.12 (d.f. 8) which is not
significant even at 10% level, Application of Kolmogorov-Smirnov
(K-8) test for normality shows that the test statistic for K-S test,
i.e. the maximum absolute difference between the empirical cumulative
distribution and the Gaussian cumulative distribution is 0,058 which
according to table given by Lilliefors (1967) is not significant
even at 20% level. Both the tests show that the distribution of
the number of LPS formed is Gaussian. |

Table 3 gives the number of LPS formed over the Indian region
in each decade, the decadal mean and SD. None of the decadal means
is significantly different from the overall mean for the period
1888-1983., The decade 1971-80 is characterized by the highest mean
and the highest SD, While 1911-20 has the lowest mean, 1901410 has

the lowest SD; however, SD for the decade 1911-20 is slightly higher.

4,2 Spatial Variation

4,2.1 Over different longitudinal zones

Table 4 gives the number of LPS which formed in the longitudinal
zones, east of 90.0°E, 85.1-90.0°, 80.1-85.0°, 75.1-80.0°, 70.1-75.0°
and { 70°E during the period 1888-1983, mean for each zone, percentage
of the total for each zone, the highest and the lowest number of
LPS formed in each zone along with the years in which these occurred.
The highest number of LPS forms in the zone 85-90°E, the percentage
of the total being 63. The percentage falls Steeply on either side
of this longitudinal zone. 88% of the LPS form over the area east

of 80°E,
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Figure 4(a) shows the number of LPS formed over the different
4° lat. x 4° long. blocks of the area during the period 1888-1983.
The highest number, 340, of LPS formed over the block 18°-22°N,
88°-92°E. This block is located at the Head of the Bay of Bengal,

Figure 4(b) shows the number of LPS which formed over 4° lat.
X 4° long. blocks of the Indian region in 15 years of good monsoon
and 15 years of deficient monsoon over India during 1888-1983. The
numbers at the top and bottom of each block are for deficient and
good monsoon years respectively. The number of yeérs of deficient
monsoon rainfall over India during 1888-1983 was 17. Figure 4(a)
gives the numbers adjusted by the factor 17/15. It can be seen
that of the 6 blocks where the number exceeds 10, there are 4 blocks
(22°- 26°N, 80°-92°E, and 18°-22°N, 88°-92°E) for which the number of
LPS formed in deficient monscon years exceeds that in good monson
yéars, the difference being relatively small, and there are two
(14°-22°N, 84°-88°E) for which the number of LPS formed in good

monsoon years is relatively much larger.

4,2.2 Over Sea and land areas

Table 5(a) gives the number of LPS which formed over the Bay
of Bengal and adjoining coastal belt (hereafter, the Bay), over the
land area and over the Arabian Sea during the period 1888-1983,
mean and S.D. 64% of the LPS form over the Bay and 30% over the
land area and only 8% over the Arabian Sea. The contribution of
the Arabian Sea LPS to the Indian monsoon rainfall is expected to

be of little significance.
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Figure 5 gives the frequency of LPS forming over the Bay and
land area expressed as percentage of the frequency of LPS forming
over the Indian area, for the period 1888-1983, While the percentage
fof LPS forming over land is generally much lower than that forming
over the Bay, in a féw years, it is higher.

Table 5(b) gives the means and SD of the frequencies of LPS
which formed over the Bay and the land area in'différent decades.

In respect of the LPS forming over the Bay, none of the decade

means is significantly different from the mean for the whole period.
However, for the LPS which formed over the land area, the mean for
the decade 1941-50 is significantly higher (at 5%) than the mean

for the whole period.

4.3 Intraseasonal variation

The frequency of LPS formed is obtained for each of the months
June, July{ August, and September of the period 1888-1983. Table 6
gives the mean, the mean expressed as percentage of the seasonal
mean, SD and the highest and lowest frequencies. It is seen that
the variation in the mean frequency over the months is relatively

small. Extremes generally lie within 2 times of SD from the mean.

4,4 Relationship with rainfall

The correlation coefficients (ccs) between the_number of LPS
formed over the Indian region during the monsoon season and the
monsoon rainfall over India/north India/central India/south India
are computed. The divisions north, central, south, of India
respectively cover 27.1%, 40.0%, and 32.9% of the country's area

and these are shown in Fig. 6. The ccs are, 0.18, -0.07, 0.26 and
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0.11 for India, north, central and south India respectively. It is
seen that the cc is near 1% significance level for the monsoon
rainfall over central India. Cc significant af 5% level is 0,20
and the cc with Indian monsocon rainfall fails to attain this
significance level. There is no relationship with north India and
with south India monsoon rainfall,

The variation in the relationship between the number of LPS
formed over the Indian region during the monsoon season and the
central India monsoon rainfall, over the period 1888-1983, has bheen
examined by computing ccs for sliding 30-year periocd, the period
sliding forward by one year at a time, Figure 7 shows these ccs.

The ce is plotted at the center of the 30-year period. It is seen
from this figure that the cc is positive and non-significant, but
increases and becomes significant for 30-year periods from 1930 and
remains significant above 5% till the end.

To see how good is the rélationship with central India rainfall,
rainfall contrast between groups of years with low and high frequency
of LPS, as well as Ehe contrast between LPS frequencies for deficient
and good monsoon years are examined for significant difference.
Low/high frequency of LPS is defined by the normalized anomaly of
£ -1.0/> +1.0. Similarly, deficient/good monsoon is defined as
normalized monsoon rainfall anomaly of < -1.0/> +1.0. Tables 7(a)
and 7(b) give respectively rainfall in years of low/high frequency
of LPS formed, and number of LPS formed in years of deficient/good
monsoon rainfall over central India. It is seen that in years of
low LPS formation, normalized rainfall anomaly is mostly negative

and is less than -1.0 in five years; however, in one year only,
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rainfall'anomaly has exceeded +1.0. During majority of the years
of high LPS formation, rainfall anomaly is positive and in four
years it exceeded +1.0; however, there are two years with rainfall
anomaly of < -1.0. The contrast in rainfall anomaly in the two
groups exists but is not sharp. The Student's t statistic for

testing the difference between the rainfall means for the two

‘groups is 2.08 (d.f. 28) and this is slightly higher than the t

value significant at 5% level (2-tailed test). The difference
between the two rainfall means is marginally significant, Mann-
Whitney test also supports this inference. The normalized anomaly

of the number of LPS in a majority of the deficient/good monsoon
years is negative/positive;Ihowever, the contrast does not appear

to be good. Student's t value for testing the difference between

the means of the number of LPS for deficient/good monsoon yeafs is
1.63 (d.f. 32) which is not significant at 5% level. Means for the
deficient/good monsoon years appear to be influenced by the frequency
of LPS in a few years. Application of Mann-Whitney test shows that
the value of the test statistic is 87 and on 5% level (2-tailed

test) the ftest statistic bhetween 87 and 201 is not significant, and
suggests that the contrast between the means of number of LPS

formed in deficient/good monsoon just fails to attain significance

at 5%. On the whole, the relationship between the number of-LPS
formed and the monsoon rainfall over central India though significant

on the basis of cc does not appear to be good.

3. LIFE OF LPS

The number of days for which an LPS is found to exist is taken

as the life of the individual LPS. If Lij is the life of ith,LPS
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.in jth year, then the number of LPS days in the monsocon season
n .

(hereafter, number of LPS days) in jth vear is defined by gJLiJ
i=1

where n4 is the number of LPS formed over the Indian region in

monsoon season of the jth year.

5.1 Number of LPS days during the monsoon season.

Table 8 gives the series of the number of LPS days over the
Indian region during monsoon season for the period 1888-1983. The
series of the number of LPS days is tested for randomness and
homogengity by applying Swed and Eisenhart's test and Mann-Kendall
rank statistic test. Both the tests show that the series is random
and homogeneous. Figure 8 brings out the normalized anomaly of the
number of LPS days. It may be noted from Table 8 and Fig. 8 that
the number of LPS days is continuously at a higher level during the
last 10 years.

Table 9 lists the parameters of the series of the number of

|

LPS days - the mean, median, SD, CV, the extremes and the corresponding

||

years and autocorrelation coefficient with lag 1. The mean and

the median differ slightly. The SD is about 12 days which is

about 20% of the mean. Practically, the whole of the distribution
lies within 2 8.D. from the mean. The highest number of LPS days
of 82 is noticed in 1977 in which year one single LDPS sustained
itself for 17 days, the longest life on record for an individual
LPS. The lowest number of LPS days occurred in the drought year
1951. Auto-correlation coefficient with lag 1 suggests persistence
at 5% level, This appears to be due to the effect of the last 10

years,

!
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Figure 9 displays the frequency distribution of the number
of LPS days along with the fitted Gaussian distribution. The class
intervals are, 25-30, 30-35, 35-40, 40-45, etc., 80-85 days. The
highest freqguency is for the class-intervals 50-55 and 55-60. The
distribution shows good symmetry abopt the mean. The Chi-square
test of goodness-of-fit of the distribution is applied over 10
class-intervals with equal probability. The value of Chi-square is
_6.53(d.f.7) which is not significant even at 20% lével. Application
of K-8 test for the cummulative distribution shows that the maximum
absolute difference between the cumulative distribution of the
number of LPS days and the fitted Gaussian distribution is 0.073.
This difference is not significant even at 20% level. Thus, both
the tests bring out that the distribution of the number of LPS days
is Gaussian. The probability of getting 33 LPS days/> 80 LPS
days is 0,025, on the basis of the Gaussian distribution.

