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Abstract

The Indian Summer Monsoon (ISM) is one of the main componehts
the Asian summer monsoon. It is well known that one of theisgmecha-
nisms of a summer monsoon is the thermal contrast betwedratzshocean
and that sea surface temperature (SST) and moisture araldaators for its
evolution and intensity. The Indian Ocean, therefore, nay p very impor-
tant role in the generation and evolution of the ISM itselfc@dupled general
circulation model, implemented with a high resolution aspioeric compo-
nent, appears to be able to simulate the Indian summer momsaaealistic
way. In particular, the features of the simulated ISM vatigbare similar to
the observations.

In this study, the relationships between ISM and Tropicdidn Ocean
(T1IO) SST anomalies are investigated, as well as the alfithhe coupled
model to capture those connections. The recent discovéimgdhdian Ocean
Dipole Mode (IODM) may suggest new perspectives in the imighip be-
tween ISM and TIO SST. A new statistical technique, @wipled Manifold
is used to investigate the TIO SST variability and its relatvith the Tropical
Pacific Ocean (TPO). The analysis shows that the SST vataipilthe TIO
contains a significant portion that is independent from tR®©Tvariability.
The same technique is used to estimate the amount of Indiafaltavari-
ability that can be explained by the Tropical Indian Oceai. &&lian Ocean
SST anomalies are separated in a part remotely forced fremrthpical Pa-
cific Ocean variability and a part independent from that. Tdiationships
between the two SSTA components and the Indian monsoorbildyiare
then investigated in detail.



1 Introduction

The Indian Summer Monsoon (ISM) is one of the main componehtke large-scale

Asian summer monsoon. It is regulated by the thermal canestsveen land and ocean,
the large availability of moisture from the Indian Ocearg Barth'’s rotation and the radia-
tion from the sun (Webster, 1987; Meehl, 1997). It is chamaped by large precipitation
over India from June to September (Parthasarathy et al2)19@lditionally, the abundant

rainfall of the Bay of Bengal is an important component of lthéian summer monsoon
precipitation, as shown by Goswami et al. (1999).

Summer rainfall over India is recognized to be influenceddsy surface temperatures
(SSTs). Since the 1970s, many observational studies (8fand Misra, 1977; Weare,
1979; Shukla, 1987; Joseph and Pillai, 1984; Rao and Gosvi@88), as well as model-
ing studies (Shukla, 1975; Washington et al., 1977), fodwsethe relationship between
Tropical Indian Ocean (TIO) SST and ISM. The role of the TIOTSS active or pas-
sive element for the ISM has been a controversial issue. ¥ebsal. (1998) argued that
Tropical Indian Ocean SST may be considered as a passiveri@mthe ISM system at
interannual time scale. On the other hand, several modstiudjes have shown that the
Indian Ocean does significantly affect ISM rainfall (Yamkizd988; Chandrasekar and
Kitoh, 1998; Meehl and Arblaster, 2002), and that the anoyele of SST in the Indian
Ocean is crucial for a realistic simulation of the Indian ssen monsoon (Shukla and
Fennessy, 1994). At the same time, many observationalestddund out that positive
SST anomalies over the Arabian Sea during the spring pnegdetie monsoon season
are precursors for above normal precipitation over Indiagk, 1979; Joseph and Pillai,
1984; Rao and Goswami, 1988; Yang and Lau, 1998; Clark e2@0Q). However, the
links between ISM and Indian Ocean SSTs during boreal sunamegras yet, not well
understood.

The influence of the Equatorial and Western Pacific sea ®utimoperature anoma-
lies (SSTA) on the Indian monsoon precipitation has beeersktely studied (e.g., Ras-
musson and Carpenter, 1983; Shukla and Paolino, 1983; &/efnstl Yang, 1992; Ju
and Slingo, 1995; Soman and Slingo, 1997; Webster et al8;198varra et al., 1999;
Miyakoda et al., 1999; Lau and Nath, 2000; Kinter et al., 20@B/akoda et al., 2003).



The basic result found in those studies is that the Indiamnsemmonsoon and El Nifio
Southern Oscillation (ENSO) are negatively correlatedréddger, evidence of a decadal
variability affecting this relationship has been foundjtasamplitude has decreased dur-
ing recent decades (Kumar et al., 1999). Lau and Nath (20@®)iged a mechanism,
also known as the atmospheric bridge, to explain the infleexfche Tropical Pacific
Ocean on the monsoon by means of a suppression of convestrrthe western part
of the Walker circulation in correspondence of a warm ENS@nev Recently, Kinter
et al. (2002) and Miyakoda et al. (2003) studied in detailitfieience of ENSO on the
monsoon and vice versa, concluding that the teleconnefthom ENSO to the monsoon
tends to occur throughout the troposphere, while the teleection from the monsoon to
ENSO involves mechanisms confined to lower levels.

Recently, the discovery of the Indian Ocean Dipole Mode (M)C3aji et al., 1999;
Webster et al., 1999), as an important mode of variabilitthefIndian Ocean itself, sug-
gested the possibility of interactions between this modeohbility and the ISM. Later
studies found controversial results. Ashok et al. (2001) lairet al. (2003) argued that
positive IODM events enhance ISM rainfall. In particulash®k et al. (2001) argued that
the IODM influences the meridional circulation cell over thdian sector in summer. Li
et al. (2003) found that a strong ISM seems to be able to dampriginal IODM event.
Other studies (Webster et al., 2002; Loschnigg et al., 2D&&hl et al., 2003) suggested
a connection between positive IODM events and dry condstmrer the Indian subcon-
tinent. Lately, results from model experiments have corddrthat positive (negative)
Indian Ocean dipole events may reduce the influence of aniid ia Nifa) event on
the Indian monsoon (Ashok et al., 2004).

The objective of this work is to investigate the influencelod IO SST anomalies
on the Indian summer monsoon and its relation with the Taddindian Ocean Dipole
(TIOD) mode. We have used a long integration obtained fronowpled general cir-
culation model (CGCM), and the results have been compartdokbiservations and re-
analysis. The ability of the coupled model to reproduce tlagnrfeatures of the climate
of the Indian Ocean region, such as for example the IODM, le&s Ishown in Gualdi
et al. (2003b). Here, we analyze the characteristics ofithelated ISM, focusing on the
feedbacks with the Tropical Indian Ocean.



A new statistical technique, th@oupled Manifoldrecently developed by Navarra and
Tribbia (2005), is used to measure the fraction of Indianm@mmonsoon variability in-
fluenced by Tropical Indian Ocean SST anomalies. Furthespasa substantial portion
of the variability of the Tropical Indian Ocean is known tolbeed to the variability in
the Tropical Pacific Ocean (e.g., Wallace et al., 1998; Sa&i.1999), the coupled man-
ifold is used to divide the variability of Tropical Indian ©&an SST into a part remotely
forced from the Tropical Pacific Ocean and a part free frohthaability. The influence
of the two components (free and forced) of Tropical Indiare@t SST anomalies on
precipitation over India is detected and analyzed, usiegctiupled manifold technique,
to quantify the impact of free and forced TIO variability dretmonsoon. The compo-
nents of the SST found are used to investigate the mechamsatged in the relationship
between the tropical Indian Ocean SST and ISM.

