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  Abstract         The dynamics of the teleconnection between the Indian Ocean Dipole (IOD) in the tropical 
Indian Ocean and El Niño-Southern Oscillation (ENSO) in the tropical Pacifi c Ocean at the time lag of 
one year are investigated using lag correlations between the oceanic anomalies in the southeastern tropical 
Indian Ocean in fall and those in the tropical Indo-Pacifi c Ocean in the following winter-fall seasons in the 
observations and in high-resolution global ocean model simulations. The lag correlations suggest that the 
IOD-forced interannual transport anomalies of the Indonesian Throughfl ow generate thermocline anomalies 
in the western equatorial Pacifi c Ocean, which propagate to the east to induce ocean-atmosphere coupled 
evolution leading to ENSO. In comparison, lag correlations between the surface zonal wind anomalies 
over the western equatorial Pacifi c in fall and the Indo-Pacifi c oceanic anomalies at time lags longer than a 
season are all insignifi cant, suggesting the short memory of the atmospheric bridge. A linear continuously 
stratifi ed model is used to investigate the dynamics of the oceanic connection between the tropical Indian and 
Pacifi c Oceans. The experiments suggest that interannual equatorial Kelvin waves from the Indian Ocean 
propagate into the equatorial Pacifi c Ocean through the Makassar Strait and the eastern Indonesian seas with 
a penetration rate of about 10%–15% depending on the baroclinic modes. The IOD-ENSO teleconnection 
is found to get stronger in the past century or so. Diagnoses of the CMIP5 model simulations suggest that 
the increased teleconnection is associated with decreased Indonesian Throughfl ow transports in the recent 
century, which is found sensitive to the global warming forcing. 

  Keyword :   Indian Ocean Dipole (IOD); El Niño-Southern Oscillation (ENSO); oceanic channel; Indonesian 
Throughfl ow; ENSO predictability 

 1 INTRODUCTION 

 Due to its large longitudinal span, the tropical 
Pacifi c and Indian Oceans play an important role in the 
variability and predictability of the global climate. The 
El Niño-Southern Oscillation (ENSO) and the Indian 
Ocean Dipole (IOD) are two dominant modes of 
interannual variations over the tropical Pacifi c and 
Indian Oceans, respectively, the interactions of which 
have received intensive attention. Early studies suggest 
that the interactions are through the Walker Circulation 

(Wu and Meng, 1998; Klein et al., 1999; Alexander et 
al., 2002; Behera and Yamagata, 2003; Clarke and 
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Gorder, 2003; Lau and Nath, 2003; Wu and Kirtman, 
2004; Annamalai et al., 2005; Lau et al., 2005; Behera 
et al., 2006; Kug et al., 2006; Izumo et al., 2010; Luo 
et al., 2010), which is called the atmospheric bridge. 
Recent studies suggest that the precursory relation 
between IOD and ENSO at the one-year lead time is 
dominated by the Indonesian Throughfl ow (ITF) 
variability, which is called the oceanic channel (Yuan 
et al., 2011, 2013; Xu et al., 2013; Zhou et al., 2015). 

 The IOD-ENSO precursory relationship provides 
an opportunity for enhanced predictability of ENSO 
at the lead time of one year across the spring 
persistence barrier (Clarke and Gorder, 2003; Izumo 
et al., 2010; Luo et al., 2010; Yuan et al., 2011, 2013; 
Zhou et al., 2015). Statistically, about a half of the 
standard deviation of the cold tongue sea surface 
temperature anomalies (SSTA) can be predicted at the 
one-year lead if IOD is used as a precursor. Lag 
correlation analyses have suggested that sea level 
anomalies propagate from the eastern equatorial 
Indian Ocean to the western equatorial Pacifi c Ocean 
through the Indonesian seas, suggesting the oceanic 
channel dynamics leading to the enhanced 
predictability at the one-year lead time (Yuan et al., 
2013, 2016; Xu et al., 2013; Xu and Yuan, 2015). In 
contrast, lag correlation analyses on the atmospheric 
bridge suggest no signifi cant teleconnection at time 
lags longer than a season. So far, the oceanic channel 
dynamics have only been investigated in observations 
with scarce data in the Indonesian seas and in coarse-
resolution climate model simulations. No estimate of 
the penetration rate of the equatorial Kelvin waves 
from the equatorial Indian Ocean to the equatorial 
western Pacifi c Ocean has been provided. In this 
study, we use forced simulations of eddy-permitting 
global general ocean circulation models (OGCM) to 
diagnose the oceanic channel dynamics between IOD 
and ENSO. In addition, we use a continuously 
stratifi ed ocean model to investigate the dynamics of 
the Kelvin wave propagation through the Indonesian 
seas and to estimate the penetration rate for the Kelvin 
wave propagation. 

