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ABSTRACT

Prior to the 1976-77 climate shift (1950-76), sea surface temperature (SST) anomalies in the tropical
Indian Ocean consisted of a basinwide warming during boreal fall of the developing phase of most El Nifios,
whereas after the shift (1977-99) they had an east-west asymmetry—a consequence of El Nifio being
associated with the Indian Ocean Dipole/Zonal mode. In this study, the possible impact of these contrasting
SST patterns on the ongoing El Nifio is investigated, using atmospheric reanalysis products and solutions to
both an atmospheric general circulation model (AGCM) and a simple atmospheric model (LBM), with the
latter used to identify basic processes. Specifically, analyses of reanalysis products during the El Nifio onset
indicate that after the climate shift a low-level anticyclone over the South China Sea was shifted into the Bay
of Bengal and that equatorial westerly anomalies in the Pacific Ocean were considerably stronger. The
present study focuses on determining influence of Indian Ocean SST on these changes.

A suite of AGCM experiments, each consisting of a 10-member ensemble, is carried out to assess the
relative importance of remote (Pacific) versus local (Indian Ocean) SST anomalies in determining precipi-
tation anomalies over the equatorial Indian Ocean. Solutions indicate that both local and remote SST
anomalies are necessary for realistic simulations, with convection in the tropical west Pacific and the
subsequent development of the South China Sea anticyclone being particularly sensitive to Indian Ocean
SST anomalies. Prior to the climate shift, the basinwide Indian Ocean SST anomalies generate an atmo-
spheric Kelvin wave associated with easterly flow over the equatorial west-central Pacific, thereby weak-
ening the westerly anomalies associated with the developing El Nifio. In contrast, after the shift, the
east-west contrast in Indian Ocean SST anomalies does not generate a significant Kelvin wave response,
and there is little effect on the El Niflo—induced westerlies. The Linear Baroclinic Model (LBM) solutions
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confirm the AGCM’s results.

1. Introduction

It is now well recognized that the El Nifio—Southern
Oscillation (ENSO) phenomenon is the dominant
mode of tropical climate variability. Moreover, the
changes in tropical precipitation and associated latent-
heat release during ENSO affect the atmospheric cir-
culation globally, primarily through wave dynamics
(Hoskins and Karoly 1981; Shukla and Wallace 1983;
Sardeshmukh and Hoskins 1985; Trenberth et al. 1998;
Su et al. 2001). In comparison to the large fluctuations
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in sea surface temperature (SST) in the equatorial Pa-
cific during ENSO, interannual SST anomalies in the
Indian Ocean are modest. As a consequence, under-
standing their effect on the atmosphere has received
less attention.

Recently, interest in the influence of Indian Ocean
SSTs has expanded considerably, in part due to the
debate about the Indian Ocean “Dipole/Zonal” mode
(IODZM), a mode of climate variability associated
with cooling in the eastern equatorial Indian Ocean
during fall and warming in the western basin several
months later (Reverdin et al. 1986; Murtugudde et al.
1998; Saji et al. 1999; Webster et al. 1999; Murtugudde
and Busalacchi 1999; Behera et al. 1999; Yu and Rie-
necker 1999, 2000). The high simultaneous correlation
between IODZM and Nifio-3.4 SST anomalies occurs
during fall, suggesting that IODZM events are forced
by ENSO (e.g., Allan et al. 2001; Baquero-Bernal et al.
2002; Xie et al. 2002; Hastenrath 2002; Krishnamurthy
and Kirtman 2003; Annamalai et al. 2003). Others ar-
gue that the extreme events of 1961, 1994, and 1997 are
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a coupled ocean—atmosphere mode internal to the In-
dian Ocean itself (e.g., Yamagata et al. 2003). As dis-
cussed below, a likely reason for the differing views is
that the relationship between El Nifio and IODZM
events has changed in time.

