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Abstract Indian Ocean (IO) dynamics impact ENSO predictability by influencing wind and precipitation
anomalies in the Pacific. To test if the upstream influence of the IO improves ENSO validation statistics, a
combination of forced ocean, atmosphere, and coupled models are utilized. In one experiment, the full
tropical Indo-Pacific region atmosphere is forced by observed interannual SST anomalies. In the other, the
IO is forced by climatological SST. Differences between these two forced atmospheric model experiments
spotlight a much richer wind response pattern in the Pacific than previous studies that used idealized
forcing and simple linear atmospheric models. Weak westerlies are found near the equator similar to earlier
literature. However, at initialization strong easterlies between 308S–108S and 08N–258N and equatorial
convergence of the meridional winds across the entire Pacific are unique findings from this paper. The
large-scale equatorial divergence west of the dateline and northeasterly-to-northwesterly cross-equatorial
flow converging on the equator east of the dateline in the Pacific are generated from interannual IO SST
coupling. In addition, off-equatorial downwelling curl impacts large-scale oceanic waves (i.e., Rossby waves
reflect as western boundary Kelvin waves). After 3 months, these downwelling equatorial Kelvin waves
propagate across the Pacific and strengthen the NINO3 SST. Eventually Bjerknes feedbacks take hold in the
eastern Pacific which allows this warm anomaly to grow. Coupled forecasts for NINO3 SST anomalies for
1993–2014 demonstrate that including interannual IO forcing significantly improves predictions for
3–9 month lead times.

Plain Language Summary It is important goal to help to extend our ability to predict large-scale
global weather patterns. One such well known disruption to global weather pattern is El Nino. Past research-
ers have explored if different regions around the world impact El Nino. Here, we test the impact of the Indi-
an Ocean sector against real observations by differencing model experiments that include and exclude
forcing from this region. These results show that the impact of the Indian Ocean is significant for El Nino in
the Pacific. Large-scale ocean waves are generated off the equator in the Pacific by this Indian Ocean forc-
ing. These waves travel from east to west, eventually hitting the western boundary of the Pacific, reflecting,
and traveling along the equator to impact the eastern tropical Pacific, the home of El Nino. Normally this
region is cooler than the surrounding area because cool, deep water is brought to the surface. However,
these waves act to cut off cool water effectively warming the eastern Pacific and enhancing El Nino. This
process takes several months so we show that forcing in the Indian Ocean sector improves forecasts of El
Nino from 3-9 months for the tropical Pacific.

1. Introduction

El Ni~no/Southern Oscillation (ENSO) is the single most important and societally impactful mode of global cli-
mate variability on interannual time scales [e.g., Lau and Nath, 2003; Glantz, 2001; Horel and Wallace, 1981]
but its prediction still has much to improve upon [e.g., National Academies of Sciences and Medicine, 2016;
National Research Council, 2010]. For example, although 6 month lead forecasts from June 2014 confidently
predicted strong ENSO warm phase conditions based on heat storage anomalies, an event did not develop,
with the most likely explanation the failure to predict the absence of coupling between the ocean and the
atmosphere [McPhaden, 2015].

Key Points:
� Indian Ocean teleconnections

generate off-equatorial easterly
winds and curl that act to amplify the
oceanic Rossby waves in the Pacific
� These Rossby waves eventually

positively impact the eastern Pacific
via reflected western boundary then
equatorial Kelvin waves
� Coupled hindcasts that include

interannual forcing in the Indian
Ocean significantly improve ENSO
prediction skill from 3 to 9 months
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There are several possibilities for this prediction failure which include (1) initial triggering events (i.e., wes-
terly wind bursts) were out of sync with an amplifying mode and with the typical El Ni~no development tim-
ing (occurring 1 month earlier than for 1997 event) [Menkes et al., 2014], (2) negative feedbacks such as
upwelling ocean waves may have damped warm ENSO sea surface temperature anomalies (e.g., as hap-
pened for the 2002 event [Hackert et al., 2007]), (3) stronger trade wind easterlies associated with the cool
phase of the Pacific Decadal Oscillation (PDO) could have inhibited migration of the precipitation from the
warm pool eastward [Min et al., 2015], and (4) Indian Ocean (IO) dynamics may have anchored deep convec-
tion over the Indo-Pacific warm pool rather than allowing it to anomalously develop and couple with cen-
tral/eastern Pacific SST anomalies [Santoso et al., 2012].

Here we focus on the last possibility by isolating the impact of the IO atmosphere on the development of
ENSO events. In previous work, Wu and Kirtman [2004], Annamalai et al. [2005], and Annamalai et al. [2010]
proposed that cold IO sea surface temperature anomalies (SSTA) could generate an atmospheric Kelvin
wave manifesting as equatorial westerly wind anomalies over the western Pacific, deepening the thermo-
cline in the eastern Pacific via large-scale oceanic Kelvin wave processes [e.g., Kessler et al., 1995], and
enhancing an ongoing El Ni~no.

Wu and Kirtman [2004] compared coupled and decoupled general circulation model (CGCM) experiments
to test the impact of the IO on ENSO development. They showed that the ENSO variability is reduced by a
factor of 2 when the IO is decoupled (0.56–0.278C). Composite equatorially averaged SST anomalies over
longitude and time for the Pacific show that maximum coupled SST anomalies at 1658W are located 158

east of those observed in the uncoupled experiment (as in Yu et al. [2002]) and eastern upwelling associated
with Kelvin wave arrival is delayed by 1 month. The dominant period of variability is extended by half a year
by decoupling the IO, inconsistent with earlier work of Yu et al. [2002]. Using a linear atmospheric model
and idealized SSTA forcing, Wu and Kirtman [2004] found that the influence of the IO is via the convective
heating and modulation of the Walker circulation. IO SST can induce anomalous Walker circulation over the
eastern equatorial IO (EEIO) and western-central Pacific through anomalous heating over the IO. For exam-
ple, cold IO SST induces development of anomalous westerlies to the east of Indonesia and easterlies to the
west, producing the atmospheric Kelvin wave pattern and a weakening of the Walker circulation [Wu and
Kirtman, 2004]. Therefore, IO SST forcing results indicate a mechanism that can enhance westerlies over the
western Pacific resulting in development of stronger El Ni~no conditions.

Consistent with these results, Annamalai et al. [2010] found that El Ni~no is much stronger when occurring
with Indian Ocean Dipole Zonal Mode (IODZM) and cold SST over the EIO and in the Indonesian Seas
(1108E–1408E, 108S–08S). Winds are westerly over the Pacific from 1308E to 1208W and easterly over Indone-
sia west to the central IO indicating a weaker Walker circulation. The eastern Pacific thermocline deepens
and SST warms east of the dateline. Precipitation is decreased from the central IO to 1608E in the Pacific
and increased just east of 1608E and in the western Pacific. Further experiments with the Linear Baroclinic
Model (LBM) of Watanabe and Jin [2003] shows that EIO SST forcing generates an atmospheric Rossby wave
signature in the eastern IO but no signal in the Pacific, similar to the idealized forcing of IODZM in Annama-
lai et al. [2005]. However, the impact of the Indonesian Seas (1208E–1608E, 58S–58N) on the atmospheric line-
ar model response is surprisingly strong and far reaching. Cold SST forcing in the Indonesian Seas results in
strong negative precipitation anomalies (Annamalai et al., [2010] Figure 7b) creating an atmospheric Kelvin
response that is evident by easterlies over Indonesia and strong westerlies stretching to the east over the
western equatorial Pacific.

