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Main features of the westward-moving low pressure systems
which form over the Indian region .during the summer
monsoon season and their relation to the monsoon rainfall
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ABSTRACT. The main features of the transitory mensocn low pressure systems (LPS) aver the Indian
region during the period 1888-1983, in respect of their formation, jife, movement, intensity and dissipation,
as well as their interannual variability are examined by utilizing the information and data contained in the

Indian Datly Weather Reports. t
Indiajcentral Indiafsouth India are examined.

The relationships of these features with the monscon rainfall over India/north

The paper discusses a variety of statistics about the low pressure systems, .., formation, location, life,

intensity, movement and dissipation.

The number of LPS formed is not significantly rel
weak relationship with central India monscon rainfall.

ated to the monsoon rainfall over India except for a

Number of LPS days during the season is signifi-

cantly and directly related to the Indian monsoon raintall (above 5%7) and to central India monsoon rainfall
(above 1%) and these relationships generally show good stability, Total westward longitudinal displacement
of the LPS during the season and the monsoon rainfall over India and central India are direcily and signi-
fieantly (above 1% related and these relationships also generally show good stability. : :

1: Introduction

During the summer monsoon season (June through
September), the synoptic systems which affect the wea-
ther over India and neighbourhood are, the semi-perma-
nent monsoon trough which extends from west Pakistan
to Burma, the closed low pressure systems which fre-

quently move in a westerly direction across the central,

parts of India and the westerly troughs which occasion-
ally move in an easterly direction and affect the north-
western parts of India. The westward-moving low
pressure systems either form over the Indian subconti-
nexnt, the Bay of Bengal and the Arabian Sea (hereafter,

Indian region) or develop from the remnants of depres-
sions/storms which strike the Viet Nam coast ann move
westward into the Bay of Bengal, hereaftey, Bay (Saha
et al. 1981). Alarge majority of these low pressure sys-
tems (hereafter LPS) formover the Indian region north
of 15°N. As per criteria of India Meteorological Depa-
rtment, an LPS 1s a depression if the wind speed asso-
ciated with the cyclonic circulation is 17-33 kt, a cyclonic
storm, if the wind speed is 234 kt, a severe cyclonic
storm if the wind speed is > 48 kt and a severe cyclonic
storm with core of hurricane winds if the wind speed is
64 kt. These criteria are generally followed for identi-
fying the systems over the sea and adjoining coastal area
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The intense and heavy rainfall associated with the

cyclonic storm occurs over a relatively small area in the-

left front quadrant. Heavy rainfall associated with the
depression occurs in left front quadrant, but- is less
entense and covers a larger area, Rainfall associated
with a low pressure area covers relatively a much larger
are and heavy rainfall is scattered in character. Rain-
fall resulting from storm generally does not extend much
inland beyend the coastal belt and the number of storm
days is small, Hence, it is clear that the contribution of
the storms to the Indian monsoon rainfall is small.
Depressians and lows are thus the major contributors to
" rairfall, Rainfall associated with a low occurs over a
relatively much wider area than-that associated with

depressions; hence, the lows and the depressions could

be censidered equally important jn respect of their
contributions to the Indian monsoon rainfall. The lows
produce rainfall over a wide area through convergence
and vertical motion associated with them. As a result
of the transport of heat and moisture upwards over the
lows, the pericdical passage of these lows across the
country maintains the normal location and activity of
the monsoon trough which are conducive to good rain-
fall- distribution over the country, However, only the
depressions have been studied extensively (Pisharoty and
Asnani 1957, Rao and Jayaraman 1958, Raghavan 1965,
Bhalme 1972, Mooley 1973, Sikka 1977, India Met.
Dep, 1979, Bhalme and Meooley 1980, Mooley and Partha-
sarathy 1983, Kripalani and Singh 1986). Neither the
lows nor the LPS in their totality have been studied in
any detail. - - .

On an examination of the formation of depressions/
lows over India in July and August, in 5 good monsoon
and 5 bad monsoon - years, Sikka (1980} found that
there was no difference between good and bad monsoon
years in respect of the number of depressions and the
number of depression days, but there was a notable
difference in the number of lows and the number of low
days for good and bad monsoon years.

Considering the points as mentioned above, it appears
necessary to.study the low pressure systems in their
totality, i.e., covering the lows, depressions and storms,
which formed over the Indian region, to understand the
interannual variability of the Indian monsoon rainfall,
The term LPS is used here to cover a low pressure area
formed and its subsequent daily locations and intensities
during the life of the low pressure area. :

The principal objective of this study of the westward-
moving monsoon low pressure systems in their totality
is to understand the contributions of these systems
to the interannual variability of the Indian monsoon
rainfall. With this objective in mind, the main features
of these LPS in respect of formation, location, life,
intensity, movement and dissipation are brought out,
and the relationship of these features with the monsoon
rainfall over India 1s investigated.

