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Abstract This study investigates the response of tropical
Indian Ocean (TIO) sea surface temperature (SST) to El
Niflo decay phase and its impacts on South and East Asian
summer monsoon in the National Centers for Environ-
mental Prediction Climate Forecast System version 2 free
run. The TIO basin-wide warming induced by El Nifio at
its peak phase (winter; DJF) and next spring (MAM + 1)
are reasonably well captured by the model but with weak
magnitude. This TIO basin-wide SST warming persists
until summer (JJA 4 1) and exert strong impact on summer
monsoon rainfall and circulation as revealed in the observa-
tions. However, TIO SST anomalies are very weak in the
model during the El Nifio decaying summers. Though El
Niflo decay is delayed by 2 months in the model, decay of
TIO SST warming is faster than the observations. Anoma-
lous latent heat loss from ocean and a feeble southern TIO
Rossby waves associated with weak wind response to El
Nifio are mainly accountable for rapid decay of TIO SST
warming by mid-summer in the model. This suggests that
JJA + 1 TIO SST response to El Nifio decay phase in the
model is poorly represented. The model is able to capture
the SST anomalies associated with the northwest Pacific
anticyclone at the peak phase of El Nifio but fail to main-
tain that during the decay phase in MAM + 1 and JJA + 1.
It is found that precipitation and circulation anomalies
associated with TIO SST warming over the South and East
Asian regions are disorganized in the model during the
decay phase of El Nifio. Rainfall anomalies over the south-
west TIO, west coast of India, northern flank of northwest
Pacific anticyclone and over Japan in JJA + 1 are poorly
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represented by the model. Analysis of lower troposphere
stream function and rotational wind component reveals that
northwest Pacific anticyclone shifted far eastward to the
date line in the model during JJA + 1 unlike in the obser-
vations. Anomalous divergence observed over the western
TIO and convergence in the northwest Pacific are absent in
the model during JJA + 1. Extension of anomalous tropo-
spheric warming from TIO region to equatorial western
Pacific is also very weak in the model due to poor repre-
sentation of TIO SSTs and the subsequent absence of any
Kelvin wave response. Anomalous Walker circulation per-
sisted from DJF to JJA + 1 due to El Nifio late decay in the
model unlike in the observations. This is also found to be
responsible for the redundant changes in SST, rainfall and
circulation over the Indo-western Pacific in the model. This
study demonstrates that it is essential to represent the decay
phase of El Nifio and the associated TIO response accu-
rately to have realistic simulations of summer monsoon in
the decaying year.

Keywords Indian Ocean warming - Air—sea interactions -
Indian summer monsoon - El Nifio and southern oscillation
(ENSO) - Teleconnections

1 Introduction

Dynamical prediction of seasonal climate depends on the
ability to predict slow variations of anomalous boundary
forcing such as low frequency variations of sea surface
temperature (SST) in tropics (e.g., Charney and Shukla
1981; Palmer and Anderson 1994; Goddard et al. 2001).
Global seasonal climate predictability is mostly attrib-
uted to teleconnections driven by anomalous convection
forced by the tropical Pacific SST anomalies during El
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Nifio-Southern Oscillation (ENSO; e.g., Brankovic et al.
1994; Stockdale et al. 1998). This important source of low
frequency climate variability may be predictable 1 year
in advance (e.g., Luo et al. 2008). Further, low frequency
SST variations in the tropical Atlantic and Indian Oceans
apart from ENSO are the sources of climate anomalies
throughout the globe (e.g., Nicholls 1989; Goddard and
Graham 1999; Saji and Yamagata 2003; Kushnir et al.
2006).

