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Southwest monsoon rainfall in India: Part I-Spatial variability
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'ABSTRACT. Results of Principal Component Analysis (PCA) in spatial mode (S- Mode) applied on a 10 years'
(1977-86) data set of weekly rainfall anomalies are presented in this study. The rainfall activity has been below average in the
period under study with high standard deviations mostly over low rainfall areas. Inter- subdivisional correlation values suggest
predominance of broad- scale weather systems over most parts of the country. The first principal component (P€) has
resemblance with the mean pattern. The second PC has been associated with active monsoon condition. The third and fourth
PCs have been related to the northward progression of the Madden-Julian oscillation and the weak monsoon condition

respectively.

Resemblance of spatial patterns of alternative PCs with typical strong and weak monsoon activities suggest significant
contributions from certain parts of the country (northeast, southeast) towards overall rainfall activity during weak monsoon

situation.

Key words - Spatial variability of southwest monsoon rainfall, Principal component analysis, Broad-scale systems of

southwest monsoon.

1. Introduction

During the last two decades, eigen-techniques like Em-
pirical Orthogonal Functions (EOF), Principal Component
Analysis (PCA) and Factor Analysis (FA) have been widely
used in meteorology with a view to detecting elementary
features of physical phenomena embedded in huge sets of
meteorological data over various regions of the globe. The
PCA has been found to be more useful and elegant by many
workers than other eigen techniques, as a result majority of
multivariate analysis requiring use of eigen techniques has
employed this type of analysis. In view of the significance
of precipitation in a climatological/meteorological context,
majority of studies involving application of the PCA have
utilised rainfall data to study the spatio-temporal variability

of the precipitation regime over various regions of the globe
(e.g., Drosdowsky 1993, Sumner er al. 1993, etc.).

The large scale features of the rainfall variability over
the Indian region have been studied previously by several
workers. They employed EOF’s to bring out the features of
variability in annual, seasonal and monthly rainfall data.
Studies have been made by various authors, viz., Rakhecha
and Mandal (1981) on monthly total rainfall of stations, 60
years, Bedi and Bindra (1980) on monthly total of stations,
60 years, Hastenrath and Rosen (1983) on annual total of
subdivisions, 80 years, Rasmusson and Carpenter (1983) on
seasonal total of subdivisions, 105 years, Shukla (1987) on
annual total of subdivisions, 80 years, Prasad and Singh
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TABLE 1
Distribution of number of weeks in each year after the estab-
lishment of the SW monsoon over the entire country

Total
number of

weeks
22-28 Sept 13
21-27 Sept 13
13-19 Sept 10
11-17 Sept 12
10-16 Sept 12

2-8 Sept 7

8-14 Sept 11
13-19 Sept 1

Year First week Last week

1977 30 June-6 July
1978 29 June-5 July
1979 12 July-18 July
1980 26 June-2 July
1981 25 June-1 July
1982 22 July-28 July
1983 30 June-6 July
1984 5 July-11 July
1985 11 July-17 July 5-11 Sept
1986 26 June-2 July 11-17 Sept
Total number during 1977-86 = 110 Weeks

(1988) on monthly total of sub-divisions, 83 years, Gregory
(1989) on annual total of stations, 115 years, Iyengar (1991)
on monthly total of stations in Karnataka, 80 years, etc., have
studied the spatial variability of Indian rainfall data pertain-
ing to various temporal and spatial dimensions, by employ-
ing EOFs. The applications of EOFs in medium range scale
has been made only by Kripalani et al. (1991) who used
pentad rainfall data of 53 blocks of 2.5° x 2.5 latitude-lon-
gitude grids corresponding to 80 years of total southwest
(SW) monsoon seasonal rainfall while Gadgil and Iyengar
(1980) have used 50 years’ mean pented rainfall data (total
73) pertaining to 53 stations in peninsular India. The PCA,
which is slightly different from EOF, has not been applied
on Indian rainfall data, though the difference between EOF
and PCA is small and the structure of variability expected
to be similar. Such analyses on weekly scale have also not
been undertaken, so far. Considering the fact that the rainfall
account is maintained on weekly intervals on routine opera-
tional basis in medium range scale, a PCA, as undertaken in
this work on weekly rainfall data woeuld be important.

In the present study S-mode PCA has been applied on
weekly rainfall anomaly data corresponding to various me-
teorological sub-divisions during the SW monsoon period
for the years 1977 to 1986, to bring out broad-scale features
of spatial variability of rainfall during the monsoon period.
In a subsequent study the PCA has been used in the temporal
mode (T-mode) to explore association of rainfall distribu-
tion with the broad-scale synoptic systems of southwest
(SW) monsoon. This study enables us to discern the spatial
variability of precipitation climate in the medium range and
its possible association with the broad- scale synoptic fea-
tures during SW monsoon over India. Such concepts could
be useful for designing statistical forecast maodels in the
medium range for the monsoon rainfall.

