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ABSTRACT

The primary objective of the prasent study is 1o elucidate the physical mechanism through
which the planetary scale circ(:lnlion associated with El Nino-Southern Oscillation ENSO),
sffects the interannuat variability (IAV) of the Indian monsoon. The other major objective is to
identify the role of regional scale circutations on the 1AV of the Indian monsoon. To sludy the
individual and collective roles of the planetary and regional scale tirculations in modulating the
IAV of the Indian monsoon, we use the monthly zonal and meridional winds at six levels trom
the ECMWF analysis and SST data for the period 1980-1991. The domain of analysis covers
the tropical Indian and Pacific oceans. The Bnalysis is carmed out with a hypothesis in mind
As in the intraseasonal oscillations {Goswami, 1994} it is Proposed that the IAY of monsoon
precipitation over land is governed by a compelition and interaction between an oceanic heat
Source, observed over the aquatornial Indian ocean and a continental heat source, observed over
the Indian continent during the monsoon season. An intial examination of the ECMWF analysis
tevealed an unphysical trend that was femoved using an objective technique. To decipher the
3-D structure of the combined variability we have used the multvariate empirical orthogona!
function (MEOF) analysis. This technique combined with the removal of the unphysical trend in
the data has shown that the physical modes associated with the planetary and regional scale
circulations are separable and paved the way to bring out clearly the physical mechanism

through which ENSO aftects the monsoon.

The first three modes (MEOFs 1-3), reprasenting the planetary scake component, together
explain 52% of the domain averaged variance and are associated with the ENSO forcing.
The spectra of all the three common coefficient time series (PCs) are dominated by a quasi-
four year oscillation (LF). The modes (MEOFs 4-6) totally explaining 15.5% of the domain
sveraged variance are associated with regional scale circulations. All the spectra of PCs(4-6)
are dominated by a quasi-blennial osciliation (QBO). The vertical structure of the planetary
scale modes s baroclinic but that of the regional scale modes is quasi-barotropic. It has
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scale modes favour and modulate the continental heat source. M is shown that the eftect
of ENSO is largely oon}med 1o tha oceanic heat source. This s primarily because, during
ENSO events, the shift of the Watker circulation results in more net moisture convergance
over the equatorial belt, enhancing the oceanic precipiiation and suppressing the continental
precipitation Thus ENSO influsnces monsoon inditectty by favouning the oceanic heat source
which in turn influences the continentat one through induced subswlence.
Ahough the regional scale modes explain only 15.5% of the domain averaged vanance,
#t is shown thal their contribution is infact fargetr than the planetary scale modes over the
Indian continent and & comparable over the equatorial indian ccean in many years. Another
imporiant result is that the anomalies associaled with the regionat scale modes peak dunng
borea! summer. These results indicate that the tegional modes are fesponses of the monsoon
heat source Whethar the monsoon will be ‘good” or ‘bad’ in a particular year depends crucially

on the phases o the LF and QBO modes. This Em’a"ls Why in some yea the Indian monsoon

be 'good’ (as was the case in 1994) while there may be an El Nino in Pacific.
rmay be

1. Introduction

In the lest few years & number of studies have made serigys altempts to simusate the

interannual varabilty (IAV) of indwan summer monsoon (e.g. Palmer et al, 1992, Zwiers,
1993, Sperber et ol., 1994, Chen &nd Yen, 1994, WMO, 1993, 1994} and to hindcast seasonal

mean monsoon rainfall (Brankovic et al, 1994, Shukla and Fennessy, 1884) using different

atmosphenc general crrculation models (AGCMs). The status and prospects of the seasonal
forecasting has recently been reviewed by Palmer and Anderson (1994).
nterest in the prediction of the Seasonal mpnsoon and its interannyal variation is panlly based on
the premise (Chamey and Shukla, 1981, Shukla, 1981) that the low frequency tropical variabily
is mainly forced by slowly varying boundary conditions such as sea surlace terperature (S5T),
Snow cover etc. Many AGCM studies forced with observed 35T as boundary conditions have
astablished that the IAV in most of the tropics is pnmarnty governed by the obsarved S5, This
result coupled with the fact that some coupled GCMs (CGCMs) are now capable of precicung
the SST 6-12 rmonths advance (see Latdf et al,

1994 for a review) has further enhanced the

optimism for long range dynamical prediction of the seasonal means in the tropics.

In particuiar regard to the Indian monsoon, wo important ohservations may be made rom

these studies on simulation of 1AV and predictability. Firstly, most modets can simulate the

1AV of some planetary scale component or circulation assocated with the monsoon such as
the divergent circulation (as given by the velocity potential) or the monsoon shear index (as

defined by Webster and Yang (1992)). Howaever, the simulation of the AV of the monsoon

rainfall ditfers widely from one model to ancther (Sperber and Palmer, 1994) indicating the great

sensitivity of this part of regional circulation on resolutions and physical paramelerizations of
the models, The second observation is that while the prediction of ssasonal mean rainfall
over other parts in the tropics (e.g. Saha! or equatoriat Pacific) do not seem to be sensitive to
small changes in the initial conditions, the simulation of seasonal mean Indian monsoon rainfalf

seems {o be quite sensitive to smal! changes in the initial conditions {Paimer and Anderson,
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1994). This mey indicate that the seasonal mean monsoon circuletion in the tropics may be
unique and that it is not entirely forced by slowty varying boundary condttions (SST) but is also
partly govemed by internal dynamics. Some other modals, on the other hand, do not observe
such sensitivity of the simulation ol the seasonal mean monsoon on intial conditions (Shukla
and Fennessy, 1994). Thus, the sansitivity of the seasonal mean monsoon raintall may be
related to individual AGCM's monsoon precipitation climatology. Uniortunately, most AGCMs
currently do not simulate the monsoon precipitation climatology realisticalty. Therefore, turther
careful experimentation will be required to establish clearly the dependence of the simulation

of seasonal mean monsoon on initial conddions,

The main interannua! signal in the SST (boundary condttion fos the atmosphere) is the
Pacific SST vanattons associated with the Ei Nino and Southern Oscillaton {ENSO). That there
is a relaton between ENSO related $ST changes in the Pacific and Indian monsoon rainfall has
been known since early twenties (Walker, 1924). However, the coniemporaneous relanonship
between Pacfic SST snd Indian summer monsoon has been mther weak {Rasmusson and
Carpenter, 1983, Shukla and Paoling, 1983, Yasunari, 1990;. An examination of the simulta-
neous relationship between Pacific SST and Indian Surmmer monscon over the kst century
reveals that (Mooley and Shukla, 1987) while a large number of droughts in India tend to occus
with ENSO in Pacific, there are several droughts thal pccurred without an ENSO in Pacriic
Moreover there ate many years where there were above normal raintall (eg. 1984, 110% of
normal rainfall in India) while there was an ENSO evobving in Pacific. These observations lead
us to believe that while the ENSO SST has a modulating effect on the monsoon rainfall, & is
not the dominating one. h appears that there are competing factors (may be due to intermnal

dynamics and of regional character) that may have compatable influence.