The work is organized as follows: section 2 describes th@leauGCM, the reanalysis
and observational datasets used to evaluate the modet, @nttains also a brief descrip-
tion of theCoupled Manifoldechnique. Section 3 describes the mean state of the Indian
Ocean and of the Indian summer monsoon and their variabiigction 4 includes an
explanation of the effects of the tropical Indian Ocean S8Mprecipitation over India.
Section 5 describes the Tropical Indian Ocean variabitig fand forced from the Trop-
ical Pacific Ocean. Finally, section 6 contains a summaryadgscussion of the main

results obtained from this study.

2 Model, data and methodology
2.1 The SINTEX-F coupled model

The modeling results used in this study are obtained fronmg iotegration (100 years)
performed with the SINTEX-F CGCM (Luo et al., 2005). SINTEXs an evolution of

the SINTEX CGCM (Gualdi et al., 2003a; Guilyardi et al., 2D08hich has been proved
to simulate a realistic climatology and variability of thedlan Ocean region (Gualdi
et al., 2003b; Fischer et al., 2005). The analysis of thechsisite in the Tropics, as
simulated by SINTEX, indicates that there is no trend in t8d $Gualdi et al., 2003a).



Many of the systematic errors of SINTEX are still presentliNEEX-F (Luo et al., 2005;
Masson et al., 2005). In the Pacific Ocean the cold tonguenegixtends too westward,
in association of strong trade winds simulated in the EadRacific Ocean that extend
westward (Gualdi et al., 2003a; Guilyardi et al., 2003).tkermore, the model, as many
coupled models, features an unrealistic double ITCZ (Gulal., 2003a). Finally, in
the eastern Indian Ocean a strong wind-SST-thermoclirabieek is simulated (Fischer
et al., 2005).

The atmospheric component is the fourth generation of tHeéA&@ atmospheric model
developed at the Max Planck Institute fur Meteorologie iantburg (Roeckner et al.,
1996). In particular, the model version used is ECHAM4.6ickihs parallelized through
the Message Passing Interface. The ECHAM model is a glokedtsp model with a
Gaussian representation for the horizontal grid and sigeniécal levels. The version we
have used has a horizontal resolution at T106 triangularcation corresponding to a
grid of about 1.125x1.125 and 19 vertical levels. The physics of the model is described
in detail in Roeckner et al. (1996). The model uses a semrdragan transport scheme
for the advection of water vapour and cloud water (Rasch ailliason, 1990). The
parameterization of convection is based on the mass fluxer{¢iedtke, 1989), modi-
fied following Nordeng (1994). The Morcrette (1991) racdbatscheme is used with the
insertion of greenhouse gases and a revised parameteniZati the water vapour and
the optical properties of clouds. The vertical turbuleahsfer of momentum, mass, wa-
ter vapour and cloud water is based on the similarity thedianin-Obhukov (Louis,
1979). The effect of the orographically induced gravity eseon momentum is parame-
terized by a linear theory and dimensional consideratidfiligf et al., 1989). The saoill
model parameterizes the content of heat and water in thetlseiContinental snow depth
and the heat of permanent ice over continents and seas (liane Todini, 1992). The
vegetation effects are parameterized following Blondi®g8Q).

The oceanic component is the OPA8.2 (Ocean Paralelisggnogeneral circulation
model (OGCM) with the ORCA2 configuration (Madec et al., 1p98he grid has two
poles, one in the Eurasian continent and the other in thehNamerican continent, to
avoid the singularity over the North Pole. The horizontabtation is about 2x 2°, with

an increase of the meridional resolution to°0Oaound the Equator. In the vertical there



are 31 levels, with 10 in the upper 100 m. The physics of theehiodludes a free surface
configuration (Roullet and Madec, 2000). Vertical eddyusftity and viscosity coeffi-
cients are calculated from a 1.5 order turbulent closurermeh(Blanke and Delecluse,
1993).

The ocean and atmosphere components exchange SST, sudatentam, heat and
water fluxes every 2 hours. The coupling and the interpaladiothe coupling fields is
made through the OASIS2.4 coupler (Valcke et al., 2000). dbodbrrections are applied
to the coupled model, except for the sea ice cover that isedléo observed monthly

climatology in the ocean model.
2.2 Description of the datasets used for comparison

The results of the coupled model simulation have been cosdpaith analysis and ob-
served data. The SST fields are the Hadley centre sea-Ice em&8face Tempera-
ture (HadISSTL1.1; full details are provided by Rayner et2000). The CRU TS 2.0
dataset (Mitchell et al., 2003) contains global land pri¢gaifwn on a regular grid (0%
0.5 deg) for the period 1901-2002. Wind fields are taken from tRA&D Reanalysis, re-
alized from 1958 to 2002 (for more details see the web sipe/hitww.ecmwf.int/research/era).
Global distribution of ocean temperature is taken from agancanalysis for the period
1948-1999 (Masina et al., 2004). All the observations aadaysis datasets refer to the
1958-2002 period for consistency with the ERA40 time rederndjth. The CMAP (CPC
Merged Analysis of Precipitation) dataset is used to complae climatology of precip-
itation over India and the adjacent ocean with the coupledehcesults. The CMAP
dataset contains global monthly precipitation obtainedeyging gauge data and 5 kinds
of satellite estimates. The values are distributed on g¢lodgular gridded fields (grid
point 2.5 x 2.5°) and cover a time period from 1979 to 2002 (Xie and Arkin, 1997

2.3 TheCoupled Manifold

The coupled manifold is a method to analyze covariation betwfields. It is described
and discussed in detail by Navarra and Tribbia (2005). Theefgix A, at the end of this
paper, offers a brief summary of the main concepts usedsrsthiy. As explained in the



Appendix, the coupled manifold method has been appliedad&tbFs coefficients of the
considered fields. The results discussed in sections 4 aagléldieen obtained applying
a significance test in the computation of the coupled mashiféhe details concerning the
test are discussed in the Appendix as well.

3 Mean state and variability

The description of the mean state of the tropical Indian @deahe SINTEX coupled
model has been widely discussed by Gualdi et al. (2003aihly&3di et al. (2003), Terray
et al. (2005). In this section we will focus on the mean stdtprecipitation, SST and
wind fields during the boreal summer and fall over India anthexsurrounding ocean.

In the boreal summer the Indian Ocean warms up (fig. 1, panehiadhe beginning
of the monsoon season, winds in the Tropical Indian Oceangghdirection: a strong
south-westerly flow develops at low levels, whereas at ulgvets a strong easterly jet is
present. Near the surface, wind maxima are in July-AugugtZfipanel a). In correspon-
dence with the beginning and intensification of the monsomsy surface water cools
down and a sea surface temperature gradient forms neardbkeafoAfrica (fig. 1, panel
a). Lindzen and Nigam (1987) have shown that in the Tropiengerature gradient in
the ocean is able to induce winds. The winds enhance evapomahich in turn may
induce an intensification of the temperature gradient, geimg feedbacks between sur-
face temperature, surface fluxes and winds. The coolingeoB®8iT in the Arabian Sea is
maintained by southwesterly winds that bring moisture ftbemocean toward the Indian
subcontinent, the Bay of Bengal and South China.

