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ABSTRACT. Intraseasonal fluctuations of the Asiatic summer monsoon are investigated using Outgoing
Longwave Radiation (OLR) covering eight northern hemisphere summers (1 May to 30 September 1975-83,
except 1978). The intraseasonal variance is large in the equatorial Indian Ocean and the northwest Pacific. OLR
fluctuations in the equatorial Indian Ocean, over India and the northwest Pacific show spectral peaks on time
scales 30-60 day, 10-20 day and less than 10 days. This study also reveals intraseasonal variation associated
with the interannual variation. Over India below normal summer rainfall years are associated with 30-60 oscil-
lation, near normal summer rainfall years are associated with 30-60 day and 10-20 day oscillations and above
normal rainfall vears are associated with oscillations less than 10 days.

Empirical Orthogonal Function (EOF) analysis has been carried out for the whole Asiatic summer monsoon
domain. The first four EOF coefficients explain 15%, of the total variance. EOF analysis confirms existence of
oscillations at least on three time scales, viz., 30-60 day, 10-20 day and less than 10 days over the Asian summer

monsoon region.

1. Introduction

Many studies on intraseasonal variation of the
northern hemisphere summer revealed periodicities
around 5-day. 15-day and 45 days. Murakami (1980)
through empirical orthogonal function analysis of
Outgoing Longwave Radiation (OLR) during northern
hemisphere summers of 1974-77, showed a 20-30 day
perturbation. Through spectrum analysis of a near nor-
mal monsoon system Krishnamurti and Bhalme (1976)
noticed oscillations on the time scales of 15-day and
2-6 day. They attributed these oscillations to the active
and break phases of the Indian summer monsoon.

Cadet (1983) analyzed the surface observations over
the Indian Ocean on the intraseasonal time scale. His
results show a westward propagating mode with
20-40 day periodicity over the tropical Indian Ocean

along with the northward propagatin

eastern Indian Ocean. Murapkanp'lig{l%%) o:rfalg;':(li :}l::
deep convective clouds over the western Pacific and
southeast Asia during northern hemisphere summer on
intraseasonal time scale. He showed existence of major
intraseasonal variation with the 30-40 day periodicijt
Lorenc (1984) through EOF analysis of “the 200 mb
velocity potential field during FGGE vyear, noticed an
eastward propagating divergence wave with zonal
wave number | on 30-50 day time scale. His results also
show the planetary scale eastward propagating mode
and smaller scale divergence bands apparently
propagating northward over the monsoon region
Singh and  Kripalani (1986) through extended EOF
analysis noted northward propagation of circulation
anomalies on 40-day cycle. Sikka and Gadgil (1980)
nloteg gor&h“}ard Tlovement of the zonally oriented
cloud bands from the equatorial India

India on 30-day time gcale. " Oocttito: north
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components are the most efficient set of orthogonul
functions i that they represent a given fraction of the
variance of a meteorological field with the least number of
coeflicients. They are derived as the eigenvectors of the
covariance matrix betwezn the variables. so that their
form depends directly on the coherence of the departures
from normal over the area of analysis. The contribution
of any component to the total variance of the field is
given by the corresponding eigenvalue and provides a
convenient measure of its relative importance. In most
cases the similar time variation at neighbouring points
allows the major part of the variance of the field to be
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Fig. 1. Standard deviation of OLR for cight summiers (1 May to
30 Sep 1975-1983, except 1978). Interval is 10 Wm
with values greater than 30 Wm ™ shaded.

Yasunari (1979. 1980) through the spectral analysis of
satellite mosaic pictures during the northern hemisphere
summer noticed two dominant periodicities around 40-
day and 15-day. The fluctuations of 40-day period show
marked norihward movement of cloudiness from the
equatorial zone to the mid-latitudes (around 30 N) over
the whole Asiatic monsoon area, and southward move-
ment over Africa and central Pacific. Knutson ¢i al.
(1986) studied global-scale intraseasonal oscillations
during northern hemisphere summer using outgoing
longwave radiation and NMC analysis of 250 mb zonal
wind. They concluded that 30-60 day mode is the
dominant intraseasonal mode of oscillation. Murakami's
(1976) analysis of Indian summer monsoon revealed
oscillations around 5 days and 15 days. He attributed the
5-day oscillation to monsoon lows and 15-dayv oscillation
to active/break phases of the monsoon.

