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Abstract 

The termination of Indian Ocean Dipole (IOD) events is examined in terms of equatorial wave dynamics. In situ and 
satellite observations combined with an output from a linear wave model are used in this study. Our emphasis is on 
the 1997 IOD event but our results apply to other positive IOD events as well. We find that the termination of anoma-
lously cold sea surface temperature (SST) in the eastern pole of the dipole is associated with a warming tendency 
caused by the net surface heat fluxes. However, net surface heat fluxes alone cannot explain the total change in the 
SST. We show that during the peak phase of an IOD event, the weakening of zonal heat advection caused by eastern 
boundary-generated Rossby waves combined with the reduction of vertical entrainment and diffusion creates favora-
ble conditions for surface heat fluxes to warm the SST in the eastern basin.
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Key Points

1.	 Zonal heat advection significantly weakens during 
the termination phase of theIOD.

2.	 Weakening of zonal heat advection is due to eastern 
boundary-generatedRossby waves.

3.	 Net surface heating more effectively warms the SST 
as this advective cooling tendency weakens.

Introduction
The Indian Ocean Dipole (IOD) is a coupled ocean–
atmosphere phenomenon in the tropical Indian Ocean 
(Saji et  al. 1999; Webster et  al. 1999; Murtugudde et  al. 
2000). A zonal sea surface temperature (SST) gradient 
with negative SST anomalies (SSTA) off Java-Sumatra 

and positive SSTA in the central/western tropical Indian 
Ocean characterizes a positive IOD event. The IOD fol-
lows a seasonal pattern, beginning in the boreal spring 
and early summer, peaking in the fall, and ending the fol-
lowing winter (Saji et al. 1999). There is a negative phase 
to the IOD that evolves along a similar time line with 
oppositely signed anomalies, though of generally weaker 
amplitude.

The evolution of IOD events is associated with the sup-
pression of convection over the eastern equatorial Indian 
Ocean and the enhancement of convection over the west-
ern equatorial Indian Ocean. This westward movement 
of the convection zone results in rainfall deficits in Indo-
nesia and Australia, and excess rainfall in east Africa, 
India, and parts of South Asia (Ashok et al. 2003; Yama-
gata et  al. 2004; Meyers et  al. 2007). Furthermore, IOD 
episodes can influence global climate via atmospheric tel-
econnections (Saji and Yamagata 2003).

Ocean dynamics, notably equatorial Kelvin wave and 
Rossby wave excitation and propagation, play a sig-
nificant role in the evolution of IOD events (Saji et  al. 
1999; Webster et  al. 1999; Vinayachandran et  al. 1999; 
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Murtugudde et al. 2000). During the development phase 
of a positive IOD event, upwelling equatorial Kelvin 
waves generated by easterly wind anomalies elevate the 
thermocline in the eastern equatorial Indian Ocean and 
depress it in the western basin. The shoaling of the ther-
mocline in the eastern basin is further strengthened by 
anomalously strong local upwelling off Sumatra and Java 
owing to a strengthening of southeasterly wind anomalies 
along the coast. Meanwhile, in the southwestern equato-
rial Indian Ocean, downwelling Rossby waves generated 
in the season preceding the peak of an IOD event cause 
a deeper thermocline and warm SSTs there (Chambers 
et  al. 1999; Vinayachandran et  al. 1999; Rao et  al. 2002; 
Feng and Meyers 2003; McPhaden and Nagura 2014).

Several mechanisms have been proposed for the ter-
mination of the IOD events. Murtugudde et  al. (2000) 
hypothesized that the net-surface heat flux played a 
major role in SSTA warming in the eastern pole dur-
ing the termination of the 1997 IOD event. A similar 
mechanism has been proposed for the termination of the 
2006 IOD event (Horii et al. 2008). Furthermore, Li et al. 
(2002) proposed that solar and latent heat fluxes contrib-
ute primarily to SSTA warming near the eastern pole, 
with zonal advection providing a secondary contribution. 
Tokinaga and Tanimoto (2004) suggested that seasonal 
shifts in monsoonal winds during boreal autumn–win-
ter reduced latent heat losses, resulting eradicating cold 
SSTA in the eastern equatorial Indian Ocean.

Oceanic equatorial waves have also been argued to play 
an important role in the termination of the IOD events 
(Rao and Yamagata 2004; Yuan and Liu 2009; McPhaden 
and Nagura 2014). Rao and Yamagata (2004) noted the 
appearance enhanced intraseasonal variability in the 
equatorial westerly winds prior to the termination of 
most IOD events. They argued that these westerlies gen-
erated anomalously strong downwelling equatorial Kelvin 
waves to terminate IOD events by deepening the ther-
mocline and warming SST in the eastern basin. Mean-
while, Yuan and Liu (2009) attributed the termination of 
the IOD events to downwelling equatorial and off-equa-
torial Rossby waves reflecting at the western boundary 
into downwelling equatorial Kelvin waves, which sub-
sequently propagate eastward to deepen thermocline 
and warm SST in the eastern equatorial Indian Ocean. 
McPhaden and Nagura (2014) also noted the importance 
of equatorial Rossby to Kelvin wave energy conversion at 
the western boundary in their analysis of IOD variability.