 Previous studies have suggested that the 
intraseasonal, semiannual, and annual Indian Ocean 
baroclinic Kelvin waves can propagate into the 
Indonesian Seas along the Sumatra-Java island chain 
(Molcard et al., 2001; Pujiana et al., 2009; Susanto et 
al., 2012). Drushka et al. (2010) suggest that the 
intraseasonal waves propagate downward along the 
ray path and will be blocked by the Lombok Strait sill 
depth if they travel across a long distance. It is not 

clear whether the interannual waves can reach and 
modulate the Pacifi c Ocean circulation. In this paper, 
we use the high-resolution OGCM simulations to 
investigate the IOD-ENSO teleconnection in the 
period of 1990 to 2008 to complement the 
observational analysis of Yuan et al. (2013). 

 The IOD-ENSO teleconnection is found to have 
decadal and multi-decadal variations (Xu et al., 2013; 
Izumo et al., 2014; Xu and Yuan, 2015; Xu and Yuan, 
2016; Yuan et al., 2017). No investigation of the 
centennial trend of the teleconnection has been 
conducted so far. Analyses by Yuan et al. (2013, 2017) 
and Xu and Yuan (2015, 2016) have shown that the 
period since the 1990’s is in the positive phase (strong 
precursory relation) of the decadal variability of the 
teleconnection. We will use the observed SSTA and 
the Coupled Model Intercomparison Project phase 5 
(CMIP5) simulations to investigate the centennial trend 
of the IOD-ENSO teleconnection under global warming. 

 The paper is organized as the following. Section 2 
introduces the observational data and the model 
simulations used in the study. Section 3 presents the 
results of the lag correlation analyses of the Ocean 
General Circulation Model for the Earth Simulator 
(OFES) and Hybrid-Coordinate Ocean Model 
(HYCOM) simulations during 1990–2008, which are 
compared with the analyses based on observational 
data. Results from a simple linear continuously 
stratifi ed ocean model experiments are presented in 
Section 4. The centennial trends of the IOD-ENSO 
teleconnections are investigated in Section 5. 
Conclusions are summarized in Section 6 of this paper. 

 2 DATA AND MODEL  

 2.1 Observation 

The Hadley Centre Global Sea Ice and Sea Surface 
Temperature (HadISST)  data used in this study cover 
the global ocean with a 1° longitude by 1° latitude 
resolution from 1870 to near present (Rayner et al., 
2003). The extended reconstruction of global SST 
(ERSST V3b) data covers the global ocean on a 2°×2° 
horizontal grid from 1854 to present (Smith et al., 
2008). The Kaplan SST (Version 2.0) data cover the 
global ocean on a 5°×5° grid from 1856 to present 
(Kaplan et al., 1998). The merged altimeter sea level 
data from the Aviso project cover the global oceans 
on a grid of 1/3° longitude by 1/3° latitude from 1993 
to present. The subsurface temperature data from the 
Joint Environmental Data Analysis Center of the 
Scripps Institution of Oceanography (White, 1995) 
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are on a grid of 5° longitude by 2° latitude at 11 levels 
in the equatorial Pacifi c Ocean from 1990 to 2003. 
The National Center for Environmental Prediction/
National Center for Atmospheric Research (NCEP/
NCAR) reanalysis surface zonal wind data are on a 
2.5°×2.5° global grid from 1948 to present (Kalnay et 
al., 1996). 

 2.2 The OFES and HYCOM model simulations 

 The monthly output from the OFES model 
simulations during 1990–2008 is used to calculate the 
lag correlations. The OFES model grid covers the 
global ocean from 75°S to 75°N with a horizontal 
resolution of 0.1° longitude by 0.1° latitude and 
stretched vertical coordinate of 54 levels from the sea 
surface to the depth of 6 065 m. The model was spun 
up with the climatological NCEP/NCAR reanalysis 
data for 50 years and was integrated with realistic 
wind and surface fl ux data since 1990 (Masumoto et 
al., 2004). 

 The Hybrid Coordinate Ocean Model (HYCOM, 
Halliwell et al., 1998; Bleck, 2002) with a horizontal 
resolution of 0.33° longitude by 0.33° latitude over 
the tropical Indo-Pacifi c oceans and 33 vertical layers 
from sea surface to 5 500 m is confi gured to the Indo-
Pacifi c ocean basins from 30°E to 70°W, 55°S to 
54.89°N. The model was spun up for 30 years using 
monthly climatology data from the Comprehensive 
Ocean-Atmosphere Dataset (Slutz et al., 1985). The 
European Center for Medium Range Weather 
Forecasts (ECMWF) 40 years reanalysis (ERA-40) 
wind data were used as the forcing for 1958–2001. 