Table 10 gives the dgcadal means and SD of the number of LPS
days and the mean life per LPS. The difference between the mean
for the decade 1971—80 and the long-term mean for the period 1888-1983
is highly significant. None of the remaining decadal means is
significantly different from the long-term mean. The lowest decadal
mean is for 1931-40; in fact, in this decade, in 8 years the number
of LPS days was below the long-term mean. It may be noted thati this
decade has the highest variability. The lowest variability is
observed for the decade 1901-10., An examination of the number of
LPS days in the decade 1971-80 shows that in each year it is more
than the long-term mean with the exception of 1974 (a drought year)

when it was well bhelow the long-term mean. We have seen in the
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last section thét the mean number (14.3) of LPS formed ih the
decade 1971-80 is not significantly different from the long-period
mean. In fact, a decadal mean as high as 13.9 of LPS formed is
observed for 1941-50. 1In view of this position, it is clear that
the significantly larger mean number of LPS days for the decade
1971-80 is not due to higher freguency of LPS formed. It is seen
that not only the decade 1971-80, but the period 1970-83 has a much
higher mean number of LPS days in comparison to the long-period
mean., The possible reason for this situation has been examined in
the next sub-section.

Table 11 gives the mean contributions to the number of LPS
days by LPS forming over the Bay, the land area and the Arabian Sea
and also the mean contributions expressed as percentages of the
number of LPS days over the Indian region, SD and average life per
LPS. About three-fourths of the number of LPS days are contributed
by the Bay LPS, about one-fifth by the land LPS and a very small
percentage by the Arabian Sea LPS. SD in comparison to the mean
is rather large for the land LPS and is very much larger for the
Arabian Sea LPS. Bay LPS have the highest life of 5 days per LPS,
land and Arabian Sea LPS have each an average life of 3 days per
LPS. The Bay LPS thus exert a relatively much larger influence on
the meteorological conditions over India. Figure 10 shows the
number of LPS days for the Bay and the land LPS in each year during
the period 1888-1983, expressed as percentage of the number of LPS

days over the Indian region.
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5.2 Spatial Variation

The number of LPS days over 4° lat. x 4° long. blocks of the
Indian region is computed for monsoon season of each of the years
1888-1983., This is actually the number of days on which LPS is
located in the block. From these data, the number of LPS days for
each block is obtained for the period 1888-1983. Figure 11 shows
the number of LPS days for the different blocks. It is seen that
the block defined by 22-26°N, 80°~84°E has the highest number,
884, of LPS days and the adjoining block on the east has the next

highest number {(751) of LPS days.

5.3 Variation in the frequency of location of the different stages

of low pressure.

The number of days when each stage of the low pressﬁre area,
i.e. 1ow, depression and storm is located over the Indian region is
obtained for each year of the period 1888-1983. Figure 12 shows
the frequency of low days, depression days and storm days. It is
seen from this figure that the number of low days is génerally much
higher than the number of depression days, and the number of storm
days is very small. The mean frequency for the period 1888-1983 is
32.8 for low days, 21.7 for depression days and about 2.0 for storn
days. Thﬁs the mean frequency is 50% higher for lows than that for
depressions. The lows ére observed to play a major role during the

monsoon season. Hence, consideration of lows along with depressions

is essential for a proper understanding of the interannual variability

of the Indian monsoon rainfall.
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5.4 Contribution to the number of LPS days by LPS with different days”i

of life,

Table 12 brings out the fregquency of LPS for different days of
life for the period 1888-1983, and the corresponding means per year.
It is seen from this table that 42% of the LPS formed have a life
of 3-3 days, and 81%, a life of < 6 days. Thus, only 19% of the
LPS sustain for a week or longer. On the basis of the long-period
mean data given in Table 12, mean percentage contributions to the
number of LPS days by LPS sustaining longer than 1, 2, 3, etc.,

14 days, are computed. Tﬁese are shown in Figure 13. It may be
noted from this figure that LPS sustaining longer than 5 days make
half the contribution to the number of LPS days. The contributions
by LPS sustaining longer than 3 and 6 days are 79% and 36%
respectively, which as we have seen are made by 58% and 19% of LPS
formed respectively.

We have observed earlier that the period 1970 -83 has a much
higher mean number of LPS days in comparison to the normal. The
mean numnber of LPS days for the l4-~year period is 69.8 days. The
mean annual frequenéy of LPS which formed in this period is 14.3
which is not significantly different from the normal (13.0). The
higher level of mean frequency of LPS formed during the period is
unable to account for the significantly larger mean number of LPS
days in this period. It is possible that the higher mean number of
LPS days may be due to longer life of LPS in 1970-83. In order to
examine this point, contributions to the number of LPS days by LPS
with 1ife <2, <3, <4, <5, <6, and >86 days have been computed for

the l4-year period 1970-83. The corresponding normal contributions
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for a l4-year period are computed on the basis of the whole data

for the period 1888-1983. These contributions are listed in Table

13(a). This table clearly brings out that contributions by LPS

with life < 2, 3, 4, 5 and 6 days during 1970-83 differ little

from the normal, but that by LPS with life of one week and longer

~is substantially higher (67% higher) than the normal. Thus, a

cut-off of the LPS with life less than a week reveals the much
higher than normal contribution to the number of LPS days by LPS
which sustain for a week and longer. Table 13(b) gives frequency
of LPS with life 1, 2, 3,44444, 17 days for the period-1970-83 and’
the corresponding normal frequency for a l4-year period. This
table brings out that the frequency of LPS with life less than a
week is 147 for the period 1970-1983 against almost the same normal
frequency of 147.6 for a l4-year period and that the ffequency of
LPS with life of one week and longer is 53 for the period 1970-83
against the corresponding much smaller normal frequency of 34.4.

We thus see that a much higher frequency of LPS with life of one
week and longer has contributed to a significantly much higher mean
number of LPS days during the period 1970-83 in comparison to the

normal.

5.5 Intraseasonal Variation of the number of LPS days.

The number of LPS days in each monsoon month is computed for

the period 1888-1983. 1If n is the number of LPS which formed in

th

the month and L; is the life in days of the i LPS, then the

n
number of LPS days in the month is ILj if the life of the last,
i=1
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. ' ' n-1 1
i.e. the n® LPS, falls entirely within the month, and gL; + Ly,
' ' i=]
where L, is the portion of L, which falls within the month. Figure

14 shows the year to the year variation in the life of LPS in June, - ‘
July, August and September, the mean and SD for these months.. The j
highest mean and 8D are for August. The mean and SD for September !j

are-slightly smaller.

5.6 Relationship between the number of LPS days and monsoon rainfall.

The ccs between the number of LPS days and monsoon rainfall ’2
over India/north India/central India/south Indis are computed to
examine the relationships. These ccs are respectively, 0.24, -0.035, [é
0.39, and 0.08, CC with central India rainfall is significant at |
0.1% level and that with Indian rainfall is significant above 5%
level. There is no relationship with north/south Indian rainfall, [é
Stability in the relationships of the number of LPS days with
Indian/centrai India monsoon rainfall has been examined. Figure l;
15 shows ccs for sliding 30-year periods, commencing from 1888 and |
the period sliding forward by one year at a time. The ces of the j
number of LPS days with Indian monsoon rainfall show stability in |§
significance (at 5% level) for 30-year periods commencing after
1930. Those with central_India monsocn rainfall are near 5% level f;
for periods ending on or before 1920, except over a small period.
After 1920, the ccs for central India rainfall are significant at
5% and after 1930, they are generally significanf at 1% level.

To examine how good are the relationships with monsoon rainfall

over central India/India, the contrast in rainfall in years of low/

high number of LPS days as well as the contrast in the number of LDPS
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days in years of deficient/good monsoon is examined for significance.
Test statistics t for Student's test (2-tailed) for difference in
the mean rainfall for years of low/high number of LPS days are,
3.31 (d.f. 30) for central India, significant above 1%, and 2.26
(d.f. 30) for India, significant at 5% level. Application of Mann-
Whitney tests (2-tailed) in these two cases shows that the test
'statistics are significant at 0.2% and 5% respectively. Thus, both
the tests support the inference that for years of low number of LPS
days monsoon rainfall over central India is smaller than that in
years of high number of LPS days at a level of significance which
is above 1% level, and similar inference in respect of rainfall
over India, but at 5% Ievel. Table 14 brings out the good contrast
in rainfall over central India in years of low/high number of LPS
days. In most of the years of low number of LPS days, rainfall
anomaly 1s negative, and in 6 of these years rainfall is deficient,
and in most of the years of high number of LPS days, rainfall
anomaly is mostly positive ahd in 5 years rainfall is good.

The values of the test statistic for Student's t test for
difference between the means of the number of LPS days in years of
deficient/good rainfall over central India and India are respectively
3.33 and 2.33, significant above 1% level and at 5% level (2-tailed
test). Mann-Whitney test in these cases gives similar results.