Tropical Indian Ocean (TIO) climate is strongly influ-
enced by El Nifo through atmospheric bridge (e.g., Alex-
ander et al. 2002) and ocean channel (e.g., Sprintall et al.
2014). The first leading mode of the interannual Indian
Ocean SST variability is a basin-wide warming or cooling
(Yulaeva and Wallace 1994; Klein et al. 1999; Alexander
et al. 2002; Chowdary and Gnanaseelan 2007; Yang et al.
2007; Du et al. 2009; Schott et al. 2009; Tao et al. 2014).
El Nifio induces strong basin-wide SST warming over the
TIO in boreal winter (Klein et al. 1999; Alexander et al.
2002). Ocean dynamics in terms of Ekman divergence/
convergence and Rossby waves due to changes in surface
wind forcing and variations in heat flux associated with
El Nifio related subsidence plays critical role in inducing
TIO basin-wide warming (e.g., Chowdary and Gnanaseelan
2007; Du et al. 2009). This TIO warming, in general, per-
sists for next two seasons until boreal summer (Xie et al.
2009; Chowdary et al. 2011). Whereas warm SST anoma-
lies associated with El Nifio in the eastern Pacific weak-
ened or terminated by late boreal spring (e.g., Xie et al.
2010). Persistent TIO warming during the El Nifio decay-
ing summer exerts strong impact on South Asian, East
Asian and Northwest Pacific monsoon rainfall and circu-
lation (e.g., Wang et al. 2000; Xie et al. 2009; Jiang et al.
2013; Chowdary et al. 2015). During the decay phase of
El Nifo, Indian summer monsoon (ISM) rainfall is gener-
ally normal/above normal (Chowdary et al. 2014), whereas
rainfall is below normal over the northwest Pacific (e.g.,
Xie et al. 2009; Huang et al. 2010), both are highly influ-
enced by TIO warming.

Many of the Coupled Model Intercomparison Project
(CMIP) phase 3 and phase 5 (CMIP3 and CMIP5) mod-
els, for the Fourth and Fifth Assessment Report (AR4 and
ARS5; e.g., Meehl et al. 2007; Taylor et al. 2011), capture
TIO basin-wide warming well. For example, Du et al.
(2013) suggested that half of CMIP5 models capture the
key processes responsible for TIO basin-wide warm-
ing associated with El Nifio. Saji et al. (2006) found that
the association between El Nifio and TIO basin-wide
warming is well resolved in many of the CMIP3 models.
Recent study by Tao et al. (2015) demonstrated that in
CMIP models oceanic processes offset the weak bias of
atmospheric processes in spring, and help to sustain TIO
basin-wide warming into summer. They also found that
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anomalous northwest Pacific anticyclone is weaker due
to weak capacitor effect in many CMIP models. Thus, the
ability of Coupled General Circulation Models in captur-
ing the variations of TIO SST in response to El Niflo is
highly important.

It is clear from aforementioned studies that the variabil-
ity of South and East Asian summer rainfall and circula-
tion associated with TIO basin-wide warming induced by
El Nifio is important in the prediction point of view. In the
present study, we investigate delayed impact of El Nifio on
climate over the TIO, ISM and East Asia-Northwest Pacific
regions in the coupled general circulation model, the
National Centers for Environmental Prediction (NCEP)-
Climate Forecasting System version 2 (CFSv2; Saha et al.
2014). Under the National Monsoon Mission of India,
CFSv2 is selected as an operational model for dynamical
monsoon prediction over the Indian region (http://www.
tropmet.res.in/monsoon/index.php) and this model has
also been widely used for global scale forecast (Saha et al.
2014). It is necessary to evaluate the strengths and weak-
nesses of the coupled model for regional scale simulation/
predictions at inter-annual time scale (e.g., Chowdary et al.
2014). The paper is organized as follows. In Sect. 2, we
briefly describe the details of different data and model used
in the study. Section 3 demonstrates the TIO response to
decay phase of El Nifio in the model and provides compari-
son with the observations. South and East Asian-Northwest
Pacific circulation and rainfall during decay phase of El
Niflo is discussed in Sect. 4. Summary and Discussion are
provided in Sect. 5.