Why the ENSO SST does not have a dominating infiuence on the monspon raintall is
likely 1o be related to the physical mechanism through which ENSO SST influence Indian
monsoon rainfall. Unfortunately, this is still a controversial subject. Although several studies
(eg. Webster and Yang, 1982, Nigam, 1994) have attempted to clariy the physical connection
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between the two, & is far iom clear at this point. While mos! variations of precipiation in
the equatorial region is related to an east-west movement of the precipitating zones §TCZ)
which is associated with the east-west movement of the Walkes circulation, the Indian summer
monsoon is associgted with &' gigantic nonh south movemant of the ITCZ. The special shape
of the continent and the position of the Himalayas produce a favourable location for the ITCZ
over the land during northern summer. However, the walers 10 the south-south east are still
warm (3 28°C) with a maximum close to the equator and hence also favours an oceanic
ITCZ (Goswami el al, 1984). As an outcome, # is a competition between the two ITCZs that
determine the precipitation over the continent. This competition results in the intraseasonal
oscillations (1I50) of the monsoon and manifest in the northward propagation of the ITCZ {Sikka

and Gadgil, 1980, Gadgil, 1988, Goswami, 1994}. As & result of this compelttion during the

whole monsoon season {June-Septembar), the ITCZ resides over the continent for a longer

period than over the ocean resulting in the precipitation maximum over the land. However, the
signature of the oceanic iTCZ can be seen even in the climatological June-July-August (JJA)
mean precipiation with some precipitation still over the equatorial Indian Ccean. Because of this
special feature the Indian monsoon is unique &s compared to the other tropical circulations.
Therefore, the interaction between ENSO and monsoon must necessarily take this special
feature of monsoon into account. In the language of dynamical systems, the two favorable
positions of the ITCZ may be considered as two ‘attractors’ of the system (Palmer, 1994). The
system tends to reside in one attractor for some time before a perturbation pushes it out to the
other attractor where it tends 1o reside for some time leading to the intraseasonal oscillations

This process is govemed by internal dynamics and may have limited predictability. The JAV of
the seasonal mean monsoon is governed not by detailed evolution of the individuat 1SO but
by the statistics of them (eg. frequency of occurrence, mean amplitude etc). The statistics
of the ISO may be modulated by the large scale anvironment created by the slowly varying
boundary conditions such as that associated with ENSO. It is believed that I is through such a

modulation of the 150, the ENSO influences the 1AV of the monsoon. Some recent modeling
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1995). The fact that these intraseasonat oscillations have largest amplitude in the Indian ocean
and western Pacific sector lends support 10 this possibility. In a recent study of a multi year
run of an AGCM with climatological gnnua) cycle of SST repealing every year as boundary
condition 1 has baen shown that the monsoon system can oscillate with a period of about
two years without any extemal forcing at this period (Goswami and Manabe, 1995, manua‘-:npt‘
under preparation). This ascillation has a regional character with anomalies thal are consisien!
with an oscilation of the monsoon heat Source. The second objective of the present study
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& 10 bring out the observad structure and characteristics of such regional scale crculalions

associated with the monsoon without going into details of their physical origin. This is again
done through the MEOF analysis. 1t is shown that such a MEOF analysis allows us 10 separate
out the large scale oscillations from the smaller regional scale oscillations. Once, the large
scale and ragione! scale oscillations are separaled, we study their individua! and collectve
contributions to the interannual variability of the monsoon.

The paper Is organized as follows. In section 2, we describe the data used and the
methodology employed in this study. In this section we alse show that the Eu;opean Center
for Mediurn Range Forecasting [ECMWF)} analysis for the period 1980-1991 has a significant
unphysical trend ansing out of thanges in the model and the analysis system. We propose
&n objective method of remova! of this trend and show that the detrended data is still usefu!
for interannual variability studies. The three dimensional 3-D) structure of the large scale
response associated with ENSQ is brought out through a MEOF analysis in section 3. Based
on the structure of this response, the phﬁﬁl mechanism through which ENSQ influences
the monsoon precipitation is slucidated. In section 4, we aexamine the 3-D structure of the
regional scale modes and compare them with the structure of the large scale osciliations
(associated with ENSO}. In this section we also indicate how these regional scale oscillations

may be related to the fluctuations of the monsoon heat source. The differences in the vertica)
structures of the regional and planetary scale modes are ako brought out. In section 5, we
show how the regronal and the planetary scale modes contribute to the interannual varnabilty

of the monsoon. Section 6 contains g summary of the results with some conciuding remarks.

2. Data and Method used

2.1. Data processing

The primary data used in the present study are the monthly means of operationally
analysed winds from the ECMWE. for the period 1980-1991. To extract the horizontal and
vertical structures associated with the planetary and regional scale circulations, we use both
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the zonal and meridional winds at $ix standarg pressure levels namely, 1000 mb (surface), BSO
mb, 700 mb, 500 mb, 300 mb and 200 mb. The hotizontal resolution of this dsta is 2.57 x 2.5°,
tn addition we use S5T and air temparalure data for the same period. This 3ata comes from
COADS for the pariod 1980-1987 and from the CAC blended SST data for 1986-1991. This data
set is in & 2° x 2° horizontal resolution. We have also made use of the Florida State University
(FSUY) surface stress anatysis (Goldenberg and O'Brien, 1981) as an independent analysis to
compare ECMWF surlace wind analysis. This data set is alsc in 8 2° x 2 horizontal resolution.
For convenience of our analysis, we hava interpolated all the data into & 5° longitude =4°
fatdude horizontat resolution. Since we are interested in the 1AV paterns, all the variables are

subjected 1o 8 5 month running mean filter.

