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ABSTRACT: An ensemble of AMIP-type experiments with prescribed interannual varying sea surface temperature (SST)
and different initial conditions is used to study the relationship between Indian summer monsoon extreme conditions and
the El Nino Southern Oscillation (ENSO). Based on the selection of extreme monsoon rainfall years ‘In Phase’ or ‘Out of
Phase’ with respect to the observations, this study identifies specific SST and atmospheric circulation patterns responsible for
the remote forcing on the monsoon. A clear common characteristic of externally forced extreme monsoon years is identified
with an ENSO pattern having summer SST anomalies of the same sign in the tropical Pacific Ocean but also in the Indian and
Atlantic tropical sectors. This finding assumes that the SST pattern in summer is enough to modulate the Walker circulation and
consequently to suppress or enhance convection over South Asia, even if it does not evolve into an ENSO event. The analysis
of the ‘Out of Phase’ cases (i.e. when the model reproduces a weak monsoon instead of a strong one, or the reverse) reveals
how the model wrongly responds to the SST forcing, ignoring other processes like ocean–atmosphere coupling. Once ENSO
is linearly removed the main source of remote forcing for strong (weak) monsoon characteristics over India is the tropical
Atlantic with negative (positive) anomalies, and with weak anomalies of the same sign located in the south Indian Ocean. The
results of the role of the forcing from the tropical Atlantic are also confirmed by a set of atmospheric model experiments where
interannually varying SST is prescribed only in the Atlantic Ocean, while the rest of the SST is climatological.
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1. Introduction

The Indian summer monsoon (ISM) is one of the main
sources of water for India, and despite it occurs every year
its intensity and basic characteristics can be highly variable
from year to year (Webster et al., 1998). One of the dom-
inant remote forcing influencing its variability has been
identified in the El Nino Southern Oscillation (ENSO).
This remote influence is known since the beginning of
the 19th century (Walker, 1924) and it has been widely
investigated since then (Sikka, 1980; Rasmusson and Car-
penter, 1983; Webster et al., 1998; Kirtman and Shukla,
2000; Kumar et al., 2006, among others). The dynamical
teleconnection between ENSO and ISM works through
the sea surface temperature (SST) pattern in the Tropical
Pacific being able to induce east–west shifts in the Walker
circulation that interact with the regional monsoon Hadley
circulation (i.e. Webster et al., 1998; Krishnamurthy
and Goswami, 2000; Fasullo and Webster, 2002). The
east–west displacement of the ascending and descending
branches of the Walker circulation links the Indo-Pacific
climates with India, that is more prone to drought when
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the ocean warming signature of El Nino extends westward
(Kumar et al., 2006). The ENSO-monsoon relationship
and the interaction between Walker circulation and local
Hadley cell are tuned by the Indian Ocean dipole (IOD)
dynamics (Ashok et al., 2001). In particular, a positive
IOD co-occurring with El Nino modulates the meridional
circulation inducing anomalous convergence over the
Bay of Bengal, reducing the ENSO-induced anomalous
subsidence and leading to excessive monsoon rainfall over
the monsoon through region (Ashok et al., 2004).

The dependence of the ISM variability on the remote
SST forcing from the Pacific Ocean represents a very
important aspect of the monsoon for its prediction. In
fact, the understanding that anomalous boundary condi-
tions provide potential predictability is the scientific basis
for deterministic climate predictions (Charney and Shukla,
1981). Monsoon predictability is indeed a crucial issue
as life and economy of million of people depend on its
rainfall. Despite the improvements in the simulations of
the basic aspects of the monsoon in state of the art cou-
pled models (Sperber et al., 2013), useful monsoon predic-
tion is still a challenge (Webster and Hoyos, 2010; Turner
and Annamalai, 2012) because of its complex nature and
the diversity of its interactions. In the South Asian mon-
soon region, both externally forced and internal variability
components have been identified to measure the monsoon
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potential predictability (Shukla, 1981; Singh and Kriplani,
1986; Goswami, 1998; Mohan and Goswami, 2003; Cher-
chi and Navarra, 2013, among others). Because of the
determining role of the internal ‘unpredictable’ variability
component, some studies tried as well to link it to the mon-
soon intra-seasonal oscillation (Goswami, 1994; Sperber
et al., 2000; Goswami and Xavier, 2005).

The ability of state of the art models in reproducing the
ENSO-monsoon teleconnection has been investigated in
the past in atmospheric-only as well as coupled models
frameworks (Shukla, 1984; Fennessy et al., 1994; Sper-
ber and Palmer, 1996; Annamalai and Liu, 2005; Cherchi
and Navarra, 2007; Annamalai et al., 2007; Jourdain et al.,
2013, among others). Among those studies, there is com-
mon consensus that a realistic mean state (i.e. more real-
istic monsoon climatology) is an important pre-requisite
to have a good performance in terms of monsoon-ENSO
teleconnection (Sperber, 1999; Lau and Nath, 2000; Anna-
malai and Liu, 2005). The comparison of the Coupled
Model Intercomparison Project - Phase 3 (CMIP3) coupled
models performance highlighted that models that best cap-
ture the ENSO-monsoon teleconnection are those that cor-
rectly simulate the timing and location of SST and diabatic
heating anomalies in the equatorial Pacific and the associ-
ated changes in the equatorial Walker circulation during El
Nino events (Annamalai et al., 2007). A more recent com-
parison including also the last generation of state of the art
coupled models (i.e. CMIP5, Taylor et al., 2011) confirms
that the monsoon-ENSO relationship strongly depends on
the simulated seasonal cycle of ENSO, and concluded that
the performance in CMIP5 has largely improved compared
to that of CMIP3 (Jourdain et al., 2013).

The strength of the ENSO-monsoon teleconnection
has varied on interdecadal to multidecadal timescales as
well with high (low)-inverse correlation in correspon-
dence of an high (low)-amplitude modulation of ENSO
variance (Torrence and Webster, 1999; Krishnamurthy
and Goswami, 2000), suggesting that the mechanism at
the base of the teleconnections could be the same at the
different timescales. In terms of the decadal modulation of
ENSO, in the last three decades the eastern tropical Pacific
has cooled down, while western Pacific has warmed up
(Sohn et al., 2013), forming a sort of La Nina-like decadal
pattern. This enhanced east–west thermal contrast in the
Pacific Ocean has been found to generate the intensi-
fication of the Northern Hemisphere summer monsoon
(Wang et al., 2013). Still, if ISM is considered alone,
the tendency in the last decades is for decreased rainfall
over India (Krishnan et al., 2012; Annamalai et al., 2013;
Ratna et al., 2016).