2, Data source

India Meteorological Department initiated issue of the
Indian Daily Weather Reports from 1888. The report
contained the daily meteorological observations made
at the observatories in India (which included, at that

-‘timé, the present India, 'Pakistéh,\ Bangla Desh, Se o
. Lanka and Burma) at § a.m. (8,30 a.m. from 1 January

1949) and a weather chart with isobars. These reports
from 1883 to 1983 are used. RN .

‘The series of area-averaged Indian summer monsool.

{June through Secptember) rainfall (hereafter, Indian
monsoon rainfall, TMR) for the period 1838-1983 is
taken from Mooley and Parthasarathy (1984) - and

‘Mooley et «al. (1986). = The series is based on monthly
" rainfall from a fixed network of 306 stafions evenly-

distributed over the plains of India.” ‘Fhe hilly regions
of India are excluded. -The area considered constitute;
889, of the total Indian area and this area will hereafier
be referred to as the country or India. Area-averaged

. monsoon rainfall series for 3 divisions of India, north,

central and south, are also prepared and used in this
study. . : T

3, Identification of LPS

A preliminary examination of the charts and the
observations contained in the reports showed . that
(a) within the monsoon trough the pressure variation is
generally small, (b) occasionally pressure fails or rises
randomly by small amounts at a few locations, resulting
in the appearance of ephemeral lows, (¢) sometimes,

there is a distinct pressure fall within the trough resulting -

in the formation and maintenance of a low, {(d) some-

- - times based on one or two slightly lower pressure values,
a marginal low pressure area is observed on one or two

‘days and (e) on the basis of pressures and pressure

changes at a few stations, a Iow can be distinetly identified

on the chart, but dissipates by the next day.

. - The low mentioned in categories (¢) and (e) have been

identified as LPS and those mentioned in  categories

_(b) and (d) are not identified as LPS, but are considered

*.as part of the monsoon trough, |

- The LPS, during its life,’is classified as a low, .depres-
sion, cyclonic storm, severe cyclonic storm, (henceforth

storms and severe storms) etc on the basis of pressure

distribution around the central area of the system. Over

the sea, wind strength is used as a criterion for classi-

fication of these intensities as given in section I, How-
ever, over the land and adjoining sea area, number of
isobars at 2 mb interval around the central area of the
LPS is used as a criterion for classification of the inten-
sity of LPS, The LPS is identified as (i) a low, if there

is a single closed isobar, (i) a depression, il there are .

two closed isobars, (/if) a cyclonic storm, if there are
5 or more closed isobars, (iv) a severe cyclonic storm, if
there "are 8 closed isobars and (v) a hurricane, if there
are ten closed isobars. - _—

»

Decision in marginal cases is taken after considering
the previous and subsequent classifications of the LPS.
While objectivity in the identification and classification
of the 'LPS has been aimed at, and has been generally
followed, subjectivity could not be completely elimina-
ted. After identification and classification, information
I respect of each LPS is listed. The information con-

sists of the serial number, date, month and year, classifi-

cation, expected pressure near the centre, location of the
centre by latitude & longitude, and similar informa-
tton on each subsequent day of the existence of the LPS
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Fig. 1. Standardized anomaly of the numbet of LPS which
formed during the monsoon season over the Indian
- region (1888-1983), Mean=13.0, 5D=2.2.

The information is collected for the monsoon season
{1 June through 30 September) for the years 1888 to 1983
except for June 1902 for which the reports could not be
obtained from any source. In view of the incomplete
information for 1902, this year is not considered. The
area covered in the study is $°N-35°N, 60°E-100°E.

4, Formatior; of LPS

4.1; Ammual and  decadal Jrequency —Swed and
Eisenhart’s (1943). test of runs above and below the

median as suggested in WMQO Technical Note 79 (WMO -

1966) is applied to test the randemness and homogeneity
of the series of number of LPS formhed over the Indian
region during the monsoon season (hereafter, the series
of LPS formed). There is neither significant trend nor
significant oscillation and the series can be "taken as
random and homogeneous.

The mean and standard deviation (SD) of the series
are, 13.0 and 2.2 respectively and the extremes are, 9
and 13. The auto-correlation with lag 1 is 0.12 and
does not suggest any persistence 'in the series. The
standardized anomaly (i.e,, anomaly divided by SD) of
the number of LPS formed in each year of the period
1888-1983 is shown in Fig. 1.

- Application of the Chi-square goadness-of-fit test and
Kelmogorov-Smirnov (K-S) test shows that the distribu-
tion can be taken to be Gaussian. Practically the whole
of the distribution lies within 2 SD on either side of the
mean.

“An examination of the mean frequencies of LPS for-
med in different standard decades shows that none of the
decadal means is significantly different from the overail
mean for 1388.1983,
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. Fig. 2. Number of LPS formed in the monsoon season
- over 4° Lat, X 4° Long, blocks of the Indian region
- during 1838-1983 - . c e

. TABLE1 .