i has been recognized thet the mode! based operational analysis, like NMC and ECMWF,

- have some serious deficiencies when used for interannual variability studies (Trenbenh and
Olson, 1988). The three major reasons ﬁn these deficiencies are, {a) gradual improvemen?
of the modals’ both rasolution and physical parameterizations, (b) frequent changes in data
assimilation system and (¢} unavailability of delayed mode data. The ECMWF model has
grown from a 15 level 1.875 grid point version in 1980 to a 19 level spectral model with
viangular 213 resolution in recent times. The most significan! change in the analysis system
s the introduction of multivariate optimum interpolation and diabatic nonkinear normal mode
initialization in mid eighties. Trenberth and Qlson (1988} note that the major mode! change to
the ECMWF analyses on May 1, 19835, significantly increased the divergent part of the tropical
wind. S0 it is expected that due fo both the mode! and analysis changes, the archived data
include unphysical jumps at different points of time hisiery. Thus it becomes imperative that
we iry to isolate these unphysical variation in the ECMWF analysis before conducting any
diagnostic studies on JAV and predictability. Trenberth and Guillemot {1954) have conciuded
that the ECMWF analysis should be used with due care for any IAV studies. Many recent
studies like Wang {1992), Murakami and Matsumoto ($994) have utilizad the ECMWF data sets
without paying attention 1o the inherent problems in the data. A more detailed study on the

fundamental issue. objective ways {0 overcome i, and the usefulness of the corrected analysis

in JAY studies is reponted in Goswami and Annamalai {1895). A brief
hate,

summary is presented

Since our main interest 1o bring out the interaction batween the planetary scale Walker
circulation and regional scals monsoon circulations, we examine the time series of anomalies
of zonal wind shear Vs —Uzyg) averaged over the NINO4 (5°5 — 5°N_160°F ~ 150°1%) Fig

1a). and the meridional wind anomalies averaged over the equatorial Indian ocean {5"S -

SN 60’E-90°E) {Fig 1b). # may be noted that the climatology of each field at each grid poim

for each calendar month was constructed by averaging over ali the 12 years. Anomalies are

then calculated sublracting the climatology corresponding to the given month from the actual

observation for the particular month.

A clear trend 5 seen in both the time series of Fig 1 (ab). The anomalies pror to mid

eighties tend to be of one sign while those in the kater period tend to be of the opposite sign

This is basically due to the shift in the climatologies which is attributable to the major changes
in tha mode! and analysis system in the mid @ighties. it is felt that if this unphysical trend is not
remaoved from the data, there is a real danger of misinterpretation of the results. We present

here an unigue and objective way of removing the trend in the ECMWF fields.

To examine how the trend is manifested in the large scale part of the circulation, we carried
out a multivariate £OF analysis (described in detail later in this section). In Fig 1 {¢,0.e)} we
show the dominant PCs which have significant trend. Also shown is the slope obtained from
leas! squares ft. The anomalies tend to change sign somewhere in mid eighties. Qur suspicion
is that this trend is relaled to the change in the analysis system (including modei changes and
analysis-initialization changes). However, in order to establish whether this trend is unphysica!
©f not we must compare this data to an independent analysis that does not depend on the
model based analysis system. No such data set for upper 8if variables is svailable. As we
discuss Eater in this section that MEQF anatysis brings out the interrelated variability patterns.
i we have independent analysis of one variable, comparison between pattemns of variability of
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this variable with those of the cormesponding variable in the multivariate analysis will help us
identity the systematic ertor that are common to afl variables. We do & by comparing with the
FSU analysis of the surtace winds over the tropical Pacific. The dominant PCs of FSU data
set do not show trend (not shown). Moreover, when we compared the spatial pattems (EOFs)
ol the FSU with thal of the 1000 mb ECMWF winds, we noted some spurious unphysical
patterns in the ECMWF analysis. Thus it s clear to us that the trend in the ECMWF analysis
is unphysical. We now discuss briefly the objective means of removing this trend

We detrended the PC 1, PC 2 and PC 5 (see fig 1) by fiting a Straight line using leas!
squares methogs. The fields are then reconstructed wsing the detrended PCs. Then we
conducted a MEQF analysis and found that there was neither any spurious spatial patterns nor
any trends in the dominant PCs {sections 3 and 4). Good agreement between patierns n the
detrended surface wind and those of the independent FSU data set indicate that, even though
the climatology may have been wrong during the period prior to 1985, the large scale part of
the interannual anomales during that period may stili be reasonable. The time evolution of
the dominant PCs of the detrended analysis also agrees well with that of the PCs of the FSU
winds. This indicates that major interannual variations are captured in the detiended analysis.
It s also seen that the objectively detrended anomalies as discussed above are nearly identicat
to anomalies constructed with respect to two climatologies, one for the period 1980-1985 and
another for the period 1986-1991. This established that the trend was indeed due to shift in
the climatology from prior to 1885 to post 1985 period. Further details of this method of data
processing can be seen in Goswami and Annamalai {1995). For our main anatysis described
below, we use only the detrended wind fields. We also carried out a MEQF analysis with the
anomalies constructed with respect to the two cimatologies. We found that both the spatial

and temporal patterns are “identical’ to those obtained from the detrended wind fields.

£2.2. Multivarnate EOF analysis

To decipher the recurrerit pattemns of combined variability in both horizontal and vertical

n

structures, we conducl & MEOF analysis employing the SVD technique (Nigam and Shen,
1993, Wang. 1992). As we menhoned before, we use SST sng zonal and mendional winds
a! gl the six levels. Al the variables are normahzed using their individual spatial vanance
(Nigam and Shen, 1983) bafore the analysis. This method provides a more efficient way of
compacting 8 large volurne of multifield data, as in our case As geophysical fields are not
only correlated spatially but also correlated amongst'each other, this techmique brings out the
coherent patterns that are highly inter-related. This unique feature helps us to bring out the
3-D recurrent patters of anomalies associated with certain types vanability leading insight into
the dynamics of such variabiity From the inspection of the spatial patterns and the PCs one
can separate out the modes colresponding to large scale and small scale variabilities, which
is of prime importance in the conext of the present study

As mentioned, the singular values obtained from the MEOF analysis of all the variables 1s
shown in. Fig. 2 Aninspection of this figure shows thal 1he first six singular values are above
the noise floor (North et al., 1982) and the eigenmodes corresponding to them are physical
and realistic. Since our analysis involves a large volume of multifield data. the stability of both
the temporal and the spatial patterns are vahdated by the following approach. First we carned
out a MEOF analysts with SST and the zonal and meridionat winds at 1000 mb. 850 mb and
200 mb only. Next the zonal and the mendional winds at all the six levels and the S5T are
combined in the MEOF analysis. The eigenvalues and the lemporal patterns and the spatial
patterns of 1000 mb, 850 mb and 200 mb winds are found 1o be identical in both the cases.