Thus, the number of LPS days in deficient monsoon years is lower than
that in good monsoon years at a lével of significance above 1% for
central India and at 5% for India. Table 15 brings out the good
contrast in the number of LPS days in years of deficient/good monscon

over central India.
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The above tests bring out that the relationship of the
number of LPS days ié very good with central India monsoon rainfall
and is good with Indian monsoon rainfall. In order to understand
how the larger number of days is contributed to the number of LPS
days by LPS during good monsoon years in comparison fto that
contributed during deficient monsoon years for central India/India,
the mean contributions by LPS sustaining longer than 1, 2, 3,
eesese,; 10 days are evaluated. These contribufions are compared
with the normal contributions hased on data for 1888-1083.
Figure 16 shows these comparisons for central India and India.
It is seen from this figure that the contributions are ahove/bhelow
normal in good/deficient monscoon years and the contrast between
the deficient and the good monsoon curves which increases slowly
from > 1 day to 3‘4 days, becomes marked for LPS sustaining for
periods exceeding 5 days. Thus, the higher frequency of LPS with
life exceeding 5 days in good monsocon years than that in deficient
monsoon years actually contributes to higher rainfall over central
India and India in good monsoon years,

The numbers of LPS days for each 4° lat. x 4° long. block for

15 years of good Indian monsoon and for 15 years of deficient Indian

monsoon, as well as the difference, the number of LPS days in good
monsocon years minus the numbér of LPS dﬁys iﬁ deficient monsoon
years, are computed., Figures 17(a) and 17(b) respectively give

the numbers for good monsoon years and the differences, for these
blocks. While the number of good Indian monsoon years is 15 during
1888-1983, the number of deficient Indian monsoon years is 17,

and the numbers for deficient monsoon years are adjusted by the
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factor 17/15. Figure 17(b) shows that generally for the blocks
over the area 18°-30°N, 64°-88°E, the number of LPS days is higher
in good monsoon years than that in deficient monsoon years., The
highesti positive difference is 57 for the block 18°-22°N, 84°-88°
E which covers north Orissa and adjoining Bay of Bengal. It may
be noted that the number of LPS days over the area 18°-26°N,
88°-92°E is higher in deficient monsoon years than that in good
monsoon years. This appears to be due to the combined effect of
northerly track, larger dissipatién of LPS over this area in
deficient monsoon years and as seen from Fig. 4(b), iarger number
of LPS forming over this area in deficient monsoon years than

that in good monsoon years.

6. NUMBER OF DAYS WITH NO LPS OVER THE INDIAN REGION

Dufing the monsoon season, there are days without any LPS over
the whole area. Such days will hereafter be referred to as LPS-
free days. These are the days on which the Indian monsoon rainfail
is mainly influenced by the monsoon trough. The absence of LPS
is likely to influence the rainfall adversely in two ways: (i)
rainfall associated with the LPS is missed, and (ii) the rainfall
associated with the monsoon trough is likely to be reduced since
in the absence of LPS the normal activity and the location of the
trough may not be maintained. To gain an insight into the inter-annual
variability of the Indian monsoon rainfall, the series of the
number of LPS~free days during the monsoon season and the influence
of such days on the monsoon rainfall are examined. We have seen
earlier that a direct relationship exists between the number of

LPS days and the monsoon rainfall over India/central India. In
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view of this and in view of the inverse relationsﬁip between the
nﬁmber of LPS days and the number of LPS-free days, an inverse
rélationship between the number of LPS-free days and monsoon
rainfall can be expected.

The mean and SD of the series of LPS-free days are 68.7 days
and 10.3 days respectively. The median is close to the mean,
being 69. The extreme normalized anomalies are 2,07 (90 days),
and -2.50 (43 days) in 1951 and 1977 respectively. 1951 is a
drought year for India as well as central India and 1977 is a
good monsoon year for central India. For india, normalized
monsoon rainfall anomaly in 1977 is only +0.35. Except for the
lowest value, the whole distribution of LPS-free days lies within

2 8.D. from the mean. On about 56 per cent of the days during

the monsoon season, no LPS exists to influence the monsoon rainfall

and on these days monsoon ﬁrough mainly influences the fainfall.
If the trough maintains the normal location and near-normal
intensity, the country continues to receive the rainfall. If the
trough shifts to the foot-Himalayas and a 'break' in monsoon
occurs, then the plain regions of the country receive very low
rainfall and the sub-Himalayan region receives excessive rainfall.
The mean number of days of 'break' in the monsoon during July and
August for the period 1888-1983 is 8.1 (Mooley and Shukla, 1987)
and the mean number of LPS-free days during July and August for
the same period is 33.3; thus, the number of days of 'break' in
the monsoon is about 24% of the LPS-free days during July and
August. Out of 62 days of July and August, the average number of

days of 'break' is 8.1 (13.1%), that of days when only monsoon
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trough lies over the Indian region is 25.2 (40.6%), and that of
days when in addition to the trough a low also lies over the
region is 28.7 (46.3%).

Application of Swed and Eisenhart's (13%43) test for randomness
shows that the series is random aﬁd homogeneous, the number of
runs above and below the median being 43, suggesting neither
oscillation nor trend significant at 5%.

The series of LPS-free days is tested for Gaussian distribution
by the application of Chi-square and Kolmogorov-Smirnov (K-S) tests.
Chi-square value is 2.96 (d.f.6) and K-S test statistic (i.e., the
maximum absolute difference between the empirical and Gaussian
cumulative distributions) is 0.028. Both of these test staﬁistics
are nmuch smaller than the values significant at 20% level and the
distribution of the LPS-free days can be taken to be Gaussian.

The ccs between the number of LPS-free days and monsoon rainfall
of India/north India/Central India/south India aré computed. These
are respectively -0.23, 0,12, -0.38, and 0.21, Inverse relationship
is observed for India (significant above 5% level) and éor central
India (significant at 0.1% level) as could be expected. However,
cc for south India is slightly higher than the value significant
at 5% level and shows direct relationship between the two variables.

These relationships are further examined by testing for signi-
ficance the difference between the means of rainfall for years of
low/high values of number of LPS-free days and also the difference
between the means of number of LPS-free days for years of deficient/goo
monsoon. On the basis of 2-tailed Student's t tests for central

India, with t = 4.96, d.f. 30, the mean rainfall in years of low



value of the number of LPS-free days is significantly (above 0.1%
level) higher than that in years of high value of number of
LPS-free days, and Qith t = 4,03, d.f. 32, the mean number of
LPS-ffee days in years of deficient rainfall is significantly
(above 0.1% level) higher than that in years of good rainfall,
Thus, the inverse relationship between the number of LPS-free
days and the monsoon rainfall is seen to be very good for centiral
India and accounts for about 14.5% of the rainfall variance.

This relationship is seen to be better than that between the
number of LPS days and the monsoon rainfall of central India as
observed from the higher significance level of the difference
between the means of the number of LPS-free days in years of
deficient/good monsoon and of the difference between the means of
rainfall for years of high/low values of the number of LPS-free
days. For India, while the difference between the means of
rainfall for yearé of low/high values of the number of LPS~free
days is significant at 0.1% level, the difference between the

means of number‘of LPS-free days in years of deficient and good

monsoon is significant at 5% level only and the inverse relationship

between Indian monsoon rainfall and the number of LPS-free days
can be taken to be significant at 5% level ony. For south India,
both the differences are small and are not significant even at
10% level and it can be inferred that there is no relationship
between monsoon rainfall of south India and number of LPS—~free
days, the cc slightly higher than the value significant at 5%

level being due to random chance.
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7. MOVEMENT OF LPS

LP systems generally move in a westerly direction across the
central and adjoining parts of the country, and maintain the normal
activity and normal location of the monsoon trough. Sometimes LPS
which form over northeast India and north Bay move .either north or
northeast, i.e., they do not have any westerly movement during their
existence. Such systems contribute little to the maintenance and
activity of the monsoon trough. The number of such systems varies
from year to year, The aspects of movement which are likely to
influence rainfall are, the characteristics of the tracks of LPS,
number of LPS with no westward movement, westward penetration of
the LPS and the total westward longitudinal displacement .of the
LPS during the monsoon season. These aspects are examined.,
While examining these aspects, it may be mentioned that only LPS
whiéh formed along and east of 80°E are considered, since these
primérily influence the monsoon rainfall and constitute about 88%

of the LPS which formed over the Indian region.

7.1 Tracks of LPS and their characteristics.

7.1.1 Tracks of LPS

From the information about LPS formed over the Indian region
during the monsoon season and the subsequent locations of the lows
dufing the life of each system, tracks of thé different LPS which
formed during the period 1888-1983 have been prepared, Thse are
given in Appendix I.

