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Impact on ITF total transport

El Nino -> reduced transport
La Nina -> enhanced transport
IOD  -> not clear



Chapter 15, Sprintall et al.

pIOD

Lower sea level 
(Indian Ocean side) 
-> increased ITF

weaker Walker Circulation

El Niño

Lower sea level 
(Pacific side) 
-> decreased ITF

weaker Walker Circulation
La Niña

Higher sea level 
(Pacific side) 
-> increased 
Indonesian 
Throughflow (ITF) 

stronger Walker Circulation



Taschetto et al. 2014, J. Climate

Chapter 9, Guilyardi et al. 

Coupled Model Intercomparison Project (CMIP)

(2021)



J. Climate (2006)



More severe bias in IOD amplitude than ENSO 
amplitude

Majority of models show good seasonal phase 
locking.

Some models have ENSO and IOD peak in the 
wrong season.

McKenna et al. 2020, Sci. Rep.

32 CMIP5, 34 CMIP6
(1850-2005)



CMIP5 CMIP6

OBS

slightly 
worse in 
CMIP6



CMIP5 CMIP6
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McKenna et al. 2020, Sci. Rep.



McKenna et al. 2020, Sci. Rep.

CMIP5 CMIP6

• Both CMIP5 and CMIP6 models severely underestimate skewness in 
equatorial Eastern Pacific (Nino3) SST anomalies

• Slightly underestimate in Central Pacific (Nino4) 

OBS



McKenna et al. 2020, Sci. Rep.

IOD amplitude 
linked to ENSO 
amplitude

The relationship with 
Central Pacific 
variability increases in 
CMIP6.  This is 
accompanied by 
inter-model 
correlation between 
IOD amplitude and 
Central Pacific 
climatological SSTs.



Murtugudde et al. (1998, JGR)

El Nino –> reduced transport

Potemra & Schneider (2007)

Lag correlation: transport vs ENSO index (SODA reanalysis version 1)

Many existing studies on ITF variability based on limited observations and models: Clarke 
& Liu 1994, Meyers 1996, Molcard et al., Murtugudde et al. 1998, Sprintall et al., Gordon 
et al., Lee et al. papers, England  & Huang 2005, Susanto et al., Liu et al. 2015, Feng et al. 
2018, Pujiana et al. 2019, Hu & Sprintall 2016, etc.  



Susanto et al. (2012, JGR)
Sprintall et al. (2009, JGR)

Outflow passages (total)

Makassar StraitDivergent wind anomalies

Clear impact of IOD is highlighted by Pujiana et al. (2019) 
who found ~ 40% reduction in ITF transport during the 
weak 2016 La Niña due to the concurrent negative IOD.

Upward propagation is also evident in Makassar Strait 
current observation 2004-2017 (Gordon et al. 2019): 
transport 300-760 m leading 0-300 m transport. 

Opposing 
surface-
subsurface 
anomalies



CMIP5 historical period (1907-1999)

SODA-2.2.4 reanalysis (1970-2008)

Sign convention: +ve transport, southward, Pacific to Indian Ocean 

Data and methods
Santoso A., M. H. England, J. B. Kajtar, W. Cai, 2022: Indonesian Throughflow Variability and Linkage to ENSO 
and IOD in an Ensemble of CMIP5 Models.  J. Climate, https://doi.org/10.1175/JCLI-D-21-0485.1

https://doi.org/10.1175/JCLI-D-21-0485.1




The adopted transect is closest to the IX1 observation line 
that provides geostrophic transport estimate based on 
expendable bathythermograph (XBT) temperature records 
(Meyers 1996; Liu et al. 2015; Feng et al. 2018).

The transport time series calculated at the two transects in SODA are correlated at r=0.95. There is 
notable agreement between the ITF total transport in SODA and the geostrophic transport timeseries 
across the IX1 transect (Fig. 2 of Feng et al. 2018).



SODA

CMIP5 multi-model mean

The CMIP5 multi-model mean and the SODA reanalysis are remarkably consistent: maximum ITF in 
austral winter and a minimum in austral summer consistent with previous studies (e.g., Masumoto & 
Yamagata 1996, Lee et al. 2010, Shinoda et al. 2012, Liu et al. 2015, Gordon et al. 2019).

Peak-to-trough amplitude ranges from 3.6 to 18 Sv with MMM of 9 Sv similar to SODA.

The vertical profile is also consistent with each other.

ITF annual cycle



Most transport variability is contained in the upper 100-m across a diverse range of time scales, with 
interannual variability becoming more dominant with depth.

The total ITF transport variability in the SODA reanalysis 
(thick curves) exhibits peak variability of 4–8 years per 
cycle, coinciding more with ENSO (3–5 years per cycle) than 
IOD (2–4 years per cycle) - similar in the CMIP5 multi-model 
(thin curves).



Tendency for a weaker and stronger ITF total transport to occur 
with El Niño and La Niña, respectively – both in SODA and CMIP5, 
in raw and filtered data to focus on interannual time scales.