Many characteristics of El Nifio changed after the
197677 climate shift (Nitta and Yamada 1989), includ-
ing its frequency, intensity, and propagation direction
(Wang 1995; Wallace et al. 1998; Kinter et al. 2002,
2004). Figure 1 shows two well-known measures of
ENSO: the multivariate ENSO index (Fig. 1a; Wolter
and Timlin 1998) and SST anomalies over the Nifio-3.4
region (Fig. 1b). Except for a few minor exceptions,
both indices clearly indicate that El Nifio events after
the climate shift in 1976-77 were stronger than those
that occurred before. Additionally, since the 1980s the
ENSO period appears to have increased to 5 yr. Fe-
dorov and Philander (2001) examined the SST anoma-
lies over the eastern equatorial Pacific and pointed out
similar changes (see Fig. 1 of their paper).

Another striking difference between the two epochs
is the change in the El Nifio-IODZM relationship be-
fore and after the climate shift. Figure 2 shows ENSO
and IODZM indices during fall, the latter defined
solely by SST anomalies in the eastern equatorial In-
dian Ocean (EEIO) in a box from 10°S to the equator,
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90° to 110°E (Annamalai et al. 2003). Using a minimum
standard deviation of 1.0 to define ENSO and IODZM
events, respectively, there were 13 El Nino (dashed
lines) and 6 IODZM events during the record. An ob-
vious difference between the PRE76 and POST76 pe-
riods is that no IODZM events cooccurred with ENSO
prior to the climate shift whereas most did afterward.

In this study, we investigate the impacts of Indian
Ocean SST and heating anomalies on developing El
Nifos, focusing on the difference in response before
and after the 1976-77 climate shift. Specifically, we con-
sider changes in their impact on the strength of the
equatorial wind anomalies in the Pacific and on the
formation of the South China Sea anticyclone during
the fall of El Niflo years (section 3). We utilize analyses
of atmospheric reanalysis products, and solutions to a
state-of-the-art atmospheric general circulation model
(AGCM) and a linearized atmospheric model, the lat-
ter used to identify basic processes. Our main conclu-
sions are that the presence of the IODZM modulates
convective activity over the EEIO and tropical western
Pacific during the developing phase of El Nifio, locally
altering the development of the South China Sea anti-
cyclone, and remotely strengthening westerly anoma-
lies in the western and central Pacific via an atmo-
spheric Kelvin wave.

-
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F1G. 1. (a) The multivariate ENSO index prepared by Wolter and Timlin (1998) for the
period 1950-2003. (b) Monthly SST anomalies over the Nifo-3.4 region (5°S-5°N, 120°-
170°W). The data in (b) are smoothed by a 5-month running mean and normalized by the
monthly standard deviation. Warm (cold) ENSO events are highlighted in red (blue). After
the 1976-77 climate shift, the warm events are much stronger than those prior to the shift.
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F1G. 2. Bar charts of the boreal fall (SON) SST anomalies for (a)
the Nifio-3.4 region (5°S-5°N, 120°-170°W) and (b) eastern equa-
torial Indian Ocean region (10°S-0°, 90°-110°E). The dotted hori-
zontal lines represent —1.0 standard deviation in (b) and +1.0
standard deviation in (a). The SST anomalies are normalized with
their respective standard deviations.

It should be noted that our study uses stand-alone
atmospheric models to investigate changes in ENSO
variability, which surely involve coupled air-sea inter-
actions. Indeed, recent coupled modeling studies (e.g.,
Wu and Kirtman 2004a) suggest that experiments with
prescribed SST anomalies over the Indian Ocean may
distort the air—sea feedbacks between latent heat flux
and SST, which lead to spurious variance in rainfall and
surface wind anomalies. Our AGCM results must be
viewed with this caveat in mind. On the other hand, our
focus is to understand the large-scale response to In-
dian Ocean SST anomalies. The fact that the simulated
winds over the equatorial Pacific by both the AGCM
and the simple linear atmospheric model bear close re-
semblance to observations suggests our approach is rea-
sonable.

The paper is organized as follows. Section 2 presents
the data used and provides a brief description of the
AGCM and LBM. Section 3 presents diagnostic analy-
ses based on observations. Section 4 examines the sen-
sitivity of the AGCM to Indo-Pacific SST anomalies.
Section 5 examines the dynamical response of the LBM
to diabatic heating and SST anomalies. Section 6 sum-
marizes our conclusions.