" LPS formation over different longitudinal zones during
“ the period 1888-1933

Longitudinal- zones (°E)

East  85.1- 80.1— "75.1- 70.1- Westof Total
T0°F

of ~  90.0° 85.0° 80.0° 75.0°

90°E .
No. 102 780 . 207 36 53 37 1235
% of
total § 63 17 5 4 3 100
Mean 1.1 8.2 2.2 0.6 0.6 0.4 13
sD 1.2 1.9 1.5 0.7 0.7 0.7
Max. 7 15 & 3 3 2
Min. 0 4 0 ' . )

4.2. Spatial variation 7
4.2.1. Over different areas of the Indian region

Fig. 2 shows the number of LPS which formed over
each 4° Lat. X 4° Long, block of the region during 1838-
1983. The block 18°.22°N, 88°-92°F has the highest
number which is about 27 77 of the total over the whole
region.

Table 1 gives the number of LPS formed in the longitu-
dinal zones, east of 90°E, 85 1°-90°E, 80.1°.85°E,
75.1°-80°E, 70.1°.75.0°E and west of 70° E during
1833-1983, mean for each zone, percentage of the total
for each zone, the extremes. The highest frequency of
formation is seen for the zone 85°-90°E, being 63 % of
tl}egt{;)tzg. 88 75 of the total LPS form over the area east
of 80° E,
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We have noted carlier that the period 1970-83 “has a .
much higher mean number of LPS days in comparison

to the normal, ie., long-period average. The mean
number of LPS days for this 14-year period is 69.9 days.
The mean frequency of LPS which formed in this period
is 14.3 which is not significantly larger than the normal

of 13.0. It is possible that the higher medn number of

- LPS days may be due to longer life of LPS in 1970-83.
To examine this point, contributions to the number of
. LPS days by EPS with life <2, <3, <4, < 3, 6 and
> 6 days are computed for the period 1970-83. The
corresponding normal contributions for a 14-year period
are computed on the basis of the whole data for 1888-
1983, 'These computations show clearly that contribu-
tions to the LPS days by LPS with life < 2,3, 4, 5 and
6 days for the period 1970-83 differ little from the nor-
mal, but the contribution to the LPS days by LPS with
life of one week or longer is substantially higher (67%
higher) than the normal.
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 or longer, Table 3 also gives
the frequency of LPS with life 1, 2,3, ........ ., 17 days
for the period 1970-83 and the corresponding normal
frequency for a 14-year period. It is seen that the fre-
quency of LPS with life less than a week is 147 for the
period 1970-83 against almost the same normal fre-
‘quency of 147.6 for a 14-year period and that the fre-
quency of LPS with life one week and longer, is 53 for
1970-33 against the corresponding much smaller hor-
mal frequency of 34.4, - Thus the much higher frequency
of LPS with life of one week and longer contributed to a
‘significantly much higher number of LPS days during
-1970-83 in comparison to the normal. :

" 5.4, Rel&ﬁons/z:p fo monseon rainfall

The CCs betwéen the number of LPS days and the .

- . moensoon rainfall over India/north Indiajcentral India/

- south India aré computed to examine the relationships.
These CCs are respectively 0.24,~-0.05, 0.39 and 0.08.
The CC with central India rainfall is significant at 0.1%;
level, and that with Indian rainfall, significant at 5%
level. There is no relationship with north/south India

monsoon rainfall,

Stability in the relationships of the number of LPS
days with monsoon rainfall over India and ‘central India
‘is examined by following the procedure indicated in
sub-section 4.3, The relationship with Indian monsoon
“rainfall shows stability in significance (at 5% level) for
30-year periods commencing after [930. The relation-
ship with central India monscon rainfall is generally
stable near 5% level significance for 30-year periods
ending before 1930 and at 1% level significance after

1930.

Following the procedure as indicated in sub-section
4.3, the goodness of these relationships is investigated.
The test statistic ¢ for Student’s test (2-tailed) for the
contrast in the mean rainfall for low/high number of
LPS days is 3.31 (d.f. 30) for central India, significant
above 1%, and 2,26 (d.f. 30) for India, significant at 5%,
The usage of the terminology “above 1} level™is made
to convey that ¢ value is much higher than that signifi-
cant at 1 9 level, but is less than that significant at

Thus, a cut-off of the LPS -
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Fig. 9. Number of LPS days in 15 vews of good Indian -

monsoou (upper number) and difference, the number
ot"_ LPS days in 15 years of good Indian monsoon
minus that in 15 years of deficient Indian monsoon
{lower number), for 4° Lat, x 4° Long. blocks .