One map gives the tracks of all the LPS which formed during the

monsoon season of one year, indicating the location at about 0800
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hrs Indian Standard Time on ech day of life of each LPS. The date
for each location is given on the scéle 1 to 122 which covers days
from June 1 to September 30. Dates from 1 to 30 directly denote
dates in June, those from 31 to 61 denote 1 to 31 July, those

from 62 to 92 denote 1 to 31 August and finally, dates from 93 to
122 denoﬁe 1 to 30 September, respectively. Low, depression and
storm stages of an LPS are shown by thin discontinuous line,
thicker discontinuous line and continuous line respectively, as
indicated on top right portion on each map., When change of stage
occurs from one date to the next date, for example from low on

the first date to depression on the next date, the first half of
the track between the two dates is shown as low and the second
half is shown as depression. This brings out clearly the dates

between which the stage change occurs and the stage of LPS on

each of the two dates. The map covers an area 15°N-35°N, 65°E-95°E,

The LPS tracks which fall outside this area, are shown on separate
maps and such maps include tracks for groups of years. The total
area covered by the information on LPS tracks is 5°-35°N, 85°-98°E,
In order to follow any particular track in the midst of a
Jjumble of tracks, data in respect of each LPS is given in Appendix
II. On each page of Appendix II, the year is given at the top.
LPS in each year are serially numbered. For each LPS, the serial
number is given first, then the first date is given as date and
month and also within pafentheses on 1 to 122 scale., Next, the
stage and location are given for the first and all subsequent
dates of the life of the system. Stage is given as 1 for low, 2

for depression and 3 for cyclonic storm, 4 for severe storm and 5
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for severe storm with a core of hurricane winds, if any. Location
is given in latitude in °N to the first decimal place and longitude

in °E to first place of decimal, the decimal point being omitted.

7.1.2 Characteristics of tracks during deficient/good monsoon.

Mooley (1976) who examined the tracks of monsoon depressions
over India during some of the worst summer monsoon failures over
the Asiatic monsoon area, found that most of the tracks either
terminated or recurved east of 80°E,

On examination of the tracks for the 17/15 years of deficient/
good monsoon over India, it is observed that during deficient monsoon
years most of the tracks terminate near 16ngitude 80°E, bﬁt in good
monsoon years some tracks continue upto ébout 70°E, Figu?e 18(a)
and 18(b) show such typical tracks for the drought years, 1899 and
1918 énd for the flood years, 1892 and 1961 respectively. During
lséé and 1918, the normalized anomalies of.the Indian monsoon
rainfali were -2.69 and -2.45, and the percentages of country's
area under drought were 71 and 86 fespectivelyﬂ In 1892 and 1961,
the normalized anomalies of the Indian monsoon rainfall were +1.66
and 1.98 and the percentages of the country's area under flood
were 4l‘and 31 reSpectively.

The quesbtion arises, what factor or factors contribute to
the higher westward penetration power of the LPS during years of
good monsoon? Possibly, some specific features of the circulation
exist in the upper ftroposphere in years of good monsoon. Mulky
and Banerjee (19860) have brought out that the monsoon depressions
move in a direction parallel to the wind diréction at 9 km level

in the area to the right of the track. The smaller/larger
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westward displacement in defiéient/good monsoon years supggests

that the wind field in the upper troposphere (6-~12 km) over and

around LPS has distinctly different characertistics in deficient/

good monsoon years - may be Tibetan anticyclone may show éignificant
differences in location and intensity. Murakami (1978) has shown

that during weak summer monscoon Tibetan anticyclone af 200 mb

is shifted southeastwards. The wind field over India and neighborhood
at the relevant levels during deficient/good monsoon needs to be

examined in detail.

7.2 Number of LPS with no westward movement.

The number of such systems is obtained for each year. The mean
and 8.D. of these systems are 1.8 and 1.3 respectively. The extremes
are 0, recorded in 12 years, and 7 in 1904. The mean numbers of such
LPS in years of deficient/good monsoon over India/north India/central
India/south India are computed. The differences betweeﬁ the two means {
are, 1,0/0.3/0.8/0.6 for India/horth India/central India/south India, .
the means for deficient monsoon years being higher than those for the
good monsoon years. Howéver, none of these differences is significant
at 5% level. Such LPS do not significantly affect the monsoon

rainfall.

7.3 Westward penetration of LPS

Numbers of LPS which formed at or east of 80°E and the numbers
of LPS which reached longitudes 75°E and 70°E during years of
deficient/good monsoon over India as well as over central India
are given in Table 18. This table also gives the number of LPS

which reached 75° and 70°E expressed as percentage of the number
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of LPS which formed at or east of 80°E. 'The table clearly shows
that for both the areas, India and Central India, the percentage

of LPS reaching 75°E and 70°E in good monsoon years is much

higher than the corresponding percentages in deficient monsoon
years. In fact, the percentage of LPS reaching 70°E in good monsoon
years is greater than that reaching 75°E during deficient monsoon
years. These percentages bring oui the higher westward penetrating
power of the LPS during good monsoon years. Bhalme and Mooley
(1980) and Mooley and Parthasarathy (1283) have shown for each of
the months of the monscon season that monsoon depressions have
greater wesiward penetration during years of good monsocon over
India than that during years of deficient monsoon. 8Since the
distribution of the percentage of LPS reaching 75°E may not be
Gaussian, Mann-Whitney test which is a non-parametric test has

been applied to test the significance of the difference between

the percentage of LPS reaching longitude 75°E in deficient and

good monsoon years for India and central India, The test shows
that the percentage is highér during good monsoon years than that
during deficient monsoon years at a level éf significance of 0.1%
for India and of above 1% for central India.

The highest westward penetration, i.e. the westernmost longitude
rgached by any LPS during the monsoon season has been examined for
years of deficient/good monsoon over India and central India. The
mean values for deficient/good monsoon years are 74,1°/68.6°E in
respect LPS forming at or east of 85°E and 73.5°/68.5°E in respect
of LPS forming at or east of 80°E, for India. The corresponding

mean values for central India are 74.4°/70.2° in respect of LPS
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forming at or east of 85°E and 73.7°/70.0°E in respect of LPS
forming at or east of 80°E. The highest difference between the

two means for deficient and good monsooﬁ years is 5,5° for India

in respect of the LPS forming at or east of 85°E., The significance
of the difference between the westernmost longitude attained during
deficient/good monsocon years for India and central India is examined
for LPS which formed at and east of 85°E by applying Mann-Whitney
test. According to this test, the western-most longitude attained
is smaller in good monsoon year than that in deficient monsoon

year at a level of significance above 0.1% for India and above 1%
for central India, which means notably greater maximum westward
penetration in years of good monsoon. Mann-Whitney test is also
applied to the westernmost longitude attained by LPS which formed
at or east of 80°E, and it is found that the resulis are similar

fo those in respect of LPS which formed at or east of 85°E and

the levels of significance attained are the same, viz., 0.1% for
India and 1% for central India.

Considering thé above results, it can be briefly stated that
the LPS are characterized by larger and more westward-penetrating
activity during good monsoon years than that during deficient
monscoon years at a level of significance of 0.1% for India and of

above 1% for central India.

7.4 Total westward longitudinal displacement of the LPS

Only the westward displacements have been taken into account.
Total westward longitudinal displacement of the LPS during the

monsoon season (hereafter, TWLD) is defined as
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- where dij is the longitudinal displacement from jth to (i+1)th day
of the jth LLPS, m is the number of days of life of the system which
varies from one system to another, n is the number of LPS during the
season and w is the weight for each displacement which is 1 for
westward displacement and o for no displacement or eastward displace-
ment. TWLD is computed for each year. The normalized TWLD series
is shown in Fig. 19. The mean, median and SD of the series are
73.6 70.92 and 21.1 degrees of longitude. If is observed Ethat the
number of runs above and below the median is 42, If the number of
runs lies hetween 39 and 57, there is neither significant €trend nor
significant oscillation at 5% level. Since the number of runs lies
between theée limits, according to Swed and Eisenhart's test, the
series has neither significant trend nor significant oscillation
and the series can be taken to be to he random and homogeneous.
Thirteen LPS form on an average over the Indian region during the
monsoon season, and the average weétward longitudinal displacement
per LPS comes to 5.7%. The extreme values of TWLD are 25.2°
(normalized anomaly, -2.29) in 1974, a deficient monscon year, and
137.2° (normalized anomaly, +3.01) in 1959, a good monsoon year.
Application of Chi-square and K-S tests for testing the goodness
of fit of the distribtion to the Gaussian distribution shows that
the test statistics for these tests are 4,01 (d.f. 5) and 0.035
respectively_which ¢learly bring out that the distribution is Gaussian.
The ccs between TWLD and the monsoon rainfall over India/norih

India/central India/south India are computed. These are respectively,
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0.38, -0.08, 0.52, and 0.25, For India and central India, the ccs
are significant above 0,1% level, that for south India, the cc is
significant.above 5% level., There is no relationship with north
Indian rainfall.

These direct and significant relationships are further examined
to find out if the difference between the mean rainfall for years
of low and high values of TWLD and the differene between the means
of TWLD for deficient and good monsoon years are significant. For
central India, both the differences are significant above 0.1%
level; for India, the difference in the two means of TWLD for
deficient and good monsoon years is significant above 0,1% but
the difference between the two rainfall means for years of low
and high values of TWLD is significant above 1% level. For south
India, none of the two differences is significant at 5% level and
it can be inferred that the relationship may be weak or it does
not exist. The relationships of TWLD with central India/India
monsoon rainfall explain rainfall variance of 27% and 14%
réspectively. Relationshib with south India rainfall, if any,
may explain only 5% of the rainfall variance.