In summary, the IO can have strong influence for ENSO via atmospheric pathways. Regional coupling of
basin-scale IO and Indonesian Seas SSTA force enhanced westerlies over the entire Pacific and increased
ENSO forcing. The proposed mechanism is as follows: cold SST over the EIO (1) reduces the normal east/west
temperature gradient across the Pacific providing favorable conditions for westerly anomalies to develop, (2)
suppresses convection over the Maritime continent and the resulting atmospheric Kelvin wave forces wester-
lies to the east, (3) leads to convergence of the westerlies that enhance western Pacific precipitation, and (4)
results in an increased temperature gradient between Indonesia and the dateline further enhancing wester-
lies. These westerlies then lead to downwelling oceanic Kelvin waves further enhancing the growth of El Ni~no.

In addition to the previous proposed mechanism for tropical westerlies, several studies are relevant to the
IO forcing of off-equatorial wind anomalies in the Pacific. Using a simple analytic model, Gill [1980] showed

Journal of Geophysical Research: Oceans 10.1002/2016JC012632

HACKERT ET AL. INDIAN OCEAN TELECONNECTIONS TO ENSO 2814



that symmetric forcing on the equator, which was meant to simulate the heating over the Maritime Conti-
nent, produced equatorially symmetric easterlies to the east, generating the Walker circulation in the Pacific.
However, when he added meridional line source in the Northern Hemisphere to simulate the forcing of an
ITCZ, these Pacific easterlies split with the strongest wind magnitude occurring off the equator and the min-
imum was found at the latitude of the simulated ITCZ. This minimum even changed to weak westerly winds
158 east of the source. Later work by Sardeshmukh and Hoskins [1988] examined the impact of a symmetric
forcing in a basic flow stream function using a simple vorticity equation model. They found that a diver-
gence perturbation, imposed over the Maritime continent, lead to atmospheric Rossby wave train that prop-
agated eastward and northward from the Maritime region to western Canada. Both the linear and nonlinear
solutions to this symmetric forcing lead to westerlies between roughly 108N and 108S. In addition, this wave
train was stretched to the east so that easterlies prevailed into the Pacific between 108 and 308 in both
hemispheres. Later work, such as Xie et al. [2009] found that interannual variability in the IO could be a
source of tropical Pacific off-equatorial winds using observations and an atmospheric GCM. In particular,
they found that forcing centered in the Arabian Sea in the northern IO was especially effective at generating
the ‘‘Philippine anticyclone’’ that generates off-equatorial easterlies in the western Pacific. These papers
sample the potential impact of IO forcing for generating off-equatorial wind anomalies.

Although Annamalai et al. [2010] conclude that regional IO SST and heating anomalies are not the primary
cause, but rather serve to enhance the development of El Ni~no, the IO can have strong influences for ENSO
via atmospheric teleconnections. Unfortunately, all previous studies [i.e., Wu and Kirtman, 2004; Annamalai
et al., 2005, 2010] used idealized SSTA patterns and simplified linear atmospheric models to show impacts
of the IO on the wind field without assessing observed ENSO predictability.

Our approach is to use a combination of ocean-only and coupled models to diagnose the impact of the IO
atmospheric teleconnections to ENSO predictability. We will use similar techniques as in previous studies
[Yu et al., 2002; Wu and Kirtman, 2004; Annamalai et al., 2005, 2010; Santoso et al., 2012] to diagnose the
impact of the interannual SSTA forcing in the IO. Namely, we difference results from experiments that fully
couple the SSTA throughout the Indo-Pacific region with ones that decouple the IO by forcing with climato-
logical SST in this region. Unlike all previous studies, however, we develop realistic coupled hindcast experi-
ments using realistic interannual anomalies as forcing, and validate the results against observations of
forecasted ENSO state. The overriding hypothesis that we wish to test is that the upstream influence of the
Indian Ocean improves ENSO predictions through mechanisms associated with the atmospheric bridge as
coined by Alexander et al. [2002]. We will use ‘‘atmospheric bridge,’’ ‘‘atmospheric teleconnection,’’ or ‘‘atmo-
spheric impact’’ interchangeably throughout the following text for this impact.

The organization of this paper is as follows. Section 2 covers ocean and coupled models and section 3
describes the simulations and analysis techniques. Section 4 reports the various model results, section 5
contains the discussion, and section 6 summarizes the paper results and provides conclusions.

2. Models

2.1. Ocean Model
The ocean general circulation model (OGCM) that is used in this study is the primitive-equation, sigma-coor-
dinate model with variable depth oceanic mixed layer of Gent and Cane [1989]. It is described and validated
in a series of simulation studies of circulation in all three tropical ocean basins [Hackert et al., 2001; Murtu-
gudde and Busalacchi, 1998; Murtugudde et al., 1996, 1998]. Solar radiation (Earth Radiation Budget Experi-
ment—ERBE) and interannual precipitation from the Global Precipitation Climate Project—GPCP [Adler
et al., 2003] are specified externally. Monthly anomalies of the cloud data [NCEP Reanalysis; Kalnay et al.,
1996] are added to the Interannual Satellite Cloud Climatology Project—ISCCP annual cycle [Rossow and
Schiffer, 1991] in order to provide a more realistic mean.

Our OGCM uses the hybrid vertical mixing scheme of Chen et al. [1994] which combines the advantages of
the traditional bulk mixed layer of Kraus and Turner [1967] with the dynamic instability model of Price et al.
[1986]. This allows simulation of all three major processes of oceanic vertical turbulent mixing—atmospher-
ic forcing is related to mixed layer entrainment/detrainment, gradient Richardson number accounts for
shear flow, and instantaneous adjustment simulates high frequency convection in the thermocline. The
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vertical structure consists of a variable depth mixed layer and 19 sigma layers with a deep motionless
boundary being specified as Tbottom 5 68C and Sbottom 5 35 psu.

The ocean model configuration used for all simulations covers the tropical Indo-Pacific basin (348E–768W,
308S–308N) with a homogeneous 18 longitudinal grid and a variable latitudinal grid (down to 1/38 within 108

of the equator). This resolution is dense enough to allow mesoscale eddies and realistic flow. Surface fluxes
are calculated interactively by coupling the OGCM to a thermodynamic atmospheric mixed layer model
[Murtugudde et al., 1996] thus allowing feedbacks between SST, SSS, and surface fluxes. The open bound-
aries are treated as a sponge layer within 108 of the north and south borders smoothly relaxing to World
Ocean Atlas 2009 (WOA09) [Antonov et al., 2010]. Note that this model surface is allowed to vary freely as a
natural boundary condition [Huang, 1993] and only relaxes back to Levitus temperature and salinity [Locar-
nini et al., 2010] within the north and south boundary sponge layers.