Thus, we feel that the MEOF patterns described here are robust and stable.

3. Horizontal and Vertical structures of the

Planetary scale modes

In this section we discuss the combined spatial and temporal structures of the planetary
scale osciliations associated with ENSO refated SST forcing. We shall show that these patterns
are such that they rasult in a modutation of the oceanic heal source over the equatorial Indian
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ocean which in turn afect the interannual variations of the Indian monsoon.

The first three dominant modes, totally explaining about 52% of the domain averaged
interannual variance, I.IE identified as responses of ENSO related planetary scale modes.
The identitication is based on the spatial patterns, the common coefficien! time series (PCs)
and their corresponding spectra. It is apparent from Fig. 3 that al! the first three PCs show
pronounced warming/cooling during major ENSO events (eg. 1982/1983. 1987/1988) and their
corresponding spectra mainly represent a low frequency {LF} oscillation with the characteristic
petiod of ENSO, i.e., around 4 years. We discuss in some details the horizontal and vertical
structures of these three modes (Figs 4-6) and their net elfect on the indan monsoon circulation.
The combined spatial patterns of all the seven variables (55T, vector winds at 1000, 850, 700,
500, 300 and 200 mb levels) alongwih the vorticity at 850 mb level are shown. As the MEOFs
are calculated using the zonal and meridional components of the wind as two different variables
{sectron 2). their indmdual EOF patterns are used to consiruct the vector wind patterns of each
MEOFs
The MEOF1 SST pattern, covering the entire equatorial central and east Pacific (80°W -
1607 E) wah a maximurm around 130° W and symmetric about the equator, captures the basinwide
warming associated with the ENSO. As expecied, the westemn Pacific exhibits a shght cooling
# is rather interesting to note that the entire tropical Indian ocean shows warming pattern albeit
much weaker (1/6 compared to that of east Pacific). Associated with this SST pattern, strong
westerly anomalies can be found over the central and east Pacific at surface, 850 mb and 700
mb levels. The stronger winds are observed at 700 mb at low level. Concurrently, easterly
anomalies, weakening the climatological monsoon westerlies at lower levels, prevail over the
equatorial Indian ocean. The wind patterns in the lower three levels show the presence ol a
prominent ‘divergence’ cell around the maritime continent which is associated with the cooler
SST during a warm phase of the ENSO. Two cyclonic circulations symmetric about the equator
_and centred around 15°, one in the noithern hemisphere (NH) and the other in the southern

hemisphere (SH) are also apparent at 850 mb over the Pacific ocean. This is clearly seen in

‘the felative voricity st 850 mb which shows two stiong voruces, enguling the entire Pacdic
ocean. The two cyclonic \;orticas 8l lower levels on either side of the equator are consistent
with response of the atmosphere sssociated with enhanced precipnalon in the central ang
eastern Pacific during a warm phase of the ENSQ. It is rather interesting to nofe that somewhal
weak vortices of the opposite sense to that observed over Pacific are seen over the equatona!
Indian ocean indicating the wavenumber one type large scale response associaled with this

mode.

In the verucal, the phase transition of the wind patterns begins at 500 mb. The strong
equatorial westerly anomalies over the Pacilic are replaced by weak easteriy anomalies. Hov.-
ever, the sub-lropical winds in both the hemispheres have strengthened at this leve!. Over
the Pacific, two gigantic anlicyclones centered around 15° in both hemispheres are particularty
prominent in the next vertical level, (300 mb). These structures aftain their maximum steength
at 200 mb level. At these levels the entite tropical Indian ocean is répracewby strong westerly
anomalies again weakening the climatological easterly jet in this region. Also prominent & the
‘convergence’ zone around the maritime continent overfaying the "divergence’ zone around the
same longitudes &t #S0 mb. Askin (1982} in his mnalysis of 200 mb winds for the period March
1969 to February 1979 also found simifar patierns in the dominant EOF mode. After estimating
the cross-correlation between the EOF wind patterns and Pacific SST, he concluded that the
patterns are ENSO related. As the MEOF snalysis used here brings out only the interrelated
patterns, an examination of the S5T pattern associated with the dominant mode clearly shows
that this coupled pattern is ENSO related. The horizental and vertical structure of MEOF1
patterns are basically the response of the etmosphere due 1o & strong eguatorial heat source
over the central equatorial Pacific during the warm phase of the ENSO (GHl, 1980). By bringing
out the inter-related pattems among the oceanic and atmospheric variables, we are able 1o
document the strong air-sea coupling over the tropical Pacific. It is clear from Fig. 4 that the

atmospheric response due to ENSO in the dominant mode is baroclinic in vertical structure.

The SST pattern of MEQF2 (Fig. 5) represents warming over the central and westem
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Pacific and cooling over -the eastern Patilic and south Indian ocean. The warming is well
spread mendionally {aboul 18" in both hemispheres) unlike in MEQF1 SST. Associaled with
this SST patierns. strong westerty anomalies are seen in the west-ceniral Pacilic at low levels
The common coemcienl‘ time series PC2 leads PC1 by about B months. Kesping in mind the
patierns of MEOF1 and MEOF2, the eastward migration of the coupled anomalies dunng the
evolution of the stiong warm episodes (eg. 1982-1983) can be clearly seen. We further note
that such an eastward mugration of anomalies are not present duning 1987-1988
The wind anomalies over the Inthan ocean are in phase with that over the East Pacdic but
out of phase with that over the west Pacific at all pressure levels. One intergsbng observation
is that there is an appreciable amount of wind flow over the indian ocean and reaching a
maximum over the equatoria! Indian ocean However, they do not penetrate nto the Indian
contmen't This pattern is best seen in 700 mb The vortictty field at 850 mb shows two cyclonic
circulations, one in the NH and the other in the equatorial SH, over the Indian and eastern
Pacific tegions These patterns are out of phase with those found in the western Pachc. Thisis
again consistent with the heating distribution assotiated with the S$ST distribution. This patiern

100 has a wavenumber one zonal sttucture with somewhat shorter mendional scale compaled

1o the MEOF1.

in the vertical, again we see the phase transtion taking ptace al 500 mb level The
cyclonic and ant-cyclonic patterns seen at the low levels are accompaned by their respectve
counterparts at higher levels with higher intensty. One major feature at both 300 mb and
200 mb i the penetration of the Pacific trade winds into the monsoonal region; resuMting in a
very strong interaction between these two regions. As mentioned earler, both in MECF1 and

MEGF2, we find that over the Indian ocean regions, maximum wind anomalies are over the

equatorial sectof.