From 2002 through 2008, the wind stress based on the 
QuikSCAT satellite scatterometer measurements is 
used as the forcing. More detailed descriptions of the 
model confi guration can be found in Trenary and Han 
(2012, 2013). The model output for the period of 
1990–2008 is used for this analysis, to be consistent 
with the OFES time series. 

 2.3 The linear continuously stratifi ed model 

 Besides the OGCMs, which contain complete 
dynamics of the ocean circulation, a simple linear 
continuously stratifi ed model (LCSM) is used to 
study the Kelvin wave propagation through the 
Indonesian Seas. This model is based on an averaged 
density profi le of the tropical Indo-Pacifi c Ocean 
between 5°S and 5°N and is similar to the one 
described by Yuan and Han (2006). The model basin 
covers the domain between 20°S and 20°N and from 
60°E to 160°E, with a barrier wall of the grid-size 
thickness extending from the northern boundary to 
the equatorial area at 110°E that separates the model 
domain into western and eastern basins. The two 
basins are connected only through the ocean south of 
the barrier wall. Sponge layers of 3° wide with a 
relaxation coeffi  cients of 10 -4 /s are specifi ed near the 
western boundary of the western basin and the eastern 
boundary of the eastern basin so that there are no 
refl ections at these boundaries. The model horizontal 
resolution is 0.25° latitude by 0.25° longitude. The 
coeffi  cients of the horizontal Laplacian and vertical 
mixing are 400 m 2 /s, and 1.3×10 -8  m 2 /s, respectively, 
which are very small and can be neglected for wave 
propagation study. The bottom of the LCSM is 
assumed to be fl at at a depth of 4 000 m. The no-
normal-fl ow and nonslip conditions are used at all 
boundaries. The Arakawa-C grid is adopted. Total 10 
vertical modes are calculated for the LCSM, the 
solution of which is compared with the fi rst baroclinic 
mode solution in the following text. Experiments 
suggest that the Kelvin wave penetration rate is 
essentially unchanged when the number of baroclinic 
modes is larger than 10 (Fig.1). 

 The model is also deployed over the tropical 
eastern Indian and western Pacifi c Oceans (60°E to 
160°E, 20°S to 20°N) with a high horizontal resolution 
of 0.1° longitude by 0.1° latitude suffi  cient to resolve 
the main passages within the Indonesian Seas. The 
sea-land mask of the Indonesian seas follows the 
200 m isobath derived from the ETOPO1 bathymetry 
data. Sponge layers are specifi ed at the western and 
eastern boundaries to suppress the refl ections. 

Barrier: 110°E, 20°N–8°S
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 Fig.1 Amplitude penetration rates of the Kelvin wave in 
the idealized LCSM experiments (with the barrier 
extending to 8°S) depending on the baroclinic modes 
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 2.4 The CMIP5 simulations 

 The centennial model outputs used in this study are 
the historical simulations of CMIP5 (Meehl and Bony, 
2011), with both anthropogenic and natural forcing in 
the experiments. A set of HistoricalNat experiments 
have considered only the natural forcing. Both the 
Historical and HistoricalNat experiments have 
covered the period from the mid-19th century to the 
present. Depending on the available data, we chose to 
analyze 20 Historical and 7 HistoricalNat simulations 
in this study. Most of the models have a few ensemble 
experiments in the Historical and HistoricalNat 
simulations. For simplicity, only one of the ensemble 
experiments is analyzed for each model. 

 2.5 Statistical analysis 

 Indices in this study are as follows. The Niño3.4 
index is the area-averaged SSTA in the equatorial 
central-eastern Pacifi c Ocean (5°S–5°N, 
170°W–120°W). The Dipole Mode Index (DMI) is 
the diff erence of area-averaged SSTA between the 
western (10°S–10°N, 50°–70°E) and the southeastern 
(10°S–Equator, 90°–110°E) tropical Indian Oceans 
(Saji et al., 1999). 

 Throughout the paper, the lag correlation is 
calculated between the anomalies over the Indo-
Pacifi c Oceans in the following winter-fall seasons 
and the area-averaged oceanic anomalies in the 
southeastern tropical Indian Ocean (STIO in 
abbreviation, 10°S–Equator, 90°–110°E) in fall or the 
surface zonal wind anomalies (SZWA) over the far 
western equatorial Pacifi c (5°S–5°N, 130°–150°E) in 
fall. Boreal seasons are defi ned as winter (December 
to the next February), spring (March to May), summer 
(June to August), and fall (September to November) 
throughout this paper. We will call the IOD year Year 
0 and the year following it Year+1. The confi dence 
levels of the correlations are computed based on the 
Student’s- t  test. 

