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Abstract

Indian summer monsoon (ISM) variability is forced from exia factors
(like the EI Niflo Southern Oscillation, ENSO) but it comisialso an internal
component that tends to reduce its potential for predititgbiLarge-scale
and local monsoon indices based on precipitation and atheogpcircula-
tion parameters are used as a measure of ISM variability. 9m@embers
ensemble of AMIP-type experiments (with same boundary Sfdirfg and
different initial conditions) their potential predictdiby is comparable using
both local and large-scale monsoon indices. In the samp@lyzed, about
half of more predictable monsoon years coincide with EldN&nd/or posi-
tive Indian Ocean Dipole (I0D) events.

Summer monsoon characteristics during ENSO and I0OD yeararaa-
lyzed through composites computed over a three years p@reodone year
before and one year after the event peak) to investigate thiaahrelation-
ship between the events lagged in time. The connection leetw&M and
IOD is mostly confined in the summer and autumn, while thahv@NSO
is stronger and extends more in time. In the coupled modelteethe IOD
influence on the monsoon is large, even because in the moBetv@nts are
intense and easily reproduced due to a strong air-sea felkediéhe eastern
side of the basin. Monsoon seasons preceding or followinglayiio or a
La Nifla event are not exactly symmetric, even in terms af thiennial char-
acter. In most of the cases, both in reanalysis and modeliftel &hd positive
IOD events tend to co-occur with larger anomalies eithehalhdo-Pacific
ocean sector or over India, while La Nifia and negative |IOMab

From the observed record, the ENSO-IOD correlation is p@sgtrong

and significant since mid-60s and it may correspond witheeistrong or
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weak ENSO-monsoon relationship and with strong or weak I@@nsoon
relationship. A main difference between those periods é&s redationship
between Indian monsoon rainfall and SST in other ocean baather than

the Indo-Pacific sector alone.
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1 Introduction

The Indian summer monsoon (ISM) is one of the main componatise broad-scale
Asian summer monsoon that represents the largest sourceisefure and precipitation
of the tropical sector (Webster et al., 1998). The ISM vadeshany timescales, from
intra-seasonal to interdecadal, and it is largely moddlateexternal factors, like the El
Nifio Southern Oscillation (ENSO). This remote influenc&nswn since the beginning
of the 19th century and it has been widely investigate in th&t fWalker, 1924; Sikka,
1980; Rasmusson and Carpenter, 1983; Kirtman and Shuld@, 2nong others). The
negative relationship between ENSO and the ISM can be exqaaas a modulation of
the Walker circulation (i.e. Ju and Slingo, 1995). Duringmi&NSO episodes, the rising
limb of the Walker circulation shifts eastward in respongeatwarming of the eastern
Pacific causing descent of air in the Western Pacific and insictors with decreased
monsoon rainfall (Goswami, 1998; Lau and Wang, 2006).

The dependence of the ISM variability on ENSO, i.e. on theatenSST forcing from
the Pacific Ocean, represents a very important aspect ofdimsoon for its prediction. In
a general perspective, the understanding that anomalauslboy conditions provide po-
tential predictability is the scientific basis for determsirc climate predictions (Charney
and Shukla, 1981). Monsoon predictability is indeed a @lussue as life and economy
of million of people depends on its rainfall, but becausetsfcomplex nature and the
diversity of its interactions, useful monsoon predictisrstill a challenge (Webster and
Hoyos, 2010; Turner and Annamalai, 2012). In the AsianAndnonsoon regions, both
externally forced and internal variability componentsd&een identified to measure the
monsoon potential predictability (Shukla, 1981; Singh &nwgbalani, 1986; Goswami,
1998; Mohan and Goswami, 2003, among others). Because détbamnining role of the
internal "unpredictable” variability component, somedigs tried as well to link it to the

monsoon intra-seasonal oscillation (Goswami, 1994; Sperbal., 2000; Goswami and
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Xavier, 2005).

Toward the end of the 20th century changes have been docedenthe strength of
the ENSO-monsoon relationship (Kumar et al., 1999; Kintetlg 2002). Even though
studies suggested that its weakening could be apparenthas @ue to the use of fixed
definition of seasons (Xavier et al., 2007), or to random €flatibns (van Oldenborgh and
Burgers, 2005). In the last two decades, the Indian Oceaal®{pOD, Saiji et al., 1999;
Webster et al., 1999) has been identified as potential trightne ENSO-monsoon con-
nection (Ashok et al., 2001; Li et al., 2003), but its activepassive role has not been
clearly identified yet (Webster et al., 2002; Meehl et al.020Wu and Kirtman, 2004
Cherchi et al., 2007). Air-sea interaction processes irildean Ocean are undoubtedly
involved in the monsoon dynamics; hence they are crucialfierENSO-monsoon tele-
connection (Wu and Kirtman, 2004; Shinoda et al., 2004, 8vaat al., 2007).

Oninterannual timescales, a large component of the Asiamer monsoon variability
consists of its biennial character, with a relatively sgavent that tends to be followed
by a relatively weak one in the next year. This variabilityseeen identified as the tro-
pospheric biennial oscillation (TBO; Meehl, 1994, 1997heTbiennial character of the
tropical climate in the Indian and Pacific regions largeloiwes the Indian summer mon-
soon, ENSO, Indian Ocean dynamics and their mutual interssci{Meehl et al., 2003;
Wu and Kirtman, 2007). Shifting of large-scale east-westutation, Rossby wave type
response and surface heat fluxes-SST feedback are at thefdme ENSO influence
on the ISM biennial variations (Meehl et al., 2003). Northlian Ocean SST anoma-
lies (SSTA) contribute as well to rainfall transitions viacaalous low-level moisture
convergence (Wu and Kirtman, 2007). 10D, ENSO, the monsoatlaeir mutual con-
nections form an important and complex aspect of the trégio@ate worth of further
attention (Tamura et al., 2011; Boschat et al., 2011; Paldtral., 2012; Achuthavarier
etal., 2012).
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In the present study we intend to contribute to the undedstgnof the relationship
between the Indian summer monsoon, ENSO and the Indian Qieale. In particular,
we explore how the Indian summer monsoon characteristesfiluenced by ENSO and
IOD events, focusing on the biennial character of the monsés previously mentioned,
this is one of the regions where the air-sea interactionusial (Wu and Kirtman, 2004;
Bracco et al., 2007). Nevertheless, atmospheric forceéraxgnts can still be useful to
understand aspects of the monsoon dynamics and variapiitiicularly when they can
be compared with coupled model simulations. In this studye@semble of AMIP-type
experiments, with forced SST boundary conditions, and aawe@atmosphere coupled
model experiment are analyzed and compared with availatéeahd reanalysis. The role
of the IOD-ENSO relationship in the weakening/strengthgnof the ENSO-monsoon
connection is questioned as well. In the AMIP-type ensema@eare also interested
in measuring the potential predictability of monsoon ppéetion and circulation-based
indices coming from Pacific and Indian Ocean SST.

The study is organized as follows: Section 2 describes tperaxents analyzed (in-
cluding the models used to produce them), and it lists det@sel reanalysis included in
the study and in the model experiments comparison. Sectiwdédicated to the descrip-
tion of the mean state and variability over India in terms ofrsoon indices, including the
analysis of the potential predictability of monsoon exteeyears in the AMIP-type en-
semble. Section 4 compares the monsoon characteristicggdeMNSO and 10D years in
both model results and reanalysis. Section 5 is mainly fedws the study of the changes
occurring in the ENSO-monsoon relationship and it is mob#ged on the atmospheric

reanalysis. Finally, Section 6 collects the main conclusiof the study.
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2 Model, experiments and datasets

Two kinds of experiments have been used for the present sadAMIP-type ensem-
ble and a 20th century coupled model experiment. The AMp&tgnsemble consists
of 9 members with the same boundary, but different initiahdibons. The boundary
conditions are interannually varying SST taken from the I3&T dataset (Rayner et al.,
2003). The time record analyzed is 1948-2003. The expetsriggve been performed
with the ECHAM4 atmospheric model (Roeckner et al., 1996)1416 horizontal resolu-
tion (roughly corresponding to 1x1 spatial grid) and 19 iattsigma levels.