The third mode, MEQE3 (Fig. 6), also representing a LF ascillation, further shows that over
the [ndian ocean the wind anomalies at the low levels have a strong cross-aquatornal flow and
have their maximum strength at the equator. There is an appreciable veering of the wind into
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the Indian continent. This cyclonic vorticity over the northern Indian ocean is accompanied by
&n anticyclonic vorlicity over the nonth westerncentral Pacitic. Al low levels, ovar the Pacilic
two anticyclones symmelnF about the equator are apparent. QOne intriguing fact is that the
spatial pattern associated with MEOF3 is out of phese with that of MEOF1. This indicates that
some fraction of the variance in the LF oscillation tend to oppose the dominant pattern of the
ENSO related forcing in the tropicat sectors. Another interesting pomt 1o note is thal while
the structure of the two vontices over the Indian ocean reverse ther sign above 500 mb the
two vortices i the Pacific associated with MEQF3 retains the same sign upto 200 mb. Thus
at higher ievels they tend to strangthen MEQF 1 pattern. The low level vorticty has maximum
ampltude over the Indian ocean domain. The wind patterns at higher levels show strong
easterlies over the monsoon region and again having maximum strength at the equatorial
rone. One can also see the penetration of the Pacific trade winds into the monsoon domain

So in effect, all the three modes representing the LF oscitlation in the tropical sector, show a

strong iMteraction between the Pacfic trade winds and the monsoon winds We discuss now

the salient features of these results and the physical mechanism through which ENSO afects

the monsoon,

h is well recognized that monsoon is a direct circulabon forced by deep tropospheric heat
sources (Goswarni, 1994), Though radiation plays a role in selecting the location of the heat
sources, these heat sources are basically maintamed by organized deep convection driven
by moisture convergence. As mentioned in the fntroduction, the monsoon precipitation over
the land is governed by the competition between an oceanic and a continental heat source.
We find from the results presented so far that all the three ENSO0 related modes favours a net
enhancement of cyclonic vorticity over the equatorial Indian ocean. Also we find that the ENSO
eftect on the vorticity over the land ks weak. As a result, the effect of ENSO will be manifested
as more boundary layer moisture convergence over the oceanic heat source rather then over
the continenta! one. This results in enhancement of praciphation over the Indian ocean region.
Within the conceptua! framework of monsoon variability discussed in the introduction, this
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tend lo suppress continenta! convaction resulting In reduced conlinant precipitation. Many
AGCMs, when forced by observed SST, simulate more mean preciplation over the oceanic
segion (Palmer et al, 1992, WMO, 1994}. Also # & sesn that the monsoon shear index defined
by Websler and Yang {1'992) is highly correlated with ENSO but is unrelated to the pracipitation
over India. This is bacause this shear index arises as 8 response of the atmosphere 1o the
ocaanic heat source of ITCZ. Many recent studies {eg. Ju and Slingo, 1994} use the shear
index as & measure of Asian monsoon in assessing the performance of an AGCM. As termed
by Webster and Yang {1992). this is indeed a measure of the large scale (planetary scale}
component of the monsoon that may be related to ENSO. However, it does not represent any
pan of the regional scale monsoon. Therefore, this index by hsel is only a pan ot the story and
should not, in our opinion, be used as the sole index of IAY of the Indian monsoon. Having
identified that the manifestations of ENSO related heating aflects the oceanic heat source. we

now discuss the circulation patterns that aflect the continental heat source

4. Horizontal and vertical structure

of the regional scale modes

in this section we present and discuss the combined spatial and temporal patterns of
the regional scale oscillations associated with forcings other than related to ENSO. We shall
show thal these structures tavor and dominate the IAV of the continenta’ heat source, which is
equally it not more impontant for the monsoon precipitation over land.

The modes MEOF4, MEOF5 and MEOFE totally explain about 15.5% ot the domain aver-
aged interannual variance. As before, they are identified as nor-ENSO forcings based on the
spatial pattemns, the PCs and their corresponding spectra. It is apparent from Fig. 7 that the
spectra of ell the PCs mainly coritain an oscilation in the biennial range. We recall that the
spectra of the MEOF1, MEQF2 and MEOF3 mainly contain a quasi-four year oscillation. Thus,
this method of analysis has automatically separated the stmcture; associated with these two
frequencies known to be present in tropical low frequency variability {Rasmusson et al., 1990,
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Barnett, 1891). The spatial patierns of these modes show smaller scale regional structures
unlike the basinwida influsnce seen in Figs 4-6. This ks best seen in the vorticity at 850 mb

showing more small scaie meridional as well as zonal structures.

The SST patiern ol MEOF4 (Fig. 8) has appreciable amplitude over the central Pacific and
north eastern Indian ocean. Apan from this, there are also some small scale fluctuations in
other parts of the domain of analysis. The vorticity field at 850 mb shows a cyclonic vortex pair
around the equator over the Indian region, together with an anticyclonic vortex pair around the
equator in the central Pacific sector. In addition there is another cyclonic vortex in the north
west India. Suth & scenario is best seen in the northern summer months {Krishnamurti, 1970)
over the tropical domain. One imporant observation is that the strength of the continental
vortex over India is stronger than thal of the vortex seen in the eguatorial Indian ocean As
a result of existence of these two vortices, the cross equatorial flow tends 1o be rather weak.
What is more i;ltriguing and interesting is the quasi-barotropic nature of the vertical patterns
associated with this mode upto aven 300 mb level. Sikka (1877) and Douglas (1992) found
that the observed structure of typical monsoon depressions i barotropic upto 250 mb in the
vertical. This is further supported by the barotropic nat.ure of the 10-20 day westward moving
intraseasonal oscillations duning the monsoon season over India (Chen and Chen, 1993). With
these arguments, we come to the conclusion that the MEOF4 mode mainty represents the

regional scale circulations. Similar features are found in MEOFS and MEOFG too.