In the coupled model the Tropical Indian Ocean is charazgdrby warmer than ob-
served temperatures (fig. 1, panels ¢ and d). Unfortunatedymodel is not able to
accurately simulate the summer changes of SST and neacswrfads in the Tropical
Indian Ocean. In particular, the SST gradient in the Aral8aa is weaker than observed
(fig. 1, panel c) and the south-westerly flow that developess intense (fig. 2, panel c).
The weakness of the surface winds seems to be related toehke femperature gradi-
ent in the Arabian Sea: generally, weaker winds may inducalematent heat release,

preventing a temperature decrease. In the model, the biidylaf surface moisture in



the western Tropical Indian Ocean is larger than observedstmown), but the low-level
winds are weaker than observed; a possible consequencedietion in the moisture
advected toward India.

An important feature of the ISM is rainfall over the Indiarbsontinent: starting from
the end of May/beginning of June strong precipitation depelin the western part of
India moving eastwards. In July-August (fig. 2, panel a) thel of India experiences
heavy rainfall. Generally, large precipitation tends t@wcin correspondence of large
low-level convergence. In particular, in the Bay of Bengahection is sustained by the
large availability of moisture in conjunction with strongw-level convergence. During
the summer monsoon season, abundant precipitation fadistbe Indian subcontinent
with the main peaks in the Western Ghats and the Bay of Beffigal2, panel a). Im-
portant convective centres can also be found in the Indisga@gcparticularly to the east
of the basin south of Sumatra and south of the Equator aroitel The patterns of pre-
cipitation are realistically simulated by the coupled md€ig. 2), though the amount of
model precipitation in the Western Ghats and in the Bay ofgaérs less than observed
(fig. 2, panel c, d). Over the ocean, abundant rainfall istprsd too westward and the
peak of 10 mm/day at the Equator is not realistic, while inehastern part of the basin
the simulated precipitation is weaker than observed (figodhgel ¢). Similar errors in the
Western Ghats and in the Bay of Bengal precipitation can badaon the Echam atmo-
spheric model (Roeckner et al., 1996; Cherchi and Nava@@5 R In the coupled model
the latent heat flux released and the cloud cover are weasterahserved, particularly
over India and the Bay of Bengal (not shown).

As the monsoon proceeds and intensifies the amount of meiatuhe land surface
decreases (not shown), the latent heat released increabemssaa consequence, the tem-
perature at the surface tends to cool down. From Septemtieb€& the monsoon enters
in its demise phase. Most of the Tropical Indian Ocean reaehtemperature of about
27°.5-28 C and the SST gradient over the Arabian Sea is reduced (fiarkl ). At
the same time, winds decrease both at low (fig. 2, panel b) ppdrdevels, and the pre-
cipitation over India and the Tropical Indian Ocean progredy disappears. This phase
of the phenomenon is reproduced by the coupled model evesilifi§ the TIO remains

warmer than observed (fig. 1, panel d), and the precipitatemmease over India is slower



than observed (fig. 2, panel d). The biases of the model intmaation of the boreal fall
precipitation and winds may be included in the systematarerof the model, as already
shown by Terray et al. (2005).

The annual cycle of precipitation averaged over Indig{J@E, 5°-30°N), computed
for both model and observations (fig. 3, panel a), emphatiesgood agreement between
model and observations during the starting phase of the oommsnd the deficiency in
the rainfall amount simulated by the model in June and Julytddver, the model tends to
delay the demise of the monsoon, as in August and Septemdierutates more rainfall
than observed.

We conclude the description of the mean state of the Tropnchan Ocean with the
analysis of the vertical structure of the temperature indbean. Fig. 4 shows the equa-
torial section of temperatures in the Tropical Indian Ockarthe upper 350m. The left
panels in the picture contain the profiles obtained from a@ancanalysis averaged in
July-September (JAS) and October-December (OND), the lmjolahels show the same
averages computed for the coupled model results, whileighée panels show the differ-
ence between model and analysis. The simulated temperatire upper 90 m tends to
be generally warmer than observed, especially in the weptat of the basin. The largest
bias of the coupled model occurs in the boreal fall (fig. 4,gbah when the upper 150 m
are warmer than observed in the west of the basin and coldardhserved in the east.
In the same period, the simulated®28otherm slope is not realistic. A known bias of the
Echam model, when coupled, is the tendency to have a toagsivimd-thermocline-SST
feedback in the Eastern Indian Ocean (Fischer et al., 2@0%)a possible consequence
is the overestimation of the IODM-like variability.

Usually, the year to year variability of the monsoon is stddihrough precipitation
and circulation indices. A simple index commonly used isdlierage of the JJA mean
precipitation anomalies over India (FO0°E, 5°-30°N), that is the same area considered
for the figure 3. This index, that we indicate as IMR (Indianiidoon Rainfall, as already
done by Wang and Fan, 1999), is a generalization of the welMkrAIR index introduced
by Parthasarathy et al.(1992) and widely used to reprekentdriability of the Indian
summer monsoon. Wang et al. (2001), in an observationaystiefined a dynamic index,

the Indian Monsoon Index (IMI), as the difference of the sutenmean zonal wind at 850



mb averaged in 40-8&, 5-15N and averaged in 70-98, 20-30N. This dynamic index
represents the dominant mode of variability over the Indiabcontinent (Wang et al.,
2001). The annual cycle of the index for both model and olzems (fig. 3, panel b)
indicates that the seasonality is well captured by the maaan if the intensity in the
model is slightly weaker than observed from June to August the main peak occurs in
August rather than in July. Similar biases have been obddoreghe IMR index. In the
model, IMI and IMR are significantly correlated (the corteda coefficient is 0.68), so
both of them can be considered a good index of the Indian summoesoon variability.
The interannual variability of the Tropical Indian Ocearassessed by means of an
EOF analysis of the monthly SST anomalies, obtained by aatiig the seasonal cycle,
inthe 40-120°E, 20°'S-25N area. In the observations, the first EOF is a basin-wide mode
(not shown) which explains almost 33% of the variability e fTropical Indian Ocean.
As it has already been found and discussed in a number ofwa@tgmral and model stu-
dies (e.g., Wallace et al., 1998; Saji et al., 1999), this enagresents the variability of
the Tropical Indian Ocean associated to the variabilitha Tropical Pacific Ocean. The
second mode explains about 12% of the Tropical Indian Ocagability and exhibits a
spatial dipole structure between the eastern and westerofghe basin. This structure
has been recently associated with the so called Indian Clegeote Mode (IODM, Saji
et al., 1999; Webster et al., 1999). In the coupled modelfiteemode is basin-wide,
consistently with the observations, and the second is alaipmde (not shown), but
some differences are visible. Specifically, the second EDRedsimulated SST has a
stronger than observed dipole structure, with the negaible in the eastern part of the
basin that extends westward. Besides, in the model, thepges of explained variance
of the first two SST modes are not well separated. The first reggkins about 23% of

the total TIO variability, whereas the second mode explabwut 19%.