Table 17 gives central India monsoon raiﬁfall for years of
low/high values of TWLD and values of TWLD for years of deficient/
good monsoon over central India. Long-period mean and'SD of
monsoon rainfall for central India are 81.2 and 12,0 cm respectively.
In 11 out of 13 years of low values of TWLD, rainfall is equalrto
or less than the long-period mean, and in 11 out of 14 years of
high value of TWLD rainfall is above the long-period mean. 1In 12

out of 16 years of deficient monsoon TWLD is less than the long-
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period mean of‘73.6, and in 14 out of 18 years of good monsoon,
TWLD is greater than long-period mean. Thus, the relationéhip of
monsoon rainfall of central India with total westward longitudinal
displacement of the LPS during the monsoon season is very good.
This relationship is seen to be better than that with the number

of LPS days. This is understandable since TWLD includes the

number of LPS days and westerly movement and eliminates that
portion of the number of LPS days which is likely to have small
influence on rainfall, i.e. 1life in which displacement is zero or
eastwards.

The variation in the relationship between total westward
longitudinal displacement of the LPS and Indian/central Indian
monsooﬂ rainfall is examined over 30-year periods. Figure 20
shows the ccs between TWLD and the Indian/central Indiaﬂ monsoon
rainfall for sliding 30-year periods from 1888, the period sliding
forward by one year at a time, The c¢ is shown at the center of
each 30-year period. It is seen that the ces with Indian monsoon
rainfall continue to be significant and stable for 30-year periods
commencing from about 1230 onwards. The ccs with cenfral Indian
monsoon rainfall are significant and stable almost throughout the
whole period 1888-1983 and the ccs continue to be significant above
1% level after about 1930,

These relationships clearly bring out that when we are considering
the regression approach to the problém of forecasting monscon rainfall
over India or central India, unless the predictors which we use are
able to capture the westward displacements of the LPS8 during the monsoon

season, we have Co be content with explained rainfall variance upto
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80-85% for India and 70-75% for central India. In the foreseeable
future, it does not appear to be possible to locate such a predictor
or such predictors which have good relationship with the total west-

ward longitudinal displacement of the LPS during the monsoon season.

8. CENTRAL PRESSURE ANOMALY

Utilizing the estimated central pressure at each location of
the low pressure systems and the corresponding normal pressure,
anomaly of the central pressure is computed for each of the
locations. The normal pressure at each location of the LPS is
estimated from the normal B-day mean charts which were prepared
from the normal pressures at Indian, Bangla Desh and Pakistan
stations for the period 1931-60. The main features of this
anomaly and ifts relationship with rainfall are examined in this

section.

8.1 Main features of the central pressure anomaly

Considering the central pressure anomaly at all the locations
of the LPS during 1888-1983, percentage frequencies are computed
for 2 mb class-intervals of central pressure anomaly. The
percentage frequency distribution is shown in Fig. 21. The mean
and SD of the distribution are -5.7 mb and 3.6 mb. The distribuction
is negatively skewed, i.e. it has a much longer taii to the left
due to storms and severe storms. The modal class-interval is -4
to -6 mb and the modal frequency is 25%. About two thirds of the
distribution lies between -2 to -8 mb, and 77% lies between 0 and
-10. Central pressure anomaly of ¢ -12.0 is observed at less

than 5% of the locations.
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8.2 Relationship between central pressure anomaly and monsoon

rainfall

The relationships of the mean seasonal central pressure
anomaly (li.e., anomaly_avefaged éver a2ll locatiqns of LPS during
monsoon season) with fhe monsoon rainfall over India, north India,
central fndia and south India are examined. The ccs between thg
mean seasonal pressure anomaly and the monsoon rainfall are
computed. These are, -0.11 for India, +0,15 for north India, -
0.13 for central India and -0.18 for south India. For n=85, none
of these ccs is significant at 5% level,

A further examination was made of the mean central pressure
anomaly'in years of deficient/good monscon rainfall over India and
the three divisions. It is seen that the difference, i.e., the
average of the mean seasonal central pressure anomaiy in years of
deficient monsoon rainfall minus the average of the mean seasconal
central pressure anomaly in years of good monsoon rainfall, is
0.2 mb for India, —O.lrmb for north India, 0.4 mb for cenfral
India and 0.8 mb for south India. Since the seasonal central
pressure anomaly distribution is not Gaussian Student's t-test
cannot be applied to test the significance of these differences in
the two averages. Application of thé non-parametric Mann-Whictney
test shows that these differences are not significant even at 10%
level for south India and at 20% level for India, north India and
central India. We thus find that the monsoon rainfall over India
and its three divisions has no significant relationship with the
mean seasonal central pressure anomaly. It has been found that

even if we consider median central pressure anomaly instead of
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the seasonal mean central pressure anomaly, the results of
application of Mann-whitney test remain the same.

It is possible that the higher proportion of weaker low
pressure syStems might influence the rainfall adversely. In view
of this, the broportion of L,P. systems with central pressure
anomaly > -6.0 mb in years of deficient/good monsoon rainfall
over India and its three divisions has bheen examined. Application
of Mann-Whitney test shows that for south India, the proportion
is higher in deficient monsoon rainfsll years than that in good
monsoon rainfall years at just 10% level of significance. For
India and central India, the difference is not significant even
at 20% level and for north India, the mean proportions for
- deficient and good monsoon rainfall years are almost equal,

We have sonsidered average rainfall over large areas like
India and the thfee divisions. It is known that severe systems
(like storms) with large negative central pressure anomsly give
very heavy rainfall over a small area, depressions (weaker than
storms) give moderate to heavy rain over a larger area and the
lows (weaker than depressions) give light to moderate rain over a
still larger area. From this, we can gualitatively infer that
the area-weighted rainfall contributions made by these systems of
different low pressure anomaly to the monsoon rainfall of India
or the three divisions of India may not differ significantly,
and undersftand the lack of significant relationship between the
seasonal mean central pressure anomaly and monsoon rainfall of
India/north India/central India/south India. In contrast to

this, if we consider monsoon rainfall over a small area like
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Orissa, we should expect to get a significant relationship between
the monsoon rainfall over Orissa and the seasonal mean central

‘pressure anomaly of LPS which affected Orissa.

8.3 Central pressure anomaly over different portions of the Indian

'region in years of deficient and good monsoon.

The question that is examined here is, whether central
pressure anomaly oﬁer any_porfion.of.lndia is significéntly
different during years of deficient/good monsoon,

Central pressure anomaly composites for deficient/good
monsoo£ rainfall over India are prepared in respect of LPS located
in each 2° lat. x 2° long. blocks with at least 10 observations.
An examination of these composites of anomalies for 2° x 2°
blocks showed that the four consecutive blocks lying within the
area defined by longitudes 84° - 92°E and latitudes 20-22°N have
mean anomaly which is smaller for good monsoon years than that
for deficent monsoon years by about 2 mb. These blocks occupy
the area covered by Head Bay and north Orissa, The mean central
pressure anomaly of LPS located over this area for years of
deficient/good monsoon rainfall over India is computed. For
deficient rainfall years the mean central anomaly is -5.5 mb
(n=158) aﬁd for good monsoon rainfall years, the mean central
pressure anomaly is -7.2 mb {(n=149). Thus, the low pressure
systems located over the Heéd Bay and neiéhbourhood are weaker in
years of deficient monsoon rainfall than those in years of good
monsoon rainfall. As the distribution of central pressure anomaly
is not Gaussian, it is not possible to apply Student's t-test fto

test the significance of the difference of the means for the
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deficient and good monsoon years. Hence, non-parametric median
test (Conover, 1971) is applied to test whether the central
pressure anomaly of the systems in years of deficient rainfall is
at a signficantly higher level than that in years of good monsoon
rainfall, Table 18 gives the number of occasions when central
pressure anomaly was greater than, and also less than or equal to
the combined median, for years of deficient and good monsocon
rainfall., The null hypothesis is that both the samples come from
the same population or the two medians do not differ. The cell
frquencies on the basis of null hypothesis are given in parentheses
ip Table 18. The Chi-square for the contingency table is 9.85 (1
d.f.) and this is significant above 0.5% level. Thus the null
hypothesis is contracticted, and the median central pressure
anomaly of LPS in years of deficient monsoon is higher than that

in good monsoon years at a level of significance above 0.5% level.
In other wbrds, the LPS located over the Head Bay of Bengal and
adjoining land area are significantly weaker during years of
deficient monsoon than those duriﬁg years of good monscon. These
low pressure systems were examined with reference to their life

and the westward longitudinal displacement for differences in years
of deficient/good monsoon rainfall. It is seen that on the average,
the low pressure system in deficient monsoon year has a life
smaller by 1 day and westward longitudinal displacement smaller

by 2.5° of longitude than the corresponding values in good monsoon
year. The rainfall differences are thus due to differences in

the life and in the westward longitudinal displacement of the low

pressure systems located in the area 20°-22°N, 84°-92°E,
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9. DISSIPATION OF LPS