in MEQFS {Fig. 9), the $5T pattem shows comparable amplitude in beth indian and Pacific
domains. The region west of the dateline shows an out of phase structure with that 1o the
east of the dateline. The temperature pattern over the Indian continent has large amplitudes.
Associated with these healing pattems, the winds at the low levels have cycionic circulation
in the norh indian ocean as dapicted by the vorticity field at 850 mb. This pattern over
Indian region is associated with an anticyclonic vonticlty over the north midPacific. Similar
patiarns are obtained for MEQF4 also. The cyclonic vortex over the indian region is strongest
&t 500 mb level. in the vertical plane, this mode is barotropic even upto 200 mb, with a it in



the position of the circulation pafern wilh height 1owards north-northeas!. Such a barstroprc

structure is consistent with the vertical suyucture of typical monsoon depressions and lows,

which collectively make up the monsocn heat source.

The other small scx;!e mode MEQF6 {Fig. 10) brings owut the traditional monsoonal iow
at low tevels in the indian ocean basin. The uniqueness of this mode s that the winds shcw
a pronounced maximum away from the equator over the nonh Iindian ocean region. The
voricity piclure at 850 mb clearty shows strong cyclonic vorticity over the Indian continent anc
ol the Somali coast, while the equatonal Indian ocean shows an oppuoste vorticity structure
Though there are appreciable voriices in the Pacific domamn, the strength 1s maximum over the
monsoon domain. As seen in the previous regional scale modes, this mogde 100 s barotropic
till 300 mb in the verical Consistent with the other regional modes, thete is considerable
tilt of the circulations with height  This agam agrees with the observed structure of the mean

voruienty fields duning northern summer {Knshnamurl, 1970}

Thus. all the three regional scafe modes, representing a QBO in the ropical sector, indicate
that they may be associated with fluctuations of the monsoonal heat source. In assocration
with the QBQ of the monsoon, there appears to be simultaneous oscillations in some parts
of the Pacific. While the monsoon heat source is influenced by land surace processes and
orography. the onigin of the heat sources in the Pacfic is mainly refated to the SET fluctuations
in this time scale over tha! regions. Since the regional scale modes are responsibie for the
vortices off the Somah coast and over the indian continent, we may conclude tha! they are
associated with the continental heat source. } has been recently shown that to have realsuc
simulation of the mean monsoon precipitation in an AGCM, the monsoon trough should be
simulated realistically (Fennessy et al., 1994). in other words, the continental vortex should
be simulated realistically. While, we feel thal the LF quasi four year variability of the mensoon
(the oceanic heat source} is due to the LF variability of the tropical SST, the quasi-biennial
variability of the monsocn (Ihe land heat source) may be due to some internal dynamics. The
continental heat source with a QBO is likely 1o be related to the observed QBO in the observed

19

all India monsoon rantall. In a recent study of the all India monsoon raintall senes for the

petiod 1901-1980, Annamalai (1995) found tha! the biennia! component explains about 31%
whereas the LF hegquency component accounts for 10% of the tolal vaniance So the 1AV of

the mensoon depends ciucially on the interactions between the LF osciltations of the oceanic

heat source and the QBO of the continental hea! source.

o. Interaction between Planetary and Regional scale
modes in modulating the IAV of monsoon

As mentioned In Seclions 3 and 4. the 1AV of monsoon must result from

{a) the fluctuations of the oceanic heat source associated with the LF frequency 1AV (b)

the fluctuations of the continental heat source assocrated with the QBO vanability (¢} and

their interactions  Aiso it has been noted earher that the fluctuations of these heat sources are

basically caused by the fluctuations of the masture convergence above the boundary layar and
the abilly of that mousture to reach the liting condensation level So before directly dweliing
into the question of interactions, we briefly recap the factors that influence the fluctuations of

the moisture convergence over these two heat sources. More details of this can be seen in
Goswami (1994)

The moisture convergence for the oceanic heat source is governed by

{a) moisture convergence due to large scale convergent circulabion i the near equatenal
region or due 1o boundary layer trictional convergence associated with a large scale cyclonic
vorticity (b} cloud-radaton feedback (c} evaporation from regional $ST anomalies and (d)
interaction between dynamics and organized convection (Goswami and Shukla, 1984). The
large scale convergence in the eguatorial region s governed by (1) subsidence from the
continental heat sousce, this way the continental and oceanic heat sources interact, {2) by the
global 30-50 day eastwarg propagating osciliation and (3) convergence associated with a shif
of the Walker circulation (section 3).

The moisture convergence for the continental heat source is govemed by {a) large scale

20



convergence in the monsoon trough 1e§ion and also subsidence from the oceanic heat source
(b) cloud-radiation feedback (c) svaporatior sssoclated with tand surface processes and (d)
convergence produced by midiatitude waves. In the case of the oceanic as well as continenlal
heat sources, the larg’e scale convergence is also associated with a cyclonic vorticity. The
large scale cycionic vorticity makes it possible for the low level converged moisture 16 reach
the levet of Ifting condensation and allows R to form 8 deep heat source. We find that the
fluctuations and interactions between these two heat sources are governed by several complex
interactions. it is not teasible from observations to separate out the contributions trom the
individual physical processes. However, the net effect of these physicat processes which resull
in the low level vorticity structures will give us a definite picture on the interactions between

the two heat sourcas.