2 Model and data used

NCEP-CFSv2 is a coupled model with advanced data
assimilation techniques and advanced physics (Saha
et al. 2014). The atmospheric component of CFSv2 is
Global Forecast System (GFS) with horizontal resolu-
tion T126 (~100 km) and 64 sigma layers vertically. The
modular ocean model version 4 (MOM4) (Griffies et al.
2004) and a four-layer Noah land-surface model (Ek
et al. 2003) are coupled in CFSv2. The CFSv2 model
is integrated over a period of 100 years and the last
50 years of model integration are utilized for the analy-
sis. Initial conditions for the atmosphere and the ocean
are acquired from NCEP CFS Reanalysis (CFSR; Saha
et al. 2010). More details of CFSv2 integrations are pro-
vided by Roxy (2014).

The National Oceanic and Atmospheric Administration-
National Climatic Data Center (NOAA-NCDC) Extended
Reconstructed Sea Surface Temperature (ERSST) ver-
sion3b (Smith et al. 2008) and Climate Prediction Merged
Analysis Precipitation (CMAP; Xie and Arkin 1996) data
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are used for comparison. Observed ocean surface flux com-
ponents such as short wave radiation (SWR), and latent
heat flux (LHF) are obtained from the TropFlux product
(Praveen Kumar et al. 2010). Winds (surface, 850 hPa,
200 hPa) and Sea level pressure (SLP) are obtained from
European Centre for Medium-Range Weather Forecasts
(ECMWF) reanalysis (ERA-Interim; Dee et al. 2011)
for the model comparison. In addition to these data sets,
ECMWEF Ocean reanalysis System (ORA; Balmaseda et al.
2008) sea surface height (SSH) is used for comparison with
the model. All observational reanalysis data are based on
the period from 1979 to 2013.

Stream function, velocity potential, rotational and diver-
gent component of winds are computed for detailed analy-
sis. Statistical methods such as correlation and regression
are used to evaluate the model skill and to understand the
physical mechanisms. Results significant at 90 % confi-
dence level based on a two-tailed student’s 7 test are dis-
cussed. The seasons are defined by those of the northern
hemisphere. In the rest of the manuscript DJF (December
through February) represents the peak phase of El Niflo,
spring during decay phase of El Nifio is considered as
MAM + 1 (March through May), and the following sum-
mer is JJA + 1 (June to August).

3 TIO SST response to decay phase of El Nifio

Evolution of El Nifio cycle during the developing and
decay phase is examined in CFSv2 and is compared with
the observations. Figure 1 shows the lead lag correlation
of DJF Nifo-3.4 SST index with the Nifio 3.4, TIO, North
Indian Ocean (NIO; 50°E to 100°E and equator to 20°N),
Southwest tropical Indian Ocean (SWIO; 50°E to 70°E and
15°S to 5°S), Southeast equatorial Indian Ocean (SEIO;
90°E to 110°E and 10°S to equator) and South China Sea
(SCS; 105°E to 120°E and 4°N to 20°N) SST. During El
Nifo developing summers gradual increase in TIO warm-
ing is observed from June to September in ERSST (except
over the SEIO). It is noted that SCS (SEIO) begins to warm
after September (November) in developing years (Fig. 1a).
In the model, on the other hand TIO (including SEIO)
and SCS display warming only after the summer season
(Fig. 1b). Significant warming over the TIO and SCS is
seen around August (October) in the model (observations).
It is important to note that the El Nifio decays before the
following summer monsoon in observation, whereas model
El Nifio decays towards the end of the summer monsoon
season displaying about 2 months delay in decay. Prevail-
ing of an excessive equatorial Pacific cold tongue in several

Fig. 1 DIJF Nifio-3.4 SST index (a) ERSST - —
correlation with the TIO (20°S 0.9 . —— —
to 20°N and 40°E to 100°E) — - Nino-3.4~ ~

— TIO
—— NIO
/

NIO (Equator to 20°N and 50°E
to 100°E), SWIO (15°S to 5°S
and 50°E to 70°E), SEIO (10°S
to Equator and 90°E to 110°E)
and SCS (4°N to 20°N and
105°E to 120°E) SST anomalies