The number of LPS which dissipated from the different 4° lat.
x 4° long. blocks during the period 1888-1983 is shown in Fig.
22, It is seen from this figure that the 4° latitudinal belt
from which maximum dissipation occurs is the belt 22°-.28°N. The
corresponding 4° longitudinal belt is 80°-84°E,

Figure 23 gives for each 4° lat x 4° long. block, the number
of LPS dissipated during years of deficient/good monsoon rainfall
over India. Upper/lower numbers in each block give the number of
LPS dissipated during 15 deficient/15 good monsoon years. India
experienced deficient monsoon in 17 years and good monsoon in 15
years during the period 1888-1983. To make the numbers comparable,
the numbers for deficient monsoon years are adjusted by multiplying
by 15/17 and these adjusted numbers are given for years of deficient
monscon in Fig. 23. An examination of Fig. 23 shows that for the
block 22°-26°N, 88°-92°E the number 25 of LPS dissipated in years
of deficient monsoon is much higher than that of 6 in vears of
good monsoon or of 10,7 which is no}mal for a lS—yéar period bhased
on the average for the long period, 1888-1983. It is observed
that even on preparation of the composites of the number of LPS
which dissipated over 2° lat. x 2° long. blocks, the area of
notable difference in the number of LPS dissipated in deficient
and good monsoon years is the same, viz., 22°-28°N, 88°-92°E.

The number of LPS which dissipated from this block is obtained
for each year of deficient/good monsoon rainfall, Out of 17
years of deficient monsoon rainfall over India, the number of LPS

which dissipated from this block is 0 in 4 years, 1 in 3 years, 2
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and more in 10 yeafs (28 LPS in all). Out of 15 years of good
monsoon rainfall over India, the corresponding numbers of years are
11, 3 and 1 respectively. A notable difference in the dissipation
is observed for the two categories of years., Application of Mann-
Whitney test shows that the dissipation from this block in question
in years of deficient monsoon rainfall is higher than that in

years of good monsoon rainfall over India at a level of significance
which is above 0.5%. The characteristics of these 28 low presssure
systems during years of deficient monsoon are examined. It is

found that with the exeption of 2 L.P. systems, all the systems

had a small total westward longitudinal displacement. The movement
was either westwards, or eastwards or mixed. Seventeen of these
systems had a small life of 1 to 3 days. As we have seen earlier,
small westward movement of the systems and the small life of the
system, both affect the fainfall adversely. In contrast, the low
pressure systems which formed in, or were located in or passed
through the block in years of good monsoon rainfall over India
showed that average life pér system and a?erage westward longitudinal
displacement per system are 6 days and 12° of longitude which are
much greater than the long-period average per low pressure system

of 3.7 days and 6.5° of longitude respectively.

10. SUMMARY

This study of the characteristics of the LPS over the Indian
reglon during the monsoon {(June through September) and their
relationship with the monsoon rainfall brings out the following

salient features.

|

i
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Characteristics

i. Formation
Frequency distribution of the number of LPS forming
during monsoon is Gaussian with mean 13.0 and SD 2.2,.,
and extremes 9 and 18, . About 63% of the LPS form in the
longitudinal sector 85°-90°E and 88% form east of 80°E,
-Percentages of the LPS which form over the Bay and over
the land area are 64 and 30 respectively.
1i. Life
The number of LPS days is Gaussian-distributed with
mean 56.4 and SD 11.7 and extremes, 32 and 82. 70.8% of
the LPS have a life of ¢ 5 days, 27.8%, a life between 8
and 10 days and 1.6%, a life exceeding 10 days. The mean
number 0f LPS days for the period 1970-83 is significantly
higher than the overall mean mainly due to higher frequency
of LPS with life of one week and longer in this period as
compared to normal. The LPS which form over the Bay, the
land area and Arabian Sea contribute 75%, 21%, and 4% of
the number of LPS days over Indian region, and these LPS
have an average life of 5, 3, and 3 days per LPS respectively.
In view of this, the Bay LPS exert a large influence on
ﬁhe meteorclogical conditions over India.
iii., Movement
The distribution of the total westward longitudinal
displacement of the LPS during the monsoon season is Gaussian
with mean and SD, 73.6° and 21,1° of longitude respectively.

With 13 as the average number of LPS formed, average wesiward
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longitudinal displacement for an LPS is about 5.7°. The
extremes of the displacement during the season are, 25.2°
(in 1974, a deficient monsoon rainfall year fo: India) and
137.2° (in 1959, a good monsoon rainfall year for India).

Central pressure anomaly

The distribution of central pressure anomaly of the
LPS is negatively skewed, i.e., a much longer tail to the
left, due to storm and severe storms. The mean and SD
of the distribution are, -5.7 mb and 3.6 mb. At less than
5% of the locations of the LPS, the anomaly was < -12 mb.
Central pressure anomaly over Head Bay-and north Orissa
is found to be lower in years of good monscon over India

than that in years of deficient monsoon over India,

Dissipation

Dissipation of LPS from the area 22°-26°N, 88°-92°E is
observed to be significantly larger in years of deficient
monsoon rainfall over India than that in years of good
monsoon over India. Larger dissipation over this area
leads to smaller life and smaller westward longitudinal
displacement of the LPS during the season and consequently

to lesser rainfall.

Relationships with rainfall.

The number of LPS formed over the Indian region during

the monsoon season is not signficantly related to monsoon

rainfall over India, except for a weak relationship (significantc

above 5%) with central India monsoon rainfall.
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The number of LPS days during the monsoon season is
significantly and directly related to Indian monsoon rainfall
(above 5%) and to central India monsoon rainfall (above 1%).

These relationships generally show good stability in significance.

The relationships between total westward longitudinal
displacemnt during the monsoon season and monsoon rainfall
over India and central India are direct and highly significant

(above 1% level) and show good stability.
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Table 1l: Number of Low Pressure Systems which formed over India,
adjoining countries, the Bay of Bengal and the Arabian
Sea (the Indian region) in summer monsoon season during

the period 1888-1983.

Year Number Year ‘Number Year Number Year Number
1888 12 1912 10 1936 11 1960 12
1889 15 1913 14 1937 14 . 1961 17
1890 14 1914 12 1938 11 1962 13
1891 16 1915 10 : 1939 12 1963 11
1892 |- 12 1916 10 I 194¢ 10 1964 12
1893 i1 1917 11 1941 15 1965 14
1894 12 1918 10 1 1942 17 1966 10
1895 14 1919 14 1943 15 1967 13
1896 13 1920 12 1944 16 1968 9
1897 15 1921 - 1l 1945 10 1969 12
1898 15 1922 15 1946 14 1970 14
1899 - 11 1923 13 1947 14 1971 14
1900 14 1924 13 1948 14 1972 12
1901 12 1925 10 1949 11 1973 16
1902 |data in- 1926 12 1950 13 1974 11
conplete
1903 15 1927 13 1951 10 1975 18
1904 17 1928 17 1952 15 1976 10
1905 15 1829 14 1953 9 1977 14
1906 12 1930 11 1954 12 1978 15
1907 .14 1931 9 1955 16 1979 17
1908 14 1932 9 1956 i3 1980 16
1909 12 1933 15 1957 10 1981 16
1910 13 1934 14 1958 11 1982 14
1911 11 1935 12 1959 14 1983 13




Table 2: Statistical parameters of the series of LPS formed over

the Indian region in the monsoon season (1888-19283).

Parameter Value
Mean ‘ 13
Median i3
Standard 2.2

deviation (SD)

Coefficent of

variations (CV) C17%
Highest & year 18 (1975)
Lowest & year 9 (1931, 1932, 1953, 1958)
Auto Cor., Coeff. 0.12

with lag 1




. Table 3: The total number of LPS formed over the Indian region

in each decade and the decadsal mean and S8D.

!f Total number

Decade of LPS formed Mean SD

f

| 1891-1900 133 13.3 . 1.77
o 1901-1910 (9 yrs.) 124 13.8 1.50
| 1911-1920 114 11.4 1.58
ig 1921-1930 134 13.4 2,17
- 1931-1940 117 11.7 2.11
If 1941-1950 139 13.9 2,13
! 1951-1960 122 12.2 2.30
B 1961-1970 125 | 12.5 2,27

| 1971-1980 143 14.3 2.63



Table 4.

Number

% of total

Mean

8D

Maximum
year

Minimum

year

LPS formation over different longitudinal zones during

the period 1888-1983.

Longitudinal Zones

East of 85.1- 80.1- 75.1- 70.1- West of

90°FE 90.0° 85.0° 80.0° 75.0° 70°E Total

102 780 207 56 . 53 37 1235
8 63 17 5 4 3 100
1.1 8.2 2,2 0.6 0.6 0.4 13
1.2 1.9 1.5 0.7 0.7 0.7
7 15 6 3 3 2

1981 1922 1891 1944 1961, 1979
0 4 0

1924/1963/1981




Table 5(a):

Number

% of total
Mean

SD -
Highest

Year

Lowest

Year

Formation of LPS over the

Sea (1888-1983).