The short rainfall series of 10 years used to study spatial
variability of SW monsoon could be considered as a limita-
tion of the work and the results of analysis have a bias
towards deficient monsoon conditions. Nevertheless, the
study brings out some broad-scale features which would
contribute towards better understanding of the highly com-
plex monsoon system over India.

2. Principal component model

Principal Component (PC) analysis is multivariate sta-
tistical technique that linearly transforms a collinear data
array into a set of orthogonal areas or components. In
addition to this orthogonality property, the components are
ordered such that the first component explains the greatest
proportion of the variance in the data and the second ac-
counts for as much of the residual variance as possible while
remaining orthogonal to the first. The remaining compo-
nents explain less variance than preceding components.
Thus a sizeable portion of the variance in the data can be
explained by a relatively small number of PCs. It provides
a powerful method of investigation of spatial and/or tempo-
ral behaviour of the meteorological variables. A number of
text books and papers present the theory of PCA (Mather
1976, Richman 1986, etc.). Nevertheless, a short outline of
the important features of PCA is provided in this paper.

If the data matrix is defined as :
Z={Zi:i=1 =1, s (1)
where ‘i and ‘j° represent individuals or cases and
variables, respectively, the ‘p’ PCs of Z are the columns of
an (n X p) matrix F containing PC scores which are related
to Z by:
F=ZA (2)

The matrix A contains unit length eigenvectors and
provides PC loadings. The columns of F are obtained by
linear combination of the original variables with the condi-
tions of mutual orthogonality and maximum variance.

The correlation matrix R which is a symmetric matrix
is defined by:
R=2"Z 3)
(where superscript T represents the transpose of the
matrix)

The basic eigenstructure of the correlation matrix can
be represented as A D AT, where D is the diagonal matrix
of eigenvalues of R arranged in descending order of magni-
tude (d1> d2>

The variance of F can be found from :

FF=ATZ2"zA
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=ATADADHA 4
=IDI=D

(Since A is orthonormal, A AT = AT A =T identity
matrix)

which shows that variances of column vectors of F are
numerically equal to the elements of'matrix D of eigenvalues
of R, the sum of variances is thus trace (D) or trace (R) and
proportion of the total variance due to each PC is {d; / trace

(D) x 100} per cent.

The matrices A and F are rescaled according to:
L =AD" (5)
F =FD2 (6)

so that, elements of matrix L provide corrclation be-
tween PCs and the original variables and matrix F contains
standardised PC scores having zero means and unit vari-
ances. Such rescaling allows for easier interpretation of
spatial and temporal coefficients and provides a slightly
more elegant mathematical model compared to EOF.

The eigentechniques are commonly referred to as EOF
or PCA sometimes in a confusing manner. The EOFs are the
unit length eigenvectors and corresponding eigenvalues ob-
tained by the decomposition of a dispersion matrix R as
RA=AD, where A is the orthogonal matrix of eigenvectors
and D is the diagonal matrix of eigenvalues. The corre-
sponding time series F is given by fundamental EOF equa-
tion Z=FAT. where Z is the standardised input data matrix
and F is called empirical orthogonal functions of time due
to their temporal orthogonality.

A PCA can be specified in atleast six basic operational
modes, depending on which parameters are chosen as vari-
ables, individuals and fixed entries, like, S-mode, T-mode,
R-mode, etc. (Richman 1986). In the S-mode, stations are
selected as variables, time as individuals and parameters as
fixed entries, whereas, in T-mode, times are selected as
variables, stations as individuals and parameters as fixed
entries and in R-mode, parameters are taken as variables,
stations as individuals and times as fixed entries. In the
present S-mode PCA, the meteorological subdivisions have
been selected as variables and the weekly rainfall departures
as individuals.

3. Data utilised

Weekly rainfall departures from normal (WRDN) for
all the 35 meteorological sub-divisions from 1977 to 1986
during the southwest monsoon period, have been utilised for
the study. These data have been collected from the Weekly
Weather Reports published by the India Meteorological

Department. The WRDN series for each subdivision have
been generated considering only the period during which the
entire country was under the grip of the monsoon. The first
WRDN value in any year corresponds to the week after the
establishment of SW monsoon over the entire country (the
week when onset of SW monsoon has taken place over West
Rajasthan) and the last WRDN value in the same year
corresponds to the week of the first withdrawal from any
part of the country (mostly from West Rajasthan). The total
number of such weeks occurring during the ten years under
study has been shown in Table 1.