Correlation

during the El Nifio developing
and decay year a ERSST and
b CFESv2-free run. The dashed
thick line (Magenta) is for the
lagged autocorrelation of the
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tion significant above 90 %
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Fig. 2 Correlation of SST (shaded) and surface wind anomalies (vectors) from DJF to JJA 4 1 during decay phase of El Nifio with DJF Nifio-
3.4 SST index for a—c observations and d—f CFSv2-free run. Displayed signals are significant at 90 % confident level

generations of climate models (Mechoso et al. 1995; Yu
and Mechoso 1999; Li and Xie 2012, 2014; Zheng et al.
2012) resultants for strengthened SST-thermocline feed-
back (Li et al. 2015b) and which may be responsible for
such an El Nifio late decay. SST evolution over the TIO and
SCS associated with El Nifio is different from observations.
Persistent warming observed over the TIO and SCS dur-
ing summer following peak phase of El Nifio (JJA + 1) is
not well captured by the model. Model failed to capture the
observed lag between Nifio 3.4 and TIO SST warming dur-
ing the decay phase of El Nifio.

The characteristics of SST and surface wind anomalies
over the Indo-Pacific region during winter (DJF; peak phase
of El Nifio), spring (MAM + 1) and summer (JJA + 1) are
portrayed in Fig. 2. During the peak phase of El Nifio zonal
extension of near equatorial SST anomalies are well rep-
resented in the model when compared to the observations.
Convergence of surface winds over central and eastern
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Pacific, westerlies east of date line and northwest Pacific
anticyclone are also well captured by the model. However,
negative SST anomalies over the northwest Pacific, TIO
basin-wide warming and equatorial Indian Ocean easterly
wind anomalies are weak in the model as compared to the
observations (Fig. 2a, d). Spring asymmetric wind pattern
over the TIO with northesterlies in the north of the equa-
tor and northwesterlies south of the equator (Wu and Yeh
2010; Chakravorty et al. 2013) and basin-wide warming are
weak in the model compared to the observations (Fig. 2b,
e) during MAM + 1. Southwesterly wind anomalies in the
northern flank of northwest Pacific anticyclone are placed
away from the coast in the model unlike in the observa-
tions. On the other hand, SST and wind anomaly associ-
ated with El Nifio over the central and eastern Pacific are
well represented by the model in MAM + 1 (Fig. 2b, e).
Persistent TIO basin-wide warming, asymmetric wind
pattern and northwest Pacific anticyclone are apparent in
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Fig. 3 Regression of zonal and vertical winds (vectors, m/s) anomalies averaged (2°S to 2°N) over the equatorial Indian Ocean upon the DJF
Nifio 3.4 index as a function altitude and longitude for DJF and JJA + 1 for a, ¢ observations and b, d CFSv2-free run

observations during JJA + 1 even after El Nifio related
warming dissipated in the central and eastern Pacific
(Fig. 2c). Unlike in the observations, the model displays
warm SST anomalies near the date line over the equato-
rial Pacific region (Fig. 2f). Further, JJA 4 1 basin-wide
TIO warming and circulation over the northwest Pacific
and Indian Ocean regions are not well represented by the
model. These results suggest that TIO SST response to El
Nifo during JJA 4 1 is weak in the model. Factors respon-
sible for weak TIO warming during JJA + 1 in the model
are further investigated by exploring atmospheric and oce-
anic processes associated with the decay phase of El Nifio.