The tendency toward a La Nina-like SST pattern has
been attributed to the Atlantic warming during the 20th
century reducing the warming in the eastern Pacific
through a change in the Walker circulation from the
1970s onward (Kucharski et al., 2011), as well as to a
phase shift after the mid-1990s in the warm pool mode
associated with greenhouse gases increase (Park et al.,
2012). However, other arguments emerged in recent years
about the role of natural internal variability (Wang et al.,

2012; Kosaka and Xie, 2013), the contribution from the
stronger Indian Ocean warming (Luo et al., 2012) or the
recent warming trend in the Atlantic SST (McGregor
et al., 2014) but an exhaustive explanation is still missing.

In recent decades, a weakening in the ENSO-monsoon
relationship has been observed (Kumar et al., 1999; Kinter
et al., 2002), despite the increased ENSO variance doc-
umented since the 1980s (Cobb et al., 2003, 2013; Li
et al., 2011). Different hypotheses have been explored for
this recent breakdown, including global warming (Kumar
et al., 1999), shift in the Walker cell (Collins et al., 2010),
changes in the ENSO characteristics (Kumar et al., 2006),
influence of the IOD (Ashok et al., 2004), up to the ideas
that this weakening could be a consequence of random
fluctuations (Gernushov et al., 2001; van Oldenborgh and
Burgers, 2005), or of using fixed definitions of seasons
(Xavier et al., 2007). Following from the seminal works
of Vimont et al. (2001, 2003), Krishnamurthy and Krish-
namurthy (2014) discussed the assumption that a seasonal
footprinting of the SST from the North Pacific to the
subtropical Pacific may affect the trade winds modifying
the intensity of the Walker circulation over the Pacific
and Indian Oceans depending on the phase of the Pacific
Decadal Oscillation (PDO; Trenberth and Hurrell, 1994).

Kucharski et al. (2007) found that SSTs in the trop-
ical Atlantic that occur contemporaneous to ENSO
may counteract the ENSO-induced Indian monsoon
rainfall anomalies, contributing to explain the weak-
ening of the ENSO-monsoon anti-correlation. Once
ENSO is removed, the ISM is significantly correlated
with the south equatorial Atlantic SSTs (Kucharski
et al., 2008, 2009a). Recently, many studies have
investigated the impact of the tropical Atlantic SSTs
on Indian monsoon rainfall in terms of influences on
monsoon depressions (Pottapinjara et al., 2014), upper
Indian Ocean heat content (Pottapinjara et al., 2016)
and atmospheric waves (Yadav, 2017), also in multi-
models frameworks, like AMMA-AGCMs (Losada et al.,
2010), CMIP3 coupled models (Barimalala et al., 2012)
and CMIP5 coupled models (Kucharski and Joshi, 2017).

In the above context, with this study we intend to
contribute to the understanding of the ENSO-monsoon
relationship with emphasis on the characteristics of the
remote forcing using experiments with atmospheric gen-
eral circulation models (AGCM) where SST is prescribed
(AMIP-type, following from Atmospheric Model Inter-
comparison Project). Doing this, implications of the role of
other remote forcing from the Indian and Atlantic Oceans
are also discussed.

AGCM experiments do not perform better than coupled
model experiments in reproducing the monsoon-ENSO
relationship despite the mean state biases of state of the
art coupled model (Sperber et al., 2013; Prodhomme et al.,
2015). Still, in this study we have chosen to use AMIP-type
experiments because we want to explore further the role of
remote SST patterns on ISM extreme years. In fact, our
approach consists in selecting strong and weak monsoon
years in an ensemble of eight AMIP experiments sharing
the same SST and sea-ice boundary conditions taken from
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Table 1. List of strong and weak monsoon years in the period 1948–2012 as classified from the observed AIR index (IITM web-site)
and in terms of the ISM index for each AMIP member (from #1 to #8), as described in Section 2.3. For each member, strong and

weak monsoon years when ‘In Phase’ with the observed index are highlighted in bold.

Strong monsoon years Weak monsoon years

AIR (IITM web-site) 1956 1959 1961 1970 1975 1983 1988 1994 1951 1965 1966 1968 1972 1974 1979
1982 1985 1986 1987 2002 2004 2009

AMIP #1 1949 1955 1958 1962 1964 1970 1976 1978
1979 1983

1963 1966 1973 1982 1987 1991 1993
1997 2002 2009

AMIP #2 1958 1959 1961 1963 1967 1971 1976 1978
1979 2012

1949 1985 1986 1987 1990 1991 1994
1995 2002 2006

AMIP #3 1954 1955 1958 1960 1961 1964 1966 1974
1979 1980 1981 1988

1948 1984 1987 1991 1993 1994 1995
1997 2009

AMIP #4 1954 1955 1956 1958 1962 1970 1974 1978
1980 1981 1989 2010

1982 1987 1990 1993 1995 1997 2002
2006 2009

AMIP #5 1955 1958 1960 1962 1964 1970 1978 1981 1948 1953 1965 1966 1984 1985 1987
1990 1991 1994 1995 1997 2006 2012

AMIP #6 1958 1960 1961 1964 1967 1971 1975 1979
1982 2003 2011

1957 1963 1969 1987 1991 1996 2001
2012

AMIP #7 1950 1955 1958 1960 1961 1967 1976 1978
1980 1981 1984 1988 2010

1954 1965 1969 1972 1987 1989 1990
1991 1993 1994 1995 1996 2001 2002
2012

AMIP #8 1954 1956 1957 1958 1959 1960 1961 1970
1974 1975 1976 1978

1953 1986 1987 1989 1990 1991 1993
1995 1996 2002 2009

the Hadley Center sea Ice and Sea Surface Temperature
(HadISST) data set (Rayner et al., 2003) for the period
1948–2012 and with different initial conditions. At first,
these years are grouped and compared with observations
and re-analyses in terms of main characteristics of strong
and weak monsoons. For each member, the model index
may peak in the same years as in the observations but
also in others. According to this, another classification
is performed by selecting years where the model index
peaks in the same years as in the observations and years
where the indices peaks are exactly opposite (i.e. in the
observations that year is classified as strong, but in the
model it results as a weak one) thus building ‘In Phase’
and ‘Out of Phase’ groups. Considering the eight members
available, relative large samples of cases can be built.
A similar approach has been applied to the precipitation
over south-eastern South America and the remote SST
forcing (mainly from the Pacific Ocean) on it, providing
interesting results (Cherchi et al., 2014). In this study,
the comparison of years according to the correspondence
between monsoon intensities in the model and in the
observations provides useful information on the origin
of remote SST forcing on ISM precipitation, as well as
implications on the role of the other basins (i.e. Indian and
Atlantic Oceans). It could well provide clues about the fact
that ocean–atmosphere coupling is essential in the warm
Indian Ocean.