The model is spun up from rest using climatological winds with the initial conditions derived from WOA09
data and is allowed to come to equilibrium after 30 years of forcing by the ECMWF [1994] analysis climatolo-
gy. Interannual runs are initialized from this climatological spin-up starting in 1975 and the wind speeds
required for sensible and latent heat fluxes are computed from interannual ECMWF 10 m wind converted to
stress using the bulk formula (q 5 1.2 kg/m3, CD 5 1.2 3 103).

2.2. Atmospheric Model
An intermediate complexity atmospheric general circulation model (AGCM), the International Centre for
Theoretical Physics AGCM (nicknamed SPEEDY, for ‘‘Simplified Parameterizations, primitivE-Equation
DYnamics’’ [Molteni, 2003; Kucharski et al., 2006]) provides an accurate atmospheric model response, yet is
highly computationally efficient. We use SPEEDY Version 41, which has global T30 resolution (roughly 3.758)
with 8 standard sigma layers (925–30 mb) and surface information. The winds in the tropics have been
improved by adding cumulus momentum transport (CMT) to the convective parameterization code using
the technique of [Kim et al., 2008]. This technique transports momentum downward within subsidence
regions surrounding regions of convection. Adding CMT to the atmospheric model shifts wind and western
Pacific precipitation anomalies eastward, which are more in line with observations. In addition, the meridio-
nal extent of the wind anomalies is expanded due to the incorporation of the CMT. For example, Kim et al.
[2008] show that 850 mb westerlies during ENSO expand from 158S–08N without CMT to 158S–108N with
CMT. Implementation of CMT has also shown to improve intraseasonal precipitation, SST, and winds such as
those associated with Madden Julian Oscillations [Zhou et al., 2012]. Hence, effects of the IO on the coupled
ENSO system should be distinguishable within SPEEDY simulations via analysis of wind and precipitation
anomalies on intraseasonal to interannual time scales.

The winds and precipitation from SPEEDY have similar validation statistics as for other atmospheric models
and observations. For example, the mean 925 mb winds of SPEEDY over the tropics closely match the Euro-
pean Centre for Medium-Range Weather Forecasts reanalysis (ERA) [Gibson et al., 1997]. For precipitation, all
the major features of the observations (CMAP from Xie and Arkin [1998]) are reproduced by SPEEDY. Howev-
er, the SPCZ has less abundant rainfall and relatively more precipitation over the tropical IO [Molteni, 2003]
and SPEEDY tends to underestimate the zonal wind anomalies associated with ENSO events (see Figure 9 of
Kroeger and Kucharski [2011]). For a full description of latest version of SPEEDY see Kucharski et al. [2013].

2.3. Coupled Model
Coupling of an intermediate complexity atmospheric model such as SPEEDY is justified since the atmo-
spheric time scale is much shorter than that of the ocean. The SPEEDY AGCM has been successfully coupled
with other ocean models for the Pacific [e.g., Kucharski et al., 2011], Indian [Kucharski et al., 2006], and Indo-
Pacific regions [Bracco et al., 2005]. Similar to the implementation of Kroeger and Kucharski [2011], we use
the technique of anomaly coupling to couple the ocean and atmospheric models. Within the tropical Indo-
Pacific region, our ocean model SSTA forces the SPEEDY AGCM. For the rest of the globe, the observed
SSTA of HadISST [Rayner et al., 2003] is used and climatological values are used for other atmospheric model
boundary conditions such as surface albedo, climatological SST, sea ice, snow depth, vegetation, heat flux
parameters, and soil moisture (matching those described in Kucharski et al. [2013]). The SST anomaly is for-
mulated with respect to the ECMWF/GPCP climate experiment (described in section 2.1). The atmospheric
model is then spun up for 1 month using this SSTA and anomalies of surface zonal and meridional wind
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stress (s0x, s0y) and precipitation (P0) are formulated with respect to the mean seasonal cycle over 1993–2014
of the similarly forced atmospheric model. These anomalies are subsequently added back to the ECWMF
and GPCP climatologies to force the next month of the ocean model simulation. While more efficient than
the operational coupled models which use high resolution and more complete atmospheric models, the
coupling of SPEEDY nevertheless allows adequate physics to quantify the impact of the atmospheric bridge
on ENSO prediction. Using this technique, 1 year forecasts are completed for each month for 1993–2014.

In order to validate the coupled model, NINO3 SST anomalies are compared against observations. SPEEDY
coupled model has significantly better correlation (Figure 1a) and amplitude validation (Figure 1b) than
observational persistence after 4 and 3.5 months, respectively. The correlation of SPEEDY versus observa-
tions remains significant at p< 0.05 (df 5 35) for 8 month lead times. As a forecast skill comparator, we
include the Climate Forecast System Reanalysis Reforecast [Saha et al., 2014] as a reference (Figure 1—black
line). These coupled hindcasts are comprised of the atmospheric assimilation/model with resolution
�38 km (detailed in Saha et al. [2010]) along with the MOM4 ocean model [Griffies et al., 2004] with 0.58 res-
olution within 308N–308S and the Global Ocean Data Assimilation System (GODAS) ocean assimilation [Beh-
ringer, 2007] of all available oceanic in situ data. The CFSRR model was chosen to substantiate our coupled
model results since it is a well-known, state-of-the-art, operational coupled model (i.e., the reanalysis, refore-
cast version of CFSv2). For these long validation runs (i.e., January 1993 to March 2011), correlation between
forecasted and observed NINO3 SSTA are equivalent (Figure 1a). For validation by root mean square differ-
ence (RMSD), results from our coupled model outperform the CFSRR for all lead times. CFSRR RMSD errors
reach 1.48C at 10 month lead times, whereas SPEEDY coupled model RMSD errors are 18C for the same lead
time. Based on these diagnostics, our coupled model validates at least as well as the NOAA operational
model.

3. Simulations and Analysis

3.1. Uncoupled Simulations
SSTA is calculated over 1993–2014 from the ocean model that is forced using all available observed winds,
cloudiness, and precipitation (described in section 2.1). SPEEDY atmosphere-only experiments are then
initiated using different ocean model SSTA for the IO basin to isolate the ocean forcing impacts via the
atmosphere on the coupled Indo-Pacific system. In this work, the Pacific (abbreviated PAC) is defined as
308N–308S, 1308E–708W and the Indian Ocean (IO) is defined as 308N–308S, 308E–1298E. Outside the tropical
Indo-Pacific region, the interannual SSTA from the Hadley Centre (HadISST) [Rayner et al., 2003] is used to
force the global SPEEDY model. Within the Indo-Pacific region, experiments were initiated that are designed
to isolate the impact of the IO region surface forcing on the atmosphere.