Recently Lau and Chan (1988) studied the intraseasonal
and interannual variations of the tropical convection
using OLR. They concluded that the intraseasonal
variation in tropical convection is dominated by vear
round 40-day oscillation which propagate castward
along the equator from the Indian Ocean to the central
Pacific. Averaged over the tropics. the 40-day mode
variance is about 15° of the total anomaly variance.

Above mentioned observational studies over northern
hemisphere summer noted oscillations on three time
scales, i.c.. 30-60 day, 10-20 day and less than 10-day.
Many obseivational and theoretical studies have
focussed on 30-60 day oscillation alone, as it being the
strongest mode of intraseasonal variation [Murakami
et al. (1983), Goswami and Shukla (1984), Chang (1977).
Wang (1988) etc . Most of the previous studies for
northern hemisphere summer are based on either small
domain or shorter time period. The purpose of this paper
is to investigate the temporal and spatial variation of OLR
over the Asiatic summer monsoon based on relatively
jonger period data through EOF analysis.

Empirical orthogonal functions or principal compo-
nents have so far been used extensively as an aid in
climatological investigations. They are of value. however.
for two main reasons in that the variance of a scalar field
can be represented by comparatively few independent
coeflicients and the associated patterns may. in some
cases, be given a physical interpretation.  Principal

represented by a relatively small number of orthogonal
components. with the remainder eéxpressing smaller-
scale variations and noise. This comparatively small
set of components then expresses the most important
mode of variation of ihe field with time and provides a
convenient basis for statistical forecasting and climatolo-
gical studies (Kidson 1975).  Data and computational
procedure are discussed in section 2, Section 3 is devoted,
to discussion of results. Final conclusions are made in
section 4.

2. Data and compuiaiional procedure

In this study I use dailv OLR. measured by scanning
radiometers aboard NOAA polar orbiting satellites.
covering summers (I May to 30 September) of 1975 to
1983. except 1978. OLR has been widely used as a
representative of convective activity. In the tropics,
where surface temperature contrasts are rclatively small
in most areas, low OLR values correspond to regions of
high cloudiness associated with deep convection.

Introducing over bar (—) to represent five month mean
and an asterisk ( )* to represent departure from it. the
variable OLR can be expressed as :

OLR — OLR - OLR* (1)

Thus OLR* represents the transient component of OLR.
OLR* can be separated into two components as
follows :

OLR* =a+b (1—1,)+ ¢t — 1y )2 -+ OLR’ (2)
where 1, correspond to 16'h of July (middle of the 5-
month period). The sum of the first three terms represents
the seasonal trend of OLR*, the coefficients a. b and ¢
are determined from a least square method. Accordingly,
OLR"is associated with intraseasonal transient variations.
OLR’ values are used for all computations in this paper.
Standard deviations of OLR’ reflect the activity of OLR
transient disturbances on intraseasonal time scale. The
spatio-temporal variation of these OLR’ fields are
studied through EOF analysis. In order to be able to
perform EOF analysis on the computer facilities avail-
able at University of Hawaii, the grid resolution of OLR’
was reduced to 10° Long. . 5" Lat. staggered grid. Then
OLR’ values are normalized before subjecting to EOF
analysis.

A briel outline of EOF analysis is given here. For
details the reader is referred to Grimmer (1963) and
Kutzbach (1967). Let f, be an M component vector
representing the n'h observation of M variables. Then
f, may be expressed as :

’nTl-‘.‘ (.-}[’,' N ].2.---"-1:\? ‘3)