0.1% level. Application of Mann-Whitney test (2-
tailed) (1947) in these two cases shows that rainfall is
smaller in years of low number of LPS days at a level of
significance of 0.2 and 5% respectively. Thus, both

the tests support the inference of smaller monsoon rain- .

fall over central India and India in years of low number
of LPS days than that in years of high number of LPS
days at levels of significance of above 1% and 5% res-
pectively. Both the Student's and Mann-Whitney tests
also support the inference that the number of LPS days
in years of deficient monsoon over central India and
India is lower than that in years of good monsoon rain-
fall at levels of significance of above | 2 and 3 2 respecti-
vely, Thus, the relationship between the number of
LPS days and monsoon rainfall is good for central India
and fairly good for India,
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In order to understand how the larger number of LPS

" days is contributed by the LP3 in good monsoon years

in comparison to that contributed by the LPS in deficient
monscon years over central India/India, the mean
contributions by LPS sustaining longer than 1, 2,3, ... .,
10 days are evaluated, These are compared with the
normal. Fig. 8 shows these comparisons for central
India- and India. -The contributions are above/below
normal in good/deficient monsoon years and that the
contrast between the deficient and the good monsoon
curves which increases slowly from > 1 day to > 4 days,
becomes marked for LPS sustaining for periods exceed-
ing 5 days. Thus, the higher frequency of LPS with hfc
exceeding 5 days in good monsoon years than that in
deficient monsoon years actually .contributes to higher

rainfall over central India and India in good monsoon

years. . . -

In Fig. 9, the upper number gives the number of LPS
days in 15 years of good Indian monsocon and ths lower
number, the difference (the number of LPS days in 13

years of good ‘Indian monsoon miiaus the number of |

LPS days in 15 years of deficient Indian monsoon in'the
period 1888-1983) for each 4°Lat..X 4° Long, black.
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 highest positive difference of 57 days is observed -

for the block 18°-22°N, 84°-88°E which covers Orissa
and adjoining north Bay of Bengal. It is interesting fo

see that during the deficient years the number of LPS

days over the area 18°-26°N, 88°-92°E is higher - than
that in good monsoon years, This is apparently due to
the combined effects of northerly track and dissipation

- of LPS over this area during the deficient years. Itcan

also be noted that the number of LPS _forming (ot
shown) over this area in deficlentt years is larger than
that during good monsoon years.

6. Number of days with no LPS over the Infian region

There are days without any LPS over the Indian
region during the monsooa. Such days will, hereafter,
be referred to as LPS-frez days. On these days, ths
Indian monsoon rainfall is mainly influenced by the

monsoon trowgh. The absence of LPS might influzncs

the rainfall adversely in two ways : (f) rainfall associated
with the LPS is missed and (ji) the rainfall associated
with the monsoon trough is reduced since in the absence
of LPS the normal activity and the location of the trough
are not likely to be maintained, . In order to gain an
insight into interannual variability of the Indian mon-
soon rainfall, the series of number of LPS-free days
during the moensoon season and the influence of such
days on rainfall are examined. Earlier, we have seen
that a direct relationship exists between the number of
LPS days and monsoon rainfall over India/ceniral
India. Hence, an inverse relationship between LPS-
free days and the monsoon rainfalfl can be expected.

6.1. Distribution of LPS-free days

The mean and SD of the distribution are 68.7 and
10.3 respectively. The extremes are 43 days (in 1977) &
90 days (in 1951); 1951 is a drought year for India as
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‘well as for central India and 1977 is a good monsoon

year for central India. Most of the distribution lies
within 2 SD from the mean, -

In the mean, on 569 of the days during the monsoon
season, no LPS exists toinfluence. the monsoon rain-
fall and on these days monsoon trough mainly influences
the rainfall. If the trough maintains the normal location
and intensity, the couniry conlinues to receive the
rainfall; if it shifts to the foot-Himalyas, a ‘break’ in
monsoon occurs, ‘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 a) 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.

6.2, Relationship with monsoon rainfall

. The CCs. between. the number of LPS-free déys and
monsoon rainfall over ~India and central India are

‘tespectively —0.23 (significant above 5%) and —0.38

(significant at 0.1 %]). These are almost equal in magni-
tude, but _ opposite in sign to the CCs with the number ~ -~
of LPS days, as expected. . ‘ .

In order to estimate how 'gdod_thesc relationships
are, the mean contrast in rainfall in years of low/high

_values of number of LPS-free days and the mean contrast

in the number of LPS-frez days in deficient and good
monsoon years are tested for significance. For céntral
India, both the contrasts are significant above 0.1%
level, ¢ values being 4.96 (d.f. 30) for rainfall contrast

cand  4.03 (d.f. 32) for confrast in LPS-free days.