The study is organized as follows: Section 2 describes
the experiments used and the data sets/re-analyses consid-
ered for comparison, including the details of the method
applied in the selection of the years to build the com-
posites. Section 3 deals with the comparison between
AMIP experiments and observations in terms of the char-
acteristics of strong and weak monsoon years. Section
4 is dedicated to specific years selected according to

the classification of strong- and weak-simulated monsoon
years with common characteristics among the ensemble
members and to the discussion of non-ENSO forcing, lin-
early removing the impact of ENSO and showing results
from AMIP experiments with the interannual variability
of the SST only in the Atlantic Ocean. Finally, Section 5
collects the main conclusions of the study.

2. Experiments, observed data sets and method
of analysis

2.1. AMIP experiments

The ensemble of AMIP experiments used in this study
has been performed with the ECHAM4 model (Roeckner
et al., 1996) at T106 horizontal resolution. It consists of
eight members with same interannually varying SST and
sea-ice from 1948 to 2012 derived from the HadISST data
set (Rayner et al., 2003) and different initial conditions.
The performance of this set of experiments in simulating
the mean behaviour of the ISM and some characteristics
of its variability has been analysed in Cherchi and Navarra
(2013).

2.2. Re-analyses and observed data sets

Precipitation and atmospheric circulation patterns during
strong and weak monsoon years simulated in the AMIP
experiments have been compared with observed data
sets and atmospheric re-analyses. In particular, observed
precipitation is taken from the Climate Research Unit
(CRU) data set (Mitchell and Jones, 2005), while other
atmospheric variables, like wind and velocity potential,
are taken from the National Center for Environmental
Predictions/National Center for Atmospheric Research
(NCEP/NCAR) re-analysis (Kalnay et al., 1996).
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Figure 1. Strong and weak monsoon years composite of precipitation (mm/day, shaded) and 850 hPa wind (m s−1, vectors) anomalies in (a, b)
CRU/NCEP and (c, d) AMIP-ensemble, respectively. (e, f) Differences (model minus observations) of precipitation (mm/day) composite anomalies

for strong and weak monsoon years, respectively. For the model, only the values statistically significant at 95% are shown.

2.3. Selection of strong and weak monsoon years
and analysis of composites

The whole study is based on the comparison between
strong and weak ISM characteristics, where summer refers
to the June–September (JJAS) mean. At first, strong and
weak monsoon years are classified based on precipita-
tion indices over India. In particular, in the observa-
tions strong and weak ISM years are selected based on
the All-India Rainfall (AIR) index (averaged in JJAS)
defined by Parthasarathy et al. (1992) and available from
the Indian Institute of Tropical Meteorology (IITM) web-
site (ftp://www.tropmet.res.in/pub/data/rain/iitm-regionrf
.txt). The years considered in the analysis are listed in
Table 1. In the AMIP experiments, strong and weak ISM
years are selected based on JJAS precipitation anomalies
averaged over India (land points in the region 70∘–90∘E,
10∘–30∘N), mimicking the AIR observed index. In the
model, a monsoon year is defined strong (weak) when
the standardized precipitation index exceeds 1 (−1) stan-
dard deviation. The years selected in each member of
the AMIP ensemble are listed as well in Table 1. These
years are used to build the composites shown in Figures 1
and 2 for a first comparison between model and obser-
vations. To mask the signal of the internal variability
from the AMIP experiments the composites shown in
Figures 1 and 2 consider all the members (not the ensemble
mean).

In the AMIP ensemble, the monsoon precipitation
index computed for each member can be compared with
the observed AIR index. The correspondence between
observed and simulated index is not univocal, but from
Table 1 it is possible to identify years when the model
index peaks in the same year as in the observations.
According to that for each member we have classified
years as ‘In Phase’ when the modelled and observed
extreme years correspond. These years are highlighted in
bold in Table 1. Considering the sign and the intensity of
the monsoon index for each member and each year it is
possible to identify years having the simulated index of
sign opposite to the observed index but with a comparable
intensity, i.e. in absolute value higher than 1 standard
deviation (not shown). All these years are classified as
‘Out of Phase’ and they are listed in Table 2 for each
member of the AMIP ensemble. Simulated ‘In Phase’
and ‘Out of Phase’ years are used to build the composites
shown in Figures 3, 4 and 5. This kind of analysis permits
to evidence the characteristics in common with (diversi-
fied from) the observations that may force strong or weak
simulated monsoon years.

Looking at Table 1 (years in bold) and at Table 2 it is
evident that some ‘In Phase’ or ‘Out of Phase’ years are
common to many members, indicating that they should
contain predictability signature. So, for each ‘In Phase’
and ‘Out of Phase’ simulated year listed in Tables 1 and 2,
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Figure 2. Strong and weak monsoon years composite of SST (K, shaded) and 200 hPa velocity potential (*10−6 s−2, contours) anomalies in (a, b)
HadISST/NCEP and (c, d) AMIP-ensemble, respectively. For the model, only the values statistically significant at 95% are shown.

Table 2. List of simulated strong and weak monsoon years clas-
sified as ‘Out of Phase’. As described in Section 2.3, in those
years the value of the monsoon index in the model has sign and

intensity opposite to the observed index.

Strong monsoon years
‘Out of Phase’

Weak monsoon years
‘Out of Phase’

AMIP #1 1951 1972 1974 1979
AMIP #2 1970 1994 1979 1982 2004
AMIP #3 1956 1994 1951 1966 1974 1979 1985

1986 2004
AMIP #4 1983 1994 1966 1968 1974
AMIP #5 1994 1972 1974 1979 1982 2002
AMIP #6 1983 1994 1979 1982
AMIP #7 1994
AMIP #8 1983 1951 1965 1966 1974

we have identified them as ‘common In Phase’ and ‘com-
mon Out of Phase’ if at least half of the members agreed
in the classification. These years are listed in Table 3 and
they are used to build the composites shown in Figures 6
and 7. For example, 1987 is a weak monsoon year in all
the member and it is ‘In Phase’ with the observations,
while 1994 is a strong monsoon year ‘Out of Phase’ with
the observations, i.e. meaning that in the model it is a
weak monsoon year in almost all the members. These two
examples contain interesting information in terms of pre-
dictability, in fact 1987 is an El Nino year and 1994 is a
positive IOD year. Because of the nature of the experi-
ments used, the comparison of those specific years permits
to evidence the common characteristics of the SST forc-
ing or to suggest the role of other factors involved. This
is a novelty of our approach that to the best of our knowl-
edge has never been applied to Indian monsoon variability
issues.