Table 1 shows the complete set of experiments performed for this study. The experiments either use inter-
annual (i.e., INT) SSTA forcing or climatology seasonal cycle (CLIM) SST separated by basin, PAC, and IO. For

Figure 1. Validation of the SPEEDY coupled model. Our Indo-Pacific SPEEDY coupled model (red) is (a) correlated and (b) RMSD against
observed NINO3 SSTA for January 1993 to March 2011. CFSRR coupled model results (black) are included to put our coupled results into
the context of a more widely known coupled model. Individual correlations exceed the 95% significance out to 8.3 (35) and 10 months
(34) (effective degrees of freedom) for red and black lines, respectively. Observation persistence is indicated by the thin black dotted line.
This version of the SPEEDY coupled model assimilates all available satellite (sea level, SST) and in situ information (sea surface salinity and
subsurface temperature and salinity) using the data assimilation technique described in Hackert et al. [2014].
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example, forcing SPEEDY using interannual SSTA for the Pacific and IO is abbreviated as INT_PAC, INT_IO.
Following the similar methodology of, e.g., Wu and Kirtman [2004], we subtract the results from these differ-
ent experiments in order to isolate the impact of the IO sector ocean forcing. Thus, subtracting INT_PAC,
CLIM_IO results from INT_PAC, INT_IO will isolate the impact of the IO SSTA via the atmospheric teleconnec-
tions to the Pacific.

3.2. Coupled Simulations
A series of coupled experiments designed to isolate the full impact of the interannual IO SSTA forcing is exe-
cuted. Operationally the same initial conditions are used as for the uncoupled simulations, since the goal is
to completely eliminate any potential impacts caused by different initialization. However, within the anoma-
ly coupling procedure we replace the regional SST anomaly with zeros effectively substituting the forecast
interannual SST forcing with climatological seasonal cycle values. A series of two 12 month coupled experi-
ments were completed for each month from 1993 to 2014: for each experiment, a total of 264 12 month
runs were completed. The two experiments are (1) INT_PAC, INT_IO (interannual SST anomaly forcing for
the Pacific and the IO) and (2) interannual Pacific, climatological IO (INT_PAC, CLIM_IO). As in the uncoupled
experiments (section 3.1), the experiments with similar Pacific forcing are compared, e.g., INT_PAC, INT_IO
versus INT_PAC, CLIM_IO.

3.3. Analysis Techniques
Unlike all previous similar research, the impact of the IO on ENSO predictability is evaluated using observed
quantities. Specifically, the observed NINO3 (58S–58N, 908W–1508W) SSTA from Reynolds et al. [2002] is used to
validate all coupled and forced model results using correlation and RMSD. For correlation, the effective
degrees of freedom (df) is calculated using the technique of Quenouille [1952, pp. 168–170] with the equation:
df 5 N/(1. 1 2. * ra(1) * rb(1) 1 2. * ra(2) * rb(2) 1 2. * ra(3) * rb(3)) where N is the original number of observations
and ra and rb are the autocorrelations for time series a and b, respectively for 1, 2, and 3 months lags (indicat-
ed by indices). After the effective degrees of freedom are calculated the Students T test is used to establish
significance of correlation values. For all statistics, a probability of less than p 5 0.05 that a correlation is zero
will be considered statistically significant and interpretable. In order to test the impact of the IO atmospheric
teleconnections to ENSO, forecast lead time correlations will be compared between different coupled model
results. Since all experiments are validated against observed SST anomalies, and so share a common variable,
these correlations are not independent (known as correlated correlations). Therefore, the Steiger’s Z-test
[Steiger, 1980] will be utilized to test the significance of the differences between correlations as applied in

Uehara et al. [2014]. The details follow: Z5 Zao2Zbo½ ��
ffiffiffiffiffiffiffi

N23
p
ffiffi

2
p
� 12rab½ ��h

where Zao and Zbo are the Fisher Z transfor-

mations of rao and rbo (the correlation of experiments a and b, respectively versus observations (o), N is the

number of observations and rab is the correlation between the two forecast experiments, a and b, h5
12 f�rm2½ �

12rm2 ,

f 5 12rab
2� 12rm2½ �, and rm25

r2
ao1r2

bo
2 . This technique has the benefit of producing a statistic that is normally distribut-

ed, so for |Z|> 1.96, p� 0.05. In addition, the lead time amplitude of the various forecasts will be validated
against observed NINO3 SST anomaly using RMSD. Forecast standard deviation and mean will also be used to
compare different forecasts versus observed values. The forecast mean (standard deviation) is simply the
mean (standard deviation) across all forecasts, on lead times from 0 to 12 months.

In order to quantify the impact of Kelvin and Rossby wave propagation on El Ni~no events, sea level anoma-
lies are first converted to geostrophic currents using the methodology of Picaut and Tournier [1991]. Next,

Table 1. Experiment Description for Impact of Interannual IO SST Forcinga

Experiment Name Period
Model Geometry

(Atmosphere/Ocean) Indo-Pacific Forcing

INT_PAC, INT_IO 1993–2014 Global/Indo-Pacific Interannual SSTA forcing for Pacific and IO
INT_PAC, CLIM_IO 1993–2014 Global/Indo-Pacific Interannual SSTA forcing for Pacific,

climatological seasonal cycle SST for IO

aThe far left column describes the experiments, ‘‘INT’’ and ‘‘CLIM’’ stand for interannual and climatological forcing and ‘‘PAC’’ and ‘‘IO’’
stand for Pacific (308S–308N, 1308E–708W) and Indian Oceans (308S–308N, 308E–1298E), respectively. The far right column describes the
SST anomaly forcing (SSTA) for the Indo-Pacific region. In order to isolate the impact of the IO, differences between INT_PAC,
INT_IO 2 INT_PAC, CLIM_IO are presented. Note that SSTA are formulated with respect to the 1983–2014 mean seasonal cycle using
[Reynolds et al., 2002] OI SST.

Journal of Geophysical Research: Oceans 10.1002/2016JC012632

HACKERT ET AL. INDIAN OCEAN TELECONNECTIONS TO ENSO 2818



the technique derived by Delcroix et al. [1994] is used to separate the sea level anomalies geostrophic cur-
rent data into Kelvin and Rossby components.

4. Results

4.1. Forced Ocean and Atmospheric Model Results
The results of the SPEEDY atmospheric model differences described in section 3.1 are designed to isolate
the impact of the IO. Mean differences for zonal and meridional wind stresses, precipitation, curl, and diver-
gence of the wind stress conveniently summarize these impacts over 1993–2014 and are presented in Fig-
ures 2a–2f, respectively. By differencing experiments with full coupling in the IO minus those with
decoupled IO, the impact of the variations in the IO summer monsoon is readily apparent for both precipita-
tion and wind stress. For precipitation (Figure 2c), positive anomalies can be seen stretching from the equa-
tor to 108N in the eastern Arabian Sea (AS), at 78N to 128N in the Bay of Bengal (BOB), and 108N to 208N in
the South China Sea (SCS). Abundant rainfall is consistent with convergence of the monsoon flow starting
south of the equator as southeasterlies, recurving to southerlies near the equator and decelerating as south-
westerlies in the AS, BOB, and SCS (Figures 2d and 2f). These southwesterlies converge into northeasterlies