The twentieth century simulation has been performed wetfully coupled atmosphere-
ocean general circulation model SINTEXG (Gualdi et al.,@00t includes prescribed
concentration of greenhouse gases (i.eoOCH, N,O and chloro-fluoro-carbons) and
sulfate aerosols, as specified for the 20C3M experimentetdfior the IPCC AR4 sim-
ulations (see http://www-pcmdi.linl.gov/ipcc/abaptc.php for more details) from 1901
to 2000. The characteristics of both atmospheric and oceaoidel components are
described in previous publications (Cherchi et al., 2008al@i et al., 2008). The at-
mospheric component is the same used for the AMIP-type eplseand at the same
resolution, while the oceanic component is OPA (Madec et18P8), which is spatially
distributed over a three-dimensional Arakawa-C-type @aidout 2 x 2° horizontal res-
olution, with a meridional refinement of 0.%at the Equator, and 31 prescribed vertical
levels).

The model outputs have been compared with observationsexadalysis data. In
particular, the global distribution of sea surface temper has been taken from the
HadISST dataset over a 1x1 grid (Rayner et al., 2003), athesgpfields come from
the NCEP reanalysis (Kalnay et al, 1996) in a regular 2.5g8d; and the global precip-
itation over land at 0.5x0.5 resolution is taken from the CiRitset (Mitchell and Jones,

2005). Satellite globally distributed precipitation fetperiod 1979-2006 over a 2.5 reg-
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ular grid from the CMAP dataset (Xie and Arkin, 1997) has based as well. Observed
datasets are used in their original grid, except when coetpdirectly. In that case data

are interpolated over a common grid, usually the coarser one

3 Mean state and variability: Monsoon indices

Fig. 1 shows the annual cycle of the precipitation and of theak wind shear (as U850
minus U200) zonally averaged over the Indian monsoon refietween 60-90E). Both

forced and coupled model performance is realistic: largewnts of precipitation move

from the ocean toward the land in summer, but the maximum iresnaver the ocean,

as is observed (fig. 1). The comparison between AMIP-typecanghled model experi-

ments reveals that when oceanic and atmospheric compcarentsupled (i.e. they can
exchange fluxes), the model performance improves with arease (decrease) of land
(ocean) precipitation (fig. 1a,b). The zonal wind shear{gors in fig. 1) is used to repre-
sent the mean circulation over the Indian monsoon regiorb8fée and Yang, 1992). The
model simulation is realistic with zonal wind shear maximaummer at 10N, but in the
coupled model experiment the values are slightly weaker tieserved (fig. 1c).

Fig. 2 summarizes the summer mean state in terms of SST pegmn and upper
troposphere velocity potential, and it shows the main lsadfehe model. The model,
both forced and coupled, has less than observed precguitatier India and in the Bay
of Bengal (fig. 2a,b,c shaded contours). Over the Indian ©dea precipitation bias in
the western basin is reduced in the coupled model, thanksetadntribution of the air-
sea interaction (Cherchi and Navarra, 2007). On the othed ha the eastern side the
coupled model bias is larger than in the AMIP-type ensemblsabse of the cold SST
bias (fig. 2d).

In the Pacific Ocean, the simulated SST is colder than obdewi¢h the cold tongue

extending farther east (fig. 2d). In that area, precipitasdargely underestimated (fig. 2d)

7
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and it shows the typical coupled model double ITCZ syndroBed(cci et al., 2010). The
upper troposphere velocity potential is realistically teead over the Asian continent in
the model (fig. 2, contours), even if the intensity is much kezan the coupled model
where it reflects the weaker than observed low-level corarerg (fig. 2c).

The Indian monsoon intensity and variability may be expedss terms of the summer
(JJA) mean rainfall averaged over India (IMR - Indian monsaeainfall index). The
definition and usage of this index follow the All-Indian Rt (AIR) values obtained
from rain-gauges measurements as described in Parthagatatl. (1992). In the AMIP-
type ensemble, the IMR index computed for the ensemble nsesgnificantly correlated
with the CRU dataset, and the value is 0.44, indicating thapbrtion of ISM variability
externally forced is large. As the ensemble mean removesntbenal variability, its
correlation with the observations is larger than if consitgthe value for each member
of the ensemble, or their average.

The relationship between summer precipitation over Intd) and ENSO is lagged
in time (i.e. Turner et al., 2007; Izumo et al., 2010; Bosattaal., 2011). Fig. 3 shows
the lagged correlation between IMR, ENSO and IOD in termsS®F &nomalies. In par-
ticular, ENSO and 10D are measured here in terms of SST anesnasing the NINO3
and the IODM indices, respectively. NINO3 is the average ohthly mean SST anoma-
lies in the area 150-90W 5S-5N, while IODM is the monthly S$ibraalies difference
between a western (60-80E, 10S-10N) and an eastern (90-10&=Eq) box in the In-
dian Ocean (Saji et al., 1999; Saji and Yamagata, 2003). drr¢hnalysis and in the
AMIP-type ensemble, the correlation between IMR and NIN®8&egative and signifi-
cant starting before the summer, it peaks in July, in the obtee monsoon season, and it
remains negative and large after the monsoon peak (fig..3arb)he other hand, the cor-
relation between IMR and IODM in the re-analysis is negadne significant only during

the fall after the monsoon peak (fig. 3a - dashed line). If thstegn and western poles
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of the IOD are considered separately, the western side leaktfest correlation (not
shown). In the AMIP-type ensemble, the correlation is nggatnd significant during the
whole monsoon season (fig. 3b, dashed line) and as in theatgsathe main connection
is through the western lobe of the dipole (not shown). Acoado this result, while the
ENSO-monsoon relationship appears strong during the dpwej phase of ENSO, the
IOD-monsoon connection is mostly confined to the monsooniskephase, correspond-
ing to the peak of the evolution of the Indian Ocean Dipole.tha period 1979-2007
the correlation between Indian summer monsoon rainfallfathdOD index is significant
only in September (Boschat et al., 2011).

IMR is an example of a widely used index to measure the monsgaoability. How-
ever, it is well recognized that models tend to better siteulae monsoon in terms of cir-
culation fields than in terms of precipitation. In fact, iteliature many different indices
based on circulation parameters have been defined and usdgbi®¥ and Yang, 1992;
Kawamura, 1998; Wang and Fan, 1999; Wang et al., 2001, amitvegsd. Fig. 4 shows
the annual cycle of four different indices: the precipatbased index IMR is compared
with three circulation-based indices, computed in the agasis and in the model exper-
iments. In terms of precipitation averages, as previousintioned, the model experi-
ments tend to have less precipitation than observed ovénthi@n subcontinent (fig. 4a).
In the coupled model the amount of precipitation in summende realistic but the
time extension is wider than observed (it seems that thet amskghtly anticipated while
the demise is slightly delayed). Fig. 4b shows the Indian 86@m Index (IMI) defined
by Wang et al. (2001). This index is computed as 850 mb JJAlzeina difference be-
tween two sectors over the Indian monsoon region (i.e. 40-8915N minus 70-90E,
20-30N), and it has been recognized as a good index to reypréee Indian monsoon
variability in the coupled model used in this study (Cherehil., 2007). In terms of

intensity the index is slightly underestimated in the ekpents, but it has a realistic time
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evolution during the year (fig. 4b).

The indices just described are mostly local, but ISM valigbmay be represented
in terms of large-scale features as well. According to thépster and Yang (1992)
introduced the Dynamical Monsoon Index (DMI) defined as tbeat wind shear be-
tween lower and upper troposphere (U850 minus U200) avdragne region 40-110E,
EQ-20N. Fig. 4c shows how the AMIP-type ensemble is able atstcally simulate its
annual cycle, while the coupled model simulation tends ewestimate its intensity, as
already discussed for fig. 1. Another large-scale indexesMi'G (Meridional Temper-
ature Gradient) defined by Kawamura (1998) as the atmosptimeckness (geopotential
height difference between 200 and 500 mb) difference beivi€®e100E, Eq-20N and
50-100E, 20-40N in summer. The MTG index is strictly conedotvith the zonal wind
shear changes and it contains details of the atmosphetlabss associated with intense
monsoon convection (Kawamura, 1998). Fig. 4d shows how thdehrexperiments sim-
ulate its annual cycle in a realistic way. The variabilitytio¢ large-scale monsoon indices
is better represented compared to local indices. In fathem/AMIP-type ensemble MTG
and DMI are highly correlated with the indices computed frliGEP. The correlation

coefficients considering the ensemble mean are 0.70 andr@g&:ctively.