 3 RESULT OF THE OGCM SIMULATIONS 

 In this section, the lag correlations of the IOD-
ENSO are calculated based on the OFES and HYCOM 
model simulations, which are compared with those 
based on observational analyses. The lag correlations 
of the atmospheric bridge in the wind forcing are also 
calculated and compared with the oceanic channel 
dynamics of the lag correlations. 

 3.1 Lag correlations of sea level anomalies 

 The lag correlations between the STIO sea level 

anomalies (SLA) in fall and the Indo-Pacifi c SLA in 
the following winter through fall seasons in the OFES 
and HYCOM simulations are compared with those of 
the satellite altimeter SLA during 1993–2008 (Fig.2). 
The lag correlations of both model simulations show 
east-west dipole patterns in the equatorial Indian and 
Pacifi c Oceans in winter, in good agreement with 
those based on satellite altimeter data. The dipole 
patterns are believed to be associated with the ENSO 
and IOD in the Pacifi c and Indian Oceans, which 
peaked in winter and fall, respectively. The lag 
correlations in the following spring through summer 
suggest propagation of SLA from STIO through the 
Indonesian seas into the western equatorial Pacifi c 
both in the models and in the observations. The 
movement and the narrow meridional width of the 
signifi cant positive correlations suggest changes of 
the thermocline depth and subsurface temperature 
anomalies in the western and central-eastern 
equatorial Pacifi c Ocean by the arrival of the Kelvin 
waves in the summer and fall of Year +1. The above 
comparisons suggest that the oceanic channel 
dynamics are reproduced by the OGCM experiments. 

 The SLA lag correlations in the cold tongue in the 
fall of Year +1 are stronger and over a larger 
longitudinal domain in the OFES model, but weaker 
in the HYCOM model, than those in the observations. 
The diff erences may be due to errors of model 
parameterizations of the diff usion and sub-grid 
processes, which aff ect the amplitudes of the Kelvin 
wave propagation. 

 The Kelvin wave propagation appears independent 
of the ENSO events, because the lag correlations in 
the equatorial band of the Pacifi c Ocean remain 
signifi cant even if the ENSO signals associated with 
the Niño3.4 index are removed. Partial correlation 
analyses show essentially the same propagation of the 
Kelvin waves associated with the IOD events (not 
shown). These analyses suggest that the oceanic 
channel dynamics are independent of the ocean-
atmosphere coupling within the tropical Pacifi c basin.  

 3.2 Subsurface lag correlations 

 The subsurface temperature anomalies are 
dominated by the thermocline movement and can be 
used to examine the Kelvin wave propagation. The 
simulated lag correlations between the surface 
temperature anomalies in STIO in fall and the 
subsurface temperature anomalies in the equatorial 
Pacifi c vertical section in the following winter through 
fall show an area of signifi cant positive correlations 
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propagating from the subsurface equatorial western 
Pacifi c to the central-eastern equatorial Pacifi c, 
consistent with the observational analyses (Fig.3). 
The oceanic channel dynamics are suggested by the 
propagation of the lag correlations in the subsurface 
equatorial Pacifi c Ocean both in the OGCM 
simulations and in the observations. The correlations 
also suggest that the subsurface anomalies reach the 
surface in the eastern Pacifi c cold tongue in the 
summer through fall of Year +1 to induce further 
ocean-atmosphere coupled evolution. The potential 
predictability of ENSO beyond the spring barrier 
apparently lies in the subsurface connections across 
the equatorial Pacifi c basin. 

 The propagation of the subsurface lag correlations 
remains unchanged even if the ENSO signals are 
removed from the anomalies (fi gure omitted), 
suggesting the independence of the oceanic channel 
dynamics from the tropical ocean-atmosphere 
coupling both in the model and in the observations. 

 3.3 Eff ects of the atmospheric bridge  

 Lag correlations between the surface zonal wind 
anomalies (SZWA) over the western equatorial Pacifi c 
(130°–150°E, 5°S–5°N) in fall and the SLA over the 
Indian and Pacifi c Oceans in the following winter 
through fall are calculated to study the atmospheric 
bridge. The calculations in the observations and in the 
OFES and HYCOM model simulations are compared 
in Fig.4. The use of the SZWA instead of the DMI in 
the lag correlation analyses is to avoid incorporating 
the STIO upwelling anomalies associated with the 
IOD in the analysis. The results suggest that the 
NCEP/NCAR wind anomalies and the altimeter SLA 
in the cold tongue in the eastern equatorial Pacifi c are 
not signifi cantly correlated at the time lag of one year, 
suggesting that the IOD precursory signal is not 
carried to the Pacifi c Ocean by the atmospheric 
bridge. The same insignifi cant lag correlations are 
reproduced in the OFES and HYCOM models, except 