In this way 110 WRDN data have been selected for
each subdivision to form a 1 I0(WRDN) x 35 (meteorologi-
cal subdivision) data matrix on which S-mode PCA has been
applied.

4. Result and discussion

The means and standard deviations of WRDN for all
the 35 subdivisions have been shown in Figs. 1(a & b). In
Fig. 1(a) regions having positive values of mean WRDN
have been shaded. It can be seen that during the 10-year
period under study the rainfall has been less than normal in
most parts of the country. Positive values of mean WRDN
have been distributed over the northern, north-eastern and
south-eastern parts of India. Such distributions have always
been associated with the weak monsoon activity over the
Indian region. The standard deviations during the 10-year
period have been maximum in the north western and south-
eastern parts of the country (Fig. 1b). These regions get low
rainfall during the monsoon period.

The correlation matrix reveals some high values of
correlation between adjoining sub-divisions. Inter-subdivi-
sional correlation coefficient values of more than 0.5 have
been indicated with arrows in Fig. 2. Earlier studies by De
and Joshi (1993) have shown similar pattern though the
authors have used a simpler statistical approach. Large
negative correlation coefficients (< -0.5) have not been
noticed in the correlation matrix. High correlation coeffi-
cients have been found mostly in the adjoining sub-divisions
over peninsula, northwestern India and over the groups of
sub-division lying close to the normal position of the mon-
soon trough. Such distribution could be because of simulta-
neous occurrence of precipitation in association with large
scale synoptic systems, like, monsoon trough, mid-tropo-
spheric cyclones, off-shore troughs and easterly systems.
Such high correlations have been absent in the sub-divisions
of northeast India, Jammu & Kashmir and Punjab, perhaps,
because rainfall in these sub- divisions are controlled by
orography, mid-latitude systems and preponderance of com-
paratively small scale weather systems,
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Figs. 1(a&b). (a) Average values of WRDN. Areas with positive values
of WRDN are shaded and mean values are shown in paren-
thesis and (b) standard deviation of WRDN
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Fig.2. Values of correlation coefficients more than 0.5 indicated by

armows

TABLE 2
Eigenvalues and cumulative proportion of total variance
accounted by 15 PCs

PC Eigen Cumulative% of

value total variance

6.25 17.9
5.09 324
3.54 425
2.15 48.7
1.72 53.6
1.66 58.3
1.36 62.2
1.29 65.9
1.08 69.0
1.00 71.8
0.96 746
0.84 77.0
0.76 79.1
0.74 81.3
0.69 83.2

LT - - R L

Eigenvalues and cumulative proportion of total vari-
ance accounted by first 15 PCs have been tabulated in
Table 2.

Cumulative variance explained (VE) by the first fifteen
PCs have been about 83% of the WRDN data for the ten-year

period under study. The first five PCs (cumulative VE about
54%) have been selected for detailed study. The loadings of
these PCs represent correlations between the PCs and rain-
fall activities in each meteorological sub-division. These
have been plotted in Figs. 3(a -e).

The PC I (VE about 18%) has positive loadings over
the northern, northeastern and southeastern parts of the
country. High negative loading have occurred over the
western parts of peninsular India (Fig. 3a). This pattern
shows that there exists an out-of-phase variation in rainfall
activities between these regions. As the overall activity
during the period under study has been less than normal, the
PC I has brought out a typical distribution reflecting below
average performance of monsoon and, as such, the distribu-
tion of PC I has resemblance with the mean pattern (Fig. 1a).

The VE by the PC II (14%) and PC I are comparable
which indicate that the second component has also been
equally dominant. The PC II has positive loadings over the
central, northern, northwestern parts of the country and over
the northern parts of west coast (Fig. 3b). Active monsoon
with the trough in a relatively southern location, Mid-Tro-
pospheric Cyclones (MTC) and low level trough off the west
coast could be the broad-scale features responsible for such
pattern. In addition, cyclonic systems originating from the
Bay of Bengal could have had westerly or west-northwest-
erly courses. The pattern corresponds to the active monsoon
rainfall distribution. Negative loadings to the east of the
Western Ghats and over the northeastern parts of the country
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Figs. 3 (a-e). Values of PC. [ [1, 1L IV & V loadings

are well known features normally associated with the active
monsoon conditions.

The PC 11I (VE about 10%) has positive loadings over
the northern and the southern parts and negative values over
the central parts (Fig. 3¢). Such north-south patterns could
be due to northward advancements of broad-scale cloud
patterns termed as the Maximum Cloud Zone (MCZ) during
the monsoon as described by Sikka and Gadgil (1980).
arising due to the Madden-Julian oscillation. the effect of
which have been brought out in a number of studies in the
Indian region during the monsoon period (e.g.. Ramasastry
etal., 1986, De et al. 1988. etc).