In literature many other indices have been introduced,daseaneridional wind shear (Wang

and Fan, 1999) or 200mb velocity potential (Tanaka et aD42(o represent the Hadley
and the Walker type circulations, respectively, over theaarHowever, for the purpose
of this study and building on a previous study discussiorh@yperformance of the same
model (Cherchi and Navarra, 2007), we evaluate the inditewss in fig. 4 as appropriate
to represent the ISM variability.

Considering the availability of nine members in the enseamntor each index we com-
pute the potential predictability for each year and we campghe performances. As

mentioned in the Introduction the concept of potential ptadbility has been widely in-
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vestigated in the 90’s and it can be measured as a sort of sogmaise ratio (i.e. Stern and
Miyakoda, 1995). In particular, the signal relies on theefing from the SST (i.e. ensem-
ble mean), while the noise is represented in terms of thenateomponent (i.e. spread
among the ensemble). The signal to noise ratio as measune giotential predictabil-
ity coming from the SST forcing has been studied as well uiieganalysis of variance
(ANOVA) statistical technique in ensembles of GCM expernmsg Rowell, 1998). Trop-
ical precipitation is largely controlled by the given SSEtdbution, specifically in the
ENSO sector (Kang et al, 2004), while in the ISM region inéwscillations can account
for a large fraction of the simulated monsoon variabilityo®ami, 1998; Krishnamurthy
and Shukla, 2001).

Following the approach of Stern and Miyakoda (1995), we @efire potential pre-

dictability (PP) of an index that varies depending on timeafyd on the ensemble dimen-

sion (), as:
pp — v 1)
Oy

whereX, is the ensemble mean computed as

_ 1 X
X, = anlxny (2)

where N is the number of the members and y is the year. The deatono;, is the

standard deviation among the members computed as
1 X )

Oiy = 77 Z(Xny - Xy) 3)
N =

Hence PP is the ratio of the ensemble mean over the standdedide among the mem-

bers and a black bin in fig. 5 represents it for each year anédoh index. According

to the definition, the larger the value, the larger the patépredictability of that year.

We can identify as largest values those in the tails (i.eeedig the 10th and 90th per-

centile) of the PP distribution (yellow bins in fig. 5). Typity the value of PP is large
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when the spread among the members is small (i.e. when thaahteariability compo-
nent is smaller than the forced one). In fig. 5 the ensembksasiis shown as well (black
stars) and when PP is large the members values are closetbacinaicating their small
standard deviation.

In fig. 5 (bottom right in each panel) we have reported alsadhie of the standard de-
viation of the ensemble mean over the average of the stad@ardtion for each member,
which is as well a measure of the potential predictabilityhef indices (Alessandri et al.,
2011). The intensity close to one indicate that the signabiee ratio is high, and hence
that their potential predictability is high. Large-scalemsoon indices have values larger
than the local indices, and this may be related also to tlegieddence on less noisy fields
like upper troposphere wind and geopotential height.

To identify the source of the forced potential predictdapilive can verify the corre-
spondence between extreme monsoon predictable years &@ BNOD events. ENSO
and 10D years (Table 1) have been classified using monthly @®malies based in-
dices, i.e. NINO3 and IODM as previously defined. In parécubl year is classified
as an ENSO-year when its NINO3 value exceeds 0.5 std from #snr(positive for El
Nifio and negative for La Nifa) starting from November fotemst 3 months (Trenberth,
1997). On the other hand, a year is classified as IOD when DM®alue averaged from
September to November exceeds 1 std from the mean (positieokitive IOD event,
and negative for a negative 10D event). For all the indicescaunted how many times
extreme monsoon predictable years correspond to El NiadNiba or a positive or nega-
tive IOD event. The results are summarized in Table 2. Fdhalindices, at least half the
time potentially predictable monsoon years coincide withEh Nifio or a positive 10D
event (see Table 2), actually in all the cases the two evenatecurred. On the other hand
for negative 10D and La Nifa events the correspondence akearg Table 2).

From fig. 5, 1987 can be identified as the year which has thesangotential pre-

12
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dictability for all the indices: it corresponds to a pos#ilOD year co-occurring with
a weak El Niflo (Table 1). Actually, 1987 has been recordec akastic monsoon
drought (Kumar, 1987). In the literature, 1987 and 1988 Hasen used as test beds
to study the monsoon predictability as typical examplesarfyeand a wet monsoon (Kr-

ishnamurti et al., 1995).

4 ISM characteristics during ENSO and IOD years

In this section most of the figures are types of Hoevmoellag@ims, time-latitude or
longitude-time plots. In all of them the monthly anomalibewn are composite of ENSO,
IOD or extreme monsoon events computed over a three yeaoglgbereafter 3-yrs com-
posite). In particular, the time axis is organized over ¢hyears centered in the year (0),
when the event peaks, and it covers the year before (-1) angetér after (+1) the peak,
from spring to fall. Extreme monsoon years are classifiedrasg or weak depending on
monsoon indices exceeding 1 or -1 standard deviation frenmtéan.

ENSO and IOD years (listed in Table 1) are the same for thereaBens/reanalysis
and AMIP-type ensemble, as the classification is based orihlyo8ST anomalies and
monthly SST is prescribed in those experiments. Accordmnthée metric used for the
classification, years in Table 1 correspond to the Noventlmmember peak value for
ENSO and to the fall peak value for the Indian Ocean Dipok (1997 EI Nifo year
refers to the event developing during 1997 and peaking ketvwwovember 1997 and
December 1998, while 1997 positive IOD year refers to thenegeaking in September-
November 1997).

4.1 Analysis of ElI Niflo and La Nifia years

Fig. 6 shows the 3yrs-composite of precipitation anomaiesaged over India (i.e. 75-

85E) and of zonal wind shear anomalies averaged betweenr&@BEGE during El Nifo

13
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and La Nifa years (bold values in Table 1). In this case tla Qecorresponds to the
developing phase of ENSO peaking from Nov(0) to Jan(+1),vaitidl this methodology

the summer season of year O corresponds to the ENSO dewglppase, while that of
year (-1) and that of year (+1) precedes and follows, respgt an ENSO event. The
anomalies are computed with respect to the monthly mearatdiimgy of the period 1948-
2003 in AMIP-type ensemble and observations, and of the avbehtury (1901-2000) in
the coupled model experiment.

During the monsoon season of year (0), weaker than normeigit&ion occurs over
India, mainly in its second part (Aug(0)-Sep(0)) with reddovertical zonal wind shear
(fig. 6a). Boschat et al. (2011) firstly evidenced this asytmyneetween the beginning
and ending phase of the monsoon. The monsoon of the yearh#®IEl Nifio evolu-
tion has stronger than normal precipitation, while the ytbeat follows has weaker than
normal rainfall north of 15N in the beginning of the monso@ason and stronger than
normal precipitation in the southern part of India toward #nd of the season (fig. 6a).
As expected, over India increased/decreased zonal wiral sil@malies occur in corre-
spondence of excess/deficit of rainfall (fig. 6a).

In the AMIP-type ensemble, the response of the monsoon cleaistic during the
summer season in correspondence of the evolution of the i iig. 6¢) and the as-
sociated changes in the Walker circulation (as shown latex)realistic but the lack of
ocean-atmosphere interaction prevents the Indian Oce@anags contribution to the bi-
ennial periodicity (Meehl et al., 2003; Wu and Kirtman, 2D04 the coupled model the
signal is weak and for both the years preceding and followhegnonsoon the anomalies
over India are not coherent in space (fig. 6¢).

During La Nina years, the anomalies are reversed with &gpeEl Niflo years even
if the characteristics of precipitation and wind fields a axactly opposite. In fact,

in summer during the developing phase of La Niha, stronigen hormal precipitation
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anomalies occur over India with larger values in the demisesp of the monsoon season,
associated with higher than normal zonal wind shear anesé#lig. 6b): the monsoon
tends to be delayed and weaker (stronger) during El NinoNife) years. The summer
preceding La Nifia has weaker than normal precipitatioragreement with the reverse
of the El Nifio case. On the other hand, the summer followlegteak of La Nifia event
has precipitation still stronger than normal, at least m ¢harting phase of the monsoon,
different from the El Nifio case (fig. 6b).