4 Effects of Tropical Indian Ocean SSTA on the ISM

Once the skill of the coupled model to reproduce the meae stadl variability of both
the Indian Ocean and the Indian summer monsoon has beersegséss of interest

to investigate in detail the connection between SST ovetrthpcal Indian Ocean and
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precipitation over India.

The monsoon indices introduced and described in the pre\d@ection are a represen-
tation of precipitation over India, as already explainednposite maps of strong (index
> 1std) minus weak (index -1std) years according to those indices have been computed
to analyze the spatial structure of surface fields, such estation, winds and SST.
A non-parametric significance test, based on the bootst@gedure, using a resampling
technique (Wilks, 1995), has been applied to the composites patterns of the com-
posites produced using the two indices (IMR and IMI) are EimiSpecifically, above
normal precipitation over India is linked to above normatgpitation over Indonesia,
just south of the Equator, and with below than normal preéain in a band along the
Pacific Ocean, between the Equator anéiNL(not shown). Negative anomalies of pre-
cipitation along the Eastern Equatorial Pacific Ocean aseaated with a cooling of that
area (fig. 5, panel a). In the coupled model this feature iscggmted, even if negative
anomalies in the Equatorial Pacific Ocean extend westwprdbably as a consequence
of the tendency of the model to reproduce a cold tongue regfiaieextends far in the
West Pacific Ocean. In the Indian Ocean the negative ancsr@aler the Arabian Sea are
well captured by the coupled model. The main bias is foundhsofithe Equator, where
the model shows a dipole structure that is not realistic igpanel b). The dipole struc-
ture in the Tropical Indian Ocean in correspondence of gtiaomd weak monsoon years
reaches its maximum intensity during the monsoon seasahth&m tends to disappear
(not shown). It is possible to see from fig. 5 that the modell@idhsome problems in
the representation of the relationship between TIO SST &Ml The biases observed
can be in part ascribed to the systematic errors of the magelrted previously, like
the westward extension of the cold tongue regime in the BaOifiean and the strong
wind-thermocline-SST feedback in the eastern Indian Ocean

Near the surface, enhanced convection over India impliésresed westerly winds
from the Indian Ocean towards the Indian subcontinent (figpael a). In the coupled
model this pattern is represented, even if near the coasidi lthis westerly flow is
deflected southward toward the coast of Sumatra in an ustieakiay (fig. 6, panel b).

The "forced manifold” of the summer mean SST anomalies inTirapical Indian
Ocean (40-120°E,20°S-25N) and the summer precipitation anomalies in India, for both
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model and observations, is computed to measure the varanmecipitation in India
induced by SST anomalies in the Tropical Indian Ocean. Tlpeupanels of fig. 7 rep-
resent the ratio of the variance of the "forced manifold”te total variance, that is the
percentage of variance of precipitation in India linkedite 8ST anomalies in the Trop-
ical Indian Ocean. A significance test, as explained in thpefalix, is applied to the
"forced manifold” computed, and all the values shown araificant at 95%.

In the observations (fig. 7, panel a), the influence of the itapndian Ocean SST on
summer precipitation in India is localized mainly in the #@rn and in the eastern part
of the subcontinent. In these regions, at least a third of/#ini@nce of the precipitation
is induced by the variability of the SST in the surroundingamt. In the coupled model
(fig. 7, panel c), the areas where the percentages of var@rmmecipitation in India in-
duced by SSTA in the TIO are higher than 20% (shaded areas ji¢ture) are localized
in the north-western and south-eastern part of the subwntti In the computation of
the "forced manifold” it is possible to have a measure, whighindicate with C, of the
connection between the fields considered. For these fietddsritex is 0.17 in the ob-
servations and it is 0.25 in the coupled model. A value of icatgs that the "forced
manifold” includes the entire variability (see Navarra dnrbbia, 2005), in this case a
small part, less than one third, of the variability of prepon in India is induced by
SST anomalies in the TIO. In the coupled model the dependeittes boreal summer
precipitation in India on the summer SST in the Tropical &mdOcean is higher than in
reality.

The analysis of the influence of SSTA onto precipitation aales, just described, may
be reversed. The coupled manifold technique allows the ctatipn of the percentage
of variance of SST in the Tropical Indian Ocean linked to iation anomalies in
India. The ratio of the variance of the "forced manifold” teettotal variance, that is the
variance of SST in the Tropical Indian Ocean induced by pr&tion anomalies in India,
is represented in the lower panels of fig. 7. It is interestongote that the percentages
of variance of SST in the TIO induced by the variability of giptation in India are of
the same order, or even higher, of the percentages of variainprecipitation in India
induced by SSTA in the TIO. In the observations, the areas thi¢ higher variance are

localized in the Arabian Sea, the Bay of Bengal and in thetseastern Tropical Indian
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Ocean off the coast of Sumatra (fig. 7, panel b). The pattetindArabian Sea seems to
be linked to the feedback between precipitation, winds a8d Bat takes place in that
area, in correspondence of the evolution of the monsoony#ad Lau, 1998; Clark et al.,

2000). The higher variance near the coast of Sumatra suw@éek between SST in that
region and precipitation over India. This connection magkgained by means of a local
Hadley circulation in the monsoon domain, as discussed maAralai and Slingo (2001).

In the coupled model (fig. 7, panel d), the pattern is differexcept for a high variance in
the Arabian Sea. In the model, the dynamics introduced iplsinthan in reality, and the

main mechanism involved in the Indian Ocean seems to be dedigtween the eastern
and western part of the basin. This mechanism is part of teeesyatic errors of the

model described by Fischer et al. (2005), who emphasizeeasygfeedback occurring in
the eastern Indian Ocean between SST, winds and thermodtinike last two pictures,

the quantifications of the connection between SST and ptatign are C=0.22 for the

observations and C=0.34 for the model.

The variability of the Indian Ocean, as previously discdsse not independent from
the variability of the Pacific Ocean, so the "forced manifddétween the summer SST
over the Tropical Indian Ocean and the summer SST over theidabPacific Ocean is
computed. Fig. 8 represents the ratio of the variance offdreéd manifold” to the total
variance, and indicates that SST over the Tropical Indiage@ds substantially influenced
by SST from the Tropical Pacific Ocean. All the values showthafigure are signif-
icant at 95%. In this case the index which measures the ctinondzetween the fields
considered is C=0.43 in the observations and C=0.45 in thpled model, suggesting
that almost half of the variability of the SST in the Tropidadlian Ocean is connected,
possibly forced, by the Tropical Pacific Ocean SST varigbiln the observations (fig. 8,
panel a), the spatial distribution of the variance indisdteat in the Equatorial Indian
Ocean more than 50% of the variability is induced by the TealpPacific Ocean. The
same happens in the coupled model (fig. 8, panel b), even lfisncase the variance is
slightly weaker. Those results indicate that the connadietween ENSO and the Tropi-
cal Indian Ocean region is weaker than observed. This hasriged also by Terray et al.
(2005) and they suggested that a possible cause may be $es bithe coupled model in
the simulation of the basic state of the Pacific Ocean doctaddyy Gualdi et al. (2003a)
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and by Guilyardi et al. (2003).