OFESObservation HYCOM

d. Fall of Year +1

b. Spring of Year +1

c. Summer of Year +1

a. Winter of Year 0

h. Fall of Year +1

f. Spring of Year +1

g. Summer of Year +1

e. Winter of Year 0

l. Fall of Year +1

j. Spring of Year +1

k. Summer of Year +1

i. Winter of Year 0

60°E 180° 120°W120°E 60°E 180° 120°W120°E 60°E 180° 120°W120°E

20°N

20°S

10°S

0°

10°N

20°N

20°S

10°S

0°

10°N

20°N

20°S

10°S

0°

10°N

20°N

20°S

10°S

0°

10°N

 Fig.2 Comparisons of the observed and simulated lag partial correlations with the ENSO signals removed by OFES and 
HYCOM between the STIO SLA in fall and the tropical Indo-Pacifi c Ocean SLA in the following winter, spring, 
summer and fall 
 The lag correlations are calculated for the period of 1990 through 2008. The contour interval is 0.3. Dark and light shades indicate positive and 
negative correlations signifi cant at the 95% confi dence level, respectively. 
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that the simulated lag correlations are larger than in 
the observations. The diff erences suggest model 
defects. 

 The above results of the lag correlation analyses 
are consistent with the extensive investigations of the 
oceanic channel dynamics in the observational data 
and in the numerical experiments in the published 
literature (Yuan et al., 2013, 2016; Xu et al., 2013, 
2015). Those analyses are not repeated in this paper.  

 4 LCSM EXPERIMENT 

 4.1 Experiments with an idealized barrier  

 A patch of wind stress is specifi ed in the western 
basin of the LCSM over the domain of (5°S–5°N, 
65°–95°E) with cosine and Gaussian profi les in the 
zonal and meridional directions, respectively, which 
oscillates at various periods from 60 to 720 days with 
an amplitude of 0.15 N/m 2 . Each experiment is 
integrated for 4 years to reach the periodic steady 

state (owing to no refl ections at the western and 
eastern boundaries). The penetration rate of the 
Kelvin wave is defi ned as the ratio of the sea level in 
the eastern basin (150°E, 0°) in comparison to the sea 
level in the western basin (95°E, 0°) in the experiment 
without the barrier, which represents the Kelvin wave 
sea level in the western basin without the barrier 
refl ections. 

 Experiments are conducted with the barrier 
extending from the northern boundary to the equator, 
4°S, 8°S, and 12°S, separately. The sea level 
amplitudes of the fi rst baroclinic mode and of the total 
multimode simulations are compared in Fig.5. When 
the barrier extends to the equator, half of the wave 
energy propagates into the eastern basin due to 
symmetry with respect to the equator (Fig.5a, b). As 
the barrier extends further to the south, the sea level 
amplitudes in the eastern basin decrease (Fig.5c–h). 
This is because part of the Kelvin waves in the 
southern hemisphere is refl ected into equatorial 
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 Fig.3 Comparisons of the lag partial correlation with the ENSO signals removed between STIO surface temperature 
anomalies in fall and the subsurface temperature anomalies in the Pacifi c equatorial vertical section in the following 
winter, spring, summer, and fall in the observations (left), OFES (middle), and HYCOM (right) 
 The lag correlations are calculated for the period of 1990 through 2003. The contour interval is 0.3. Dark and light shades indicate positive and 
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Rossby waves at the barrier, decreasing the sea level 
amplitudes reaching the eastern basin. The multimode 
refl ection at the barrier is slightly higher than that of 
the fi rst baroclinic mode waves. 

 The dependence of the penetration rate on the 
barrier length and on the periods of the forcing is 
investigated (Fig.6). When the barrier southern tip is 
at the equator, about 73% (equivalent to 50% of the 
wave energy) of the fi rst baroclinic mode sea level 
reaches the eastern basin. The penetration rate for the 
multimode sea level is slightly smaller due to the 
larger diff usion on the higher modes. If the barrier 
extends to 8°S, about 22% of the fi rst baroclinic mode 
sea level and 12%–15% of the multimode sea level 
amplitudes depending on the periods propagate to the 
eastern basin. If the barrier extends beyond 12°S, less 
than 15% (20% for periods shorter than 60 days) of 
the fi rst baroclinic mode sea level and less than 10% 
of the multimode sea level amplitudes will be able to 
penetrate into the eastern basin. The penetration rates 

of the fi rst baroclinic mode are nearly independent of 
the periods of the waves, whereas those of the 
multimode are more dispersive with the periods, 
especially when the barrier extension is in the vicinity 
of the equator (Fig.6). This is due to the downward 
propagation of Kelvin waves that is dependent on the 
frequency of the waves. The higher the frequency, the 
steeper downward propagation of the waves is. 