In the model, during La Nifa years precipitation anomadieslargely weaker than ob-
served both in the AMIP-type ensemble and in the coupled hegeeriment (fig. 6d,f).
In the AMIP-type ensemble, the intensification of the windahin summer is realistic in
intensity and time evolution during the monsoon seasongfigy. In the coupled model,
in the summer of year 0 the signal of a more intense monsoagrinst of wind shear is
mainly concentrated in the late monsoon season (fig. 6f).

The comparison between forced and coupled model experspentormances in fig. 6
reveals that AMIP-type simulations are more proxy to obagons than the 20th century
experiment is, and this is mostly true for the El Nifo yedrhis difference could be as-
cribed to the weakness of the ENSO-monsoon connection icaingled model used (see
also Cherchi et al., 2007). This shortcoming of the modelatbe related to its biases, as
documented by Gualdi et al. (2003) and Guilyardi et al. (3008the simulation of the
basic state of the Pacific Ocean, like the common westwagshsiin of the SST anoma-
lies (Terray et al., 2005). These biases in fact could efteetiocation of subsidence in

the Western Pacific and Indian Ocean sector (Cherchi etGil2)2

4.2 Strong and weak monsoon years: Differences betweecasdi

The ENSO-monsoon connection is interpreted in terms of tbhdutation of the Walker

circulation, that can be represented with 200 mb velocitieptal. Fig. 7 shows the
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composite for SST and 200 mb velocity potential during ggrand weak monsoon years.
The composites are built as described before, but the graghbngitude versus time
as the fields are averaged between 10S-10N. The region igmlassit corresponds to
the maxima in the evolution of the Walker cell (Lau and Yan@02). Here strong and
weak monsoon years are classified based on IMI index. In theemboth for AMIP-
type ensemble and for the coupled model experiment, thempatshown for IMI do not
differ from the same analysis applied to IMR and MTG indicest(shown), while in
the reanalysis the conclusions may be different (which belfurther discussed after the
model outputs analysis). In the AMIP-type ensemble thecisliare highly correlated
each other, but we cannot exclude that this lack of variandke model may be also
influenced by biases in the coupling between rainfall angelascale dynamics.

In the coupled model, negative (positive) 200 mb velocityeptial anomalies over
India peaking in summer are associated with upper tropasptieergence (convergence)
and increased (decreased) low-level convergence oveetierr (fig. 7c,d): the patterns
are almost symmetric comparing strong and weak monsoorsy&&e SST pattern has
positive (negative) anomalies in the Pacific region durimg $ummer monsoon season
and in the months before. In the eastern part of the Indiam@ueak positive (negative)
anomalies develop after July (fig. 7c,d) in strong (weak) soam years. This pattern
represents the enhanced dipole structure of the IndianrOnehis model (Cherchi et al.,
2007).

In the AMIP-type ensemble the characteristics are comaxaibh the coupled model
experiment except that both SST and 200 mb velocity potesntiamalies are larger dur-
ing the summer monsoon season of year O (fig. 7a,b). In the AYPE ensemble the
monsoon intensity is directly related with the simultan@8$T in the Pacific Ocean that
modulates the dichotomy of subsidence regions betweengtamand the Pacific sectors.

On the other hand, in the coupled model experiment the SSialws of the preceding
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season may change the atmospheric circulation pattemrsating with the anomalies in
the Asian sector for strong monsoon years.

In the reanalysis the composite of IMI, IMR and MTG variesg@esting different
mechanisms at work in providing extreme monsoon rainfail @wmds over India. Fig. 8
shows SST and 200 mb velocity potential composite for steomdyweak monsoon years
classified using IMI, IMR and MTG monsoon indices. In all tlses, the summer of year
0 is characterized by upper troposphere divergence (cgamee) over the Indian Ocean
sector in correspondence of stronger (weaker) than nornoalsoon (fig. 8), but differ-
ences exist in the SST pattern potentially forcing (interecwith) those atmospheric
anomalies.

IMI and IMR composites seem to represent two different coowls in terms of con-
temporary or precursor Pacific Ocean SST patterns influemedact, in IMR cases,
starting from the spring of year 0, positive (negative) S®braalies develop in the re-
mote central-eastern Pacific sector and positive (negateiecity potential anomalies
in the upper troposphere peak over India thus providing weétronger) than normal
monsoon conditions (fig. 8c,d). On the other hand, in IMI sasegative (positive) SST
anomalies in the Pacific sector in the winter before the peak QOct(-1)-Jan(0)) pre-
cedes the development of positive (negative) 200 mb velpatential anomalies typical
of deficit (excess) rainfall conditions over India (fig. 8a,b

In MTG cases the SST anomalies in the Pacific sector are |drgerin the other cases
and they are associated with anomalies of the same sign indren Ocean developingin
correspondence of the evolution of the monsoon season €if). &his figure shows how
different condition in the Indian-Pacific sector may prarisimilar patterns over India.
This result reflects the complexity of the relationship begw ENSO, the monsoon and
the Indian Ocean SST.

The list of the years used for the composites shown in fig. &eperted in Table 3.
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For each index, the years corresponding to effective floeda@ughts Indian monsoon
events, according to the Indian Institute of Tropical Metéagy (IITM) classification
(see www.tropmet.res.inkolli/mol/Monsoon/Historical/air.html), are evidenced~or
IMI and IMR, most of the events are effective extremes monsgears, and even all
the other matches with the sign of the ISM anomaly. On therdthad, the number of
events in the MTG composite are fewer than in the other casédeav of them corre-
spond to effective flood or drought years. If we restrict thalgsis considering only the
events that correspond with effective drought and flood raons, the main features just

described are unchanged, even the SST pattern in the Ineltéor gnot shown).

4.3 Comparison between ENSO and 10D cases

To compare ISM characteristics during ENSO and 10D yearsgipitation and zonal
wind shear composites are computed also for positive andtivegOD events (fig. 9).
In this case the year O corresponds to both the developingpaealling phase of 10D
from Jul(0) to Nov(0). In the reanalysis a positive (nega}ilOD peak is preceded by
weaker (stronger) than normal monsoon rainfall and weakenré¢ intense) zonal wind
shear (fig. 9a,b), even though the signals are small. In thiyp®I1OD case Jun(0)-Jul(0)
negative anomalies are followed by positive anomaliesinfaifl mainly in Aug(0)-Sep(0)
north of 20N (fig. 9a). In the negative 10D cases, the posjtrezipitation anomalies are
particularly small and hardly identifiable. In the coupleddrl, the anomalies are weak
and not coherent in space (fig. 9e,f), as for the ENSO casdelAMIP-type ensemble,
the anomalies during the summer monsoon period are largesiethid for the whole
monsoon season (fig. 9c,d).

To relate the results discussed above with the evolutiolN$@& and 10D events, we
have repeated SST and 200 mb velocity potential composiigsia for EI Nifo/La Nifa

and positive/negative 10D years (fig. 10 and fig. 11, respelst). In this case results
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from reanalysis and coupled model experiment are shownhdrPacific basin positive
(negative) SST anomalies develop from spring of year O tosthremer of year +1 and
they are preceded by anomalies of the opposite sign, buteveskthe spring-summer
of year -1 during El Nifio (La Nifia) events (fig. 10a,b). Otlee Indian Ocean a dipole
structure develops in correspondence of the El Nifio years fluly and it peaks in fall

(fig. 10a). During La Nifa years, the dipole signature inliieian Ocean is weaker than
during El Nifio, and the negative anomalies in the westerhgfahe basin are larger than
the positive one in the east (fig. 10b).

During positive IOD events positive and negative SSTA inwlestern and eastern side
of the Indian Ocean, respectively, are associated withtiges$sSTA in the Pacific Ocean
in the contemporary season from April (0) to April (+1) (figdd). In negative IOD cases,
SSTA in both Indian and Pacific sectors are of the opposite Isigy weaker in intensity:
from this composite it seems that the 10D signal is domin&gdhe anomalies in the
western part of the basin (fig. 10d). In the upper troposplteeepeak of the anomalies
occur from spring to spring with negative anomalies in theifRasector and positive ones
over the Indian region, corresponding to ENSO charactesisind explaining weakening
of convergence. The anomalies are opposite during La Nigal(Q).