2. Data and models

a. Data

The atmospheric data used in our study are taken
from National Centers for Environmental Prediction—

JOURNAL OF CLIMATE

VOLUME 18

National Center for Atmospheric Research (NCEP-
NCAR) reanalysis products for the period 1950-2001
(Kalnay et al. 1996). The atmospheric variables are
available at standard pressure levels with a horizontal
resolution of 2.5°. The SST for the analysis period is
taken from Reynolds and Smith (1994).

In the data analyses, monthly mean climatologies are
first calculated for the study period and anomalies are
departures from them. Unless specified otherwise, de-
cadal variability (periods > 8 yr) is separated from in-
terannual variability (16 months to 8 yr) through har-
monic analysis. Composites are formed for the strong
El Nifio years during both epochs (Fig. 2a), except that
the 1986-87 event is excluded because of the complex-
ity of its evolution with respect to the annual cycle
(Wang et al. 2000) and the lack of IODZM develop-
ment (Fig. 2b). Due to uncertainities in SST observa-
tions prior to the satellite era, we compared the
monthly Reynolds and Smith (1994) product with the
Comprehensive Ocean—-Atmosphere Data Set
(COADS). As in Fig. 2, we formed interannual SST
anomalies over EEIO and Nifio-3.4 regions (not
shown) from COADS. We note high correlations
(>0.7) between the corresponding indices constructed
from these two datasets.

The composites (both constructed from observations
and from ensembles of AGCM solutions) are subjected
to the standard ¢ test for statistical significance, and only
when at the 95% significant level are retained in plots;
the sole exception is for Fig. 4b, in which values signifi-
cant at the 85% level are retained due to the limited
members (four) in the composites. The level of signifi-
cance does not alter the main conclusions of the present
study that are supported by dynamical arguments (sec-
tions 4-5).

Concerning the 1986-87 event, an examination of
monthly SST anomalies over the Nino-3.4 region (not
shown) reveals that (i) the onset of El Nifio occurred
during boreal summer 1986 and attained its first peak
intensity in December of that year, (ii) the amplitude of
the warm SST anomalies gradually declined from 1.2°C
in December 1986 to 0.7°C in June 1987, and (iii) the
amplitude suddenly increased and reached its second
peak (~1.7°C) in September 1987; and thereafter El
Niflo conditions ceased. Thus, the evolution of the
1986-87 El Nifio differs markedly from other major El
Nifios. The Simple Ocean Data Assimilation (SODA)
product, as well as solutions from ocean models, indi-
cate that the mean thermocline was deeper than normal
in the EEIO during the El Nifio events of 1976 and
1986-87, conditions unfavorable for the development
of the IODZM (Annamalai et al. 2004, manuscript sub-
mitted to J. Climate). Since our purpose is to under-
stand the influence of the cooccurrence of IODZM
events with developing El Nifio in the post-1976 epoch,
we excluded the 1986-87 event in our analysis. With the
exclusion of the 1986-87 event, all El Nifio events in the
post-1976 composite are accompanied by concurrent
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IOZM events while none is in the pre-1976 composite.
This grouping allows us to study the effect of differing
Indian Ocean SST patterns by AGCM experimentation
to be described in section 4a.

Various diagnostic studies have assessed the quality
of reanalyses in the Tropics, showing that the divergent
part of the wind is strongly influenced by model heat-
ing, especially in data-sparse regions (e.g., Annamalai
et al. 1999). For example, Kinter et al. (2004) attributed
interdecadal changes in the divergent wind field in the
NCEP-NCAR reanalysis to changes in the observing
system and assimilation procedures [see also Wu and
Xie (2003)]. Since decadal and interdecadal variability
is removed in our analysis prior to making composites,
effects due to changes in the observing system are mini-
mized.