The technique used allows the separation of the SST anamaltbe Tropical Indian
Ocean in two parts: one whose variability is remotely fortgdthe Tropical Pacific
Ocean, that we will indicate as "forced” SST anomalies, anmhd whose variability
is free from the Tropical Pacific Ocean, that we will indicage”free” SST anomalies.
When the SST in the Tropical Indian Ocean are separated,eedode to investigate how
the possible influence of the TIO SST in the ISM is triggeredhsy TPO. To evaluate
the impact that the TIO has on the summer monsoon when it ¢edoor free from the
influence of the Pacific Ocean, we may compute the "forced folakiiof precipitation in
India with "forced” and "free” TIO SST. In the observatioriee percentages of variance
of precipitation linked to the SST in the TIO "forced” andég” from the TPO are small
(fig. 9, panels a and b). The coefficient C previously intragtlis 0.09 in the first case and
0.06 in the second. The variance of precipitation in Indishiared between the "forced”
and the "free” SST components with slightly higher varialomated in the north-eastern
part of the subcontinent in the "forced” case. Also in themged model the patterns
of the percentages of variance of precipitation in Indi&dieh to the "forced” and "free”
components of the SSTA in the TIO are small (fig. 9, panels cdind~or the model,
C=0.10 in the "forced” component case and C=0.13 in the "foeenponent case.

5 Forced and free SST variability in the Tropical Indian Ocean

As discussed in the previous section, using the coupledfoldmechnique, the variability
of the summer SST in the Tropical Indian Ocean has been sedandforced” and "free”
SST anomalies, where "forced” and "free” are referred toitifleence from the Tropical
Pacific Ocean.

We may then speculate on the mechanisms involved in the ctanebetween TIO
SST and monsoon. To this purpose, summer SSTA (total, "freed "free”) have
been correlated with monsoon indices. The results for tmahyc index (IMI) and for
the precipitation index (IMR) are similar for both model amlgservations, and only the
results related to the correlation between SST and IMI apevshn fig. 10.

In the observations, the correlation of boreal summer SSiFA the monsoon is weak
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(fig. 10, panel a). In the picture values significant at 95% slrvaded. A significant
negative correlation exists between monsoon indices afdis$e Arabian Sea, this
negative correlation indicates that a cooling (warminghef Arabian Sea occurs in cor-
respondence of a strong (weak) Indian summer monsoon. Wieesaime correlation is
applied to the "forced” and "free” SST components (fig. 10ngda b and c) interesting
features appear. A positive significant correlation eXigsveen IMI and the "forced”
component of SSTA in the south-eastern Tropical Indian @oear the coast of Sumatra
(fig. 10, panel b), which indicates that a warming (coolinfjlis area is associated to
a strong (weak) monsoon and that this is triggered by theidabpacific Ocean. In the
"free” SSTA component case (fig. 10, panel c) significant tiega&orrelations are local-
ized in the Arabian Sea and in the Bay of Bengal. A strong (Weaknsoon is associated
to a cooling (warming) of those basins when the TIO is freeiftbe TPO influence. This
feature may be associated to the known local effect of cgalirthe adjacent seas when
the monsoon is strong (Yang and Lau, 1998; Clark et al., 2000)

In the coupled model the main features described above piredeced (fig. 10, panels
d, e and f), at least in term of large-scale patterns. A sicamfi negative correlation exists
between the monsoon index and the summer total SSTA in tHaakr&ea. The "forced”
component of SSTA in the south-eastern Equatorial India@a@avarms in correspon-
dence of a strong monsoon, while triggered by ENSO. The"teeponent of SSTA in
the Arabian Sea is cold (warm) when the monsoon is strongk)waa a consequence of
a local effect independent from the forcing from the TPO fé@#&nces are evident while
analyzing the behaviour in the coupled model, in partictiiare is not a clear distinction
between the "forced” and the "free” SST variability. In bathses, a strong dipole-like
dynamics dominates in the Tropical Indian Ocean, and theoreamay be ascribed to the
simpler dynamics represented in the coupled model witheedp the real world, and to
the systematic errors of the model already mentioned: thekmass of the relationship
between ENSO and the monsoon (Terray et al., 2005) and teerbtae eastern Indian
Ocean, where the feedback between ocean and atmospheoesisang (Fischer et al.,
2005).

The separated components of the TIO SSTA are used to inaéstige details of the

variability of the TIO as forced or free from the influence b&tTPO, and their relation-
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ship with the ISM.

An EOF analysis is applied to the "forced” and the "free” SSiomalies, for both
observations and model (fig. 11), to evaluate the varighilitthe TIO as forced or free
from the TPO. The variability of the "forced” SST in the obgations (fig. 11, panel a) is
dominated by a basin wide mode, which explains 62% of the wat@&ance. This result
is consistent with the discussion of section 3, where theidant mode of variability of
the Tropical Indian Ocean was ascribed to the influence ovahni@bility of the Tropical
Pacific Ocean. The second mode of variability of the "forc&BT anomalies in the
Tropical Indian Ocean (fig. 11, panel b) explains 18% of theavece and has a spatial
dipole structure between the eastern and western part diaki@. The first mode of
variability of the "free” SST anomalies of the TIO (fig. 11,n® c) is again a dipole
mode, which explains 39% of the variance. These resultsesigigat the component of
the TIO variability which is free from the influence of the TR&Odominated by a dipole
mode, with positive anomalies in the western part of therbasd negative anomalies in
the eastern part. From this analysis we may speculate teatifftole mode in the TIO
may be part of the free variability of the basin as well as #wilt of the forcing from the
TPO.

The coupled model reveals a different variability strueftmompared to the observa-
tions, in that the dominant modes of both "forced” and "fr&S8T variability feature a
dipole-like structure. The first EOF of the "forced” SST aradi®s (fig. 11, panel d) ex-
plains 52% of the variance and has a weak dipole structureceet eastern and western
Indian Ocean. In the other two modes shown (fig. 11, panelsid¢)dahe dipole structure
is stronger, the second EOF of the "forced” SST componenlaeé 31% of the vari-
ance, while the first EOF of the "free” component explains 28%he variance. These
results suggest that in the coupled model the Tropical m@eean has a dominant mode
of variability represented by a dipole either if it is freeforced from the influence of
the Tropical Pacific Ocean. It is worthwhile to note that tiygote pattern obtained from
the "free” SST anomalies resembles the pattern obtainddtivit observations, while the
dipole pattern of the "forced” SST is somewhat differentirthat observed. These results
may suggest that the free variability of the Tropical Ind@acean is well reproduced by

the coupled model, while a systematic error occurs in theusition of the mechanisms
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involved in the teleconnection between the Pacific and tdemsectors, thus influenc-
ing the simulation of the ISM. This is consistent with theadission made by Terray et al.
(2005).