In the coupled model the SSTA and their time evolution in theifit Ocean are real-
istic and comparable with the observations, but the dipigjeagure in the Indian Ocean
is stronger than observed, at least in the El Niflo case,tastdris from spring (fig. 11a).
During 10D years in the coupled model the anomalies are Bxaginmetric with posi-
tive (negative) dipole anomalies in the Indian Ocean andigegnegative) SSTA in the
Pacific sector developing from Jul (-1) and expanding west\fag. 11c,d). In the model
the 10D signal is large as this coupled model is particuladysitive to the precipita-
tion/wind feedback in the eastern part of the Indian Oceam(@ et al., 2003; Cherchi

et al., 2007). Differently from the observations, duringsppwe (negative) 10D events
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dipole anomalies in the Indian Ocean are preceded by pegmiggative) SSTA in the
Pacific sector propagating from the year before (fig. 11c,d).

In recent decades EI Nifio and positive IOD events co-oedunr most of the cases (Ashok
et al., 2001). In particular of ten positive IOD events citisd in Table 1, five of them
are also El Nino years (eight if we consider a 0.5 std thriesfay the El Nifo year clas-
sification). On the other hand, only one negative 10D co-aeclwith La Nifla events
(they would be three if considering a weaker threshold foNida years classification)
and most of them occurred before the 80s (Table 1). In theledupodel experiment, a
similar behavior is found with half of the positive IOD eveiatccurring in correspondence
of El Nifio years, and a few (two over eleven in a century) niggdOD events occurring
during La Niha years. To distinguish the monsoon chargties during El Nifio and
during positive 10D years we tried to separate the eventsuies IOD (both positive and
negative), pure ENSO (both El Nifio and La Nifia) and as aatotg (positive IOD with
El Nifio and negative 10D with La Nifa) events. Table 4 sumnes the results of the
above classification with the list of the years as resultmogifthe HadlSST dataset, and
with the number of the events considered in the model. In stases the number of the
events selected is quite small (i.e. pure El Nifio, or codotieg negative 10D and La
Nifia events), hence we decided to focus on those cases wéhmple robust enough to
draw some conclusions. According to that, 3-years comeasitSST and 200 mb ve-
locity potential anomalies for pure positive and pure niegdOD, co-occurring positive
IOD and El Niflo and pure La Nifa events are shown in fig. 12HadISST and NCEP
collections and for the coupled model results.

During positive and negative IOD events, SST and 200 mb uglpotential anoma-
lies are almost symmetric in both re-analysis and modeladt, positive (negative) upper
tropospheric velocity potential anomalies occur in sumfaéirof year O over the In-

dian sector during positive (negative) IOD events and theyespond to weak (strong)

20



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

monsoon characteristics (fig. 12a,c,e,g). In these casesnain difference between the
re-analysis and the coupled model is in the Pacific sectofadhin the reanalysis the
SSTA change from negative in spring-summer of year (-1) @®itp@ in summer-fall of
year (0) to negative again during spring-summer of year (oi)positive IOD events,
and the reverse occurs for negative 10D events (fig. 12a,¢).th® other hand, in the
model the SSTA in the Pacific sector oscillates from posifieen Apr(-1) to Jul (0) to
negative from Apr(+1) onwards during positive I0OD events] ghe reverse occurs during
negative 10D events (fig. 12e,g). When positive 10D events EihNiflo co-occur SST
in the Pacific-Indian oceans sector and upper troposphetacity potential anomalies
over India are larger than in pure cases in both re-analyglaupled model experiment
(fig. 12b,f). As previously mentioned, the model tends toresBmate the negative SSTA

in the eastern side of the Indian Ocean (fig. 12f).

5 Changes in the ENSO-monsoon connection

Fig. 13 shows the correlations between ENSO, IOD and monsmofall considering a
19 years sliding window in the data collections. The x-anithie figure refers to the start-
ing year of the 19 years correlation window. The dotted liogesponds to the correlation
coefficients between NINO3 and IMR, so it represents the EM&@soon connection.
According to the figure since the beginning of the reanalysi®rd the relationship be-
tween ENSO and the monsoon is strong and negative, but dwecmiddle of the 70s
decade it starts to weakens up to becoming non-significaimglthe 90s and onwards.
A definite explanation for the changes occurring to the ENB@ysoon connection
has not been identified yet. Among possible explanatioren@bs in ENSO itself (Ku-
mar et al., 2006), the global warming (Ashrit et al., 200§ targer occurrence of IOD
events (Ashok et al., 2004a) have been investigated. In3i¢hd correlation coefficients

between NINO3 and IODM (solid line) and between IODM and IMfaghed line) are
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plotted as well to investigate more the role of the 10D in tharmges occurring to the
ENSO-monsoon relationship. The correlation between ENBOI®D is strong posi-

tive and significant since the beginning of the time recordsdered, but it seems to
be larger after mid 60s. However, changes in the intensithefdotted and solid lines
in fig. 13 are not evidently linked. That is, the ENSO-IODM m@ation can be high

both when the ENSO-monsoon connection is strong and signtfiend when it is weak
and non-significant (i.e. after mid-80s). At the same tirhe,IOD-monsoon correlation
shows multidecadal variability: it is negative and sigrafic between mid 60s and mid
70s, while it is non-significant for the other periods. Deaa®D signals, related with

sub-surface ocean dynamics, have been investigated cmgmareanic reanalysis and
coupled model experiments, where they appeared as a denadalation of interannual

IOD events (Ashok et al., 2004b).

Fig. 13 provides a picture with periods having completelfedent characteristics in
terms of mutual correlation intensities between ENSO, @D KM in the reanalysis. In
particular, in the first part of the record the ENSO-monsoonnection is strong, while
the IOD-monsoon connection is non-significant and the IONIBE correlation shows a
change from non-significant to positive values. Then in tigdhe of the time record, the
IOD-ENSO correlation intensifies and the monsoon-10D datien becomes negative
and significant. In this framework, the ENSO-monsoon cotiaegemains strong nega-
tive and significant. Finally toward the end of the record ievttihe ENSO-IOD relation-
ship remains strong, the others two start to decrease ugtintiag non-significant. This
result evidences how the mutual relationships are stragitynected but with a quite com-
plex behavior. For example, the change around mid-70s dQBemonsoon relationship
could correspond or be related with the weakening of the El&@Dsoon connection, or
both could be related to the changes occurring to ENSO itKelfnar et al., 2006).

Before analyzing more the three periods identified we opeararnthesis on the model
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performance. As previously discussed, the coupled modebhaeak ENSO-monsoon
correlation. On the other hand, the correlations betweddMCand IMR, and between
NINO3 and IODM are large. In particular, the large IOD-moas@elationship in summer
could negatively influence the ENSO-monsoon connectioroasd also for the NCEP
forecast model (Achuthavarier et al., 2012). Applying ayEaus sliding window to the
correlation in the coupled model indices, it is not posstblédentify drastic or periodic
changes in the connection (not shown). Coupled models giynérave difficulties in
having this sort of changes or in general they are not ablegooduce climate shifts (i.e.
Guilyardi, 2006, for ENSO).

The AMIP-type ensemble results have biases as well but gtendiion between the
correlations computed from the ensemble mean or as avefalge members correlation
gives some interesting outcomes. Fig. 14 shows the 19-g&dnsg correlation between
ENSO and the monsoon (in the upper panel) and between the h@Eha monsoon (in
the lower panel). In particular, the correlation coeffi¢eehetween NINO3 and IMR are
negative and significant up to mid’70s considering the eidemean (fig. 14a). On the
other hand the average of the 9 members sliding correla@most never significant
(fig. 14a). This result is consistent with the idea that thenges in the ENSO-monsoon
connection depend on the changes occurred to ENSO itseélfflas AMIP-type ensemble
mean the main contribution comes from the SST forcing, wiieemean of the member
correlation should contain the signal from the internalafaility. The changes occurring
to ENSO may be related to the different position of the SSTAkpaef ENSO events in
recent decades, as it has been recently discussed (Kumar280s).