Bay
790
64
8.3
1.8
12

1927,1956

1975,1980

1981

4

1949

Land area

372
30
3.9
2.0
8
1904,1921
1942,1944
0
1893,1927

1951,1956

Bay,

land area and the Arabian

Arabian Sea

73

Total

1235
100

13



Table 5(b): Mean and SD of frequencies of LPS which formed over

the Bay and the land area for different decades.

Bay Land area

Decade Mean SD Mean 8D

1891-1900 8.7 2.1 4,2 2.5
1901-1910 8.4 1.5 4.8 1.6
1911-1920 7.4 1.2 3.7 1.5
1921-1930 7 8.1 2.6 4.4 2.6
1931-1940 7.3 1.7 3.8 | 1.3
1941-1950 8.0 1.8 5,3% 2.3
1951-1960 8.9 1.5 | 3.0 1.2
1961-1970 8.4 1.1 3.0 1.7
1971-1980 9.1 2.4 3.6 1.3

* This decade mean is significantly (5% level) different

from the mean for the whole period.




Table 6: Intra~seasonal variation in the frequency of LPS formation

over the Indian region (1888-1983).

June July Aug. Sep.

Mean 2.8 3.5 3.6 3.2
(Mean as % of 21,3 26.7 27.5 24.4
Seasonal)

SD 1.4 1.2 1.1 1.0

Highest 8 6 é 8

Lowest 0 0 1 1



Table 7(a): Monsoon rainfall over central India in years of low

(£ 10) and high (> 16) frequency of LPS formation.

Years of Low
LPS formation

1812
1915
1916
1918
1925
1931
1932
1940
1945
19561
1953
1957
1966
1968
1976

Mean

t = 2.08*% (d.f.

Rainfall

gmm!

784(-0.2)
582(~1.9)
862(0.4)
566(-2.0)
779(-0.3)
804(-0.1)
784(~0.2)
834(+0.2)
982(+1.4)
632(~1.5)
813(0.0)
710(~0.8)
617(-1.6)
651(-1.3)
826(+0.1)
749(-0.53)

26)

Years of High
LPS formation

1891
1904
1921
1928
1942
144

1955
1961
1973
1975
1979
1980

1981

Rainfall

(mm)
826(+0.1)
683(-1.1)
798(-0.1)
722(-0.7)
971(+1.3)
1026(+1.8)
870(+0.5)
1084 (+2.3)
943(+1.1)
896 (+0.7)
618(-1.6)
845 (+0.3)
749(-0.5)

849(+0.31)

Note: Normalized rainfall anomalies are given in parentheses,
Asterisk denotes significance at 5%.




Table 7(b): Number of LPS formed during years of deficient/good

monsoon over central India.

Years of 2 Years of

deficient No. of LPS good ' No. of LPS
.monsoon formed . monsoocn formed
1899 11(-0.91) 1892 12(-0.46)
- 1901 12(-0.46) 1893 11(-0.91)
1904 17(1.82) 1894 12(-0.46)
1905 i5(0;91) 1903 14(0.46)
1911 11(-0.91) 1917 11(-0.91)
1915 10(~1.37) | 1919 14(0.46)
1918 10(~1.37) 1926 12(-0.46)
1920 12(-0.46) 1933 15¢(+0.91)
1941 15(+0.91) 1934 14(%0.46)
1951 10(-1.37) 1942 17(+1.82)
1965 14(+0.46) 1944 16(+1.37)
1966 10(-1,37) 1945 10(~1.37)
1968 9(-1.82) 1956 13(0.0)
1972 12(-0.46) 1959 14(+0.46)
1974 11(-0.,91) ' 1961 17(+1.82)
1979 17(+1.82) 1973 16(+1.37)
1977 14(+0.46)
. 1983 13(0.0)
Mean ' 12.3(-0.32) 13.6(+0.27)

t = 1.63 (d.£. 32)
Note: Normalized anomalies of number of LPS formed are given in

parentheses,



Table 8: Number of LPS days during the monsoon season over the
Indian region (1888-1983).

Number Number Number Number

of LPS . of LPS of LPS of LPS
Year (Days) Year (Days) Year | (Days) Year (Days)
1888 57 1912 36 1938 43 1960 46
1889 80 1913 62 1937 55 1981 80
1890 56 1914 55 1938 33 1962 61
1891 75 1915 37 1939 59 1963 41
1892 60 19186 45 1940 49 1984 49
1893 . 66 1917 53 1941 55 19865 52
18904 63 1918 42 1942 60 1968 4]
1895 64 1219 57 1943 55 1987 51
1896 58 1920 54 1944 70 1988 53
1897 59 - 1921 B8 1945 42 1969 51
1898 83 1922 71 1946 54 1970 83
1899 39 1923 46 1947 70 1971 64
1900 74 1924 47 1948 80 1972 65
1901 51 1925 52 1949 38 1973 77
1902 |Data in- 19286 58 1350 50 1974 44

complete
1903 50 1927 59 1951 32 1975 72
1804 69 1928 63 1952 64 1976 73
1905 59 1929 68 1953 48 1977 82
19086 48 1830 51 1954 47 1978 80
1907 56 1931 a7 1955 64 1979 69
1908 62 1932 49 1956 54 1980 81
1909 48 1933 74 1957 35 1981 89
1210 49 1934 55 1958 49 1982 89
1911 58. 1935 38 1959 62 1983 67




Jg Table 9: Statistical parameters of the series of the number of LPS

days over the Indian region during the monsoon season

b (1888-1983).
Parameter Yalue
Mean 56.4 days
y Median 56 days
| SD 11.7 days
| Cv 21 %
| Highest & Year 82 (1977)
» Lowest & Year 32 (1951)
Auto-Corr, Coeff. 0.24%
with lag-l

* Marginally significant at 5% level.



Table 10: Decadal means and SD of the number of LPS days during

Decade

1891-1900
1901-1210
1911-1920
1921-1930
1931-1940
1941-1950
1851-1960
1961-1970
1971-1980

the monsoon season over the Indian region.

8D of the
number of
LPS days

Mean Mean life
number of of an LPS
LPS days {days)

62,1 4.7

54,4 4,3

49.9 4.4

57.3 4.3

49.2 4.2

55.4 4.0

50.1 4.1

54,2 4.3

70.7§ 4.9

10.0
8.0
9.2
8.4

12.2

10.4

11.2

11.5

11.3

§ Difference between this decade mean and mean for

the whole period is significant at 0.1%.




Table 11: ‘Mean and SD of the number of LPS days and average life
of LPS which formed over the Bay, land area and the

Arabian Sea (1888-1983).

Bay Land Area Arabian Sea Total
Mean in days 41.9 12,2 2.3 56.4
Mean as % (74.3%) (21.6%) (4.1%) (100 %)
of total
SD 10.6 8.8 3.2
Average life 5.0 3.1 3.0

per LPS (days)
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‘g Table 13(a): Comparison of the number of LPS days contributed by
LPS with life less than specified days during the

- _ period 1970-83 with normal.

I Contribution (in days) to the number
i of LPS days by LPS with 1life

Period <2 <3 <4 <5 <6 >8 Total
i 1970-83 84 162 270 385 505 470 975
NormalT 88 163 275 393 507 282 789
| Difference -4 1. -5 -8 -2 188 186
‘ Average -0.3 -0.1 -0.4 -0.6 -0.1 13.4 13.3
i difference
' per year

t Normal for a l4-year beriod based on the period 1888-1983.
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Table 14: Contrast in monsocon rainfall over Central Indisa

during years of low/high number of LPS days.

Years of Normalized Years of Normalized

low number rainfall high number rainfall
S. No. of LPS days anomaly of LPS days anomaly
1 1899 -3.0 1891 0.1
2 1912 -0.2 1300 0.6
3 1915 ~1.9 1904 ~-1.1
4 1918 -2.0 1922 -0.1
5 1931 -0.1 1933 1.5
6 1935 -0.1 1944 1.8
7 1936 0.3 -1947 0.9
8 1938 -0.4 1961 2.3
9 1945 1.4 1973 1.1
10 1949 ~0.4 1975 0.7
11 1951 -1.5 1976 0.1
12 1957 -0.8 1977 1.0
13 1963 -0.3 1978 0.2
14 19686 -0.8 1979 -1.86
15 1974 ~2.3 1980 0.3
16 1981 -0.5
17 - 1982 -0.8
Mean -0.86 +0,38

Students' t statistic = 3.31 (d.f. 30), significant above 1% level.



Table 15: Number of LPS days during years of deficient/good

monsoon rainfall over central India.

Normalized Normalized
Years of anomaly of Years of anomaly of

deficient number of good number of

S. No. rainfall LPS days rainfall LPS days
1 1899 -1.5 1892 0.3
2 1901 -0.5 1893 0.8
3 1904 1,1 1894 0.8
4 1905 0.2 1908 0.5
3 1911 0.1 1917 -0.3
6 1915 -1.7 1919 0.1
7 1918 -1.2 19286 0.1
8 1820 -0.2 1933 1.5
9 1941 -0.1 1934 -0.1
10 1951 -2.1 1942 0.3
11 1965 -0.4 1944 1.2
12 19686 -1,3 1945 -1.2
13 1968 ~0.3 1956 -0.2
14 1972 0.7 1959 0.5
15 1974 -1,1 1961 2.0
16 1979 1.1 1973 1.8
1977 2.2
1983 0.9

Mean ~0.45 +0.81

Student's t statistic

= 3.33 (d.f. 32), significant above 1%.