Table 3 includes also another category of years, identi-
fied as ‘AMIP-only’ because they are extreme monsoon
years, either strong or weak, in at least half of the AMIP
members but not in the observations. These years are used
to build the composites shown in Figure 8.

A non-parametric statistical significance test using
Monte Carlo re-sampling techniques (Wilks, 1995) is
applied to the composites from the model and only the
values statistically significant at 95% are shown in the
corresponding figures.

2.4. Non-ENSO forcing

To further investigate on the remote forcing from the other
basins (non-ENSO), we have computed new variables
(FLDres) linearly removing the ENSO impact as:

FLDres = FLD − NINO34 ∗ bFLD (1)

where FLD is the original variable (anomalies), NINO34
is the SST index averaged over the Nino3.4 area (i.e.
170∘–120∘W, 5∘S–5∘N) and bFLD is the linear regres-
sion coefficient corresponding to the field considered
(Kucharski et al., 2008). These regressed fields and the
associated new composites (extreme monsoon years are
selected based on indices computed from the residual pre-
cipitation fields) are shown in Figure 9.

Fully removing ENSO from observations or AMIP
experiments with linear regression is a complex task
(Compo and Sardeshmukh, 2010), so we complemented
the analysis of non-ENSO forcing with two sets of AMIP
experiments performed with the SPEEDY atmospheric
model (Kucharski et al., 2013) with interannually varying
SST in the global ocean (SPEEDY-AMIP) and in the
Atlantic Ocean only (SPEEDY-AMIP-ATL). The two
sets of experiments are ensemble of seven and four mem-
bers, respectively, with same SST boundary conditions
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Figure 3. Strong and weak monsoon years composite of precipitation (mm/day, shaded) and 850 hPa winds (m s−1, vectors) anomalies in AMIP
members when the simulated ISM index is (a, c) ‘In Phase’ and (b, d) ‘Out of Phase’ with the observed AIR index. See Table 1 (years in bold) and

2 for the years used to build the composites. All the values shown are statistically significant at 95%.

taken from HadISST (Rayner et al., 2003) and different
initial conditions. SPEEDY is an atmospheric model
of intermediate complexity using simplified physical
parameterizations. It is based on a hydrostatic spectral
dynamical core. The parameterized processes include
short- and long-wave radiation, large-scale condensation,
convection, surface fluxes of momentum, heat and mois-
ture, and vertical diffusion. In this study, the AGCM is
configured with eight vertical (sigma) levels and with a
spectral resolution of T30. The results for strong and weak
monsoon composite computed from the two SPEEDY
ensembles are shown in Figure 10.

3. Strong and weak monsoon years: Comparing
model experiments and observations

The main characteristics of strong and weak monsoon
summers are analysed in terms of wind and precipita-
tion. Figure 1 shows the composite anomalies of precip-
itation and 850 hPa wind anomalies averaged in summer
(JJAS) for strong and weak monsoon years. In the AMIP

experiments, strong monsoon summers are characterized
by intense precipitation in the Indian subcontinent with
maxima in the Western Ghats and in the eastern areas,
in agreement with the observations (Figures 1(a) and (c)).
South of 20∘N and north of 27∘N, the simulated exces-
sive rainfall is overestimated (Figure 1e). In the eastern
part of the Asian continent (i.e. between 87∘E and 103∘E
over South China, Bangladesh, Bhutan, eastern India and
Myanmar), there is a strong north–south dipole of pre-
cipitation (Figure 1(a)) that is not simulated in the AMIP
experiments (Figure 1(c)). The precipitation composite is
more symmetric in AMIP experiments than in the observa-
tions with mainly one mode of variability over central India
(20∘N), likely reflecting the wet bias of ECHAM4 over the
area when in forced mode (Prodhomme et al., 2014).

The winds at 850 hPa are characterized by a strong
south-westerly flow forming in the Indian Ocean and
expanding into the continent. In the AMIP experiments,
the flow has a stronger meridional component, but it
is well captured in terms of intensity (Figures 1(a) and
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Figure 4. Strong and weak monsoon years composite of SST (K, shaded) and 200 hPa velocity potential (*10−6 s−2, contours) anomalies in AMIP
members when the simulated ISM index is (a, c) ‘In Phase’ and (b, d) ‘Out of Phase’ with the observed AIR index. See Table 1 (years in bold) and

2 for the years used to build the composites. All the values shown are statistically significant at 95%.

(c)). In weak monsoon summers, the surface flow is
mostly easterly and it is characterized by a stronger
zonal component rather a meridional one, consistently
with the NCEP re-analysis (Figures 1(b) and (d)). In the
AMIP experiments, the precipitation pattern during weak
monsoon years is almost opposite to strong monsoon
cases (Figure 1(d)), while in the CRU data set the largest
decrease is mostly in the Western Ghats and in the north-
ern part of the subcontinent (Figure 1(b)). In the model,
the deficit of precipitation is overestimated, mostly in
central India (Figure 1(f)). The dipole described for strong
monsoon cases in the eastern part of the Asian continent
(i.e. between 87∘E and 103∘E) is not observed during weak
monsoon years, neither with opposite sign (Figure 1(b)).
Rather it seems that in the region the anomalies have
the same sign of strong monsoon years but with weaker
intensity.

To investigate the remote SST response and the asso-
ciated ENSO-monsoon connection, Figure 2 shows the
anomalies of SST and of velocity potential at 200 hPa,
representing the modulation of the Walker circulation,
for strong and weak monsoon years’ composites. AMIP
experiments are prescribed with HadISST sea surface
temperatures, but in Figure 2 SSTs in the model and in the
observations are not the same because strong and weak
monsoon years used to build the composite do not exactly
correspond (Table 1). In the AMIP experiments, the SST
pattern is coherent with observations in the equatorial
region, specifically in the eastern Pacific and eastern
Atlantic, while the structure in the extra-tropics (i.e. in
the North Pacific and North Atlantic) differs (Figure 2).
For both strong and weak monsoons, the years selected in
the AMIP experiments are characterized by negative and
positive anomalies, respectively, also in the tropical Indian
Ocean but this is not observed (Figure 2), possibly related

with the excessive mean and variability of rainfall over
central India characteristic of this AGCM (Prodhomme
et al., 2014). In both model and observations, there is
a clear symmetry between strong and weak monsoon
years, mostly in the equatorial Pacific. The 200 hPa
velocity potential is quite symmetric in the AMIP exper-
iments comparing strong and weak monsoon summers
(Figures 2(c) and (d)) and the simulated pattern is more
similar to observations for weak than for strong monsoon
composites (Figure 2), as in the latter case the negative
anomalies in the central Pacific are not reproduced. Over
India the clear symmetry of upper tropospheric veloc-
ity potential could as well be related to the excessive
mean and variability of rainfall of the atmospheric model
(Prodhomme et al., 2014). The monsoon in the model
seems sensible to Pacific SST anomalies with a broader
latitudinal extent compared to re-analyses (Figure 2).