INTRASEASONAL VARIATIONS OF SUMMER MONSOON 13

EQ.INDIAN OCERN
1375 L36 HUM3EN 1073 LCG HUMBERN 1977 LOG HUNBEN 1979 L (1 NUMBER
- - - -4 -3 -2 -1 -y 3 2 -1 i -3 -2 -1
. 580 — A lopep ——1 : 500 —\—-—AL 1 1 500 4
o
w
=
= 250 188¢ 250 250
=
i
E 8 7 (c] 0 I \'—'r"r 2
L . . e
co dm_ 20 e %3 ¢ U9 23 1@ 543 88 ud 28 18 Su: - By 4 20 18
CIRICD (DA PERIOD (ORY) PERIOOD (DAT) PEAIOD (DAT)
1582 LGG NUFSER 1981 LLOG NUMBER 1982 LOG NUMBER 1983 LOG NUMBER
-4 - -2 -1 -4 -3 -2 - -4 -3 - 1 u - -2 -1
. 500 4 . A L1223 L 1 . L1600 —L—— et L 500 .
b
=
[T
= 250 680 8@ 250 1
=
o .
~ 2 T T /\I/““\_,l'J,LI c T \\]_,\/nu '] I} T T T
B0 48 20 13 S 3 €0 w28 1B 54 3 88 40 7@ 18 5S4 3 ce  wo 51 18
PERICD (2P~} FERICS (DAT) _ . PERIG2(DAY) PERIND (DAY)

Fig. 2(a). Power spectra of OLR” for eight summers (1 May o 30 Sep 1975-1983, except 1978) for the Eq. Indian Ocean

wheie ¢; denotes an eigeavecior associated with the jth
eigenvalue, and C;, is the coefTicient of the ith eigenvector
for the nth observation. The eigenvectors and their
associated cigenvalues represent solutions of a maximiza-
tion of the explained variance problem. The fraction of
the total variance explained by the & largest eigenvalues
V), can be obtained from :

k M

l’,k = X A,/ 2 ‘Aj ‘4)

i=1 =1
where, A; represents the /' eigenvalue. Here the total
number of observations N is equal to 1224, and the total
number of variables M — 202,

For spectral analysis, the Maximum Entropy Method
(MEM) is applied to daily data (OLR’ in the case of
regional spectral analysis and C; to C; in the case of
EOF analysis) of each summer (1 May to 30 September)
of 1975 to 1983, except 1978. This method has an
advantage of giving high resolution, especially for short
time record (e.g., Ulrych and Bishop 1975). In the
present analysis, the length of the prediction eiror
coefficient ot 3) days is uszl

3, Results and discussion

Fig. 1 shows the standard deviation of thz seasonal
mean and seasonal trend removed daily outgoing
longwave radiation (OLR’). It clearly shows high
standard deviation values over the equatorial Indian
Ocean, Bay of Bengal and northwest Pacific. which
indicates that intraseasonal activity is strong over these
regions. Sikka and Gadgil (1980) noticed that maximum
cloud zone from the equatorial Indian Ocean move
northward and occupy the monsoon trough position on
intraseasonal time scale, The path of the northward
movement of these maximum cloud zones coincide with
location of high standard deviation values in Fig. 1.
This indicates that fluctuations in the activity of Indian
monsoon occur due to northward movement of cloud
clusters from the equatorial Indian Ocean. Another
region of high standard deviation values of OLR
occur in the northwest Pacific and south China Sea.

This may correspond to the norihward and southward
movement of the monsoon trough over this region during
northern hemisphere summer. The high values of stand-
ard deviation over the northwest Pacific may be due to
frequent passage of synoptic scale disturbances over
that region. Murakami (1984) noticed spzctral paaks on
the time scales of 3 to 4. 7 to 9 and 30 to 40 days in the
activity of cloudiness over this rezion.

Of particular interest is high standard deviation values
over the norihwest Pacifiz, Philippine Sea and south China
Sea region with a discontinuity over the Philippine islands.
The region of high standard deviation values over south
China Sea coincides with the region where both southward
propagating disturbanc2s from the Tibzian plateau and
northward propagating disturbanczs from the Indonesian
islands meet on 30-60 day time scale (Murakami 1984).
By and large, the region of high standard deviation values
(Fig. 1) coincide with the regions where 30-60 day and
10-20 day oscillations are strong. Two regions of high
standard deviation, one in the equatorial Indian Ocean
(5°S-10° N, 65°-95° E) and the other in the northwest
Pacific (107-25" N, 110°-140° E), are selected and are
subjected to spectral analysis. Though the standard
deviation is not high over the Indian region, a small
region covering Peninsular India and Bay of Bengal
(10°-22.5" N, 70°-95" E) is selected out of authors special
interest to Indian region and subjected to speciral
analysis.