The VE by PC IV has been 6% which has positive
loadings over the northern. northwestern, northeastern and
southeastern parts of peninsula (Fig. 3d). Such distribution
could be due to the movement of westerly systems in the
north and easterly system in the south. the pattern has some
sort of resemblances with weak monsoon condition. The PC
V (VE about 5%) 1s having positive loadings over the
northern, northeastern and western parts (Fig. 3e). Such
distribution is difficult 1o interpret. However. sunilar pat-

terns are sometimes encountered when cyclonic systems
take a rather northerly course. It may be pointed out that the
sampling errors become large enough to result in mixing of
higher eigen components. making interpretation of higher
modes of variation very difficult (North er al. 1982).

The spatial patterns obtained in the earlier studies of the
southwest monsoon pentad rainfall using EOFs by Kripalani
etal. (1991) can only be compared with the present study.
Such comparison shows some similarities with those in the
present study. even though the data sets are different. The
major differences in the patterns have been as follows:

(1) The VE by PC I 18% ) has been slightly smaller than
the VE by first EOF (20%) in the above study.

(it) The pattern of distribution of PC I and EOF 1 are
almost opposite. This could be attributed to the below aver-
age performance of monsoon during the period of study and
probably because of the utilisation of shorter rainfall series
in the present study. The signatures of below average per-
formance of monsoon have been absent in the spatial vari-
ability in the above mentioned study.
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(éif) The PC II of this study resembles EOF I of the
above study. The variance explained by PC II (14%) is
higher than the variance explained by EOF II(10%) in the
above study.

{iv) The PC IV of this study resembles EOF III.

(v) North-south pattern of loading appears in EOF II,
whereas, the same is seen in PC III

The above comparison shows out of phase spatial pat-
terns between the two analysis, which could be attributed to
the difference in the data sets and length of the rainfall series
used in these two studies. In both the studies alternate
occurrence of patterns corresponding to strong and weak
monsoon conditions have been quite evident, suggesting
that even the weak monsoon conditions make significant
contribution towards overall rainfall variance during the
monsoon by increased rainfall activities in some parts of the
country (e.g., northeastern and southeastern parts). Such
alternate patterns have also been noticed in the EOFs of
other studies employing various longer scale (monthly, sea-
sonal, yearly) rainfall data (e.g., Bedi & Bindra 1980).

The ten years period under study consisted on one
excess, 3 deficient/drought and 6 normal monsoon years and
as such, has a bias towards below normal performance of
the monsoon. Therefore, the inference drawn based on the
small sample of data may not be true representative of actual
spatial variability of monsoon rainfall. However, the simi-
larities in dominant patterns of PCs between the present
study and other earlier studies employing longer periods of
data suggest the presence of remarkable stability and con-
sistency of southwest monsoon rainfall patterns.

5. Conclusion

(i) A special data set of WRDN has been prepared
considering rainfall activity pertaining exclusively to the
period when monsoon was fully established over the entire
country in each of the years during 1977-86 to study spatial
variability over India during the SW monsoon. S-mode PCA
has been applied to bring out the structure of rainfall vari-
ability. Possible association of the distribution of such a
spatial pattern with broad-scale synoptic weather patterns
has been suggested.

(i) The mean pattern of WRDN has shown that the
overall rainfall activity during the peak monsoon time has
been below average. The standard deviation has been high
over the regions having low rainfall. Most of the adjoining
meteorological sub-divisions, except the northeastern sub-
divisions Jammu & Kashmir and Punjab have been found
to have a correlation coefficient of more than 0.5 which
could be attributed to the effects of broad scale systems in

controlling rainfall activity in these regions and absence of
such systems in the north-eastern parts and perhaps, the
effect of mid-latitude systems in the northern parts of the
country.

(#£i) The distribution of loading of the PC 1 has resem-
blance with the mean pattern and which in turn corresponds
to below average performance of monsoon. The PC II has
been associated with the active monsoon condition with
active trough system, MTC, off-shore vortices and trough
and westerly or west-northwesterly tracks of cyclonic sys-
tems originating from the Bay of Bengal.

. (iv) Spatial patterns of PC III have been suggested to be
due to the northward progression of Madden-Julian oscilla-
tion and the spatial variability associated with PC IV has
resemblance with the weak monsoon condition. The com-
parison of the spatial patterns of PCs with the patterns of
EOFs in a similar study by Kripalani ef al. (1991) reveals
out of phase spatial distribution between the two, perhaps,
due to the difference in the length of rainfall series. But, the
occurrence of alternate patterns corresponding to strong and
weak monsoons in both the studies and in other studies
shows the importance of increased rainfall in some parts of
the country (northeast, southeast, etc.) during the weak
phase making significant contribution towards overall rain-
fall activity,
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