Considering the correlation between IODM and IMR, the ageraf the 9 members
correlations is never significant (fig. 14b, dashed line)jlevthe correlation of the en-
semble mean is negative and significant (as in the obsengtia the first part of the

record but not in the second one (fig. 14b, solid line). In tlaise, model and observations
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correspond for short periods with starting years betwees0l&nd 1965. While in the
observations it is possible to identify a sort of decadahalgin the AMIP-type ensemble
mean there are sort of unrealistic shifts around 1960 an@®.188this case the role of
the SST forcing is not dominant as in the ENSO-monsoon, laretls also an important
contribution from the internal variability component. Wayspeculate that the disagree-
ment between model and observations is mostly related \Wwehrtability of this kind
of experiments to have a realistic internal variabilitytagy miss the ocean-atmosphere
coupling that is known to be crucial for Indian Ocean dynanfit/u and Kirtman, 2004).

As mentioned before, considering the lines in fig. 13 and in&raction with the sig-
nificance threshold we choose three sub-periods to perfomesnore analysis in terms
of changes in ENSO-monsoon and IOD-monsoon relationstdptlasir seasonal evo-
lution in the reanalysis. The three periods are: 1949-1966resthe ENSO-monsoon
connection is strong, while the IOD-monsoon connectionois-significant; 1962-1982
where both the connection are strong and 1980-2000 whelEeNIS-monsoon connec-
tion is weak and the IOD-monsoon connection is non-sigmfica

Fig. 15 shows the time regression of the Indian summer mansaofall index (IMR)
on SST and 200 mb velocity potential for three different seas spring (AMJ mean)
before the monsoon peak, summer (JAS mean) in correspoadérnibe monsoon peak
and fall (OND mean) just after the monsoon peak. In summerrttlian and Pacific sec-
tors are characterized by opposite velocity potential aal@s in the upper troposphere
with negative values in the former and positive values inl#iger, in agreement with
the typical ENSO teleconnection pattern (fig. 15b,e,h)elms of SST, in the second pe-
riod positive (negative) anomalies appear in the easteest@vn) Indian basin, differently
from the other two periods. In agreement with a stronger mondOD relationship, in
this period larger negative SST anomalies are found in timam Indian basin (both in

the Arabian Sea and in the Bay of Bengal) because of the ctterabetween the basin
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and the monsoon rainfall (Cherchi et al., 2007).

However, the main differences between the three periodoaral in the North Pacific
and in the Atlantic sectors. In particular, in the last pdrishen the ENSO-monsoon
connection weakens, strong positive anomalies are fourldeinvestern Atlantic sector
around 30N, with slight negative anomalies in the subtrapsector (Goswami et al.,
2006; Kucharski et al., 2008), and in the western North Rafiy. 15h). On the other
hand, before the 70s the positive anomalies in the Northfieaeere mainly localized in
the centre of the basin (fig. 15b). This difference may beedlaith the changes occurred
in the North Pacific after 1976 (Miller et al., 1994) and to #ssociated differences in the
ENSO teleconnections (Deser and Blackmon, 1995). Thig/aisatannot be considered
exhaustive, but it highlights interesting issues in the EN8onsoon-10D relationship on

timescales with lower than interannual frequencies, wisakorth of further studies.

6 Conclusions

Major portion of the Indian summer monsoon (ISM) varialilg related to the variability
in the Indian-Pacific sector. In this study, ISM variabilitgs been investigated focusing
on the monsoon characteristics in correspondence of ENS@CGID events. The analysis
has been performed comparing re-analysis and data withsainesic (AMIP-type with
forced interannually varying SST) and coupled model experits.

ISM variability has been expressed here in terms of preatipih and circulation-based
indices. In particular, large-scale monsoon indices, bl and MTG based on zonal
wind shear and mid-tropospheric thickness, respectivgye been compared with local
indices, like IMI and IMR based on low-level zonal wind an@gpitation, respectively.
Both model outputs and reanalysis, realistically repretfes precipitation pattern varia-
tion in summer over India. In the AMIP-type ensemble therhatenual variability of all

the indices is significantly correlated with the reanalysigerms of the ensemble mean,
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indicating that the forced SST component is important.

Using the AMIP-type ensemble we define and compute the patgmedictability of
the monsoon indices as the ratio of the ensemble mean ovstatheéard deviation among
the members for each monsoon index and for each year: therldrg value, the larger
the potential predictability for that year. Strong and weansoon characteristics have
comparable predictability in terms of large-scale andllomansoon indices. In the sample
analyzed, about half of the more predictable extreme mangears coincide with an El
Nifio co-occurring with a positive 10D event. The result ansistent for all the indices.

Because of the seasonal evolution of the events, the momssommer may be nega-
tively influenced by the developing phase of ENSO, which peakhe following winter
and which may interact and influence the 10D anomalies in thisequent fall. The
3-years composite analysis of precipitation and seasomal shear during ENSO and
IOD events reveals that during El Nifilo and positive IOD gearonsoon precipitation
is reduced with weakened wind shear, while during La Nifid aegative IOD events
the monsoon characteristics are opposite with larger tlwamal rainfall and enhanced
zonal wind shear. Actually, the ISM characteristics in EfidfLa Nifia years or in pos-
itive/negative IOD events are not exactly symmetric. Irtfachile during La Nifia and
negative IOD year the monsoon anomalies are almost unifathinthe summer season,
in the opposite cases (El Niflo and positive IOD) there igo@l@iin the anomalies within
the season (i.e. anomalies in the demise phase of the monbkange sign).

In the model composites, precipitation and wind shear aiemare weaker than ob-
served, mainly in the IOD cases. During ENSO events, AMIgetgnsemble results are
more proxy to observations than the coupled model simulagpand this could be also
related to the weak ENSO-monsoon connection in this coupledel. In the AMIP-type
ensemble the monsoon intensity is directly influenced bystheultaneous SST in the

Pacific Ocean and its biennial characteristics are not caghtobecause the lack of air-sea

26



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

interactions in the Indian Ocean.

The composites of SST and 200 mb velocity potential durirapgtand weak monsoon
years classified based on different monsoon indices highhgw different SST condi-
tions in the Indo-Pacific sector may provide similar monsobaracteristics over India,
reflecting the complexity of the relationship between EN8@jan Ocean SST and the
monsoon.

In the reanalysis as well as in the coupled model most of tisgtipe IOD events co-
occurred with an EI Nifio, while that is not the case for Laali’A further classification
has been performed to separate years with pure 10D or ENS@tsei®m years with
co-occurring ENSO and I0D. Because of the number of casedviedt, pure El Nifio
years as well as La Nifla and negative 10D co-occurring evieatve not been taken into
account. When positive IOD and El Nifio co-occur the SST aal@s in the Indo-Pacific
sector and 200 mb velocity potential anomalies over Indelarger than in the pure
cases. However, the model tends to overestimate the sigtia¢ilndian Ocean, mainly
in its eastern part.

The relationship between ENSO, IOD and the monsoon is nataahin time. In fact,
in the record analyzed (i.e. 1948-2003) it is possible téirysiish periods with strong
ENSO-monsoon connection, lack of IOD-monsoon connectiwh iacreasing ENSO-
IOD relationship, or with both strong and negative |IOD-mams and ENSO-monsoon
connections, or with not-significant monsoon-ENSO and rmondOD but with a strong
ENSO-IOD relationships. The main difference between th#ogds identified is in the
SST pattern of North Pacific and Atlantic sectors. When th&BNnonsoon connection
weakens, strong positive SST-IMR correlation is found e western north Atlantic and
north Pacific Ocean, the latter probably associated witld#wadal changes of the North
Pacific sector and the associated ENSO teleconnectionelmddel it is not possible to

identify those types of decadal changes. However, resualts the AMIP-type ensemble

27



685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

suggest that while in the ENSO-monsoon case most of thelabomeis driven by changes
in the remote SST (and hence is somehow captured by the mad#ie IOD-monsoon
case changes in the correlation are not captured by the nmdgjesting a predominance
of its internal variability component and local model bisseay influence as well its
performance.