Changes in the atmospheric circulation over the TIO
region due to El Nifio induced subsidence through Walker
circulation modulates surface heat fluxes and that in turn
affects most of the TIO SST (Klein et al. 1999; Venzke
et al. 2000; Lau and Nath 2003; Shinoda et al. 2004) in
DJF to JJA + 1, except over the southwest TIO. Ascending
(descending) branch of Walker circulation associated with
El Nifio related warm SST anomalies over the equatorial
central Pacific (eastern Indian Ocean and western Pacific) is

better represented by the model during DJF as in observa-
tions (Fig. 3a, b). Model is also able to capture weak ascend-
ing branch over the TIO at peak phase of El Nifio. Whereas
during JJA + 1, unrealistic descending branch of the Walker
circulation is noted in the model over the TIO unlike in the
observations (Fig. 3c, d). This subsidence in the model is
forced mainly by unrealistic upward motion near the date
line due to warm SST anomalies. As a result of this, change
in lower tropospheric wind and surface heat flux caused for
weak positive SST anomalies over the TIO in the model.
Observations and model show weak negative latent heat
flux (negative anomalies represent less heat losing from
ocean) as a result of weak winds over most of the TIO in
DIJF (Fig. 4a, d), which favors SST warming. These latent
heat flux anomalies are strong negative over the Bay of
Bengal in the model unlike in observations. Shortwave
radiation anomalies are positive over the eastern Indian
Ocean and western Pacific due to clear sky conditions asso-
ciated with El Nifo induced subsidence, supporting posi-
tive SST anomalies (Fig. 2). Over the western and south-
western Indian Ocean, flux components are either weak
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Fig. 4 Regression of Latent heat flux (shaded; Wm~2) and Shortwave radiation (contours; Wm~2) from DJF to JJA + 1 during decay phase of
El Nifio upon DJF Nifio-3.4 SST index for a—c observations and d—f CFSv2-free run

or out of phase with SST anomalies. This suggests the
importance of oceanic processes in maintaining positive
SST anomalies especially in MAM + 1 and JJA +1 in the
observations (Fig. 4b, c) and such relationship is weak in
the model (Fig. 4e, f). Some discrepancy is noted in repre-
senting north—south asymmetry in the short wave radiation
anomalies over the TIO and latent heat flux anomaly pat-
tern over northwest Pacific in the model as compared to the
observations in MAM + 1. During JJA + 1 surface wind
anomalies are against the mean southwesterlies (Fig. 2c),
resulting negative latent heat flux anomalies over the NIO
(mainly over the Bay of Bengal) as seen in the observa-
tions (Fig. 4c). These negative latent flux anomalies help to
maintain SST warming over parts of TIO as pointed out by
earlier studies (e.g., Du et al. 2009). In case of the model
unrealistic strong latent heat flux release to the atmosphere
is noted away from the equator (Fig. 4f) and is mainly
responsible for trimming down the SST warming over
the TIO in JJA + 1. This is mainly due to dry humidity
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(negative bias) in the model mean atmosphere (e.g., De
et al. 2015). Patterns of both shortwave and latent heat
flux are quiet unusual over the TIO and northwest Pacific
regions in the model. This indicates that persistency of
ocean-atmospheric anomalies from MAM + 1 to JJA + 1
over the TIO and northwest Pacific in the model are under-
mined by warm SST anomalies near the date line through
atmospheric adjustments.

As discussed earlier SWIO warming is influenced by
ocean dynamics in terms of downwellig Rossby waves
(e.g., Xie et al. 2002). Anticyclonic wind stress curl over
the south east TIO associated with equatorial easterly wind
(stress) anomalies (Fig. 2a, b) in DJF + 1 induced Ekman
pumping (Fig. 5a) triggers downwelling Rossby waves
(Xie et al. 2002; Gnanaseelan et al. 2008; Chowdary et al.
2009). These westward propagating Rossby waves reach
SWIO by JJA + 1 as shown in observed SSH anoma-
lies (Fig. 5a) and help to maintain warming there. Ekman
pumping anomalies are short lived and the maximum
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Fig. 5 Regression of SSH