The spectral analysis of the Indian Ocean region is
shown in Fig. 2(a). This figure shows spectral peaks
around 45 days almost every year and spectral peaks
between 10 & 20 days during 1975, 1979 and 1983 sum-
mers. The years of strong 45-day spectral peak
(1976, 1977, 1981 and 1982) do not show any spect-
ral peak around 15 days whereas years of weak
45-day spectral peak show second spectral peak around
I5 days. Madden and Julian (1971) using zonal wind
and surface pressure at Canton Island noticed spectral
peaks around 40-50 day period. They suggested that this
oscillation is a result of eastward propagating circula-
tion cell oriented in the equatorial zonal plane (Madden
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Fig. 2(c). Asin Fig. 2(a), except for the Indian region

and Julian 1972). The™45-day spectral peak observed is a
part of the global-scale eastward propagating circulation
cell noticed by Madden and Julian (1972). After Madden
and Julian (1971, 1972), the so called 40-50 day (later
on extended to 30-60 day) oscillation has been widely
studied. Of particular interest during 1976 and 1982 is
very large power (compare the scales of y-axis ) explained
by the 45-day mode and almost negligible power
explained by the 15-day mode. This clearly indicates that
45-day mode is the dominant mode in the equatorial
Indian Ocean. Lau and Chan (1985) suggested that the
40-50 day activity in the equatorial Indian Ocean may
have acted as a trigger to the 1982-83 £/ Nino / Southern
Osciilation (ENSO) event. Two ENSO events. one in
1976-77 and the other in 1982-83. occurred during this
study period. In this study. sharp spectral peaks around
40 days in the e?uatorial Indian Ocean during the pre-
ceding summer of ENSO (1976 and 1982) provide some
kind of evidence for Lau and Chan’s (1985) suggestion.

Fig. 2 (b) shows the spectrum analysis of the north-
west Pacific. This ligure shows at least two speciral peaks
centred around 45 and 15 days every year except 1979

Unlike the equatorial Indian Ocean (Fig. 2a) the power
explained by the 45-day mode is very small during 1976
and 1982 summers. On the other hand. the power
explained by the 15-day mode is large in the northwest
Pacific than in the equatorial Indian Ocean. This suggests
that for the onset phase of ENSO. shori period
fluctuations from the northwest Pacific and 45-day
fMuctuations from the equatorial Indian Ocean are

important. Further research is needed to support this
idea.

Fig. 2(c) shows the power spectrum analysis o OLR’
over Indian region. The discussion of this figure is
made with regard to activity of the Indian summer
monsoon rainfall averaged over the subdivisions fall
approximately under this region. Here the Indian
summer monsoon rainfall is divided into three categories,
viz., near normal, above normal and below normal. In
this study period, 1976, 1977 and 1981 fall under near
normal rainfall category, 1975, 1980 and 1983 full
under above normal rainfall categzory and 1979 and 1982
fall under below normal rainfall category.
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Fig. 3. First four (E, to £, ) eigenvector fields (multiplied by 100) obtained from daily OLR’ for eight summers (1 May to

30 Sep 1975-1983, except 1978). The percentage

of variance explained by ¢ach mode is shown at the top of the

diagram. Interval is 5 units with positive values shaded

During the near normal monsoon years (1976, 1977
and 1981), spectral peaks on time scales 45, 15 and 7 days
are apparent. 45-day and 15-day cycles may be associated
with the active and break phases of the Indian monsoon
activity. Krishnamurti and Bhalme (1976) noticed
quasi-biweekly cycle and 2-6 days fluctuations in near
normal active monsoon system. They attributed this
quasi-biweekly cycle to the active and break phases of the
monsoon system. Murakami (1976) observed two
major periodicities, viz., 15-day and 5-dayin the mon-
soon activity. He attributed the 15-day cycle to the active
and break phases of the Indian summer monsoon, and
5-day cycle to the monsoon lows or monsoon depressions.
During above normal monsoon activity vears (1975,
1980 and 1983), there is not much power in the 45-day
or 15-day cycle, instead there is some power in the high
frequency side, i.e.. less than 10 days. This indicates
that during very active monsoon years, therc are no
breaks in the monsoon activity and most of the rainfall
comes from the disturbances less than 10 days, ie.,
monsoon depressions. Monsoon depressions, the main
rain producing disturbances during the Indian summer
monsoon, are responsible for almost 70" of the Indian
summer monsoon rainfall. During below normal mon-
soon years (1979 and 1982). spectral peaks on time scales
of 45 and 15 days are apparent. This suggests that bad
monsoon activity or drought years are associated with
long lasting breaks in the monsoon activity over the
Indian region.