 The penetration rate of the interannual Kelvin 
wave sea level is found only sensitive to the latitude 
of the barrier southern tip, notwithstanding the shape 
of the barrier. In another set of the experiments, in 
which the barrier south of the equator is set to be at an 
angle of 45° from the equator, the penetration rate of 
the sea level amplitude is nearly the same as those in 
the experiments with a straight barrier, except for the 
intraseasonal waves, which are not sensitive to the 
barrier southern latitude beyond about 6°S due to the 
critical latitude at about 7°S. (Fig.7). The sole 
dependence of the penetration rate on the latitude of 
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 Fig.4 Comparison of lag partial correlation with the ENSO signals removed between SZWA over the far western equatorial 
Pacifi c Ocean in fall and the tropical Indo-Pacifi c Ocean SLA in the following winter, spring, summer, and fall in the 
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the barrier southern tip is further evidenced by the 
experiments with an L-shape barrier extending to 
diff erent southern latitudes (Fig.8). The penetration 
rate of the Kelvin sea level is nearly independent of 
the zonal barrier length for the interannual waves. In 
comparison, the multimode intraseasonal penetration 
rate is sensitive to the length of the barrier because of 
vertical propagation of these waves in the course of 
the propagation. 

 When the L-shape barrier has a gap in the zonal 
part, part of the Kelvin wave energy will penetrate 
into the eastern basin through the gap. However, for 
the interannual and lower-frequency Kelvin waves, 
the penetration rate of the Kelvin wave sea level is not 
sensitive to the width of the gap (Fig.9), because the 
Kelvin wave speed is very fast so that the waves 
through the gap and those going around the end of the 
barrier interfere with each other constructively. For 
intraseasonal waves, these waves may interfere with 
each other destructively due to the phase diff erence of 

the diff erent routes of the propagation, hence the 
sensitivity to the partition of the wave energy through 
the gap. To examine the eff ects of the barrier length, 
yet another set of the experiments is conducted with 
diff erent lengths of the barrier east of the gap of 0.3° 
wide (Fig.10). The penetration rates of the 
intraseasonal Kelvin waves decrease signifi cant with 
the eastern barrier length, suggesting destructive 
interference. 

 4.2 Experiments with realistic geometry of the 
Indonesian seas 

 The LCSM has also been deployed over the tropical 
eastern Indian and western Pacifi c Oceans between 
60°E and 160°E and between 20°S and 20°N with a 
high horizontal resolution of 0.1° longitude by 0.1° 
latitude to resolve the main passages of the Indonesian 
seas. The open and closed boundary conditions and 
the wind forcing of the experiments are the same as in 
the experiments with the idealized barrier. The results 
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of the experiments have shown that the Indian Ocean 
Kelvin waves propagate to the western equatorial 
Pacifi c Ocean through both the Makassar Strait and 
the eastern Indonesian seas (Fig.11). The magnitudes 
of the Kelvin waves in the Makassar Strait are much 
larger than those in the eastern seas. These Kelvin 
waves must propagate across the Maluku Channel to 
reach the western Pacifi c Ocean. The numerical 
experiment in Fig.11a suggests clearly that the 
Makassar Strait Kelvin waves lose substantial amplitudes 
after they propagate across the Maluku Strait. 

 The total penetration rate of sea level amplitudes in 
these experiments are estimated relative to the area 
averaged SLA over the STIO. The total penetration 
rate of the Kelvin wave sea level amplitudes at the 
interannual time scales is about 9%–15%, depending 
on the vertical modes (Fig.12). The penetration rate is 
nearly unchanged if the Lombok Strait or both the 
Flores Sea and the Lombok Strait are closed. The 
closing of the Flores Sea helps the Kelvin waves 
propagate into the Makassar Strait, hence the slight 
increase of the penetration rate. The closing of the 
Halmahera Sea appears to have little eff ects on the 
penetration rate. Some of the incoming Kelvin wave 
energy propagates back into the Indian Ocean along 
the West Australia coasts. When the Australia 

continent is removed, the penetration rate is increased 
by 3%–4%. These experiments using realistic coastal 
lines agree with those using the idealized barrier in 
the penetrating rate that around 9%–15% of the 
Kelvin wave sea level reaching the western equatorial 
Pacifi c Ocean. The Kelvin wave sea level amplitude 
is expected to be amplifi ed by the shoaling thermocline 
in the eastern equatorial Pacifi c, which will induce 
ocean-atmosphere coupling to further amplify the 
oceanic channel signals in the year to follow. 