(a) Observed

SSH & EP

(shaded, m) and Ekman 22
pumping (contours; 107° m/s)
anomalies averaged over the
SIO (from 5°S to 17°S) upon
the DJF Nifio 3.4 index as a
function of calendar month and
longitude for a observations and
b CFSv2-free run

values are shifted by a month to December in the model
(Fig. 5b). Westward propagating Rossby wave anomalies
(as seen in SSH anomalies) are weaker in the model and
did not reach the southwest TIO by JJA + 1. The observed
coupling between the SSH anomalies and Ekman pump-
ing is not evident in the model. The underestimated SSH
anomalies and coupling may be due to a too deep SWIO
thermocline dome in model (e.g., Chowdary et al. 2015) as
in many other coupled models (e.g., Li et al. 2015a; Zheng
et al. 2015). This would largely limit the TIO basin-wide
warming response to El Nifio. Overall, weak atmospheric
anomalies associated with weak ocean response and weak
coupling have contributed for the unrealistic TIO SST
anomaly pattern over the southern TIO in the model during
JJA + 1. Thus TIO response is poor during the decay phase
of El Nifio and SST anomalies decay faster in model than
in the observations.

4 ISM and East Asian-Northwest Pacific
circulation and rainfall during the decay phase
of El Niiio

During the peak phase of El Nifio (DJF) positive rainfall
anomalies are observed over the western equatorial Indian
Ocean, northwestern parts of India and east coast of China
along the northern flank of northwest Pacific anticyclone
(Fig. 6a). Negative rainfall anomalies over the eastern
Indian Ocean and western Pacific are apparent. These spa-
tial distributions of rainfall over the Indo-western Pacific
are well captured by the model in DJF (Fig. 6d). Yet the

model displays westward extension of El Nifio related
rainfall anomalies up to 130°E unlike in the observations.
Weare (2012) noted that most of CMIP5 models show
westward extension (too far to the west to the western
Pacific) of positive precipitation anomalies. Thus this error
is common in the coupled models. High SLP and associ-
ated circulation at 850 hPa over the Indo-western Pacific
region are well represented by the model as compared to
the observations (Fig. 6a, d). Reduced strength in the pre-
cipitation anomalies over the northwest Pacific is seen in
the model during MAM + 1 as in the observations (Fig. 6b,
e). Anticyclonic circulation over the northwest Pacific is
shifted south and eastward in the model, which is evident
in SLP high as well. Circulation anomalies over the TIO
are also not well represented in the model in MAM + 1
(Fig. 6e) as observed in Fig. 2. Absence of northeasterly
wind anomalies over the Arabian Sea, unrealistic easterly
wind anomalies near the maritime continent and eastward
shift of northwest Pacific anticyclone (Fig. 6c, f) are the key
differences between observations and model in JJA 4 1. In
addition to that the absence of negative (positive) rainfall
anomalies over the northwest Pacific (southwest TIO) and
Japan are reported in the model unlike in the observations.
These problems in the model arise mainly due to weak
response of TIO SST to El Nifio decay phase. Apart from
El Nifio, Indian Ocean Dipole during boreal fall and winter
known to modulate subsequent summer monsoon circula-
tion over the northwest Pacific and rainfall (Kripalani et al.
2010).

To further illustrate the Indo-western Pacific circulation
response to El Nifio (at peak and decay phase), regression
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Fig. 6 Correlation of rainfall (shaded), SLP (contours) and 850 hPa wind anomalies (vectors) from DJF to JJA + 1 during decay phase of El
Nifio with DJF Nifio-3.4 SST index for a—c observations and d—f CFSv2-free run. Displayed signals are significant at 90 % confident level