The study is quite heterogeneous in its analysis, but ite flegus remains the analysis
of the characteristics of the monsoon associated with EN&Clee 10D, spanning from
composite analysis of specific classified events to the tigagson of long timescales.
The wide litterature on the differences in the charactessof ENSO during the last
decades (Wang, 1995; Ashok et al., 2007; McPhaden and ZB@f§; Jung et al., 2011,
among others) may question whether factors like the intgdéithe anomalies, the po-
sition of the SST maxima and the dynamics related to the SS&lagment may have
different impacts on the monsoon intensity and variabiliccording to that and con-
sidering the 10D decadal changes (Ashok et al., 2004b; YumahYan, 2008) as well,
composite analysis on specific ENSO and/or 10D years is walfrthture investigation.
Even if the model has been found particularly weak in theaiglof the variability at
lower than interannual frequency, the results from the agesis suggest an important
influence on the monsoon from other oceanic sectors ratherftom the Indian-Pacific

alone.
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Tables

List of years

El Nifo 19511957 1963,1965 1968, 19691972 1976, 1977
1982 1986, 19871991, 1994 1997, 2002

La Nina 1949 1950, 19541955 1956, 1964, 1967197Q 1971,1973 1975
1984 198§ 1995, 19981999 2000

positive IOD 1961, 1963, 1967, 1972, 1982, 1987, 1991, 1994, 1997, 2002

negative |IOD 1956, 1958, 1960, 1964, 1968, 1974, 1975, 1992, 1996, 1998

Table 1. List of El Nifio, La Nifa, positive and negative IOD yearsased on the values of
NINO3 and IODM indices, respectively. 10D years are comgutem values averaged in SON
exceeding 1 standard deviation from the mean, and they ynagtee with previous classifica-
tions (Saji and Yamagata, 2003; Yuan and Yin, 2008, amongreth ENSO years are shown
based on NDJ values (see text for more details) exceedingt@.8/ears exceeding 1 std are in
bold). All EI Nifio/La Nifia years in the table agree with US Nat# Weather Service classifica-

tion (http://www.cdc.noaa.gov/products/analysi®nitoring/ensostuff/ensoyears.html).

plOD EINifio | nlOD La Nifa

IMR 0.5 0.5 0.5 0.3

IMI 0.5 0.5 0.2 0.3

DMI 0.7 0.7 0.3 0.5

MTG | 0.5 0.5 0.5 0.8

Table 2. Fraction of extreme monsoon predictable years (yellow bios fig. 5) corresponding
to a positive IOD event (plOD), an El Nifio event, a negati@®I(nlOD) event and a La Nifa
event (columns from left to right) for IMR, IMI, DMI and MTG msoon indices (rows from top

to bottom). El Nifio/La Nifia and positive/negative 10D yeare listed in Table 1.
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Monsoon index| Strong mons yrs (¢ 1std) Weak mons yrs (j-1std)
IMI 1958,1959 1961, 197Q 1973 1949, 1950, 19621965 1966 1972
1975 1978, 19801994 1974 1979 1987 1999
IMR 1949, 19531956 1959 1961 1952, 1957, 1965, 1966, 1968, 1972
1964, 19731975 1978,1988 1990 | 1974, 1979, 1982, 1987, 1992, 2002
MTG 1948, 1954, 1961, 1967 1957, 1969, 1972, 1983
1971, 1978, 1981, 1984, 1985 1987, 1992, 1997, 2002

Table 3. List of years corresponding to strong and weak monsoon svactording to IMI,

IMR and MTG values larger than 1 standard deviation from tream or lower than -1 stan-

dard deviation from the mean, respectively. Yearbahd correspond to floods and drought In-

dian summer monsoon events according to AIR (All-IndianniRdi) index from 1ITM website

(www.tropmet.res.intkolli/mol/Monsoon/Historical/air.html).
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Type of event List of years (HadISST) # of years (SSXX)

pure plOD 1961, 1963, 1967, 1987, 2002 8
plOD/EINino 1972, 1982, 1991, 1994, 1997 8
pure EINino 1957, 1965 3

pure nlOD 1956, 1958, 1960, 1964, 1968 9

1974, 1992, 1996, 1998

nlOD/LaNina 1975 2

pure LaNina | 1949, 1955, 1970, 1973, 1984, 1988, 1999 12

Table 4. List of years (second column) from the HadlSST and numbeeafy (third column) con-
sidered in the coupled model experiment (SSXX), respdytied the events classified (from top
to bottom) as: pure positive IOD (plOD), co-occurring pgitiOD and El Nifio (plOD/EINino),
pure El Nifio, pure negative IOD (nlOD), co-occurring negatOD and La Nifia (nlOD/La Nifa)

and pure La Nifa.
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sss Figure Captions

Fig. 1. Annual cycle of precipitation (mm/d, shaded) and zonal vahdar (m/s, contours) zonally
averaged between 60-90E for (a) CMAP and NCEP reanaly3is\ibP-type ensemble mean and
(c) coupled model experiment (SSXX). The zonal wind sheapiaputed as difference between

lower and upper tropospheric zonal wind (U850 minus U200).

Fig. 2. JJA mean precipitation (mm/d, shaded) and 200 mb velocigrial (x 1¢° 1/, contours
with the thicker black line in correspondence of zero valdes(a) CMAP and NCEP reanalysis,
(b) the AMIP-type ensemble mean and (c) the coupled modeararpnt (SSXX) outputs. (d)
JJA mean SST°C) for the HadISST dataset (contours, with thé @8sotherm identified by the
thicker red line), and JJA mean SST difference between thpled model experiment and the

HadISST dataset (shaded).

Fig. 3. Lagged correlation between JJA IMR and NINO3 (solid line)l #6DM (dashed line)
monthly anomalies indices for (a) CRU and HadISST datasetgt® AMIP-type ensemble. Hor-
izontal lines in both panels correspond to the thresholdeslfor the statistical significance at

90%.

Fig. 4. Annual cycle of monsoon indices, (a) IMR, (b) IMI, (c) DMI afd) MTG, for CRU and
NCEP data (black line), AMIP-type ensemble (blue line) aodpted model experiment (SSXX,

green line).

Fig. 5. Potential predictability (PP) for the monsoon indices,I{dR, (b) IMI, (c) DMI and (d)
MTG, in the AMIP-type ensemble. Yellow bin correspond to Rffues in the tails (exceeding
10th and 90th percentiles) of the distribution. Black stamgespond to the index values for each

member of the ensemble to evidence the ensemble spread.altleein the bottom right of each
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panel is the ratio of the standard deviation of the ensemiglamand the average of the standard

deviation of each member (see text for more details).

Fig. 6. 3-years composite of precipitation (mm/day, shaded) andlaeind shear (m/s, contours)
anomalies averaged over the Indian continent (75-85E) ante region 60-90E, respectively.
The values shown are computed as EI Nifio and La Nifia corgsofir (a,b) CRU and NCEP
datasets, (c,d) AMIP-type ensemble and (e,f) coupled mexjgtriment (SSXX). In the model

experiments, precipitation is masked over ocean to conkade-points only.

Fig. 7. 3-years composite of SSTE, shaded) and 200 mb velocity potential {.e+6 1/3, con-
tours) anomalies averaged between 10S and 10N. The valoes site computed as strong and
weak monsoon years composites for (a,b) AMIP-type ensearide(c,d) coupled model experi-

ment (SSXX). Strong/weak monsoon years are classified baséd| index.

Fig. 8. Same as fig. 7, but strong and weak monsoon years are classfed on (a,b) IMI, (c,d)

IMR and (e,f) MTG indices in the HadISST and NCEP datasets.

Fig. 9. Same as fig. 6, but the composites are computed for posigfep@nels) and negative

(right panels) 10D events.

Fig. 10. 3-years composite of SST, shaded) and 200 mb velocity potential {.e+6 1/3,
contours) anomalies averaged between 10S and 10N. Thes\gtiogvn are (a,b) El Nifio and La

Nifia composites and (c,d) positive and negative 10D cortg®r HadISST and NCEP datasets.

Fig. 11. Same as fig. 10, but for the coupled model experiment (SSXX).

Fig. 12. Same as fig. 10, but the values shown are composite of (a,e)gmsitive 10D (pure

plOD), (b,f) combined positive IOD and EI Nifio (plOD/EINij (c,g) pure negative IOD (pure
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nlOD) and (d,h) pure La Nifla (pure LaNina) events in the I8 and NCEP datasets (upper

panels) and in the coupled model experiment (SSXX, loweefzan

Fig. 13. 19 years sliding correlations between IODM and NINO3 (blaokd line), IODM and
IMR (dashed line), NINO3 and IMR (dotted line) from the CRWatadISST datasets. Solid hor-
izontal lines indicate the statistical significance thmdgdhat 95%. Years in the x-axis correspond

to the starting year of the 19 years correlation window.