 Figure 12 also shows the sea level penetration rates 
in the above experiments for diff erent forcing periods. 
For the fi rst baroclinic mode waves, the Australia 
continent results in ~3% interannual sea level 
amplitudes propagating back to the Indian Ocean. For 
intraseasonal waves, this percentage is as high as 
10%. The penetration rates for the intraseasonal 
waves are much higher due to the cancellation of the 
sea level in the STIO of the incoming and the refl ected 
waves near the eastern boundary of the Indian Ocean. 
The closing of the Lombok Strait, the Flores Sea, and 
the Halmahera Straits has little eff ects on the 
penetration rate of the interannual waves (about 1%). 
For multimode sea level amplitudes, the penetration 
rate reduced by the Australia continent is about 3% 
for the interannual waves. The closing of the internal 
straits of the Indonesian seas results in little change of 
the penetration rate. The penetration rate of the 
multimode sea level through the realistic Indonesian 
sea channels is about 10% for the interannual Kelvin waves. 

 It is worth mentioning that the depth of the LCSM 
is set at a constant of 4 000 m, which is not realistic. 
The interannual waves are expected to propagate 
through the major channels of the Indonesian seas, 
unblocked by the sill depth due to the fl at ray paths of 
their vertical propagation, which suggests that the 
estimated penetration rates are robust. For intra-
seasonal and higher frequency waves, some of the 
waves may not be able to penetrate through all of the 
channels due to the depth limitation of the shallow 
straits. In addition, the Kelvin waves can be refl ected 
at the surface and bottom (McCreary, 1984), but for 
the interannual waves, the energy will be trapped 
primarily above the pycnocline (Moore and McCreary, 
1990). 

 5 THE CENTENNIAL TRENDS OF THE 
IOD-ENSO TELECONNECTION 

 Using the HadISST, ERSST, and Kaplan SST data, 
the lag correlations of the STIO SSTA in fall and the 
eastern equatorial Pacifi c Niño3.4 SSTA in the next 
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on the periods of the forcing for the fi rst baroclinic 
mode and the multimode sea level amplitude 
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fall are calculated in the running windows of 5, 11, 
and 21 years. The centennial trends of the 
teleconnection based on the 5-year running window 
are calculated to be 0.004/a, 0.004/a, and 0.005/a, 
respectively, for the three datasets (Fig.13). The 
centennial trends of the correlations after the fi ltering 
of the 11- and 21-year running windows are similar 
(Table 1). All calculations present positive trends, 
suggesting that the IOD-ENSO precursory 
teleconnection is getting stronger over the past 100 
years or so. This kind of lag correlation calculations is 
repeated for the CMIP5 Historical simulated SSTA 
and SLA. Most of the CMIP5 simulations have 
generated positive trends of the lag correlations 
between the STIO SSTA in fall and the cold tongue 
SSTA in the next fall over the past 100 years or so, 
consistent with the analysis of the observed SSTA 
(Fig.14). So are the SLA lag correlations, suggesting 

the oceanic channel dynamics behind the trends. A 
few CMIP5 models have presented negative trends, 
which may be due to model defi ciency. All except the 
CanESM2 model show the same trends for the SSTA 
and SLA lag correlations, suggesting that the IOD-
ENSO precursory teleconnection is controlled by the 
Kelvin wave propagation dynamics in these CMIP5 
simulations. 

 The dynamics behind the increased IOD-ENSO 
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 Fig.11 The sea level amplitude in the experiments using the LCSM with realistic coastal lines of the Indonesian seas 
 Results of the control experiments with all straits open (a), a closed Lombok Strait (b), a closed Flores Sea (c), closed Lombok Strait and Flores Sea (d), 
without the Halmahera island (e), and without the Australia continent (f) are shown. Unit is cm. Shading indicates values greater than 2 cm. 

 Table 1 Trends of the lag correlations between the STIO 
SSTA and the Niño3.4 index after the fi ltering of 
the 5-, 11-, and 21-year running windows 

   HadISST (/a)  ERSST (/a)  Kaplan SST (/a) 

 5-year  0.003 9  0.003 5  0.005 0 

 11-year  0.004 0  0.002 8  0.004 0 

 21-year  0.002 9  0.002 8  0.003 4 
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teleconnection are associated with the ITF changes. 
Negative trends of ITF transports, suggesting 
decreased ITF transports from the Pacifi c to the Indian 
Ocean over the past 100 years or so, have been 
produced in the majority of the CMIP5 simulations 
(Fig.15). The decreased ITF transports are conducive 
for Kelvin wave propagation from the Indian Ocean 
to the western equatorial Pacifi c Ocean, considering 
the Doppler eff ects and the nonlinear diff usion. In 
comparison, the SZWA in the far western equatorial 
Pacifi c have shown negative trends in most of the 
CMIP5 simulations in the past 100 year or so, 
suggesting weaker connection through the 
atmospheric bridge (Fig.16). The change in the 
atmospheric bridge is inconsistent with the SSTA lag 
correlation trends. 