As described in Section 2.3, for each member of the
ensemble we check whether observed years with strong or
weak monsoon are reproduced or not. In a previous anal-
ysis of the same set of experiments, we investigated the
potential predictability of some monsoon indices, identify-
ing high-predictable years (i.e. with all members converg-
ing) associated with ENSO events (Cherchi and Navarra,
2013). Here, we can explore the argument further because
the identification of ‘In Phase’ and ‘Out of Phase’ groups,
as defined in Section 2.3, helps in understanding the role
of remote forcing on the simulations of the ISM precipi-
tation and associated atmospheric circulation. A different
response in terms of circulation and precipitation to the
same SST patterns may be explained by the forced dynam-
ics involved, by the lack of ocean–atmosphere coupling
processes, if essential, and also by model biases.
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Figure 5. Scatter plots of standardized precipitation index (x-axis) versus (a) Walker circulation, in terms of ΔSLP standardized index, and (b) local
Hadley circulation, in terms of standardized meridional wind shear index, in all AMIP members (black open circles). In each panel, strong ‘In Phase’
(blue plus signs) and ‘Out of Phase’ (red asterisks) as well as weak ‘In Phase’ (green filled squares) and ‘Out of Phase’ (magenta filled diamonds)

years are highlighted.

Table 3. List of years grouped as ‘common In Phase’, ‘common Out of Phase’ or ‘AMIP-only’ for both strong and weak monsoon
cases. The number of members involved is indicated in brackets for each case. These ‘common’ cases are selected, as described in

Section 2.3, because at least half of the members agree in the sign and intensity of the index.

In Phase Out of Phase AMIP-only

Strong monsoon 1961(5) 1970(4) 1994(6) 1955(5) 1958(8) 1978(6)
Weak monsoon 1987(8) 2002(5) 2009(4) 1974(5) 1979(5) 1990(5) 1991(6) 1993(5) 1995(6)

Figure 3 shows the anomalies of precipitation and lower
troposphere winds in composites of years built consider-
ing four cases: monsoons years, either strong or weak,
where model and observations agree (‘In Phase’) and
monsoon years either strong or weak in the observations
but not in the model (‘Out of Phase’). ‘In Phase’ com-
posites are built considering all the years highlighted in
bold in Table 1, while the ‘Out of Phase’ composites con-
sider the years listed in Table 2. In the cases where the
simulated ISM monsoon index agree with the observed
index (i.e. ‘In Phase’ composite), during strong monsoon
years the intensity of monsoon precipitation is large in
the Western Ghats and in the eastern part of the subcon-
tinent, as described before for the observations, and strong
south-westerly winds blow from the Indian Ocean and the

Bay of Bengal into the Indian subcontinent (Figure 3(a)).
Considering the comparison discussed in Figure 1, it is
clear that when we consider exactly the years where sim-
ulated and observed ISM indices correspond, the com-
posite is clearly in agreement with the observations, at
least over India and adjacent oceans. Same conclusions
can be drawn for the cases when model and observa-
tions agree in the identification of weak monsoon years,
having negative precipitation anomalies over India and
strong easterly wind anomalies over the Arabian Sea
(Figure 3(c)). The patterns in these strong and weak ‘In
Phase’ composites are almost symmetric (Figures 3(a)
and (c)).

On the other hand, when considering the years when in
the model the monsoon index has a sign opposite to what
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are shown.
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Figure 7. Same as Figure 6 but for strong and weak monsoon years composites classified as ‘common Out of Phase’. The years included in the
classification are listed in Table 3 (third column). For the model, only the values statistically significant at 95% are shown.

observed and with comparable intensity (‘Out of Phase’
cases), the composites (Figures 3(b) and (d)) reveal the
characteristics of the opposite phase of the monsoon. In
fact, Figures 3(b) and (d) is similar to Figures 3(a) and
(c) either in terms of sign and intensity of the anomalies,
but with some differences as the precipitation maximizes

mostly in the central part of the subcontinent. In terms
of winds, especially in the weak ‘Out of Phase’ case
(Figure 3(d)), the flow has a larger southerly component
confined east of 65∘E and entering the continent mostly
from south, compared to the strong ‘In Phase’ composite
(Figure 3(a)).
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Figure 8. Same as Figure 6 but for strong and weak monsoon years in ‘AMIP-only’ composites. The years included in the classification are listed in
Table 3 (fourth column). For the model, only the values statistically significant at 95% are shown.

Figure 4 shows the composite anomalies of SST and
upper tropospheric velocity potential for the same cases
of Figure 3: the comparison with Figure 2 should indicate
which remote SST condition is mostly favourable for
strong or weak monsoon precipitation over India and asso-
ciated atmospheric circulation. Starting with the group ‘In

Phase’, where simulated extreme monsoon years coincide
with the observed one, SST and velocity potential pat-
terns are almost symmetric in strong and weak monsoon
years (Figures 4(a) and (c)). As expected, in these cases
the SST pattern is clearly in ENSO phase with an eastern
equatorial Pacific anomalously cold when the monsoon
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Figure 9. Anomalies of (a, c) SST (K, shaded) and velocity potential (*1.e-6 1/s2, contours) at 200 hPa and of (b,d) precipitation (mm/day, shaded),
850 hPa winds (m s−1, vectors) and meridional wind shear (m s−1, purple contours) removing the ENSO impact via linear regression according to
Equation (1) for strong and weak monsoon years composite, respectively, in AMIP experiments. All the values shown are statistically significant at

95%.

is stronger than in the mean and a central eastern Pacific
anomalously warm when the monsoon is weaker than in
the mean. For the other cases shown in Figures 4(b) and
(d), i.e. when the AMIP members have the monsoon index
opposite to what observed, there are interesting similari-
ties/differences between simulated strong and weak mon-
soon years. In fact, when the model simulates a weak mon-
soon instead of the observed strong one (Figure 4(b)), the
SST in the Pacific Ocean is slightly positive with negative
anomalies in the north-eastern (about 150∘W, 40∘N) and
south-western (about 180∘E, 20∘S) sectors. This SST pat-
tern recalls the warm ENSO phase and even if the anoma-
lies in the eastern Pacific are not large, they are positive
and associated with negative anomalies north and south,
and with positive anomalies in the Indian Ocean. Surface
temperature gradients in the Pacific Ocean are found to
be effective for the ENSO teleconnections (Vera et al.,
2004). In the Indian Ocean, the SST pattern recalls the IOD
mode in its positive phase and it is associated with a weak
monsoon, differently from what expected (Ashok et al.,
2004). Because of the nature of the experiments used, i.e.
AGCM with prescribed SST, we cannot expect the cor-
rect signal in the Indian Ocean where the crucial role of
ocean–atmosphere coupling is well documented (Wu and
Kirtman, 2004; Prodhomme et al., 2014). Apart from the
Pacific Ocean, large negative anomalies are located in the
eastern Atlantic Ocean (Figure 4(b)).