of DJF Nifio 3.4 upon 850 hPa stream function, rotational
component of wind (Fig. 7), 200 hPa velocity potential
and divergent component of wind (Fig. 8) is presented.
As a part of Matsuno (1966), Gill (1980) pattern Rossby
wave response to El Nifio related SST warming over the
equatorial Pacific, two off equatorial cyclonic circulations
(on either sides of equator) in the west of date line are
apparent in the observations and model (Fig. 7a, d). Sym-
metric to the equator anomalous anticyclonic circulations
over the TIO either sides of the equator are evident in the
observation in DJF. These circulation anomalies are weak
in the model, indicating poor response of TIO climate to
El Nifio. Similarly broad 200 hPa convergence zone over
the Indo-Western Pacific in response to peak phase of El
Nifio (200 hPa divergence) is slightly weaker in the model
as compared to observations (Fig. 8a, d). By MAM + 1,
low level anticyclonic circulation over the southern TIO
is weakened and northern hemispheric anticyclone is
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shifted to northwest Pacific with core over the Philippines
(Fig. 7b). Whereas in the model, intensity of circulation
anomalies are weaker than in observations and center of
northwestern Pacific anticyclone is shifted towards the east
of Philippines (Fig. 7e). Upper level convergence associ-
ated with lower level anticyclone over the northwest Pacific
is much weaker in the model as compared to observations
during MAM + 1 (Fig. 8b, e). In case of JJA + 1 low level
northwest Pacific anticyclone in the model has shifted
eastward towards the date line unlike in the observations
(Fig. 7c, 1), leading to suppressed easterly wind anomalies
over the NIO region in the model. Further upper level con-
vergence (divergence) over the northwest Pacific (western
TIO) is absent in the model (Fig. 8c, f). This analysis sug-
gests that atmospheric response to El Nifio is inadequately
represented in the model mainly during spring and summer
of the decay phase.
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Fig. 7 Regression of 850 hPa Stream function (shaded; 10 m®s™!

) and rotational component of wind (vectors; ms™!) from DJF to JJA + 1 dur-

ing decay phase of El Nifio upon DJF Nifio-3.4 SST index for a—c observations and d—f CFSv2-free run

Tropical tropospheric temperature variations are highly
related to SST anomalies in the interannual time scale
(e.g., Sobel et al. 2002). SST warming associated with El
Nifio enhances tropospheric temperature warming via deep
convection during DJF. Observations show that this warm
tropospheric temperature follows Matsuno-Gill type pat-
tern, which is a combined structure of eastward Kelvin and
westward off equatorial Rossby waves (Fig. 9a). Most of
these features are well captured by the model except over
the TIO region (Fig. 9d). As a result of anomalous EI Nifio
conditions, integrated moisture (precipitable water) is max-
imum over the eastern and central Pacific and minimum
over the western Pacific during DJF. Spatial distribution of
precipitable water is well represented throughout the trop-
ics during DJF in the model as compared to the observa-
tions. El Nifio related model tropospheric temperature
and precipitable water are weak over the TIO region in
MAM + 1 (Fig. 9e). Xie et al. (2009) demonstrated that
during JJA + 1 warm tropospheric temperature, in response

to TIO SST warming, propagate into equatorial Pacific and
helps to maintain northwest Pacific anticyclone through
Kelvin wave-Ekman divergent mechanism. Warm tropo-
spheric temperature and precipitable water with Kelvin
wave like pattern over the Indo-western Pacific and strong
northwest Pacific anticyclone are apparent during JJA + 1
in the observations (Figs. 9c, 8c, 7¢). These signals are not
well represented by the model (Figs. 9f, 8f, 7f). Further-
more, eastward Kelvin wave propagation is also evident in
the 200 hPa velocity potential anomalies in the observa-
tions (Fig. 10a), while the model shows disorganized pat-
tern during JJA 4 1 (Fig. 10b). Overall, the Indo-western
Pacific climate response during El Nifio peak phase or
season is fairly well captured by the model, but response
is weak in the following spring, which further slide in the
summer following El Nifio. Representation of TIO SST
variation during the decay phase of El Nifio in the coupled
models is essential for predicting summer monsoon rainfall
(e.g., Chowdary et al. 2015).
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5 Summary and discussion