Fig. 2(c) suggests that, by and large, breaks in
the monsoon activity occur on two time scales, i.c.,
either centred around 435 days or 15 days. Some times
45-day signal may not be strong (ex. 1981). The short
period breaks (I5-day) are associated with normal

monsoon activity and long period breaks (45-day) are
associated with bad monsoon activity over Indian
region, There are no breaks in the monsoon activity
during flood years. It is important to bear in mind that
the long lasting breaks may not be continuously dry for
the entire period of 15-30 days within the 30-60 day cycle.
During this period there may be less intense active
spells occasionally. Though there is a strong 435-day
signal during 1977 summer. short period fluctuations
make 1977 summer near normal active instead of below
normal active. This suggests that phase locking of waves
on differeat time scales is responsible for the activity of
a monsoon system. Krishnamurti ef al. (1985) suggested
that the 30-50 day eastward propagating planetary-scale
divergence and sea level pressure waves, the 10-20 day
westward propagating pressure perturbation and meri-
dionally propagating 30-50 day trough lines, associated
divergences, all modulate the monsoon. Of particular
interest in Figs. 2 (b) and 2 (c) is as we go away from the
equator towards higher latitude, the power in the low
frequency (30-60) side decreases. This indicates that the
so called 30-60 day oscillation is confined more to
equatorial latitudes than higher latitudes.

In the above discussion. I have shown spectral analysis
for three small regions only. These three regions show the
existence of oscillations on at least three time scales.
However, Asiatic summer monsoon is a large.scale
phenomeaon. In order to see whether the source of
these oscillations s of local or global, EQF analysis is
performed.

The first four EOF components of the OLR anomalies
are presented in Fig. 3. These four cigenvectors account
for 5.0, 3.6. 3.4 and 3.0 of the total variance in order
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Fig. 5(b). As in Fig. 5(a), except for C,

The small variance explained by the first four eigenvectors
is due to the daily data used in the analysis. The first
eigenvactor clearly shows two centres of action without
of phase relationship. One centre is located over the
equatorial Indian Ocean around 90° E and the other is
located over the northwest Pacific around 140° E-
This fenture is similar to the east-west dipole pattern
noticed by Lau and Chan (1985). They suggested that
this east-west dipole pattern near equator propagates
from the Indian Ocean towards the western and central
Pacific. This feature indicates that when the equatorial
Indian Ocean is at its dry phase, the northwest Pacific is
at its wet phase and vice versa. The second component has
a strong centre of action over S. China Sea-Philippine
Sea with an opposite, less intense centre over equatorial
western Pacific.

The component three shows major activity along
the Asian summer monsoon trough, i.z., the major
activity region extends from India, Indochina to mari-
time continent. This pattern very well agrees with
long term mean cloud pattern for the month of June
(Atkinson and Sadler 1970). From this pattern and
time coefficients, it is clear that the OLR anomalies
are always below normal in the month of June. This
indicates that this pattern is typical of the onset phase
of the Asiatic summer monsoon. The shaded region
in this figure agrees very well with the high percentage

of variance explained by 30-50 day mode of low level
(850 mb) wind field (Krishnamurti and Gadgil 1985,
Fig. 4b). The fourth component shows pattern having
much smaller scale leatures. The discussion of this
component is omitted because of the small-scale fea-
tures.

Fig. 4 shows the time coeflicients (C; to C,) of
the first four eigenvectors. Through eye ball movement
one can see periodicity in the range of 30-60 day
during 1976, 1979, 1980, 1981 and 1982 of C,. As
we go to higher mode time coefficients, though some
kind of periodicity is seen during 1976 and 1979, it is
very difficult to make out the time scale. In order to
be able to make out the periodicity clearly, spectral
analysis is performed for every summer and for each
time coefficient separately. The power spectra of each
time coefficient are shown in Figs. 5(a)-(d).