These ¢ values are higher and attain higher levels of
significance than those in the case of the number of
LPS days. Hence, the relationship between the number
of LPS-free days and central India monsoon rainfall
is better than that between the number of LPS days
and central India monsoon rainfall. For India, the
mean contrast in rainfall for high and low values of the
number of LPS-free days is significant at 0,1% but the
mean contrast in the number of LPS-free days in
deficient and good monsoon years is significant at 5%
onty, ' ’ '

7. Movenent of LPS

LPS move generally 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. Anomaly in the movement is likely to affect
the monsoon rainfall. The aspects of movement which
are examined here are westward penetration of the LPS,
mean westward longitudinal displacement per system
in each season and the total westward longitudinal
displacement of the LPS during the monsoon season,
It may be mentioned that only LPS which formed along
and east of 80° E are considered since these primarily
influence the monsoon rainfall and constitute about
389 of the LPS formed over the Indinn region.
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. TABLE 4 . A
Number of LPS formed at or east of 80° E, number reached

maonsoon over India and central India

I_Deﬁc_ient' moﬁséoﬁ S/ears' ‘Good n;loﬁsopn yeb.rs
LPS reached

LPS* -LPS reached  LPS
— —
75°E  70° E

75°E 70° E
India 199 .15 . 3 180 37 1S
: | (1.5% (1:5%) 20% (.3%)
Central ' . '
16

India 1 13 3 213 - 39
: (7.3%0) (L.72%) (18.3%) (7.5%%)

Note - Figures in parentheses are the numbzrs of LPS
reaching the specified longitudes expressed as per- -
centages of the LPS which formed at or east of
80° E. The numbers of deficient and good mensoon
years are 17 and 15 respectively for India. and 16
& 18 respectively for central india.

7.1, Westward penetration of LPS~

Table 4 gives the numbers of LPS formed at or east
of 80° E, 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. The table also
gives the number of LPS which reached 75°E and T0PE
as percentage of the LPS formed at or east of 80°E.
For both India and central India, the percentages of
LPS reaching 75°E and 70°E in good monsoon years

are much higher than the corresponding percentages -

in deficient monsoon years. In fact, the percentage

‘of LPS reaching 70° E in good monsoon years js greater

than that reaching 75°E during deficient monsoon years.
These percentages bring out clearly the higher penetrating
power of the LPS during good monsoon years. Bhalme
and Mooley (1980) & Mooley and Parthasarathy

(1983) have shown that the depressions in each of the

monsoon months have greater westward penetration
during years of good monsoon than that during year
of deficient monsoon. -

4

The distributions of the percentages of LPS reaching
75°E and 70°E imay not be Gaussian. Hence, Mann-
Whitney test, a non-parametric test, has been applied to
test the significance of the differences between the
percentages of LPS reaching 75°E and 70°Ein deficient/
good monsoon years for India and central India.
The test brings out that the percentage of the LPS
reaching 75°E is -higher in good monsoon years than
that during deficient monsoon years. at level of signi-
ficance of 0. 19 for India and of above 1% for central
India. The result of the test is simifar in the case of per-

centage of LPS reaching 70°E but the levels of signi- .

ficance are 1 % for India and 5%, for central India. This
feature of the LPSis clearly seen from the tracks of LF3
prepared by Mooley and Shukla (1987 b). A scrutiny of
the tracks for the 17/15 years of deficient/good monsoon
rainfall over India shows that during deficient monsoon

_years most of the tracks terminate near 80° E,but in gohod
monsoon years some tracks continue well to the west

iongitﬂdes 15° E and 70°Eduring years of deﬁclent[good ) Of 800, E. Typical traCkS for the d[‘Ought years,r 1899

1918 and for the flood years, 1892 and 1961, are shown
in Fig. 10(a} and Fig. 10(b) respectively. During 1859
and 1918, the standardized anomaly of the Indian

monsoon rainfall was—2.69 and—2.45 and the percent-

age of the country’s area under drought was 71 and 66
respectively, In 1892 and 1961, the normalized anomaly

of the Indian monscon rainfall was 4-1.66 and +1.98

and the percentage of the country’s area under flood

" was 41 and 31 respectively.”

. Maximum westward penetration by an LPS dur-
ing the monsoon season is.examined for deficient/

good monsoon years over Indiajeentral India in

respect of LPS which formed at or east of 85°E and
also at or east of 80° E. The same is tested for significance

of the difference by applying Mann-Whitney test. The

results of the test show that the westernmost longitude
attained by an LPS during the monsoon .season Is

smaller in good monsoon year than that in deficient .

monsoon year at a level of significance of above 0.1%,
(at 1%) for India and above 1% {(at 5%) for central
India in respect of LPS which formed at or east of 85°
(80° E ). In brief, LPS are characterized by larger and

- more westward-penetrating activity during good

MOASOON . years.

7.2. Westward longitudinal displacement of the LPS

Westward longitudinal displacement (WLD) of an

m—i )

LPS is defined as WLD= & wd; where d; is the
: i=1 .
longitudinal -displacement from i day to (i4-I1)t
day in the life of the LPS, m is the number of . days of
life of the LPS and w is weight for each displacement,

1 for westward displacement and 0 for no displace- |

ment or eastward displacement. Considering all

the LPS which formed in each monsoon season, the -

mean WLD per LPS is computed for each of the years
1888-1983. _ - : :

Mean WL per LPS in years of deficient/good

monscon over India is examined. For deficient monsoon
years, the mean WLD per LPS is 5.3° and most of the
values lie within the interval 4°-6°. The corresponding
mean and range for years of good monsoon are 7.6°
and 6°-9° . The years of deficient monsoon over India
are thus generally characterised by smaller WLD per LPS.