The results obtained with the EOF analysis seem to suggasstith Tropical Indian
Ocean tends to have a dipole mode of variability that can beetbfrom the Tropical
Pacific Ocean but that can also be generated without thaeirdki The principal compo-
nents of the EOFs represented in fig. 11, for both obsernv&aod model, are then used
to investigate the relationship between Indian Ocean dipobde and ISM, correlating
the PCs of "forced” and "free” SST components with the momsioalices (table 1). As
discussed in the introduction, the results from the litat@bout this topic are contro-
versial. From the results of table 1 we may argue that thegnistipal component of
the "forced” SSTA for both observations and model is not elated with the monsoon,
indicating that the dominant mode of variability forced Img tTropical Pacific Ocean is
not linked to the monsoon. In the observation case this spards to the fact that the
basin wide mode of variability of the Indian Ocean forced ISP is not related to the
monsoon.

On the contrary, the second PC of the "forced” componentb&th observations and
model, is negatively correlated with monsoon indices. Thight indicate that a positive
(negative) dipole mode triggered by ENSO corresponds to akwstrong) monsoon.
Finally, from table 1 it is not possible to reach final conadns about the connection
between "free” dipole mode variability and monsoon. In jgaifar, in the observations the
correlation is not significant, whereas in the coupled mdadslpositive. In the coupled
model a dipole mode free from the variability of the tropi€acific Ocean seems to
correspond to a stronger monsoon. Anyway, we may not exdhakethis result is a
consequence of the systematic error of the model in thereastiatorial Indian Ocean,
where strong positive SST anomalies are associated toragsttonsoon (fig. 5, panel b).

ENSO may be not the only external forcing affecting the etrotuof a dipole mode
in the Tropical Indian Ocean. Recent studies suggest tHatelt processes may trigger
the IODM, as the local Hadley cell in the western Pacific aredabsociated convection
over South China Sea and Maritime Continents (Kajikawa.e28D3), or as the South-
ern Annular Mode (Lau and Nath, 2004). Indeed, further gtsidire still necessary to
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investigate IODM, ISM, ENSO and all the external forcingsiethmay influence their

inter-connections.

6 Discussions and conclusions

In this study a coupled model has been used to investigatefthence of Tropical Indian
Ocean SST anomalies on the ISM, comparing the results wibrghtions and analysis
datasets. As a first step, the skill of the model to simulagenttean climatology and
variability of the ISM and Tropical Indian Ocean is assessed

The mean ISM is reasonably well simulated by the coupled ool in terms of
precipitation and circulation features. The coupled maglable to reproduce the starting
phase of heavy rainfall in India and the associated invarsisurface winds. The simu-
lated circulation features described in section 3 arestalboth in timing and intensity.
The amount of simulated precipitation in India is underaated, particularly in the West-
ern Ghats and in the Bay of Bengal. The annual cycle of prtipn averaged in India
computed for both model and observations shows that the Intertlds to delay both the
peak of precipitation and the demise of the summer monsoba.s€asonal cycle of the
SST in the Tropical Indian Ocean is realistic, although trelet tends to have warmer
temperatures than observed. In the subsurface, the isotlgope in winter with a warm
pool in the eastern part of the basin, while in summer theg tefflatten. Furthermore, in
autumn the model is not able to properly simulate the slophefsotherms in the upper
ocean. The tendency of the model to keep such a thermalteuatthe subsurface may
induce the model to overestimate the dipole-like varigbif the Tropical Indian Ocean.

The EOF analysis applied to the monthly SST anomalies shuatsie coupled model
is able to reproduce the first two modes of variability obednbut the variances explained
by these two modes are not well separated.

Analogously, the composite analysis of summer SST for gttamd weak monsoon
years shows the tendency of the coupled model to developdedie variability in
the TIO. During the monsoon season and just after it, negatmomalies develop in the
western Indian Ocean, while positive anomalies appeararetist, in association with

stronger easterly winds. In summer, negative SST anon@aliesthe Eastern Equatorial

18



Pacific Ocean are associated with strong monsoon condifidnis is a confirmation that
the negative relation existing in summer between the mamaod ENSO is captured by
the model.

The Coupled Manifoldechnique (Navarra and Tribbia, 2005) has been appliedeto th
summer SST in the Tropical Indian Ocean and precipitati@an bwdia in order to measure
the variance of precipitation forced by the SST. The ratithefvariance of precipitation
forced by Indian Ocean SST to the total variance shows theatitation over India is
slightly influenced by Tropical Indian Ocean SSTs. By mednibh®same technique, the
variance of SST in the TIO influenced by precipitation in bn@i computed as well. The
results show that in both cases the percentages of varianibe model and observations
are of the same order. The main differences between modeallzs®ivations are found in
the spatial distribution of this variance, in particulatle observations higher values are
found in the Arabian Sea and in the south-eastern Tropid&inOcean, near the coast of
Sumatra. In the coupled model the pattern is dominated bypties of higher variance
located in the western and in the eastern part of the basiis pitern seems to be a
consequence of the systematic errors of the model and ofrties dynamics involved
in the model with respect to the real world.

The variability of the Tropical Indian Ocean is strongly ughced by the variability in
the TPO, as it has been shown in a number of studies.Cidupled Manifoldechnique
applied to SST anomalies in the TIO and SST anomalies in tl@ ddhfirms this result
and shows that in the coupled model this influence is wealer thserved.

The computation of the "coupled manifold” permits to sepathe SST anomalies in
the TIO into a part whose variability is affected by the vhiiigy of the SST anomalies
in the Tropical Pacific Ocean, and into a part whose varigagi independent from the
TPO. In this context, we indicate as "forced” SST anomalehe Tropical Indian Ocean
the component that is influenced by the TPO, and as "free” $®malies in the Tropical
Indian Ocean the anomalies that are independent from thabiléy of the TPO. The
method is then applied to precipitation in India and thedéat” and "free” SSTA compo-
nents found. The main result is that the impact of "forced &nee” SST on the variance
of precipitation in India are of the same order. In the codpt®del the intensities are

weaker and this weakness may be ascribed to the well knowk re&tionship between
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monsoon and ENSO simulated in the model. This result sugdkeat in the coupled
model the teleconnection between the Tropical Pacific Oaedrthe Indian Ocean sector
is only roughly captured by the model, leading to deficiemcthie representation of pre-
cipitation in India and, as a consequence, of the ISM. Butul@ also be an indication of
an insufficient control of the Indian monsoon precipitatirnthe TIO.