It is clear from Fig. 5(a) that the spectral power in
the 30-60 day time scale is large and is greater than
I5-day cycle. The spectral power in the high frequency
side is almost negligible. This means first eigen mode
selects large scale features which oscillate on longer
time scale. This points out the advantage in per-
forming EOF analysis to notice the oscillations as-
sociated with large-scale features.
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Over all from Fig. 5(a) it can be concluded that the
first eigen mode shows strong power around 30-60
day during 1976, 1979, 1981 and 1982 and weak power
during 1975, 1977 and 1983. 1980 shows weak power
over a broad band ranging from 20 to 60 days. Out of
8 years studied, at least 6 years show periodicity around
30-60 days. Since first eigen mode explains the maxi-
mum variance, it can be concluded that 30-60 cay
oscillation is the strongest mode of oscillation on the
intraseasonal time scale over the Asiatic summer
monsoon. This is in agreement with the previous re-
sults.

The spectra of C, are shown in Fig. 5(b). The spec-
trum of 1976 shows a clear 30-day cycle. The spectrum
of 1979 shows peaks around 40-day and 20-day, while
the spectrum of 1977 shows a peak at 15 days. The
spectrum of 1980 shows a broad peak around 30 days.
Over all, the second eigen mode shows periodicities on
different time scales in different years. Some years
show periodicities on two time scales ranging from 15
to 50 days.

The spectra of the time coefficients of C; are shown
in Fig. 5(c). It is clear from this figure that every year
except 1983 show periodicity in the range of~ 30-60
days, with 1976, 1977, 1979, 1981 and 1982 having
sharp spectral peaks. Over all, every year, except
1983 show power in the period range of 30-60 days.
This means third eigen mode is dominated by 30-60
day time scale. Recalling the pattern of third eigen-
vector, it is clear that the maximum activity in this
mode is along the Asiatic summer monsoon trough
region. From the spectrum of C; and E; pattern it is
clear that the 30-60 day mode occurs  almost every
summer over the Asiatic summer monsocn. This
result is in agreement with Krishnamurti and Gadgil’s
(1985) result who showed that 30-60 day variance of
850 mb U-component is large along the Asian summer
monsoon trough. Satellite infrared radiance data
analyzed by Smith and Sikka (1987) also showed that
on 30-60 scale the fluctuation of monsoon rzinfall over
India and radiances are coherent.

From the time coefficient of the fourth eigen mode
(Fig. 4) it is clear that shorter time scale fluctuations
are dominant in this mode. The power specira of C,
is shown in Fig. 5(d). This figure shows spectral peaks
around 10 and 20 days every year. Only 1979 shows
spectral peak around 40 days. One important thing
to be noticed from Figs, 5(a)-3(d) is, as we go to the
higher mode, both spatial and temporal scale of the
oscillation dzcreases.

4. Concluding remarks

This study presents the intraseasonal variations of
the Asiatic summer monsoon based on relatively longer
period of OLR data. The intrascasonal variations
occur on 30-60 day, 10-20 day and less than 10-day
time scales over the Asiatic summer monsoon. This
study also shows the interannual variation in the so
called 30-60 day oscillation. The 30-60 day oscil-
lation is strong in the Indian \Ocean during the pre-
ceding summers of ENSO events. There is a sug-

gestion of possible link between 30-60 diy mode
and ENSO.

The active and break phases of the Indian monsoon
occur on two time scales, viz., 10-20 day and 30-60
day. When the 10-20 day oscillation together with
short period oscillation exists, the over all summer
monsoon activity is near normal and when the 30-60
day oscillation together with 10-20 day oscillation
exists, the over all summer monsoon activity is below
normal. Some times the 30-60 day oscillation to-
gether with short period disturbances may make the
monsoon aciivity near normal. This study calls for
lurther rescarch on phase locking of different waves
on both intraseasonal and interannual time scales.
The limitations of this study are (/) the variance ex-
plained by the first four eigenvectors is only 159 and
(ii) the Indian summer monsoon activity estimate is
very crude and comparison of this estimate with spectral
analysis should be taken in a large scale sense.
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