The interannual variation of mean WLD per LPS is -

10° (mean being 2.5° in 1974 and 12.5°n 1976), Within
season variation from one LPS to another is much larger.
An idea of the large within-season varjation can be
gained from Table 5 which gives WLD for each LPS
in the monsoon séason in [961 and 1899 which, experi-
enced highest and lowest monsoon rainfall respectively.
In [961, the variation is very large, from near zero to

24° ; but in 1899, the variation is relatively much smaller. -

Thus. quite a large portion of the interannual variability
of the Indian monsoon rainfall appears to result from
the large within-season variability of the WLD of
the LPS which form during the monsoon season.

- w o
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Fig. 10 (a). Tracks of LPS during years of drought over India—1899 and 1918
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Fig. 10 (b). Tracks of LPS during years of good monscen over India — 1892 and 1961
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T TABLE 5

Westward IDantudin‘al dlsplécement {°longifude) of the diferent LPS durlng 1961 and 1899

Longitudinal displacement for LP3 number

{ Year 1 2 3 4 5 i 8 9 10 112 13 14 15 16 17
. 1981 6.5 FW 3.7 2.9 FW 4.0 23.8 3.0 FW 0.6 6.5 21,9 9.6 22.5 135 9.2 5.5
‘ 1893 SEM 7.0 0.5 1.5 SEM 3.0 87 1.5 35 61! 10

Note— Westward longitudinal displacemeﬁt is considered only for LPS which form at or east of 80° E, FW denotes LPS formed -
west of 30° E and SEM  denotes slight eastward movement.

7.3. Total westward longitudinal displacement of the
low pressure systems during the monsoon season

The total wastward longitudinal displacement of the
]_‘_.PS during the monscon season (hereafter, TWLD)
is defined as : ’ a

. kL n o m—l
TWLD = > (WLD) = Z de,-
=1 o j=1 i=l

where dj is the longitudinal displacement from itk to

(i-+1)*r day of the j®» LPS of the monsoon season,
m the number of days of life of the LPS which varies from
one LPS to another, n is the number of LPS during
the season, TWLD is evaluated for the monsoon season
of each year. : ’

The standardized anomaly of TWLD is shown in
Fig. 11. The mean and SD of the distribution of TWLD
are 73.6° and 21.1° of longitude, The number of runs
above and below the median (70.9%) is 42. According to
Swed and Eisenhart’s test, the series of TWLD has
neither significant trend nor significant oscillation and the
series can bs taken to be random and homogensous.
The extreme values of the distribution are 25.2°
(standardized anomaly, —2.29) in 1974, a deficient
monsoon year for India as well as for central India and
137.2° (standardized anomaly, +3.01) in 1959, a good
monsoon year for India as well as for central India.
Chi-square and K-8 tests show that TWLD is Gaussian
distributed. On basis of Gaussian distribution the
probability of TWLD being less than 31.4° or greater
than 115.8° of longitude is 0.025.

7.4. Relationship with monsoon rainfull

The CCs between TWLD and the monsoon rainfall
over India/north India /central Indiajsouth India are
respectively, 0.38, —0.08, 0.52 and 0.25. The relation-
ship is direct and significant above 0,13{ level for
India and central India and at 59 level for south India,
There is no relationship with north India rainfall.

The contrast between the mean rainfall for low and high
values of TWLD and also the contrast between the means
of TWLD for deficient/good monsoon years are tested
for significance by student’s ¢ test. For central India,
both the contrasts are significant above 0.15; level;
for India, the contrast between the two means of TWLD
for deficient/good monsoon year is significant above

0.1% level, but the contrast between the rainfall means
for high and low values of TWLD is significant above
1% level. For south India, none of the two contrasts 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
mansoon rainfall explain 27% and 14% of the rainfall
variance respectively. : .

A careful examination of the standardized anomaly of
monscon rainfall over central India in years of low/
high values of TWLD and also the standardized anomaly

"of TWLD in years of deficient/good monsoon over cen- .

tral India shows that TWLD discriminates significantly
the monsoon rainfall over central India and the-monsoon -
rainfall discriminates significantly TWLD. The relation-
ship s better than the relationship between central
India monsoon rainfall and the number of LPS days/
LPS-free days. This is understandable since TWLD
includes the number of LPS days and westerly move-
ment and excludes that portion of the number of LPS
days which is likely to have small influence on rainfall,
i.e., life in which displacement is zero or is eastwards.