Once the anomalies of the TIO have been separated into Hoered "free” from the
influence of the TPO, the components found have been cardelath the monsoon in-
dices to study the possible mechanisms involved in theloelstiip between TIO SST and
monsoon with or without the influence of ENSO. Total, "fortedd "free” SST anoma-
lies have been correlated with IMI. In terms of large-scaldgrns, it may be concluded
that the results obtained from the coupled model are camistith the observations.
Anyway, it may not be neglected that the systematic erroth@fmodels, such as the
weakness of the relationship between ENSO and the monsabtharstrong feedback
between ocean and atmosphere in the Tropical Eastern IQtaan, as well as a pos-
sible weaker dynamics represented in the coupled modelrespect to the real world,
seem to induce a dominant and strong dipole-like dynamitsai10.

The variability of the "free” and "forced” SST anomalies bEtTIO have been analyzed
in detail to better understand how the Tropical Pacific Ogeay influence the Tropical
Indian Ocean. The EOF analysis applied to the "free” andcé#di components of the
Tropical Indian Ocean SST shows that the first EOF of the tb&®T is still basin-wide,
consistently with the forcing of the Pacific Ocean on theandDcean. On the other hand,
the second EOF of the forced SST and the first EOF of the freen®a8d a dipole mode.
So dipole patterns in the Indian Ocean may be explained asddry the Pacific Ocean,
but they can also be induced by the free variability of theadndDcean. In the model the
dipole structure is dominant and the EOFs of the "forced” drek” components of the
Tropical Indian Ocean SSTs confirm this tendency.

The principal components of the "free” and "forced” TIO SSa¥e used to investigate
the relationship between ISM and the dipole-like structnre TIO. The main result of
this analysis is the existence of a negative correlatiowéen the dipole-mode structure
and the ISM when forced by the TPO, both in the observatiodsmthe model. In the

"free” SST component case, the correlation in the obsermatis negative but not signif-
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icant, in the model it is positive but we may not exclude tihég tmay be a consequence
of the bias of the model in the south-eastern Equatoriabim@cean.

The statistical analysis used allowed us to explore somecéspf the reciprocal influ-
ence between ISM variability and the TIO SST anomalies ireGBlbosummer. However,
from our results it is not possible to draw a definite condnsabout the passive or active
role of the TIO SST in the ISM features.

The coupled model results are consistent with the obsensbut the main biases that
arise from this study seem to indicate that the model is nettalcapture in an exhaustive
way the relationship between the Pacific and the Indian secfbhe mean state of the
simulated Tropical Indian Ocean has characteristics tiegtypical of a permanent dipole
structure, furthermore the dominant mode of variabilityS8T in the Tropical Indian
Ocean, either forced or free from the Tropical Pacific Ocearg dipole between the

eastern and the western part of the basin.
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Appendix A The coupled manifold

The main assumption made in the coupled manifold approaatd(ika and Tribbia, 2005)
is that two atmospheric fields (Z and S) may be linked by a limekation. If the fields

considered are at discrete times, their relation may beesrith terms of data matrices, as

Z = AS (A1)
where
Z=2(1),2(2),...,2(n)] (A2)
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S =1s(1),s(2),...,s(n)] (A3)

are data matrices expressing fields at fixed times, whiige the matrix which represents
the linear relationZ andSin general are supposed to be rectangular, with the number of
rows different from the number of columns.

To solve equation Al and find, it is possible to set a simple minimization problem,
that is

min || Z — AS ||% (Ad)
where the norm is the "Frobenius norm”, defined as
| X ||2= trace(XX)) (A5)

with the apex that indicates the transpose. The minimingtroblem introduced is a kind
of least square problem, known as "Procrustes problem’hifiRan and Vermette, 1993).

A solution of equation A4 may be written as
A =7S'(SS)™ (A6)

The solution A6 is exact only BS' is of full rank, otherwise a minimization solution may
be found using a pseudoinverse. The pseudoinverse usec lauthors is the Penrose
definition (Golub and van Loan, 1989), that is defined in teainthe eigenmodes,; of
SS' as:

K
(SS) ' =S wiA My, (A7)
=1

where the summation extends over all non-zero eigenvaigesivectors of the matrix. In
this way modes that do not contribute to the variancg afe excluded from the inverse.

The operatorA represents the functional relation between the figddand S. The
strength of the relation depends on the value of the minimlirthe minimum is zero,
the solution is exact and the relatidn that linksZ andS, is linear. If the minimum is
not zero, then it is only a portion of the fieklvariability that can be associated with the
variability of S.

The problem A1l may be posed also in its "sister” form:
S=BZ (A8)
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in which Sis trying to be expressed in termsfand an analogous minimization solution

is obtained as
B =SZ(2Z)"! (A9)

A andB are now two operators that express the relation betvifeandS, but they are
not equivalent. To simplify the computation, the methodctiégd may be applied to
the EOFs coefficients o andS fields: in this way the reduction of the mathematical
dimension of the problem is quite significant. This apprdaabeen used in the analysis
we made, and table Al collects the number of modes retaindtkitOF exercise for
each field analyzed in this study. The % of variance explalmethose modes is also
specified.

Before applying a significance test, the matrizemdShave been scaled witl$S') /2.
With that substitution, the new solution obtained foi(andB) contains correlation co-
efficients which have been tested with a significance testas the Student distribu-
tion. The T-test used has n-2 degrees of freedom and the eanBdoounds are on an
asymptotic normal distribution cﬁ.5log%, with an approximate variance equalgegr3
(Fisher-z-transform method). The test described is appbiehe coefficients of the ma-
trix considered, and if they do not fit the confidence intes\thky are put equal to zero,
in this way only the values that are significant accordindhlevel chosen (in our case
5%) are shown in the figures.

The method described may identify both one-way and two-whktions between fields.

In the first case we end up with "forced manifold”, in the settaiith "coupled manifold”.
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Tables

Table 1. Linear correlation coefficients of IMI with "forced” and de” PCs for both observations
and model. One asterisk indicates values significant at 99%te double asterisk indicates values

significant at 95%

PC1 forced| PC2 forced| PC1 free
Obs - -0.25 -0.21
Model - -0.49* 0.24*

Table Al. Number of modes (explaining 90% of the variance) retaine@&ech fields involved in
the computation of the coupled manifold. "IndiaTPREP” sigfor total precipitation over India
(70-90E, 5-30N), "TrindOcSST” stands for SST in the Troplodian Ocean (40-120E, 20S-25S),
and "TrPacOcSST” stands for SST in the Tropical Pacific O¢&aAE-90W, 30S-30N).

IndiaTPREP| TrindOcSST| TrPacOcSST]
Obs 26 13 17
Model 44 17 26
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Figure Captions

Fig. 1. Climatology of SST (deg C) averaged in July-August and int&aper-October for the
HadISST dataset (panels a and b, respectively), and foot@ed model results (panels ¢ and d,

respectively). The contour interval is 0.

Fig. 2. Climatology of total precipitation (mm/day, contour lineend of wind (m/sec, vectors)
at 850 mb averaged in July-August and September-OctobénddCMAP dataset combined with
ERA40 winds (panels a and b, respectively) and for the caupiedel results (panels ¢ and d,

respectively). Contour intervals are 4,6,8,10 and 14 myn/da

Fig. 3. Annual cycle of precipitation averaged over India (704005-30 N) for the observations

(CRU dataset) and the coupled model results (panel a, liitsopen and closed circles respec-
tively) and annual cycle of IMI circulation index (see tert explanation) computed with zonal
wind from the observations and from the coupled model reqiénel b, lines with open and

closed circles respectively).