We present in Fig 11, the composite vorticity at 850 mb for good minus bad monsoons
over the longitude domain 40°E - 140°E. The good monsoons considered are 1383 and 1988,
while the bad monsoons are 1982 and 1987. It should be noted here that only the four
monsoon months {(July through September) are used 1o construct the composites. In the four
panels shown, the first one conesponds 1o the observed total vorticity anomalies at 850 mb.
As expected, strong cyclonic vorticity prevails over the Indian continent oriented along the
monscon trough. The tuming of the westerly jet results in & cyclonic vorticity over the Somali
jet area. Anticyclonic vorticity basically dominates the southern equatorial Indian ocean. The
weak cyclonic vorticity in the eguatorial Indian ocean over the warm watets starting from about
70° € eastward is a signature of the oceanic heat source. During good monsoon, #t is weaker
than the continental one. In the next panel, we show the total eflect of the planetary scale
vorticity snomalies oblained by M EOF1 x PC1+ MEOF2 x PC2+ MEOF3 x PC3. R is quite

apparent that the vorticity structures dominate the equatoriat Indian ccean sectars. it has less
strength over the continent. Howaever, the tolal effect of the regiona! scale vorticity anomalies
obtained by M EOF4 x PC4 + MEOFS x PC5+ MEOF6 x PC6, shows the dominance of the
vorticity fiald over the Indian continent and off the Somali coast. The fourth panel shows the

a

sum of large scale plus regional scale vorticlty. There mre two main fastures in this figure.
Firstly, it is very close 10 the tota! snomaly shown in the first panel. This shows that the first
six modes are nearly suflicient 1o describe the observed IAY Secondly, the continenta! vortex
seen in the total anomaly s ;rmosl antirely dua to the regional components only {third penel)
and only very modas! vorticity anomaly is contributed by the large scele components ovar the

Indian continent. On the other hand, the planetary as well as the regional scale circutation

make comparable contributions to the equatorial heat source.

Before going into the details of the interactions betwaen the heat sources, we preserd the
composites of the vertical structure of the wind patterns. This is shown in Figs 12ae The
traditional monsoonal flow, strong cross-equaterial flow, the Somali jet and the flow over the
continent is best seen in the total observed anomalies at 850 mb level ltis noteworthy that kwrge
armount of cross-equatonal flow is seen at both the tow levels essentially in the regional gs.ale
composites with winds exhibiting cyclonic turning around Bay of Bengal This is consrtent
with a response 10 a continental heat sourca. The planetary scale, composites at 850 mb stso
show a weak cross-equatorial fiow but strong winds st the equator and convergence towads
the equator. This scenario is consistent with the fact that the an equatorial heat sourcs is
largely responsible in driving the winds associated with these modes. The sum of large scale
and regional scale anomalies shown in the last panel is very close 1o the total observed patta~n
We also note that the large scale LF circulation dominates the compaosites at almost all levels
over the Pacific with the regional scale QBO mode playing a secondary role. This is consigtént
with the findings of Rasmusson et al, {(1990). As seen in the MEOFs structures, along #e
vertical the large scale anomalies tend 1o change their phase at about 500 mb. However, e
regional scale cyclonic circulations csn be seen upto 300 mb. The real physical mechanem
for this vertical structure of the regional heat source is not clear to us at present. But this muwst

be related 10 the structure of the verical heating profile. More work i needed 1o substantifie
these findings.

it is important to note at this point that alithough the regional scale EOFs explain omiy
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1557 of the total area averaged variance, theis contribution ovar the indian continant is, in fact,
larger than the three planetary scale modes which together explain 52% of the ares sveraped
variance Over the equatorial Indian ocean too, the contribution of the ragional scale modes
is comparable to that 01' the planetary scale modes. This stalement is further substantiated
below. To examine the interactions and competition in more details, we show in Fig 13a,
the lime-latiude section of the vorticity field at B50 mb sveraged between the longhudes
70°E — 90°F. Throughout the period of analysis, the large scale vorticty shows an apparent
northward propagation of anomalies and one can also observe that the major dipole centres
are 'scated around 1075 and 10°A in slmost gl the years. This picture clearly shows thal
the large scale crcutation has a very weak response over the Indian continent. K can also
be noted that the anomalies have their maximum strength in the beginning of the calendar
months  On the other hand, the tme-latitude section of the regionat scale modes (Fig 13b)
shows dominating vorlices over the fand areas. Also the contribution of this regional scale
modes are comparable in magnitude 10 that of the large scale modes over the oceanic beftis
in some years. One very interesting feature is that in almost all the years, the anomalies peak
during the boreal summer months. This further strengthens our arguments that the MEOFs 4.6
may be responses of monsoon related heat sources. To bring out more clearly the collectve
role of the large and regional scale processes in determining the total vorticity we construct

the vorticity field of large+ regional scale modes and present it in Fig 13¢. It & evident that

during the bad monsoons of 1982 and 1987, cycionic vorlicity is dominating the oceanic bels,

whereas anticyclonic vorticity is seen over the continent. In the good monsoons of 1983 and

1988 the opposie picture is evident. Let us now examine the interactions in some details.

in 1982 boreal summer, both the targe scale and regional scales show cyclonic (anticy-
clonic) vortices over the equatorial Indian ocean (over the Indian continent). This indicates
that the oceanic heat source which is favored by the large scale forcing Is further enhanced
by the regional scale forcing or in other words both the oscillations are in phase. During 1983
summer, the large scale part 1ends to change into anticyclonic vorticity over tha oceanic belt

=)

low tather than monsoﬁn convective heating over the continent and Bay of Bengal Quite
nterestingly the planetary modas {panel b) taptutes moré convection ovas the oceanic region
and the regional scale modes {panal c} indicate more convection over the continentsl 1egion
with decrease of conva-aion over the equatorial Indian ocaan again consistent with our picu'ne
The continental nagative OLR anomaly, however, 00gs not appear to be relsted o the deep
convection associated with the monsoon heat source. The daep convection and the monsoon
heat source is found around (20°N,90°E) during monsoon season. Such probiems in OLR
data representing the surface heating over the continental regions has also been nouced earher
{Chelliah and Arkin, 1992). Due 10 these inherent problems we have not used the OLR data in
our MEOEF analysis. We tound that inclusion of the OLR data in the MEOQF analysis introduces

some Spurious {unphysical) patierns in the wind.
6. Summary and Conclusions

The main objective of the present study is to elucidate the physical mechanism through
which ENSO (planetary scale circulation) affects the interannua! vanabitity of the monsocn
Our another objective is 10 identity and assess the role of the regional scale circulations
in modulating the interannual variability of the monsoon and to study their interactions with
their planetary scale counterpart. These chjectives are achieved by an analysis of the 3-D
observations and isolating the combined vanability using a multivariate EQF analysis.