The stability of the relationships of TWLD with
monsoon rainfall over India/central India has been exami-
ned. The CC with Indian rainfall continues to be signifi-
cant and stable for 30-year periods commencing from
about 1930 onwards. The CC with central India monsoon
rainfall is significant "and stable almost throughout
the whole period 1888-1983 and the CC continues to be
significant above 19% level after about 1930,

1t is clear from these stable refationships that when
we are .considering the regression approach to the
problem of forecasting monsoon rainfall over India/
central India, unless the antecedent predictors which we
use are able to capture the total westward longitudinal
displacement of the LPS during the monsoon season,
we have to be content with explained rainfall variance
upto 80-85% for India and 70-75% for centrat India.
1n the foreseeable future, it does not appear to be possible
to locate such antecedent predictors.

The question arises, what factor or factors contribute
to the higher westward penertrating power of LPS during
years of good monsoon ? Possibly, some speciftc features
of the circulation exist in upper troposphere in years of
good monsoon Mulky and Banerjee (1960) showed that
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Fig. 11. Standardized anomaly of total westward longitudi-
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- the monsoon depressions move in a direction paratlel
to the wind.direction at 9 km level in the area to the
right of the track, The smaller/larger westward displace-
ment. .in . deficient/good monsoon ‘years suggests that

the.wind fiéld in the upper troposphere (6-12 km) over.

and around LPS has distinctly different propetling

characteristics in deficient/good monsoon years—may -

be Tibetan anticyclone shows significant differences in
location and intensity. The strength of the wind field may
also show significant differences, Murakami (1978) has

shown that during weak summer monsoon Tibetan anti-

cyclone at 200 mb is shifted southeastwards. The wind

field over India and neighbourhood at the relevant
‘levels ~ during - deficient/good monsoon needs to be
‘examined in detail, .

.-8. Central préssure anomaly .

. From the estimated central pressure at each location of
‘the LPS and the corresponding normal pressure, the
anomaly of central pressure is computed at each of the
locations. ‘The corresponding normal pressures were
.nterpolated from the appropriate analyzed normal
*3-day mean sea level pressure charts for the monsoon
season, The normal charts were prepared on the basis
-of data for the period 1931-60.

8.1. Main features of the central pressure anomaly

The mean and 8D of the central pressure anomaly at
the locations of the LPS are respectively —5,7 mb and
3.6 mb. Considering all the'locations of the LPS during
1888-1983, percentage frequencies are computed for 2 mb
class intervals, The percentage frequency distribution
-is negatively skewed, i.e., it has a much longer tail to
the left due to storms and severe storms, 77% of the
‘disteibution lies between 0 and —10 mb. Central pres-
sure ~anomaly of < —I2 mb is observed at 5%
-of the locations.
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Fig. 12. The -number -of LPS which dissipated in diﬁ;erent'
. ;t;sléa:. X 4° Long. blocks -in the period, 188%-

8.2. Central pressure anomaly over different portions
of the Indian region . = - R

The question that is examined here is, whether
central pressure anomaly over any portion of the region
is significantly different during years of . deficient/good
monsoon? v - . - A o

Composites of central pressure anomaly for years of
deficient/good monsoon rainfall over India in respect of
LPS located in each 2° Lat. % -2° Long. block with at
least 10 values of the pressure anomaly, were prepared
and examined for notable contrast. Blocks within the
area defined by 20°-22°N, 84°.92°E showed anomaly
smaller by about 2 mb in good monsoon years in
comparison to that in deficient monsoon years. These
blocks occupy the area covered by Head Bay and north
Orissa. On computation of the mean central pressure
anomaly of LPS over this area it is seen that the values
are —5.5 mb {#=156) for deficient monsoon years and
7.2 mb (n=149) for good monsoon years. Application
of the nonparametric median test (Conover 1971)
indicates that the median central pressure anomaly of
LPS in years of good monsoon is lower than that in
years of deficient monsoon at a level of significance of
above 0.5%,. This means that . LPS located
over this area are stronger in good monsoon yedrs
than those in deficient monsoon years. An examina-
tion of these LPS shows that on an average, the low
pressure systems in good monsoon years have a life
greater by 1 day and westward longitudinal displace-
ment greater by 2. 5° of longitude than the corresponding
values in deficient monsoon years. The rainfail
differences are thus due to differences in life and in the
westward longitudinal displacement per LPS located in
this area.
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9. Dissipation of LPS

Fig. 12 shows the number of LPS which dissipated
in the different 4° Lat. % 4° Long , blocks in the monsoon
season during the period 1888-1983. The maximum
dissipation occurs in the block 22°-26° N, 80°-84° E.