Figure 2. Impact of interannual IO SST forcing. Mean differences between two sets of SPEEDY atmosphere-only experiments for (a) zonal,
(b) meridional wind stress, (c) precipitation, (d) vector representation of (a) and (b), (e) curl and (f) divergence of the wind stress. Differ-
ences are full SST anomaly forcing over the Indo-Pacific region (i.e., INT_PAC, INT_IO) minus the experiment that uses climatological sea-
sonal cycle forcing over the IO (INT_PAC, CLIM_IO). Letters ‘‘U’’ and ‘‘D’’ represent regions of upwelling and downwelling favorable winds
and absolute values greater than 3.3 3 1023 N/m2, 2.7 3 1023 N/m2, 13.2 mm/mon, 0.53 3 1029 N/m3, 0.35 3 1029 N/m3 are significant
at the 95% level for (a), (b), (c), (e), and (f), respectively. The means are calculated over 1993–2014.
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found north of 108N in the BOB and SCS. In the Southern Hemisphere, between 108S and the equator, nega-
tive precipitation anomalies are generally found west of 958E. These precipitation patterns are consistent
with the general divergence of the winds in these regions as they feed into the northward monsoon flow.
In addition, positive precipitation is found over the southern Indonesian islands between 958E and 1308E
stretching between 128S and 58S. This feature is due to the onshore convergence of the westerlies found
west of 958E and is consistent with anomalies that are associated with the transition of the northwest to
summer monsoons in boreal spring. In the southwest IO between 258S–158S and west of 808E, a band of
positive precipitation is evident just to the east of Madagascar and is the result of southeasterlies to the
south converging with northwesterlies to the north (Figure 2f). Warm SST leads to atmospheric advection,
enhanced inflow, convergence, and abundant atmospheric convection and precipitation. The patterns in
the IO are consistent with the anomalies of the monsoon wind and precipitation patterns (those patterns
associated with interannual minus climatological seasonal cycle SST forcing in the IO).

In the Pacific, generally positive precipitation anomalies are found off the equator at 58N, 158S centered near
1608W (Figure 2c). In addition, positive anomalies are seen in the upwelling region of the eastern equatorial
Pacific east of 1308W and in the South Pacific Convergence Zone (SPCZ) at 108S, 1608E. North of 108N and
south of 208S, negative precipitation anomalies are simulated. Strong easterly anomalies can be seen between
equator and 208N and south of 158S across the entire Pacific basin (Figure 2a). North of 208N, strong westerly
anomalies prevail. Between 108S and the equator, wind differences are generally very weak but westerly. The
meridional winds (Figure 2b) converge to roughly 58S with northerlies to the north and southerlies to south
especially east of the dateline. Along 208N winds are generally divergent for the meridional wind plot.

4.2. Coupled Model Results
The validation of the two coupled simulations versus observed NINO3 SSTA over all 12 month lead times,
1993–2014, is presented in Figure 3a. Both simulations are significantly correlated with observations out to
8 and 5.8 months for INT_PAC, INT_IO and INT_PAC, CLIM_IO, respectively. After 3 month lead times, the
correlation of the full coupling begins to outperform the INT_PAC, CLIM_IO coupled simulation. Correlation
differences climb to r 5 0.16 by 7 month lead times. At this time the Steiger Z-test [Steiger, 1980] shows that
the differences are significant (thick dashed line on top x axis in Figure 3a). After that, the differences drop
to about r 5 0.1 out to 10 month lead times when the Figure 3 differences are no longer significant. The
important result of this plot is that the interannual forcing of the IO significantly improves coupled forecasts
for ENSO. Results for RMSD of simulated versus observed NINO3 SSTA (Figure 3b) are consistent with results
for correlation (Figure 3a) and quantify the validation error amplitude.

5. Discussion

Over most of the forecast period and particularly between 3 and 9 month lead times, interannual SST forc-
ing in the IO improves correlation and reduces the RMS differences between observed NINO3 SSTA and

Figure 3. Impact of IO interannual forcing on coupled NINO3 SST results. Validation statistics for (a) correlation and (b) RMS differences between
coupled experiments with full atmospheric coupling (i.e., INT_PAC, INT_IO) in red and interannual coupling in the Pacific and climatological forc-
ing in the IO (i.e., INT_PAC, CLIM_IO) in blue. The coupled experiments are validated against observed NINO3 SST anomaly for 1993–2014. Indi-
vidual correlations exceed the 95% significance out to 8 (43) and 5.8 months (41) (effective degrees of freedom) for red and blue lines,
respectively. The thick black line on the top x axis shows where the red line is significantly larger than the blue line using the Steiger Z-test.
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those simulated by the fully coupled model. Therefore, these results suggest that including the impacts of
the IO atmospheric teleconnection serves to improve the coupled predictability as validated with real obser-
vations over 1993–2014.

The next step is to examine why the interannual SST forcing of the IO improves the coupled forecasts. Fig-
ure 4 shows the mean and standard deviation of the NINO3 SSTA of all the 12 month forecasts from 1993
to 2014. The mean plot (Figure 4a) shows that the experiment with interannual IO forcing has higher mean
values (relative warming signal in the NINO3 region) after 3 months. On the other hand, the INT_PAC,
INT_IO and INT_PAC, CLIM_IO standard deviation lines in Figure 4b practically overlay one another. This
result is different than that of Santoso et al. [2012] and Wu and Kirtman [2004] who found that the IO
increased the amplitude of ENSO events. On the contrary, we conclude that the interannual signal in the IO
serves to warm the mean state in the eastern Pacific after 3 months rather than impact the variability.

To further diagnose the source of the warming after 3 months, the mean forecast difference, INT_PAC,
INT_IO minus INT_PAC, CLIM_IO, is presented for all 12 months of lead times. Equatorial longitude versus
time plots track the evolution over the average forecast in Figure 5. Early in the average forecast difference,
prior to month 3, easterly winds along the equator between 1408E–1608E and between 1808–1408W (Figure
5c) set off upwelling Kelvin waves (Figure 6a), cooling SSTA (Figure 5a), and inducing westward flow across
the entire Pacific (Figure 5d). This is consistent with the general upwelling favorable curl in the initial condi-
tions (Figure 2e) between 158S and 108N. After this slight upwelling and cooling in the central Pacific associ-
ated with equatorial easterlies, the SST in the NINO3 region begins to warm after 3 month lead times
(Figure 5a). In the east, westerlies centered at approximately 1308W generate a downwelling Kelvin wave
that arrives at the eastern boundary at month 4 (Figure 6a). At this time, the NINO3 region begins to warm
(Figure 5a). In the west, westerlies on the equator west of 1408E and near the dateline act in the equatorial
Pacific setting off a second downwelling Kelvin wave, which is identified by positive sea level anomaly and
eastward flow (Figures 5b, 5d, and 6a) that starts in month 4 and traverses the Pacific and arrives at the
eastern boundary by month 6. The cumulative effects of the downwelling Kelvin waves after month 5 are to
continue to warm the NINO3 region. For month 6 through 8, warmest SSTA is building in the central Pacific
between 1608E and 1408W. Westerlies to the west and easterlies to the east converge into this warm region
(Figure 5c) near the dateline. A weak upwelling Kelvin wave (Figure 6a dashed line) is initiated that is associ-
ated with these easterlies east of the dateline. At this time, the prevailing eastward flow is interrupted and
westward currents are found in the eastern Pacific between months 6 and 8 (Figure 5d). The SSTA in the
NINO3 region briefly cools (Figure 5a) in month 7. At this same time (forecast months 6–8), westerlies pre-
vail from the western boundary all the way to the dateline. The next downwelling Kelvin wave is initiated in
the west and arrives at the eastern boundary roughly at forecast month 9. As it enters the NINO3 region
this downwelling Kelvin wave warms the SSTA. The warmest SSTA fills to the west and by month 10 some
of the warmest SSTA is located just east of the dateline. Bjerknes feedback becomes entrenched and west-
erlies to the west of the SSTA maximum converge with easterlies to the east (Figure 5c).