Tropical Indian Ocean SST response to El Nifo decay
phase and changes in rainfall and circulation over the
South and East Asian summer monsoon is examined in
NCEP-Climate Forecast System version 2 (CFSv2) free
run. It is found that in the model (observations) El Nifio
decay is delayed by 2 months, while TIO warming decays
rapidly (slowly) by mid-summer (after summer). During
the peak phase of El Nifio (winter; DJF) and next spring
(MAM + 1) the TIO basin-wide warming is reasonably
well captured with weaker magnitude than observed. It is
well known that TIO SST warm anomalies persist gener-
ally till summer (JJA 4 1) and exert strong impact on South
and East Asian summer monsoon rainfall and circulation
(e.g., Yang et al. 2007; Xie et al. 2009; Chowdary et al.
2015). However, persistent SST warming is very weak in
the model during El Nifio decay summers. This weak TIO
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response to El Nifio in MAM + 1 and JJA + 1 is due to
anomalous Walker circulation associated with persistent El
Nifio from DJF to JJA + 1 corresponding to late decay in
the model. Anomalous latent heat loss from ocean and fee-
ble southern TIO Rossby waves associated with weak wind
response to El Nifio have further contributed to the weak
TIO SST warming. Over the northwest Pacific the model is
able to capture SST anomalies associated with anticyclonic
circulation at the peak phase of El Nifio but fail to maintain
that during the decay phase in MAM + 1 and JJA + 1.

It is noted that positive rainfall anomalies over the south-
west TIO and negative rainfall over the South China Sea
are weaker than observed in the model during MAM + 1.
At the same time rainfall anomalies in the northern flank
of northwest Pacific anticyclone observed over the north-
east China have shifted towards south in the model. Dur-
ing JJA + 1 anomalous rainfall over the west coast of
India and Japan are poorly represented by the model. Poor
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representation of rainfall patterns are in coherence with
errors in circulation anomalies. Lower tropospheric stream
function and rotational wind component (850 hPa) sug-
gest that cyclonic and anticyclonic circulation over the
Indo-western Pacific are well captured by the model dur-
ing DJF and MAM + 1 but with weaker magnitude. How-
ever in JJA + 1 anticyclonic circulation in the southeast
TIO weakened and the northwest Pacific anticyclone also
shifted far eastward to date line in the model unlike in the
observations. This eastward shift of anticyclone appar-
ently is responsible for the absence of easterly/northeast-
erly wind anomalies over the NIO in the model. Broad
upper level convergence (200 hPa) over the eastern Indian
Ocean and western Pacific is narrowed down from DJF to
MAM + 1 with center over Philippines Sea in the observa-
tions. However, this upper level convergence did not persist
to JJA 4 1 in the model. Overall upper troposphere veloc-
ity potential and divergent component of wind anomalies
show that anomalous divergence over the western TIO and

convergence over the northwest Pacific are absent in the
model during JJA + 1.

El Nifio induced tropospheric temperature warming
influences the entire tropics by tropical wave dynamics
(e.g, Wallace et al. 1998; Sobel et al. 2002). Distribution of
this warming is well represented by the model as in obser-
vations in most of the tropics except over the eastern TIO
and western Pacific during DJF and MAM + 1. Su and
Neelin (2002) suggested that this El Nifio induced warm-
ing pattern in tropics may be modified by the interaction
with moist convection. During JJA 4 1 TIO warming, in
general, supports deep convection and help to enhance the
tropospheric temperature as seen in the observations. But
such anomalous warming is not apparent in the model.
Extension of anomalous tropospheric warming from TIO
to equatorial western Pacific as Kelvin wave is also very
weak in the model due to poor representation of TIO SSTs.
This tropospheric warming in the equatorial western Pacific
helps to maintain northwest Pacific anticyclone (Xie et al.
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Fig. 10 Regression of 200 hPa
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2009). Present study advocates that it is essential to capture
the decay phase of El Nifio and the associated changes in
TIO SST accurately in the coupled model. Better represen-
tation of TIO SST anomalies in MAM + 1 and JJA + 1 in
the model may help to predict rainfall and circulation over
the South and East Asian monsoon regions.
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