The cases where the AMIP members have a strong mon-
soon instead of the observed weak one have slightly warm
SST anomalies in the equatorial Pacific, and slightly cold
SST anomalies in the North Atlantic, in the Western Pacific
warm pool region and in the subtropical south-eastern
Indian Ocean (Figure 4(d)). The comparison of the SST
pattern in Figures 4(c) and (d) suggests that the forcing
from other regions than the eastern Pacific alone may
largely affect the intensity of the ISM rainfall. The anal-
ysis of specific cases in the next section helps further to
better understand the characteristics of the remote forcing
on the monsoon.

Figure 5 summarizes the relationship between mon-
soon precipitation index and Walker and local Hadley
circulations in the AMIP members. In particular, for all
the ensemble members the intensity of the standardized
monsoon indices is related with an SLP index represent-
ing the intensity of the Walker circulation (Figure 5(a))
and with an index representing the intensity of the local
Hadley circulation (Figure 5(b)). The intensity of the
Walker circulation is measured with the difference in
sea-level pressure (ΔSLP) between the central east Pacific
(160∘–80∘W, 5∘S–5∘N) and the Indian Ocean/West
Pacific sector (80∘–160∘E, 5∘S–5∘N), as defined by
Vecchi et al. (2006). While the index of the local Hadley
circulation has been computed as vertical meridional wind
shear (i.e. v850 minus v200) averaged in 70∘–110∘E,
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Figure 10. Anomalies of (a, c) SST (K, shaded) and velocity potential (*1.e−6 1 s−2, contours) at 200 hPa and of (b,d) precipitation (mm/day, shaded),
850 hPa winds (m s−1, vectors) and meridional wind shear (m s−1, purple contours) for strong and weak monsoon years composite, respectively, in
the SPEEDY-AMIP-ATL ensemble (where prescribed SST is interannually varying only in the Atlantic while climatological in the rest of the ocean).

All the values shown are statistically significant at 95%.

10∘–30∘N following the monsoon-Hadley (MH) index
defined by Goswami et al. (1999).

In Figure 5(a), the values of the indices are scattered
in the monsoon-Walker circulation space, with strong and
weak monsoon years that are not exactly associated with
strong and weak Walker circulation intensities, consis-
tently with the non-univocal relationship between mon-
soon and ENSO. Nevertheless, the strong monsoon years
in phase with the observations (blue plus signs) tend to
have a positive and strong (i.e. larger than 1 standard devi-
ation) ΔSLP index indicative of a stronger Walker circu-
lation. The relationship is less neat in the case of weak
monsoon years in phase with the observations (green filled
squares), as some of them have aΔSLP index largely nega-
tive, some have small negative values and a few have posi-
tive values. Instead, the relationship between the monsoon
intensity and the intensity of the local Hadley circulation
is clear and quasi-linear (Figure 5(b)), suggesting a tight
link. But the intensity of the MH index is not necessarily
large for strong and weak monsoon years, except for a few
of them exceeding 1 standard deviation (either in the pos-
itive or negative y-axis). Similarly, there are more weak
‘In Phase’ monsoon years with large negative MH index
(green filled squares) than the reverse (Figure 5(b)).

4. Analysis of specific years with common
characteristics among the AMIP members

Following from the classification described in Section 2.3
and the results above, we focus now on three groups

of years: (1) strong and weak monsoon years when at
least half of the AMIP members are In Phase with the
observations (‘common In Phase’) in Section 4.1, (2)
strong and weak monsoon years when at least half of the
AMIP members are out of phase with the observations
(‘common Out of Phase’) in Section 4.2 and (3) strong and
weak monsoon years in the AMIP that do not correspond
to extreme years in the observations (‘AMIP-only’) in
Section 4.3. The years grouped into these three classes are
listed in Table 3.

4.1. Strong and weak monsoon years in phase with the
observations (’common In Phase’)

Figure 6 shows the anomalies of SST, 200 hPa velocity
potential, precipitation, 850 hPa wind and meridional
wind shear for strong and weak monsoon years compos-
ites for the ensemble members having the simulated ISM
index in phase with the observations in at least half of
the members (Table 3, second column). The patterns of
SST in AMIP and HadISST are the same because the
years considered in simulated and observed composites
are the same (slight differences may be present and they
are due to the fact that in the model we applied a statistical
significance test so some values, likely the smaller ones,
are masked out), but the response in the atmosphere differs
because of the model biases and because of the lack of
ocean–atmosphere coupling.

For the strong monsoon cases selected, the SST pat-
tern is characterized by La Nina signature with negative
anomalies in the eastern equatorial Pacific and positive
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anomalies in the western North Pacific (Figures 6(a) and
(c)). Actually, the two years classified into this group (i.e.
1961, 1970, see Table 3) do not share exactly the same
characteristics: 1970 is a La Nina year while 1961 is not,
likely because the negative anomalies are too small (not
shown). For the rest of the ocean, small negative SST
anomalies are located in the south Atlantic and eastern
Indian Ocean (Figures 6(a) and (c)). The response in the
atmosphere in terms of upper tropospheric velocity poten-
tial differs in the model and in the observations, specif-
ically in the Pacific Ocean, but in both cases negative
anomalies are located over South Asia and western Indian
Ocean (Figures 6(a) and (c)). The effects over India are
increased precipitation over the continent associated with
enhanced south-westerly flow and increased meridional
wind shear in the eastern Indian Ocean extending toward
the continent (Figures 6(b) and (d)). This result is in line
with the tight link between meridional wind shear and
monsoon previously discussed in Figure 5(b).

For the weak monsoon years selected, the SST pattern
has a strong El Nino signature with large positive SST
anomalies in the eastern equatorial Pacific but also in the
Indian Ocean and in the south Atlantic, with negative
anomalies in the North Pacific (Figures 6(e) and (g)). In
this case, the response in the atmosphere in terms of upper
tropospheric velocity potential is quite similar with large
negative anomalies in the Pacific sector, extending to South
America, and large positive anomalies over South Asia
with maxima over India and west of Australia (Figures 6(e)
and (g)). The response over India is characterized by
decreased precipitation over the continent and decreased
south westerly flow, associated with negative meridional
wind shear all over the region (Figures 6(f) and (h)). In
this case, we may conclude that El Nino forcing is mostly
responsible for the pattern over India, in fact the years
selected in this case (i.e. 1987, 2002 and 2009, see Table 3)
are all strong El Nino years. In particular, 1987 has been
identified as a large predictable year also in a previous
work using the same set of experiments (Cherchi and
Navarra, 2013).