Fig. 4. Equatorial sections of temperatures in the Tropical Indimean averaged in JAS and
OND for the analysis (panels a and b) and for the coupled mexjgtriment (panels ¢ and d).
Contour interval is 2, and the thicker line correspond to the®28otherm. Panels e and f show the
differences of the model minus the analysis temperatunethéosame seasons. Contour intervals
are-2-1.5-1.-0.500.511.52 2.5 3, and the thicker lineespond to the 0 contour line.

Fig. 5. Composites of JJA SST anomalies (C deg) for the observafjoausel a) and for the
coupled model results (panel b). Strong minus weak monsearsyaccording to IMI index are

chosen. Values shaded are significant at 95%.

Fig. 6. Composites of JJA wind anomalies at 850 mb (m/sec) for therghtons (panel a) and for
the coupled model results (panel b). Strong minus weak nmmgears according to IMI index

are chosen. Values shaded are significant at 95%.
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Fig. 7. Ratio of the "forced manifold” variance to the total varianor summer precipitation in
India (70-90E, 5-30N) (upper panels) and for the the summer SST anomalies in riy@chl
Indian Ocean (40-12&, 20°S-25N) (bottom panels) for the observations (CRU vs HadISST,
panels a and b, respectively) and for the coupled modeltse§uinels ¢ and d, respectively).
Values shaded are higher than 0.2. All the values shown gnéfisant at 95%.

Fig. 8. Ratio of the "forced manifold” variance to the total varianior summer SST anomalies
in the Tropical Indian Ocean (40-12B, 20°S-25N) linked to SST anomalies in the Tropical
Pacific Ocean (12E&-90°W, 30°S-3C’N) for the observations (HadISST dataset, panel a) and for
the coupled model results (panel b). Values shaded arerttigie 0.4. Only values significant at

95% are shown.

Fig. 9. Ratio of the "forced manifold” variance to the total varianaf summer precipitation in

India with "forced” and "free” SST anomalies in the Tropidatlian Ocean for the observations
(panels a and b, respectively) and for the coupled modeltseanels ¢ and d, respectively).
"Forced” and "free” are referred to the influence from thepical Pacific Ocean. Only the values

significant at 95% are shown.

Fig. 10. Correlation coefficients between IMI and total, "forced’tidifree” SST anomalies in the
TIO for the HadISST dataset (panels a, b and c, respectiaglg)for the coupled model results

(panels d, e and f, respectively). Values shaded are signifat 95%.

Fig. 11. First and second EOFs of the "forced” Tropical Indian Oce&T @nomalies for the
HadISST dataset (panels a and b, respectively) and for ty@exb model results (panels d and e).
First EOF of the "free” Tropical Indian Ocean SST anomalreshie HadlSST dataset (panel c)
and in the coupled model results (panel f). "Forced” andé'freefers to the influence from the

Tropical Pacific Ocean.
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Figures

HadISST Coupled model
c

Fig. 1. Climatology of SST (deg C) averaged in July-August and int&aper-October for the
HadISST dataset (panels a and b, respectively), and footly@ed model results (panels ¢ and d,

respectively). The contour interval is 0.
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Fig. 2. Climatology of total precipitation (mm/day, contour linemnd of wind (m/sec, vectors)
at 850 mb averaged in July-August and September-OctobénddCMAP dataset combined with
ERA40 winds (panels a and b, respectively) and for the caupiedel results (panels ¢ and d,

respectively). Contour intervals are 4,6,8,10 and 14 myn/da
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Fig. 3. Annual cycle of precipitation averaged over India (70005-30N) for the observations

(CRU dataset) and the coupled model results (panel a, liftesopen and closed circles respec-
tively) and annual cycle of IMI circulation index (see tert xplanation) computed with zonal
wind from the observations and from the coupled model reqgianel b, lines with open and

closed circles respectively).
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Fig. 4. Equatorial sections of temperatures in the Tropical Indlmean averaged in JAS and

OND for the analysis (panels a and b) and for the coupled mexgriment (panels ¢ and d).

Contour interval is 2, and the thicker line correspond to the’28otherm. Panels e and f show the

differences of the model minus the analysis temperaturethéosame seasons. Contour intervals
are-2-1.5-1.-0.500.51 1.5 2 2.5 3, and the thicker lineespond to the O contour line.
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JJA SST composites
(strong minus weak IMI years)
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Fig. 5. Composites of JJA SST anomalies (C deg) for the observafjoausel a) and for the
coupled model results (panel b). Strong minus weak monsearsyaccording to IMI index are
chosen. Values shaded are significant at 95%.
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Fig. 6. Composites of JJA wind anomalies at 850 mb (m/sec) for therghtons (panel a) and for
the coupled model results (panel b). Strong minus weak nomngears according to IMI index

are chosen. Values shaded are significant at 95%.
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Fig. 7. Ratio of the "forced manifold” variance to the total varienfor summer precipitation in
India (70-90E, 5-30N) (upper panels) and for the the summer SST anomalies in ribhyachl
Indian Ocean (40-12&, 20°S-25'N) (bottom panels) for the observations (CRU vs HadISST,
panels a and b, respectively) and for the coupled modeltee§uinels ¢ and d, respectively).
Values shaded are higher than 0.2. All the values shown gnéfisant at 95%.
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Fig. 8. Ratio of the "forced manifold” variance to the total varienior summer SST anomalies
in the Tropical Indian Ocean (40-128, 20°S-25N) linked to SST anomalies in the Tropical
Pacific Ocean (12E&-90°W, 30°S-3CN) for the observations (HadISST dataset, panel a) and for
the coupled model results (panel b). Values shaded arertigdue 0.4. Only values significant at

95% are shown.
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Fig. 9. Ratio of the "forced manifold” variance to the total varianaf summer precipitation in

India with "forced” and "free” SST anomalies in the Tropidatian Ocean for the observations
(panels a and b, respectively) and for the coupled modeltsefpanels ¢ and d, respectively).
"Forced” and "free” are referred to the influence from thefical Pacific Ocean. Only the values

significant at 95% are shown.
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Corr Coeff SSTA vs IMI
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Fig. 10. Correlation coefficients between IMI and total, "forced’tidifree” SST anomalies in the
TIO for the HadISST dataset (panels a, b and c, respectiaglg)for the coupled model results
(panels d, e and f, respectively). Values shaded are signifat 95%.
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Fig. 11. First and second EOFs of the "forced” Tropical Indian Oce&T &nomalies for the
HadISST dataset (panels a and b, respectively) and for thigexh model results (panels d and e).
First EOF of the "free” Tropical Indian Ocean SST anomalieshie HadISST dataset (panel c)
and in the coupled model results (panel f). "Forced” ande'freefers to the influence from the

Tropical Pacific Ocean.
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