Fig. 14. 19 years sliding correlations between (a) NINO3 and IMR djd@DM and IMR in
the AMIP-type ensemble. In both panels, ensemble mean (&dlid line) and the average of the
correlation for each member of the ensemble (dashed lireejtaown. The solid horizontal line
corresponds to the statistical significance threshold %.98ears in the x-axis correspond to the

starting year of the 19 years correlation window.

Fig. 15. Time-regression of Indian summer monsoon rainfall (IMR)S8IT (C, shaded) and 200
mb velocity potential ¥ 1.e+6 1/$, contours) during spring (AMJ mean, upper panels), summer
(JAS mean, middle panels) and fall (OND mean, lower paneltgj,b,c) 1949-1969, (d,e,f) 1962-
1982 and (g,h,i) 1980-2000 time periods.
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g6 Figures

b) AMIP—type

BN M =207

25N

15N 1

&) SSXX
. - 20 s

Fig. 1. Annual cycle of precipitation (mm/d, shaded) and zonal vahdar (m/s, contours) zonally
averaged between 60-90E for (a) CMAP and NCEP reanaly3is\\ibP-type ensemble mean and
(c) coupled model experiment (SSXX). The zonal wind sheapbiaputed as difference between

lower and upper tropospheric zonal wind (U850 minus U200).
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(c) precip & chi200 (SSXX)
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Fig. 2. JJA mean precipitation (mm/d, shaded) and 200 mb velocigrial (x 10° 1/s*, contours

with the thicker black line in correspondence of zero valdes(a) CMAP and NCEP reanalysis,
(b) the AMIP-type ensemble mean and (c) the coupled modedrerpnt (SSXX) outputs. (d)
JJA mean SST°C) for the HadISST dataset (contours, with thé @8sotherm identified by the

thicker red line), and JJA mean SST difference between thpled model experiment and the

HadISST dataset (shaded).
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a) CRU/HadISST

-0.4r

NINO3 [
— — —|ODM

Jul(-1)

Jan(0)

Jul(0)

b) AMIP-type

Jan(+1)

Jul(+1)

0.2F

-0.6

Jul(-1)

Jan(0)

Jul(0)

Jan(+1)

Jul(+1)

Fig. 3. Lagged correlation between JJA IMR and NINO3 (solid linejl #0DM (dashed line)
monthly anomalies indices for (a) CRU and HadISST datasetgt® AMIP-type ensemble. Hor-
izontal lines in both panels correspond to the thresholdeslfor the statistical significance at

90%.
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(a) IMR (Rainfall mm /day)
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Fig. 4. Annual cycle of monsoon indices, (a) IMR, (b) IMI, (c) DMI afd) MTG, for CRU and
NCEP data (black line), AMIP-type ensemble (blue line) aodpted model experiment (SSXX,

green line).
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Fig. 5. Potential predictability (PP) for the monsoon indices, 4R, (b) IMI, (c) DMI and (d)
MTG, in the AMIP-type ensemble. Yellow bin correspond to Rfues in the tails (exceeding
10th and 90th percentiles) of the distribution. Black stamsespond to the index values for each
member of the ensemble to evidence the ensemble spread.altleein the bottom right of each
panel is the ratio of the standard deviation of the ensemiglamand the average of the standard

deviation of each member (see text for morgdetails).
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Fig. 6. 3-years composite of precipitation (mm/day, shaded) andlaeind shear (m/s, contours)
anomalies averaged over the Indian continent (75-85E) ante region 60-90E, respectively.
The values shown are computed as EI Nifio and La Nifia corgsofir (a,b) CRU and NCEP
datasets, (c,d) AMIP-type ensemble and (e,f) coupled mexjgtriment (SSXX). In the model
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(a) str IMI — AMIP—type (c) str IMI — SSXX

T Oct(+1 ———
AR ITVICE Sl B RS

Oct(+1)

Jul(+1) 4

Apr(+1) Apr(+1) 75

Jan(+1)1 Jan(+1)-;

Oct(0) 1 : 0ct(0) |~
: L
Jul(0) 1 ] Jul(0) 1
Aor(0)1 | Apr(0) 11
Jan(0) 1 Jan(0){ -
Oct(~1) 1 f oct(-1) “/;_;
Jul(-1) - su=1 1
R T ooe 1zor 180 1zow e 0 MU0 ek 120e 180 120w oW 0
Oct(+1) ,,(b);‘.",eal, d _A@JE/_type Oct(+1) 1= ,;‘_.2“0 M~ SSXX —
.-—0.5 : e : : ST e
Toe ™S . R == . RO
Ju(Eny{ Ju(+1) -
Apr(+1)1 C> Apr(+1) 1
Jan(+1) 1 Jan(+1) 1
Oct(0) 0ct(0) 1 :
Jul(0) Jul(0) 4=
Apr(0) 1 Apr(0) 1
Jan(0) 1 O Jan(0) 1
Oct(-1) 1 f f f f f Oct(~1)
: : Q : :
Jul{=1)1 ‘ f f f i dul(-1)+ ! ‘ ! ! o
NI A
R —e0e 120e 180 12w e 0 PN OTTelE 120e 180 120w oW 0

Fig. 7. 3-years composite of SSTE, shaded) and 200 mb velocity potential {.e+6 1/3, con-
tours) anomalies averaged between 10S and 10N. The valoes sive computed as strong and
weak monsoon years composites for (a,b) AMIP-type ensearide(c,d) coupled model experi-

ment (SSXX). Strong/weak monsoon years are classified baséd| index.
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(a) str IMI — HadISST/NCEP (c) str IMR — HadISST/NCEP (¢) str MTG — HadISST/NCEP
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Fig. 8. Same as fig. 7, but strong and weak monsoon years are clagmfied on (a,b) IMI, (c,d)

IMR and (e,f) MTG indices in the HadISST and NCEP datasets.
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(a) pos 10D — CRU/NCEP (b) neg 10D — CRU/NCEP
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Fig. 9. Same as fig. 6, but the composites are computed for posigfepénels) and negative

(right panels) 10D events.
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Fig. 10. 3-years composite of SST, shaded) and 200 mb velocity potential {.e+6 1/3,
contours) anomalies averaged between 10S and 10N. Thes\gtoevn are (a,b) El Nifio and La

Nifla composites and (c,d) positive and negative 10D congmor HadISST and NCEP datasets.
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(a) EI Nino — SSXX

(c) pos IOD — SSXX
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Fig. 11. Same as fig. 10, but for the coupled model experiment (SSXX).
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(a) pure plOD — obs
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Fig. 12. Same as fig. 10, but the values shown are composite of (a,e)gmsitive 10D (pure
plOD), (b,f) combined positive IOD and EI Nifio (plOD/EINij (c,g) pure negative IOD (pure
nlOD) and (d,h) pure La Nifia (pure LaNina) events in the I8 and NCEP datasets (upper

panels) and in the coupled model experiment (SSXX, loweefzan
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19yrs sliding correlation
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Fig. 13. 19 years sliding correlations between IODM and NINO3 (blaokd line), IODM and
IMR (dashed line), NINO3 and IMR (dotted line) from the CRWanadISST datasets. Solid hor-
izontal lines indicate the statistical significance thoddhat 95%. Years in the x-axis correspond

to the starting year of the 19 years correlation window.

54



(a) NINO3 vs IMR (AMIP-type ensemble)
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Fig. 14. 19 years sliding correlations between (a) NINO3 and IMR &jdl©DM and IMR in
the AMIP-type ensemble. In both panels, ensemble mean (sdlid line) and the average of the
correlation for each member of the ensemble (dashed lire¥laown. The solid horizontal line
corresponds to the statistical significance threshold %.9%ears in the x-axis correspond to the
starting year of the 19 years correlation window.
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(a) Spring (AMJ) 1949—1969 (d) Spring (AMJ) 1962—1982 (g) Spring (AMJ) 1980—2000
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Fig. 15. Time-regression of Indian summer monsoon rainfall (IMR)S8IT (C, shaded) and 200
mb velocity potential ¥ 1.e+6 1/$, contours) during spring (AMJ mean, upper panels), summer
(JAS mean, middle panels) and fall (OND mean, lower paneltgj,b,c) 1949-1969, (d,e,f) 1962-
1982 and (g,h,i) 1980-2000 time periods.
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