In terms of SST patterns, these cases do not differ much
from the composites shown in Figure 4. The main differ-
ence is that the anomalies are a bit more intense, in line
with the idea that specific cases are selected. However,
even if in both cases the monsoon is classified as extreme
compared to the mean, the circulation and precipitation
patterns in the model differ from the observations. In
particular, in the model the excess/deficit of precipitation
is mostly localized south of 20∘N (Figures 6(d) and (h)),
while in CRU the maxima are north of 20∘N and in the
Western Ghats when the monsoon is strong (Figure 6(b))
and in the west at about 25∘N when the monsoon is weak
(Figure 6(f)). These differences are perfectly consistent
with the differences in the lower-tropospheric winds,
i.e. in the model they are straight westerlies/easterlies
(Figures 6(d) and (h)), and the associated vertical shear
in the observations has more north/south anomalies
(Figures 6(b) and (f)).

4.2. Strong and weak monsoon years out of phase
with the observations (’common Out of Phase’)

The cases considered in this section are opposite to the
ones of the previous section, as here the years analysed
are classified as strong (weak) monsoon years according
to the observations but are exactly in the opposite phase in
the ensemble members, where they are classified as weak
(strong) monsoon years in at least half of the members
(Table 3, third column). According to this, the signature
that we will describe over India will be exactly opposite,
and we want to understand what is the origin of this
difference and if it can be inferred to the SST forcing.

In the AMIP ensemble, one year (i.e. 1994, see Table 3)
is classified as weak monsoon year despite it corresponds
to a strong monsoon year in the observations. The SST pat-
tern in that year (Figures 7(a) and (c)) is characterized by
negative SST anomalies in the eastern equatorial Pacific
Ocean and in the south western Pacific but positive SST
anomalies in the central-western Pacific Ocean extending
to the subtropics. In the Indian Ocean, the SST are negative
in the east and slightly positive in the west, corresponding
to a classical positive IOD pattern. In fact, 1994 is classi-
fied as IOD year (Meyers et al., 2007; Ummenhofer et al.,
2009). In the Atlantic Ocean, the SST is slightly negative in
the east along the equator, and it is largely negative in the
north-eastern sector, with a positive anomaly in the west
close to the American coast (Figures 7(a) and (c)). The
velocity potential pattern in the upper troposphere associ-
ated to these SST anomalies differs in the model and in the
observations. In fact, in the observations negative velocity
potential anomalies cover the eastern Pacific and the Amer-
ican continent, and negative anomalies as well cover the
South Asian sector, implying positive precipitation over
the Indian subcontinent (Figure 7(b)), with positive merid-
ional wind shear over the continent and negative over the
Indian Ocean in the west. On the other hand, in the AMIP
members the velocity potential anomalies are negative all
over the Pacific Ocean, but they are positive over South
Asia (Figure 7(c)), associated with negative precipitation
anomalies over India and negative meridional wind shear
(Figure 7(d)). Following also from the interpretation of
Figure 4, the lack of ocean–atmosphere coupling over the
eastern Indian Ocean may be the key to explain the differ-
ences. In fact, in the observations the presence of a positive
IOD in the Indian Ocean induces convergence and precip-
itation over India because of the air-sea processes at work
(Ashok et al., 2004). On the other hand, in our experimen-
tal setup the response over India in terms of precipitation
and circulation is directly linked to the SST forcing from
the positive SST anomalies in the central Pacific Ocean and
the Walker circulation shifts, in line with the theory from
Kumar et al. (2006).

For the cases classified as weak monsoon years in the
observations but simulated as strong monsoon years in the
AMIP members (i.e. 1974, 1979, see Table 3), the SSTs
are characterized by weak negative anomalies in the cen-
tral Pacific and strong negative anomalies in the North
Atlantic Ocean (Figures 7(e) and (g)). Despite this, the
response in the upper tropospheric velocity potential is
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opposite in the model and in the observations: in fact in
the observations it is negative in the eastern Pacific Ocean
and over the Atlantic and it is positive over the Asian con-
tinent and western Pacific, while in the model it is negative
over Asia (with a maximum over India) and positive in the
Atlantic Ocean (Figures 7(e) and (g)). The local response
over India is characterized by negative (positive) precipita-
tion over India in the observations (model), associated with
weaker (stronger) south-westerly flow and negative (posi-
tive) meridional wind shear (Figures 7(f) and (h)). As for
the case described before, here we can speculate that in the
AMIP members the response over India is mostly related
with the negative SST anomalies in the Pacific and asso-
ciated Walker circulation, while in the observations other
effects (including ocean–atmosphere coupling processes)
could have played a more effective role.

4.3. Strong and weak monsoon years in AMIP members
only (‘AMIP-only’)

The last case is dedicated to those years that are classi-
fied as strong or weak monsoon years in most of the AMIP
members (at least in half of them) but not in the observa-
tions (Table 3, fourth column). In this case, strong mon-
soon years in AMIP are 1955, 1958 and 1978 (Table 3),
and they are all characterized by negative anomalies in
the eastern equatorial Pacific, the Indian Ocean and the
eastern south Atlantic (Figures 8(a) and (c)). Probably the
anomalies in the Pacific Ocean are too weak to be clas-
sified as La Nina or they do not last up to the following
winter, but they are large enough in summer to modu-
late the Walker circulation and provide large convection
over South Asia (Figures 8(c) and (d)). The anomalies of
velocity potential at 200 hPa differ in sign over the Pacific
and Atlantic Oceans, but they agree over the Asian con-
tinent (Figures 8(a) and (c)), and the response over India
is characterized by intense precipitation in the continent,
slightly enhanced south-westerly flow and positive merid-
ional wind shear (Figures 8(b) and (d)).

On the other hand, years that are classified as weak mon-
soon in the majority of AMIP members are 1990, 1991,
1993 and 1995 (Table 3), but none of them is classified as
weak monsoon year in the observations. In the AMIP in
fact, in these years the composite of the precipitation over
India is largely negative with a weaker south-westerly flow
and intense weak meridional wind shear (Figure 8(h)),
while in the observations despite a weaker south-westerly
flow and a strong negative meridional wind shear the pre-
cipitation anomalies are close to zero or slightly positive
(Figure 8(f)). In both cases, the velocity potential anoma-
lies over India are positive (but in AMIP the intensity is
larger), and they differ in the Pacific and Atlantic basins
(Figures 8(e) and (g)). The SST pattern beneath is charac-
terized by positive anomalies in the central Pacific and in
the Indian Ocean, while in the other basins the anomalies
are close to zero (Figures 8(e) and (g)). In particular, the
warm SST anomalies in the central Indian Ocean recalls
the structure of the extreme drought of 2008 as described
in Rao et al. (2010). These two cases have the clear SST

signature of ENSO also in the Indian Ocean, suggesting
that the intensity of the monsoon is a response to the forc-
ing from the ocean and from ENSO in particular.