Careful examination of the equatorial signal and Kelvin/Rossby wave decomposition of the ocean waves
helps to explain the timing and sign of the differences in the mean state in Figure 4a. After 3 month fore-
casts, downwelling Kelvin waves that are forced by westerlies in the western Pacific, start to warm the eastern

Figure 4. Mean and variability of NINO3 SST for impact of interannual IO SST forcing. Plots showing the NINO3 SST (a) mean forecast and
(b) variability for INT_PAC, INT_IO (red) and INT_PAC, CLIM_IO (blue) for all forecasts from 1993 to 2014.
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Pacific. After 7 month lead times, the
Bjerknes feedback mechanism begins to
lock in leading to enhanced westerlies
over the western Pacific (Figure 5c) and
growth of the air-sea coupled mode. The
atmospheric impact of including the
interannual forcing in the IO is to impart
a large-scale downwelling favorable sig-
nal in the Pacific, increasing the warming
in the NINO3 region after the 3 months.
By 7 month lead times, the El Ni~no signal
is enhanced/reinforced due to Bjerknes
feedback.

To a large part, the previous discus-
sion reinforces the conjecture of
Annamalai et al. [2010] who sug-
gested that the impact of the IO
would be to enhance the westerlies
along the equator and amplify an
ongoing El Ni~no. However, examina-
tion of the various fields besides
equatorial Hovm€oller plots suggests
that the initialization and growth of
the warming in the NINO3 region is
influenced by off-equatorial factors
and by not only zonal but also

Figure 6. Kelvin/Rossby wave decomposition of interannual IO SST forcing. Longi-
tude versus time distribution of the equatorial (a) Kelvin and (b) the first meridio-
nal mode of equatorial Rossby waves through their signature in zonal surface
current deduced from the average forecast SL differences, (INT_PAC,
INT_IO) 2 (INT_PAC, CLIM_IO). In order to follow possible wave reflections on the
western (WB) and eastern (EB) boundaries, the Rossby plot (b) is inverted (so the
longitude flips from east to west, left to right, along the x axis) and the Kelvin
wave pattern is repeated (c). The color scale for the Rossby plot is also inverted
since reflection on meridional boundaries results in zonal currents of opposite
sign. Solid lines (downwelling) and dashed lines (upwelling) represent theoretical
wave speeds for Kelvin (2.5 m/s) and Rossby waves (20.8 m/s or �5 months to
cross this Pacific basin at 58N) on each plot.

Figure 5. Hovm€oller plots of impact of interannual IO SST forcing. Plots showing the mean temporal evolution of the impact of IO atmospheric cou-
pling using longitude versus lead time (in months) averaged between 28N and 28S for (a) SST, (b) sea level (SL), (c) zonal wind stress, and (d) zonal
currents. The mean is taken for the average forecast differences, INT_PAC, INT_IO minus INT_PAC, CLIM_IO, over all months from 1993 to 2014.
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meridional wind stress. Therefore, the discussion will now focus on the Pacific basin using plots of the
mean forecast for 3, 5, 7, and 10 month lead times for SSTA, sea level anomaly, curl and divergence differ-
ences for INT_PAC, INT_IO minus INT_PAC, CLIM_IO results (Figures 7–10, respectively).

On the equator, Ekman pumping velocity is undefined (since the Coriolis parameter is in the denominator).
However, near the equator the wind stress divergence can be diagnosed to infer regions of upwelling or
downwelling. By month 3 of the mean forecast, divergence corresponds to upwelling between 1408E and
1508W on the equator and convergence is found between 1408W and 1108W (Figure 7d). Off the equator,
downwelling favorable curl (curl <0 in the Northern Hemisphere and >0 in the Southern Hemisphere) can
be seen west of 1408W generally within 108 of the equator (Figure 7c). West of 1608W in the far western
Pacific downwelling favorable curl off the equator corresponds to positive sea level anomalies off New
Guinea (Figure 7b). This feature is important since it initiates the transition from the upwelling prior to
month 3 across the basin to overall downwelling after that time. In other words, the off-equatorial curl initi-
alizes a downwelling Rossby wave and positive sea level anomaly in the far western Pacific that soon
reflects as a downwelling Kelvin wave that begins the eventual transition to warm SSTA in the NINO3 region
by month 7. This is an instance where the off-equatorial signal (a downwelling Rossby wave) contributes to
converting upwelling to downwelling along the equator and so features prominently in ENSO predictability.
Unfortunately, this downwelling in the west is not well represented by the Kelvin/Rossby decomposition
plot (Figure 6) since it lies west of 1608E which is the western extent of the land-free symmetric box that is
required by this decomposition analysis. However, the subsequent downwelling Kelvin wave (spawned
from the reflected Rossby wave) in the far west starting in month 4 is well diagnosed.

To the east, a pair of upwelling-favorable (negative in the Northern Hemisphere positive in the Southern
Hemisphere) curl patches are located within 158S–108N between 1408W and 1108W (Figure 7c). This feature
corresponds with a pair of negative sea level anomalies centered at 58N and 128S at 1308W and is identified
as an upwelling Rossby wave in the Kelvin/Rossby diagnosis in Figure 6b. East of 1608W, an upwelling
Rossby wave at 1408W acts to shoal the thermocline at 58N and 108S reshaping the meridional gradient to
help focus the downwelling Kelvin wave train along the equator coming later in the average forecast.

Figure 7. Average 3 month forecast INT_PAC, INT_IO 2 INT_PAC, CLIM_IO. Average forecast values for month 3 for (a) SST, (b) sea level,
(c) curl of the wind stress (color) and wind stress (vector), and (d) divergence of the wind stress (color) and wind stress (vector). The scale
of the vector plot is indicated in the bottom left of the plot. For the reader’s convenience, regions of upwelling and downwelling are
marked by letters U and D, respectively.
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In summary, downwelling Rossby waves forced by wind stress curl off the equator in the far western Pacific
reflect to downwelling Kelvin waves eventually transitioning the NINO3 region to warming. The upwelling
Rossby wave at 1408W at month 3 shapes the meridional gradient to focus intensification on the equator.