Table 16: Number of LPS formed at or east of 80°E, number
reached longitudes 75°E and 70°E during years of

deficienf/good monsoon over India and central India.

Deficient monsoon years Good monsoon years
LPS formed LPS reached LPS formed LPS reached
75°E 70°E 75°E 70°E
India 199 15(7.5%) 3(1.5%) | 180 36(20%) 15(8.3%)
Central India 177 13(7.3%) 3(1.7%) 213 39(18.3%) 16{(7.5%)

Note: Figures in parentheses are the numbers of LPS reaching the
specified longitudes expressed as percentages of the LPS
which formed at or east of 80°E. The numbers of deficient
and good monsoon years are 17 and 15 respectively for India,

and 16 and 18 respectively for central India.



Table 17: Monsoon rainfall over central India in years of low/high

values of TWLD and values of Total Westward Longitudinal {i
Disﬁlacement (TWLD) in years of deficient/good monsoon

over central India. j

Monsoon Monsoon Years of Years of
rainfall rainfall deficient good
over central over central monsoon monsoon
Years of India Years of India for central TWLD for central TWLD
low TWID cm high TWLID em India ° Jong. India. ° 101;;
1899 45.2 1891 82.6 1899 29.8 1892 sz.éf
1901 62.7 1893 95.2 1901 47.1 1893 103.4 |
1907 72.9 1894 93.9 1904 64.9 1894 100.2
1911 65.4 1900 88.5 1905 4.4 1908 62.L5
1915 58.2 1913 73.9 1911 74,1 1917 79.%:
1916 86.2 1922 79.6 1915 43.3 1919 67.0 
1918 56.6 1929 83.0 1918 41.4 1926 66.{i
1925 77.9 1933 98.8 1920 58.1 1933 110.0,
1932 78.4 1944 102.6 1041 78.0 1934 ‘eo.L'i
1935 79.8 1959 99.4 1951 60.9 1942 79.%}
1953 81.3 1961 108.4 1965 69.8 1944 103.9i
1971 86.3 1976 82.6 1966 55.9 1945 76.4}
1974 53.6 1977 92.8 1968 54.7 1956 77.0
1981 74.9 1972 93.2 1959 137.l;
1974 25.2 1961 131.1;
1979 67.3 1973 9.8
1977 109.{i
1983 83.0
Mean 69.6 89,7 58,2 QO.Ai
n, the number 13 14 18 18



Table 18: Significance of the difference in the median central
pressure anomaly of LPS located over the area 20°-22°N,

84°-92°E in years of deficient/good monsoon rainfall.

Deficient monsoon Good monsoon

years years Total
No. of occasions
when central
pressure anomaly:
> combined 92 61 153
median (78.3) (74.7)
£ combined 64 88 152
median (77.7) (74.3)
Total 156 149 305

X2 = 9.85 (d.f. 1), significant above 0.5% level

Note: Cell frequencies on the null hypothesis of independence
are given within parentheses,.
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Figure 23:

The number of LPS which dissipated from different 4°
lat. x 4° long. blocks during the monsoon season in
15 deficient monsoon years and 15 good monsoon yearsr
for India. The upper and lower numbers in each block

are respectively for deficient and good monsoon years,
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Figure 4(b):

Number of LPS formed over 4° lat. x 4° long. blocks of [;
|

the Indian region in 15 years of deficient monsoon/15
years of good monsoon over India. Top and bottom
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Figure 10: The number of LPS days for the Bay and the land area (expressed as percentage
of the number of LPS days over the Indian region).



S0E

80E

88

P iy s P nan ittt mn

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

100E

The number of LPS days for 4° lat. x 4° long. blocks

Figure 11:

of the Indian region in the monsoon season during

1888-1983.



60—

pt———
i
:
E)
t
1]
H
_ by LOW
' [ —
1)
" o wh
i dr 4
5 IRERE
6o IYERT
! Hod RV
¢ H . ok ‘ H Y
' Y . ; N ! Boofy o
' o H “ o 8 ] L [
\ ' 4 Y 4 o o i HE- M —
: i n [ It N w oo u" ‘
! M s H Y u.. u" I ‘e n. ." n u
3 " N i ' . “ A iy ;
H I H H Ry [ i e P s i) HE " H
s A S Y 0 i ; H U hyon '
s 1 R \ e I H H i Lo i on i
DU AR I A F N | frd i i U AR :
i iy Vol T S ! H sl H "_. 1
y v [ o M . H H —..
. : A A O R O & vorbiy A '
1 L A A T T "".u AN . —
ye ol . vev oy TEE AU RS WA L)
.\. .h Iy \ Vo . ﬁ M [ i, ! H .w
Y Y o ! m. (IR \ Vi
s ! : '
Pl Byl A TR L, ' RS b ]t \
HH L « Iy L "
oy RV E RN B YRR
/ wo \ C : L !

| | | !

Sd e

e
-

b

Mo Mo STORM

—

— X,
—
—

Figure 12:

1830 1800 1810 (920 1830 1840

Frequency of low days,

region for each year (1
and 2.0.

depression days and storm da
888-1983). . Mean 32.8, 21.7,

1850 1860 1970 1880

¥s over the Indian
and 1.9; SD 8.7, 7.8,



*shyp ¥ ‘**° ‘g ‘g ‘T uvya oIow spotasad I0J Sutureisns ggTq

£q sfvp gd71 FJO Jequnu 2y} 03 UOTINQTIIUOCD o3vjusaisd TBWION :¢T 24n31y

sAeg
PLELZLLLOL 6 8 2 9 6 ¢ ¢ 2 i

!
=
Lt
(%) uojinqiiiuod jewiopN

- 001L



"~ NUMBER LPS DAYS NUMBER LPS DAYS NUMBER LPS DAYS

NUMBER LPS DAYS

30

20

10

30

20

10

30
20

10

30
20

10

30_ \AJNE PEAN = 1003 S-Dc = 5-8
201 2
a

‘Il [l " "l"ll | ulll ||| |1|||" || II H l

1830 1900 1910 1920 1930 (940 1960 1970 1280
a0k - 13.9  S.D. = 5.8
20 9

2
i |1ll,,l lll ””“"”

1690 1500 1910 1920 1930 1940 1350 1980 1970 1980
o AUGUST = 16.5  S.D. = 6.5
20-—

I lll" J

1830 1900 1910 1920 1930 1940 1950 1960 1970 1980
a0l SEPT. - 15.8 * | S.D. = 5.7
20
| "I"“ l ”“lll H | Il ” “"“l l

1910 1930 1940 1950 1980 1970 1980
Figure 14: Monthly number of LPS dgys ovef the Indian region in

June,

July, August, and September (1888-1983).
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Figure 15: Correlation coefficients of the number of
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and central India for sliding 30-~year periods.
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Figure 17(a):

Number of LPS days for 4° lat. x 4° long.

blocks in 15 years of good Indian monsoon.
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Figure 17(b):
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Differences, the number of LPS days in 15 years of
good Indian monsoon minus that in 15 years of

deficient Indian monsoon, for 4° lat x 4°long blocks.




JUNE - SEPT. 1899
’ Lou et ——
OEPRESSION — — — — —
STORM
(ARE | = (. .... SEPT. 30 - 122}

83€ g5€
JUNE — SEPT. 1818
Lou ——ttetamtatabnaan
DEPRESSION =— = — — —
STORM
GIRE | = [, ... SEPT. 30 = [22)

Figure 18(a):

:Tracks of LPS during years of drought over India -
1899 and 1918.
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Tracks of LPS during years of good monsoon over

India - 1892 and 1961.
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Figure 22;

The number of LPS which dissipated from different 4°
lat, x 4° long. blocks during the monsoon season in

the period 1888-1983.
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Figure 23:
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Tﬁé.number of LPS which dissipated from diffefent 4°
lat., x 4° long. blocks during the monsoon season in
15 deficient monsoon years and 15 good monsoon years
for India; The upper and lower numbers in each block

are respectively for deficient and good monsoon years,
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APPENDIX I

The following maps give for each year the tracks of the

low pressure systems which formed during the summer monsoon

season (June
location for
The date for

stage of the

through September) in the period 1888-1983. The
each date of the existence of the system is given.
each location is indicated on 1 to 122 scale. The

system is shown by dotted line for low, discontinuous

line for depression and continucus line for a storm.
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APPENDIX II

This appendix gives for each low pressure system,, the serial
number of the system in the year, the date of formation of-the
system (the date is also given on 1 to 122 scale within parentheses),
the stage and location of the system on the first date. Similar‘
information is given for each subsequent date of the existence of
the system without the date. Location is given by latitude (°N
to first decimal place) and longitude (°E to first decimai place},
decimal being omitted. Stage is given by 1 for low, 2 for
depression, 3 for storm, 4 for severe storm and 5 for severe

storm with core of hurricane winds.
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