4.4. Implications for non-ENSO forcing

The correlation between NINO3.4 and precipitation over
India is about −0.61 (in the record 1948–2012), mean-
ing that about 40% of the monsoon variability is related
to ENSO and meaning also that there is another 60%
of variability that is related to something else, like forc-
ing from other sectors (but ENSO influences also SST
in places different from the tropical Pacific) or the inter-
nal variability. In our AMIP experiments, the correlation
coefficient is smaller (−0.36) and we have discussed in
the manuscript aspects of the SST forcing and lacking of
ocean–atmosphere coupling able to explain and under-
stand that difference.

As described in Section 2.4 using Equation (1), we
remove the ENSO signal through regression processes
from SST and other atmospheric fields anomalies in the
AMIP ensemble. These regressed fields anomalies are then
used to build composites for strong and weak monsoon
years (Figure 9). When ENSO signal is removed, extreme
monsoon conditions are associated with anomalies in the
tropical Atlantic and in small areas of the eastern North
Atlantic and south Indian Ocean. In particular, excess mon-
soon rainfall is linked with small negative SST anomalies
in the equatorial Atlantic Ocean close to Africa and in
the south Indian Ocean close to Australia (Figure 9(a)).
In the South Atlantic and south Indian Ocean, the anoma-
lies are of opposite sign for extreme deficit monsoon rain-
fall (Figure 9(c)). Similar results can be seen applying the
same regression exercise to the observations (not shown).
The region in the Atlantic Ocean where the anomalies are
larger corresponds to the area identified in Kucharski et al.
(2007) as modulating the interdecadal variability of the
ENSO-monsoon relationship.

To support the value of the results for the Atlantic Ocean,
we include the analysis of two sets of AMIP experiments
performed with the SPEEDY atmospheric model, as
described in Section 2.4, comparing strong and weak
monsoon composites when the interannual variability
of the global ocean is prescribed and when the interan-
nual variability is prescribed only in the Atlantic Ocean
(SPEEDY-AMIP-ATL) while the rest of the SST is clima-
tological. The experimental setup mimic the non-ENSO
fields described above but it does not have the limitation
of the technique applied. Figure 10 shows the composites
of the ensemble of AMIP experiments performed with
SPEEDY and identified as SPEEDY-AMIP-ATL. The
results are perfectly in line with the results of Figure 9,
where ENSO was linearly removed. A shortcoming
for these sets of experiments is that in SPEEDY the
ENSO-monsoon connection is not well captured, actually
it is weak and it has the opposite sign (not shown). Such
a behaviour in the SPEEDY model has been reported in a
multi-model AGCM assessment and is also observed in
some other AGCMs (Kucharski et al., 2009b). It is related
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to excessive influences from Indian Ocean SST anomalies
that co-vary with ENSO. On the other hand, a correct
tropical Atlantic-monsoon relationship has been reported
in Kucharski et al. (2008, 2009a).

5. Conclusions

An ensemble of AMIP-type experiments with prescribed
interannual varying SST and different initial conditions is
used to study the relationship between ISM extreme con-
ditions and ENSO. In this study, we intend to contribute to
the understanding of the ENSO-monsoon relationship with
emphasis on the characteristics of the remote forcing from
the Pacific Ocean but also from the other basins, like Indian
and Atlantic Oceans. At first, we select strong and weak
monsoon years in an ensemble of eight AMIP experiments
sharing the same SST and sea-ice boundary conditions for
the period 1948–2012 and with different initial conditions.
Then, another classification is performed selecting years
where the model index peaks in phase with the observa-
tions and years where the indices peaks are exactly oppo-
site thus building ‘In Phase’ and ‘Out of Phase’ groups.
Considering the eight members available, relative large
samples of cases can be built, ensuring also the statistical
significance of the patterns shown.

Considering ‘In Phase’ composites, the SST pattern is
clearly in ENSO phase with an eastern equatorial Pacific
Ocean anomalously cold when the monsoon is stronger
than in the mean and a central eastern Pacific anoma-
lously warm when the monsoon is weaker than in the
mean. When the AMIP members have the monsoon index
opposite to what observed, there are interesting similari-
ties/differences between simulated strong and weak mon-
soon years. In terms of winds, especially in the weak ‘Out
of Phase’ case the flow has a larger southerly component
confined east of 65∘E and entering the continent mostly
from south, compared to the strong ‘In Phase’ composite.

The comparison of ‘In Phase’ and ‘Out of Phase’ com-
posites reveals the importance of the ocean–atmosphere
coupling in modulating the influence of ENSO on convec-
tion over India. In particular, in our AMIP composites a
positive IOD pattern together with El Nino is associated
with deficit of precipitation over India. The explanation
relies on the lack of ocean–atmosphere coupling pro-
cesses in our experimental setup, crucial for the region in
those cases.

From all the cases analysed, it appears that in terms
of SST forcing the classical ENSO pattern with anoma-
lies of the same sign in the tropical Pacific Ocean but
also in the Indian and Atlantic tropical sectors is a clear
common characteristic of extreme monsoon years. The
SST pattern in summer seems enough to modulate the
Walker circulation and consequently suppress or enhance
convection over South Asia, even if it does not evolve into
an ENSO event.

Once the signature from ENSO is removed, the region
in the Atlantic Ocean where the anomalies are larger
corresponds to the area identified in Kucharski et al.

(2007) as modulating the interdecadal variability of the
ENSO-monsoon relationship. These results are confirmed
also by the composite of strong and weak monsoon years
in an ensemble of AMIP experiments performed with the
SPEEDY atmospheric model where interannually varying
SST are prescribed only in the Atlantic Ocean. The forc-
ing from other regions than the eastern Pacific alone may
largely affect the intensity of the ISM rainfall.

In this study, the simple approach of linearly remov-
ing ENSO did not allow a full understanding of the role
of non-ENSO forcing. Forthcoming research using spe-
cific monsoon protocol experiments with state of the art
coupled models (i.e. Global Monsoon Model Intercom-
parison Project (GMMIP) within next CMIP6) is planned
and it will permit to investigate the role of forcing from
the different basins but also to better exploit the role of
ocean–atmosphere coupling, crucial to fully understand
the ISM variability.
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