By month 5 the downwelling Rossby wave hitting the western boundary in month 3 has reflected into a
downwelling Kelvin wave and this wave has propagated eastward across the Pacific as far as �1408W (Fig-
ures 8b and 6a). The effects of this downwelling Kelvin wave are demonstrated by positive sea level and
SST anomaly throughout the waveguide (628) across the entire Pacific (Figure 8a). The upwelling features
in Figure 8c are echoed in negative sea level at 58N and 108S at 1458W (Figure 8b). The NINO3 region is
warming and SSTA is largest at about 1208W on the equator. It is also interesting to note that the warmest
SSTA is just south of the equator whereas the sea level anomaly maximum is centered on the equator. Con-
vergence found on the equator and positive curl and downwelling just to the south (58S–08S, 1408W–
1108W) coincide with maximum SSTA. Going from 58N to 128S along 1308W winds are starting northerly
recurving to northwesterlies just south of the equator. West of the dateline and south of 58S, pervasive posi-
tive curl (downwelling favorable) is collocated with positive sea level anomaly against New Guinea and Aus-
tralia coasts. To the north of the equator, positive curl and upwelling are found with negative sea level west
of 1508E off the Philippines. Thus the southeasterly to the south recurving to southwesterlies north of the
equator in the far western Pacific act to deepen and shoal sea level, respectively. To reiterate, not only are
the equatorial signals important for the diagnosing the impact of the IO on ENSO, but the off-equatorial
impacts such as oceanic Rossby wave formation and propagation are also important.

By month 7, the second Kelvin wave has reflected at the eastern boundary as a downwelling Rossby wave
as evident by positive sea level at 108N, 58S at 1208W (Figures 9b and 6b). Another positive sea level and
SSTA maximum is centered on the equator at �1708W (Figures 9a and 9b). Equatorial westerlies, best dem-
onstrated by the westerly wind burst in Figure 5c that extends from the western boundary to 1608E (note
the 2 3 1023 N/m2 contour), force this downwelling Kelvin wave. To the north, downwelling curl corre-
sponds to positive sea level and to the south negative sea level is collocated with upwelling favorable wind
stress curl at 108N, 108S at �1508W, respectively. Off the equator, west of 1608E the curl is positive to the
north and this forces upwelling 0–108N and negative sea level. It is also interesting to note that upwelling
curl within 58 of the equator in the NINO3 region (particularly at 1208W) is causing weak upwelling and cold
SSTA at 58N driving the warmest SST south of the equator (Figure 9a).

Figure 8. Average 5 month forecast INT_PAC, INT_IO 2 INT_PAC, CLIM_IO. Same as previous but for 5 month average forecasts.
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By month 10, the Bjerknes feedback has locked in (Figure 10). SSTA is positive throughout the equatorial
band between 1608E to the eastern boundary. The negative sea level horseshoe pattern is evident off the
equator in the west and positive values east of 1608E near the equator typically associated with a mature El
Ni~no. On the equator, winds are diverging between 1508E and 1758E and converging to the east of there
between 1508W and 1008W. To the east of 1508W and off the equator, the curl and sea level are in good

Figure 9. Average 7 month forecast INT_PAC, INT_IO 2 INT_PAC, CLIM_IO. Same as previous but for 7 month lead forecast mean.

Figure 10. Average 10 month forecast INT_PAC, INT_IO 2 INT_PAC, CLIM_IO. Same as previous but for 10 month forecast mean.
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agreement. At 108N, 1508W, downwelling curl corresponds with positive sea level anomaly. At 28N, 1358W
positive curl overlays with a small region of negative sea level. Just south of the equator at 1358W, downw-
elling curl coincides with a maximum of sea level and SSTA. Further to the south at 108S and 1408W, upwell-
ing curl and negative sea level coincide. Thus the pattern of upwelling/downwelling curl of the wind
maintains the meridional sea level gradient east of 1608W. Off the equator west of 1608W, upwelling curl is
acting to reinforce the negative sea level off the Philippines and off the coast of New Guinea and Australia.
To summarize, the mean forecast by 10 month lead times shows winds that are primarily diverging away
from the equator west of the dateline (southwesterlies to the north and northwesterlies to the south of the
equator) and converging toward the equator east of the dateline (with northeasterlies north of the equator
slowing and turning toward northwesterlies at the equator). These diagnostics of the average coupled fore-
cast reveals that the response of the ENSO system in the Pacific is more complicated than simply triggering
a westerly wind burst in the western Pacific on the equator and setting off downwelling Kelvin waves even-
tually warming the NINO3 region as assumed by Annamalai et al. [2010] and others. Our diagnosis suggests
that the atmospheric response is more complicated than previously thought, and a previously unaccounted
for significant signal corresponds to strong easterlies south of 158S and between 08N and 208N.

Our results may be usefully contrasted with previous work employing simpler atmospheric models and ide-
alized surface forcing. Similar to previous work, there are weak westerlies near the equator (108S–08N)
across the entire Pacific. These relatively weak winds we simulate near the equator match those of Annama-
lai et al. [2005] who used a simple linear atmospheric model (a moist linear baroclinic model—LBM of Wata-
nabe and Jin [2003]) to show that the atmospheric Kelvin wave of the western dipole of the IODZM cancels
that of the eastern dipole (their Figures 8b and 10d). However, our results show the importance of not only
the near-equatorial winds but also the off-equatorial zonal and meridional winds for the diagnosis of the IO
SSTA teleconnections to Pacific ENSO (Figure 2a).

The off-equatorial easterlies represented in Figure 2a are a prominent feature but are lacking in previous
studies [e.g., Wu and Kirtman, 2004, Figure 7d; Annamalai et al., 2010, Figure 7d]. There are several reasons
why the simple atmospheric models that were used to highlight the IO atmospheric teleconnections to the
Pacific [Wu and Kirtman, 2004; Annamalai et al., 2010] might lack the off-equatorial easterlies simulated in
SPEEDY. In previous results, the IO SST field is idealized in some way or another. Either the first EOF of the
coupled model results or the SST differences with and without IODZM for El Ni~no is utilized to simplify the
SST forcing. In addition, these models have been linearized about different mean states for specific seasons
(JJAS and MJ, respectively) so the seasonal cycle remaining in SPEEDY may play a role in forming the off-
equatorial easterlies. When we limit the SSTA forcing in the IO to just the first EOF of the simulated SSTA
(not shown but a similar pattern as Wu and Kirtman [2004] Figure 7a for the IO) for the forced SPEEDY
AGCM, the anomalous westerlies near the equator are enhanced: the atmospheric Kelvin wave is present as
in previous research but the easterlies off the equator remain.

The lack of a strong signal off the equator for the LBM results of the previous authors is surprising consider-
ing the results of Watanabe and Jin [2003]. They used a similar model (LBM) as previous authors and forced
it with El Ni~no minus La Ni~na observed SSTA limited to the IO region. Their Figure 8c indicates that a basin-
scale cooling in the IO (their M3 region) results in a positive precipitation response symmetric within 158 of
the equator that is centered at 1408E. West of the dateline, the 850 mb stream function response to this
heating shows nearly collocated cyclonic flow and easterlies between 108N and 358N, westerlies for 58N–
108S, and easterlies between 158S and 308S west of the dateline, which are broadly similar to our results. On
the other hand, our precipitation results have this maximum centered to the east, at roughly 1608W (Figure
2c), so this displacement of the precipitation heating might explain the elongated off-equatorial easterlies
found in the SPEEDY results (Figure 2a).