The primary data used in the present study are the monthly means of operationally analysed
winds from the ECMWF, for the period 1980-1991. We have used the zona! and meridional
winds at 1000 mb, 850 mb, 700 mb, 500 mb, 300 mb and 200 mb. in addition, we have also
used the SST {COADS and CAC}) for the same pericd. The domain of analysis covers the
tropical tndian and Pacific oceans. it has been demonstrated thal the ECMWTF anglysis has
an unphysical trend arising out of changes in both modal and analysis system. An objective
way has been proposed to Temove this trend and the detrended data has been found to be
realiable for interannual vanability studies. To dacipher the recument 3-0 structure of combined
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vatiability. we have used the muhivariate EQF analysis. This unique technique has brought

out some interesting resuls which have provided new insight into the dynamics of interannual

variability of the monsoon. The fist six fecurrent combined spatial and temporal structures

obtainad trom the MEQF analysis reprasent physical modes, The intergsting aspect of these

results is the separation of the physical modes corresponding to the quasiour yaar oscillation

{LF} and the physical modes ctorresponding to the quasi-biennial oscitlation (QBO). t may be

recalled that these two oscillations dominate the ropical low trequency variability (Rasmusson

et al, 1990).

Based on the examination of their large scale spatial structures, their common coefiicient

time series (PCs) and their corresponding spectra, the first three modes (MEOFs 1-3) are
identified as those associated with ENSO forcing. These three modes together exptlain about
52% of the domain averaged variance. The spectra of all three PCs are dominated by a

quasi-four year period The verical structure of these planelary scale modes is baroclinic ang

the phase transition takes place at around 500 mb level. The other three modes (MEOFs 4-6).

totally explaimning about 15% of the domain averaged variance are relaled o regional scale

circulations. Thus is supported by the spatial structures and the spectrs of the corresponding
PCs. The spectra of all these three PCs (PCs 4-6) ara dominated by a quasi-biennial oscillation.
However, the vertical structure of these regional scale modes is quite dfferent from that of the
planetary scale modes. ft is found to be quasi-barotropic even upto 300 mb. The physical
reasons for this scenario is not tlear 10 us at present but it is fel that this must be related

to the vertical heating profiie. These may also partly be due 1o the fact that these circulation

teatures are associated with oft-equatorial heat sources often associated with fand processes.

The conceptual picture of the monsoon variability is refated to the strength and competition
of the two heat sources, one over the equatorial Indian ocean and the other over the Indian
continent. From the composites of good minus bad monsoons, we found that the Planetary
scale modes with a LF quasidour year variability associaled with the ENSO forcing, favour
and modulate the oceanic heat source (TCZ). Quite interestingly, the regional scale modes
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having m QBO varability {which may be a resull of internal dynamics), favour and modulate
the continantal heat source. It is slso found that this heat source & rasponsible for the winds
off the Somali coast, Bay of Benga! and into the continent. These two observations lead us
1o hypothesize tha! the net moisture convergence over the oceanic heat source is significantly
modulated by the pianetary scale circulations while the net moisture convergence over the
Indian continent is mainly due to the regiona! scale circulations. Thus Rt is clear to us that
the effect of ENSD on monsoon is basically confined to the ocesric 1TCZ. We conclude tha!
this the basic reason for the no-correlation of the monsoon shear index of Webster and Yang
{1992} witli the Indian monsoon rainfall. The ENSO influences the interannual variability of the

monsoon indirectly lh}ough interaction between the two TTC2s.

It is not feasible kom observations to assess and quantify the vanous physical processes
that are responsible for the moisture convergence inlo the two heat sources. Nevertheless.
the total etfect of these processes can be seen in the vorlicity fields at B50 mb. Analysis of the
relative vorticity fields at 850 mb showed that there are two cyclonic vortices over the monsoon
domain, one associated with the oceanic TCZ and the other associated with the continental
ITCZ. It is seen that during major ENSO events (eg. 1982) both the LF and QBO are in phase
over both the oceanic and the continental ITCZ, thus enhancing the oceanic precipitation and

i is, ft is observed that the
suppressing the continental precipitation. In the pericd of enalysis, 1 15 Ol

i i j events but its
contribution of the LF variabilty dominates the oceanic TCZ during major ENSO

- i d QB0 modes
In s ¥ .
elfect over the continent is weak. In some years the contribution of the LF an

Fi mparabl ver nic regi m glw: dominate
compal able in magn'ﬁude over the ocea ic egion, but the QBO odes ays
are
h fiel r the In n nunen W 0O 5 t the irculations ove the ocea
t ﬂcny id ove e Indian ¢ tinent. e mlso see tha L= Y
e VoI
. N " .
1§ [+ N pp 9
and continent associal ed with the ENSO forcini have opposite structures throughout the

vertical plane. This is funther supported by the regional scale modes. These resufts confirm
that the circulation over the equatorial Indian ocean, during monsoon season, tends to opposE
the circulation over the Indian continent. We, however, recall that the planetary scale pan
of the circulation modulating mainly the oceanic heat source pscillatas with a quasifour yea:
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period while the regional pan modulaling the continental heat source oscillales with a8 QBO.
Thus. in 8 particular ¥ear, whether the monsoon will be ‘good’ or ‘bad’ depends crucially on
the phases of these two oscillations . This 8#xplains why in some year while there may be an
Ei Nino in Pacilic, the Indian monsoon may be ‘good’ as was the case in 1994,

The conceptual picture stressed i the introduction i clearly brought out in the present
study from observational data sels. We are in a position to conclude that in order to explain
the relationship between monsoon and ENSOQ, the contribution and competition between the
planetary scale circutation [ENSO forcing) and the regional scale circulation {may be due to
internal dynamics) shoulg be laken inlo account. We feel that the S57 related boundary forcing,
for an AGCM. may be able to capture the oceanic ITCZ and hence favor oceanic precipitation
more as seen in many AGCMs {WMO, 1994}, In order 1o have a better mean monsoon
precipitation simulation, we stress the point tha! the continental vortex or the monsoon trough,

shou!d be simulated teahstically
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Figure 12: Same as Figure 11 but for winds at

GrADS: COLA/AKP
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GOOD—BAD MONSOON ANOM. OBSERVED AT 200 mb

GOOD~BAD MONSOON ANOM. OBSERVED AT 300 mb
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ANOM. REG. SCALE E(4+454+6) Vor. 850 mb

Vor. 500 mb

Vor. 300 mb

Vor. 200 mb

1981 1982 1983 1984 1985 19865 1987 1988 1989 1990 1991

GrADS: COLA/WCP

(b} associated with the regional scale modes. FOr easy comparnsion,
Leve! 300 mb: Viewn is multiplied by a factor of 2,
Level 200 mb: V,... is multiplied by a factor of 2,
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