{ N . - = ) -
To locate any uniusual features in respect of dissipation
over any portion of the Indian region, composites of
d1351patmn frequency were prepared for each 4°Lat. x 4°
long. blacks for 15 deficient'and 15 good monsoon years,

%hese composites showed that the number of LPS which

dissipated from the block 22°-26° N, 88°-92° E . was
far more in years of deficient monsoon than that in the
years of good monsoon over India, Even on prepara-
tion of the composites of the number. of LPS which
dissipated over 2° Lat. x2° Long. blocks, the area of
notable difference in the number of LPS dissipated in
-deficient and good monsoon years ié found to be thesame,
viz., 22°:26°N, . 88°.92°E. The - number 25 of LPS
whlch dlSSlpated from this 4° x 4° biock in 15 defi-
clent monsoon years is much higher than that of 6,
in 15 good monsoon years. The number of LPS which
dissipated from the area is obtained for each year of

deficient/gocd monscon over. India. :Out of 17 years .

of deficient monsoon rainfall over India during 1888-
1983, the numbers of LPS which. dissipated -from this

block are, 0in 4 years, 1 in 3 years and 2 or more in 10 .

years (28 LPS in all). For 15 years of good monsoon
over Tndia during 1888-1983, the correspending numbers
of years are, 11,3 and 1 respectwely A notable difference
in d1s31pat1on is observed in the two categories of years,
Application of Mann-Whitney test shows that the dissipa-
tion from this area in years of deficient monsoon rainfall
is higher than that in years of good monsoon over India
at a level of significance which is above 0.5%. An
examination of the 28 LPS which dissipated from this
block in years of deficient monsoon reveals that with the
exception of 2 LPS, all the systems had a small west-
ward displacement. The movement was either westward,
or eastward or mixed. 17 of thesesystemshada small
life of 1 to 3 days. In contrast, the LPS which formed in or
were located in or passed through this block in
years of good monsoon rainfall over India showed that
average life per LPS was 6 days and average longitudi-
nal westward displacement per system was 12° which
are both much greater than the corresponding long-
period averages per LPS of 3.7 days and 6. 5° respectively.

10. Conclusions

The following conclusions can be drawn from this
- study of the westward-moving monsoon low pressure
systems during the period 1888-1983 :

10.1. Main features

) Formation — Frequency distribution of the number
of LPS formed during the monsoon seasonis Gaussian
with mean [3.0 and SD 2.2 and extremes 9 and 18.
About 63% of the LPS form over the longitudinal
beft 85°-90°E and 839 7 form east of 80°E. The
percentages of LPS which form over the Bay, the land
and the Arabian Sea are 64, 30 and 6 respectively.

(i) Lr e -— The number of LPS -days over the Indian
region during the monsdon season is Gaussian-distribu-

- ted with.mean 56.4 and SD 11.7 and extremes, 32

and 82, 70.6% of  the LPS have a life of < 5 days,
27.8%,alifeof 6to I0daysand 1.6%, a life & exceeding
10 days . The mean number of LPS days for 1970-83
is significantly higher than the overall mean, mainly due
to higher frequency of LPS with life of one week and
longer during this periéd as compared to normal,
Through their large contribution to the number of LPS
days, the Bay LPS exert a large influence on the meteoro-
logical conditions over India.

(i) Movement — Mean Westward Long:tudm'il Dis-
placement (WLD) per system varics from 2.5° in 1974
to 12.5% in 1976. Within-season variation of WLD from

one LPS to another is much larger. Within-season varia-

tion in year of high Indian monsoon rainfall is relatively
much hlgher than that in year of low Indxan monsoon
rainfall. L

The total westward Iong1tudma1 dtspIacement of the
LPS during the monsoon season has-mean 73.6° and
SD 21.1° of longitude and extremes of 25,2° (in 1974)
.and 137.2° (in 1959), . The distribution of the total
‘westward Iongitudmal dlsplacement is Gaussian,

() Central pressure anamaly — The central pressufe
anomaly of LPS has a nepatively skewed distribution

with mean —5.7 mb and 8D 3.6 mb_ The skewness is

due to storms and severe storms.
(v) Dissipation — Maximum dlssmatlon occurs over . .

the block - 22°.26°N, * 80°-84°E."'Dissipation over the

area. 22°26°N, 88°-92°F s’ significantly ‘larger in
years of deficient monsoon rainfall over jfIndia than that
in years of good monsoon ramffti[ over India.

10.2. Relarzanshrps to rainfall

A weak relanonshlp is observed between the number
of LPS formed and central India monsoon r_amfali :

The number of LPS days during the monsoon season is
significantly and directly related to Indian monsoon rain-
fall (about 5%) and to central India monsoon rainfall
{above 1%). Larger number of LPS days in good mon-
soon years is contributed by the higher frequency of
LPS with life exceeding 5 days in good monscon years
than that in.deficient monscon years.

The relationships ‘between the fotal westward longi-
tudinal displacement of LPS and monsoon rainfall
over India and central India are direct and highly sig-
nificant (above 137 level) and generally show good sta-
bility. These relationships explain about 272 and 147;
of 1r::unfall variance for central India and- India respec-
tively,
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