Another potential difference between previously reported results and the current wind results is the ampli-
tude and location of the precipitation anomalies in the Pacific. For example, Annamalai et al. [2010] shows
(their Figure 2b) the strong positive precipitation anomalies centered at 108S and 58N centered at 1808,
roughly similar to our results. However, for these previous results, there is also a strong negative anomaly
with similar zonal extent and amplitude to the west, centered at 1508E that may act to offset any off-
equatorial signal in the winds. Our precipitation results (Figure 2c) show that there are no such offsetting
precipitation anomalies to the west of the main positive values located between 1608E and 1608W centered
at 108S and 58N. Therefore, off-equatorial easterlies are not opposed by westerlies for the SPEEDY results.
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The last and most likely potential reason for off-equatorial easterlies may be the convective scheme within
the SPEEDY results. Kim et al. [2008] show that implementation of CMT leads to enhanced off-equatorial pre-
cipitation (roughly 58–158 off the equator) and decreased precipitation between 58S and 58N. The wind
response to implementation of CMT is increased 850 mb westerlies between 108S and 108N and also easter-
lies poleward of the enhanced precipitation. However, these results are only valid west of 1508W for the
December to February climatological forcing used for the [Kim et al., 2008] example. A fundamental concept
of CMT is that upper atmosphere momentum is transported to the surface via downdrafts around convec-
tion. In our example, the generally enhanced precipitation (Figure 2c) between 158S and 58N drags westerly
momentum from upper branch of the Walker circulation to the surface (Figure 2a). At the same time,
weaker precipitation for the coupled IO with respect to the decoupled IO does the opposite leaving
enhanced easterlies between 58N and 208N and south of 158S. Thus, implementation of CMT within SPEEDY,
but not within any of the linear model results, may also contribute to the off-equatorial easterlies found in
the SPEEDY results. Although there are multiple potential reasons for differences between the nonlinear
LBM and SPEEDY atmospheric results, exploring differences further is beyond the scope of the current
paper.

The combined impact of the zonal and meridional winds in the Pacific on the ocean can be conveniently
summarized by diagnosing the differences of the SPEEDY experiments using curl and divergence of the
wind stress. On the equator, surface convergence of the wind leads to convergence of the surface currents,
downwelling in the ocean, a deepening of the thermocline, and an increase in sea level. The divergence of
the atmospheric teleconnections is presented in Figure 2f and this shows pervasive downwelling favorable
winds all along the entire equator. Off the equator, the curl can be used to estimate the sense of Ekman
pumping velocity as a measure of upwelling or downwelling. Figure 2e shows that upwelling favorable
winds (positive in the Northern Hemisphere and negative in the Southern Hemisphere) are predominant
between 158S and 108N in the Pacific. However, the curl just to the south of the equator between 1608E and
1408W is positive indicating a narrow band of downwelling favorable curl. North of �108N and in the south-
west Pacific (off Australia) downwelling curl is also prevalent.

To summarize differences between the present study and prior work, forced experimental minus control
atmospheric simulations produce strong easterly differences south of 158S and between the equator and
208N in the Pacific, with weak westerly differences near the equator between 108S and the equator. For the
meridional component, winds converge toward 58S especially over the eastern half of the basin with abun-
dant precipitation in the eastern Pacific cold tongue region near the equator. In addition, differences show
strong positive precipitation anomalies in the central Pacific. Convergence along the equator indicates that
there is pervasive downwelling favorable conditions present at initialization of the coupled system along
the equator. However, off the equator between 158S and 108N the prevailing curl indicates that IO SSTA is
generally forcing upwelling in this region. As Annamalai et al. [2005] noted, the weak winds within the
waveguide may allow nascent El Ni~no/La Ni~na events to grow unencumbered.

6. Summary and Conclusions

Our results suggest that additional validated forecast skill is available for operational ENSO forecasting
improvements by including IO forcing and realistically nonlinear modeling of the response of the coupled
Indo-Pacific ocean atmosphere system. A key potential source that we have identified in this study is the
impact of atmospheric teleconnections originating from the IO. Coupled experiments described herein that
are initialized with the full observed SST forcing and utilize a nonlinear atmosphere indicate that our atmo-
spheric response in the Pacific to interannual IO forcing includes weak westerly winds equatorward of 108S,
enhanced off-equatorial trade winds and strengthened easterlies between 308S and 158S and the equator
to 258N. The differences between the previous linear atmospheric model and our AGCM (SPEEDY) results
may be due to either simplification of IO forcing, displacement of precipitation (and heating) to the east
with no compensating anomaly, or most likely, the convective momentum transport in SPEEDY. Although
the particular details of the atmospheric response to interannual variability in the IO are beyond the scope
of the current paper, performing these analyses will be a fruitful topic for future research. In any case, these
off-equatorial winds have profound impact in that they generate wind stress curl that act to amplify the
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oceanic Rossby wave signal which eventually impact the eastern Pacific by way of reflected Kelvin waves
and so influence ENSO predictability.

Differences between coupled experiments show that including the impact of interannual teleconnections
from the IO have significantly higher ENSO correlation (exceeding the 95% significance level from 3 to 9
months) and lower RMS validation statistics. The reason for this is a combination of equatorial and off-
equatorial coupling that eventually warms the NINO3 region. Early in the forecast period, prior to 3 month
lead times, equatorial upwelling in the western Pacific weakly cools the NINO3 region via propagation of
upwelling Kelvin waves. After that time, off-equatorial downwelling favorable curl in the western Pacific
helps to amplify the transition from cooling to warming in the NINO3 region by way of reflected downwel-
ling Rossby to downwelling Kelvin waves. Downwelling Kelvin waves, amplified by equatorial convergence,
warm the eastern Pacific and improve correlation validation after 3 month lead times with respect to obser-
vations. The improvement in correlation peaks at 7 months which corresponds with the time it takes for the
transmission of the reflected downwelling Rossby wave to reflect into the downwelling Kelvin wave then to
propagate across the Pacific into the NINO3 region. Therefore, a main conclusion from these results is that
the interannual variability of IO SST forcing is responsible for overall somewhat lagged widespread downw-
elling in the Pacific, assisted by off-equatorial curl, leading to warmer NINO3 SST anomaly and improved val-
idation after 3 month lead times.

Currently ENSO forecast discussions (see http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_
gif/global_ocean_monitoring_current.ppt) include descriptions of large-scale ocean waves present in the
initialization of coupled forecasts. However, these discussions only assess the state of the oceanic Kelvin
wave (using the Ocean Kelvin Wave Index, an extended EOF technique) and this would suggest a lack of
emphasis on off-equatorial processes in coupled model initialization. On the contrary, the results of the
impact of the teleconnections from the IO to the Pacific presented herein demonstrate the significance of
the off-equatorial processes that generate oceanic Rossby waves. Therefore, we recommend that the impact
of the Rossby waves on ENSO should be included in forecast discussions. We have shown that the impact
of the IO atmospheric teleconnections to ENSO significantly improve coupled forecasts from 3 to 9 month
lead times, so both upstream IO influences and off-equatorial processes should be considered/included in
ENSO forecasting systems.
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