The relationship is not statistically significant for IOD.

Why does the ITF total tend to lead ENSO in the CMIP5 models?  

95%

95%

SODA

CMIP5 MMM

First look at the correlations for 
the surface layer.

Now we can see that in SODA, 
ENSO leads ITF.

There is also clear relationship 
with the IOD, especially in the 
CMIP5 models (and SODA in 
raw data). 

More next slide….



Transport anomaly composites

• El Nino and pIOD: Anomalously weak 
subsurface transport (100-300 m), 
surface intensification (0-100 m).  

• Surface anomaly is more prevalent 
and deeper during IOD, particularly 
so in the CMIP5 models.

• Prolonged surface transport anomaly 
in the CMIP5 models, in the ENSO 
composites in particular.

• Upward propagation, contributing to 
a tendency for ITF lagged response to 
ENSO.

• ENSO has stronger impact on 
subsurface transport, IOD on surface 
transport. 

• Similar but opposite patterns for La 
Nina and nIOD.  Stronger asymmetry 
seen in SODA reanalysis.



Composites of ENSO-independent IOD events in the CMIP5 
models further highlight the point that the IOD has stronger 
impact in the surface layer.



EOF analysis

80%

ITFM1: Surface intensified 
transport anomaly

ITFM2 : Dipole anomaly

SODA

CMIP5 MMM



ITFM2 : Dipole anomaly is associated 
with ENSO and IOD, both in CMIP5 
and SODA.

Reduced transport at subsurface, 
enhanced transport at surface 
associated with El Nino and pIOD.

Lowered upper ocean 
heat content (color
shading) in the western 
Pacific and eastern Indian 
Ocean.  

Westerly wind anomaly 
(contours)  in the Pacific, 
easterly in the Indian 
Ocean (i.e., large-scale 
divergence;  weakened 
Walker Circulation).  

SODACMIP5 MMM



ITFM1 : Surface intensified 
anomaly is associated with 
ENSO in SODA, but IOD in 
CMIP5.

SODACMIP5 MMM

SODA: Enhanced 
transport is a response 
to La Nina (high Western 
Pacific heat content)

CMIP5: Enhanced 
transport is a response to 
pIOD (low eastern IO 
heat content linked to 
local wind variability        )



The prevalence of the IOD in driving 
ITFM1 in the CMIP5 models is linked to 
the magnitude of variability, which 
is notably stronger than the reanalysis

CMIP5 MMM
SODA

Interannual

Raw

Role of      variability appears in both CMIP5 
and SODA.  Local winds contain frequency at 
sub annual time scales.



First mode is rich of sub-annual variabilities.              Second mode is largely interannual



CMIP5 MMM SODA

There is a tendency for models with 
more prevalent ITFM1 relative to ITFM2 to 
exhibit a weaker link between ENSO and 
ITFtotal variability.

A



Delayed IOD response to ENSO

CMIP5 MMM

SODA 2.2.4

ERSST v3

IOD tends to lead ENSO by about a season as IOD peaks in boreal autumn and 
ENSO peaks in winter. But in 15 out of 20 CMIP5 models, the converse occurs, 
with El Niño and La Niña respectively leading pIOD and nIOD. 

CMIP5 MMM
SODA ERSST v3

This bias is related to the simulated ENSO teleconnection, as the delayed bias is 
much more apparent in the DMI composite according to El Niño and La Niña 
phases (b) than the composite based on IOD events (c).

The longer the IOD lags ENSO, the weaker the ENSO influence is on the ensuing 
surface ITF.



Summary

Santoso A., M. H. England, J. B. Kajtar, W. Cai, 2022: Indonesian Throughflow Variability and Linkage to ENSO and IOD in an Ensemble of CMIP5 
Models.  J. Climate, https://doi.org/10.1175/JCLI-D-21-0485.1

• Current generation of climate models still exhibit biases in ENSO and IOD: too strong IOD amplitude, 
weak ENSO and IOD event asymmetry/nonlinearity.

• Using 20 CMIP5 models and SODA-2.2.4 reanalysis to provide a systematic multi-model study on ITF 
variability linked to ENSO and IOD.

• The CMIP5 models capture many ITF properties that are qualitatively consistent with the SODA 
reanalysis, although with significant inter-model spread.

• The ITF total transport is found to weaken during El Niño and strengthen during La Niña, but not 
significant during the IOD, due to compensating effects between surface and subsurface transport 
anomalies. 

• Separating variability into ITFM1 (surface intensified) and ITFM2 (dipole) structures reveals discrepancy 
between CMIP5 and reanalysis: agreement in ITFM2 associated with ENSO and IOD; disagreement in 
ITFM1 associated with ENSO in SODA but IOD in CMIP5 due to overly strong IOD magnitude and delayed 
IOD response to ENSO.

https://doi.org/10.1175/JCLI-D-21-0485.1