 Comparisons of the trends of the SZWA and the 
ITF transport anomalies in the Historical and 
HistoricalNat simulations of the CMIP5 models 
suggest that the anthropogenic forcing on global 
warming has signifi cant impact on the oceanic 
channel and the atmospheric bridge, hence on the 
IOD-ENSO teleconnection (Figs.16 and 17). The 
detailed dynamics of this impact is beyond the scope 
of this study. 

 6 CONCLUSION 

 Lag correlations between the SLA in STIO in fall 
and the Indo-Pacifi c SLA in the following winter 
through fall seasons are calculated in the satellite 
altimeter sea level data of 1993–2008 and in the high-

resolution simulations of the OFES and HYCOM 
models for the period of 1990–2008. The propagation 
of signifi cant positive lag correlations from STIO to 
the equatorial Pacifi c Ocean through the Indonesian 
seas in the observations is simulated successfully by 
the OGCMs. The dynamics are due to the propagation 
of the Kelvin waves, which induces ITF transport 
anomalies and subsurface temperature anomalies in 
the western equatorial Pacifi c Ocean. The propagation 
of subsurface temperature anomalies from the western 
equatorial Pacifi c Ocean to the eastern equatorial 
Pacifi c cold tongue is evidenced by the signifi cant lag 
correlations between the SSTA in STIO in fall and the 
Indo-Pacifi c subsurface temperature in the equatorial 
vertical section of the Pacifi c Ocean in the following 
winter through fall, the observational analyses of 
which are also simulated successfully by the OGCMs. 
The elevation of the subsurface temperature anomalies 
to the cold tongue surface suggests that ocean-
atmosphere coupling amplifi es the oceanic channel 
signals from the tropical Indian Ocean. All these 
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dynamics are also simulated well by the OGCMS, 
providing evidence of the dynamical link between the 
tropical Indian Ocean and the tropical Pacifi c Ocean 
through the ITF. In contrast, the lag correlations 
between the SZWA over the western equatorial Pacifi c 
in fall and the Indo-Pacifi c SLA in the following 
spring through fall are all insignifi cant in the equatorial 
Pacifi c Ocean, suggesting that the atmospheric bridge 
is unlikely the link between the IOD and ENSO at the 
one year time lag. Evidently, the precursory relation 
between IOD and ENSO at the one-year time lag is 
due to the oceanic channel dynamics through the 
Indonesian seas, namely the ITF variability. 

 The penetration rates for the Kelvin waves from 
the equatorial Indian Ocean to the equatorial Pacifi c 
Ocean are estimated based on experiments using a 
LCSM. The penetration rate of the interannual Kelvin 
waves is found to be dependent only on the southern 
tip latitude of the barrier between the two equatorial 
basins, and independent of the lengths and gaps of the 
barrier. The experiments with realistic coastal lines of 
the Indonesian seas suggest that the Kelvin waves 
propagate into the equatorial western Pacifi c Ocean 
through both the Makassar Strait and the eastern 
Indonesian seas. The total penetration rates for the sea 
level amplitudes are about 10%–15%, depending on 
the baroclinic modes and not sensitive to the closing 
of the Lombok Strait, the Flores Sea, or the Halmahera 
Sea. The experiments of the LCSM and the diagnosis 
of the OGCM simulations are consistent in that the 
Kelvin waves from the equatorial Indian Ocean can 
propagate through the Indonesian seas to the 
equatorial western Pacifi c Ocean to infl uence the 
ENSO evolution in the year to follow, which is the 
essence of the oceanic dynamics of the IOD-ENSO 
precursory relation. 

 The IOD-ENSO precursory teleconnection is 
found to have an increasing trend over the past 100 
years or so. The diagnoses of the CMIP5 simulations 
have shown positive trends of the lag correlations 
between the STIO SSTA (SLA) and the cold tongue 
SSTA (SLA) at the one year time lag over the latest 
100 years or so, suggesting positive trends of the 
IOD-ENSO teleconnection associated with the global 
warming. The centennial trends are consistent with 
the negative trends of the ITF transport, but are in 
contrast to the negative trends of the SZWA over the 
far western equatorial Pacifi c. The weaker ITF 
transports from the Pacifi c to the Indian Ocean 
facilitate the propagation of the Kelvin waves through 
the Indonesian seas. In comparison, the negative 

trends of the SZWA cannot explain the positive IOD-
ENSO teleconnection trends and suggest insignifi cant 
roles played by the atmospheric bridge. The IOD-
ENSO teleconnection is found to be sensitive to 
global warming forcing, as suggested by the 
comparisons of the ITF transport trends and the 
SZWA trends in the Historical and HistoricalNat 
experiments. 
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