b. AGCM

The AGCM we use is the ECHAMS, the latest Ham-
burg version of the ECMWF model. It is a global spec-
tral model, which we ran at T42 resolution and with 19
sigma levels in the vertical. The nonlinear terms and the
parameterized physical processes are calculated on a
128 X 64 Gaussian grid with a horizontal resolution of
about 2.8° X 2.8°. As in the earlier version of the model
(ECHAM4, Roeckner et al. 1996), the convection
scheme is based on the mass-flux concept of Tiedtke
(1989); the surface fluxes of momentum, heat, water
vapor, and cloud water are based on the Monin—
Obukhov similarity theory, and the radiation scheme is
due to Morcrette et al. (1998). Major changes to the
physical package include implicit coupling of the atmo-
sphere to the land surface (Schulz et al. 2001), advective
transport (Lin and Rood 1996), a prognostic—statistical
scheme for cloud cover (Tompkins 2002), and a rapid
radiative-transfer model for longwave radiation
(Mlawer et al. 1997). Model details can be found in
Roeckner et al. (2003).

The climatology of ECHAMS is realistic in many as-
pects. Figure 3 shows precipitation and 850-hPa wind
during September—October—-November (SON) for the
model (Fig. 3a) and the observations (Fig. 3b). Mod-
el — observation differences include (i) overestimation
of precipitation intensity over the tropical western Pa-
cific and along the South Pacific convergence zone
(SPCZ2), (ii) a westward shift in the location of the pre-
cipitation maximum and poleward orientation of west-
erlies over the equatorial Indian Ocean, and (iii) cross-
equatorial flow in the western Indian Ocean and pen-
etration of westerlies into the tropical west Pacific.
Despite these differences, the spatial structure and
magnitude of precipitation and low-level circulation
anomalies over the tropical Indo-Pacific regions are
simulated reasonably well.

c. LBM

Linear atmospheric models have been widely used as
a diagnostic tool for studying the response to idealized
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forcing (e.g., Matsuno 1966; Webster 1972; Gill 1980;
Rodwell and Hoskins 1996). The linear model we use
(labeled LBM) is fully described in Watanabe and
Kimoto (2000) and Watanabe and Jin (2003). It is a
global, time-dependent, primitive-equation model, lin-
earized about the observed climatology derived from
NCEP-NCAR reanalysis for 1958-97. Its horizontal
resolution is T21 with 20 vertical levels in sigma coor-
dinates. The model employs diffusion, Rayleigh fric-
tion, and Newtonian damping with a time scale of (1
day)™! for ¢ = 0.9 and ¢ = 0.03, while (30 day) ! is
used elsewhere.

The LBM is forced either by prescribed patterns of
diabatic heating anomalies or SST anomalies, referred
to as dry and moist versions respectively (Watanabe
and Jin 2003). In the dry version, the prescribed forcing
is the anomalous diabatic heating proportional to the
observed precipitation anomalies. The horizontal shape
of the heating is elliptical and the heating is imposed on
boreal fall (September—-November) mean climatology
derived from NCEP-NCAR reanalysis. The vertical
heating profile is defined by an empirical function pro-
posed by Reed and Recker (1971), with a maximum
heating at 400 hPa. Since in the deep Tropics heating
and circulation are strongly coupled, we also seek the
steady-state response in which the LBM calculates its
own heating. In this run, called moist case, the horizon-
tal shape of the prescribed SST anomalies is assumed to
be elliptical as in the dry case. The surface heat flux
generated by these forcings is parameterized as in Betts
and Miller (1986). A linearized moisture equation for
the perturbation specific humidity is incorporated into
the model. Heat and moisture sources associated with
cumulus convection are also parameterized. In the
moist case, mean fields of SST and ground wetness are
also included in the basic state. In summary, results
from the moist case can be viewed as an alternative to
the AGCM solutions but within the linear framework.

3. Air-sea interaction during El Nifio onset

In this section, we report the differences in SST and
circulation patterns between the PRE76 and POST76
periods. Due to nonavailability of observed precipita-
tion products over the oceans during PRE76 we have
not compared the changes in the precipitation here.
However, model solutions reported in section 4 illus-
trate the differences in the simulated precipitation to
the apparent changes in SST that were used to force the
AGCM.

a. SST

Figure 4 shows SST-anomaly composites from Reyn-
olds and Smith (1994) during the fall of El Nifio years
before (PRE76, 1950-76) and after (POST76, 1977-99)
the climate shift. During POST76 there were coherent
cold SST anomalies in the EEIO and western Pacific













