Previous studies have evaluated the mixed layer heat 
budget in the eastern equatorial Indian Ocean associated 
with the termination of IOD events (Murtugudde et  al. 
2000; Du et al. 2008; Chen et al., 2016). Murtugudde et al. 
(2000) have suggested that the termination of strong pos-
itive IOD event by the end of 1997 was associated with 

the SST warming due to a weakening of alongshore and 
equatorial winds, resulting in reduced latent heat loss 
and a shallow mixed layer. Du et al. (2008) have suggested 
that the thermocline plays a prominent role in generat-
ing and maintaining SSTA during the positive IOD years. 
Moreover, they proposed that the surface heat flux pri-
marily caused the SST warming at the end of the IOD 
event. Furthermore, Chen et  al. (2016) also noted that 
SST warming in the eastern equatorial Indian Ocean 
during the termination period of the positive IOD event 
in boreal winter was predominantly controlled by the 
surface heat flux, though the contribution from horizon-
tal advection was not negligible.

Interestingly, Nagura and McPhaden (2010a) demon-
strated that zonal currents along the equator lead zonal 
wind stress during the decay phase of the IOD. This phas-
ing between currents and winds is a consequence of east-
ern-boundary-generated Rossby waves that reverse the 
zonal currents earlier than the zonal wind stress. These 
results suggest a possible role for the eastern-boundary-
generated Rossby waves in the termination of the IOD 
events.

The objective of this study, therefore, is to quantita-
tively evaluate the role of eastern-boundary-generated 
Rossby waves on the termination of the IOD events. 
In situ and satellite observations are used to evaluate the 
thermodynamics of the IOD events, while outputs from 
a wind-driven, linear, continuously stratified long-wave 
ocean model are used to examine the dynamics of the 
IOD events. We will focus only on positive events and 
generally use the term IOD rather than positive IOD to 
refer to them, recognizing that negative events occur as 
well. We will return to the issue of asymmetries between 
positive and negative IOD events in the final section.

Data and model
Surface current data are taken from the Ocean Sur-
face Current Analysis-Realtime (OSCAR) (Bonjean and 
Lagerloef 2002). These current data are calculated based 
on a simplified ocean mixed layer model, assuming 
quasi-steady wind-driven and geostrophic flow dynam-
ics. Satellite SSH, SST and surface wind data are used in 
the model to constrain the geostrophic and ageostrophic 
components of flow. This study used a 5 days, 1 × 1 grid-
ded OSCAR data from 21 October 1992 to 1 September 
2010.

We also use daily surface winds from the European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
ERA-Interim for a period of January 1990 to Decem-
ber 2009 (Dee et  al. 2011). In addition, SST time series 
derived from NOAA-Optimum Interpolation Sea Sur-
face Temperature Analysis (OI-SST Ver. 2) are also used 
(Reynolds et  al. 2002). Weekly SST products on 1 × 1 
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grid from January 1993 to December 2009 are used in the 
present study. Daily TropFlux surface heat fluxes (Kumar 
et al. 2011) from January 1989 to December 2009 are also 
used. This data set is available on 1 × 1 grid. Note that 
anomalies for all variables are calculated with respect to 
mean climatology from January 1993 to December 2008, 
when all data sets are available.

The model utilized in this study is a continuously 
stratified linear long-wave model on an equatorial β 
plane, similar to that used in Nagura and McPhaden 
(2010a, 2010b, 2012). The model uses the first ten baro-
clinic modes and 15 meridional modes for both Kelvin 
and Rossby waves. It encompasses the tropical Indian 
Ocean region from 40°E to 100°E and is bordered on the 
east and west by a meridional wall. The model is forced 
with daily wind stress for a period of 1 January 1980–30 
April 2010. Previous studies have shown that this simple 
model well simulated observed sea level and zonal cur-
rent variabilities in the equatorial Indian Ocean (Nagura 
and McPhaden 2010a, 2010b, 2012). However, the model 
simulated zonal currents sometimes differ from the 
observed results. This discrepancy could be due to non-
linear terms neglected in the simple model, errors in 
the winds employed as the model forcing, and/or errors 
in the OSCAR current product (Nagura and McPhaden 
2010b).

Results
Figure  1b illustrates the time series of the dipole mode 
index (DMI) from January 1993 to December 2009, 
which is defined as SSTA differences between the west-
ern and eastern equatorial Indian Ocean (Saji et  al. 
1999). There were three major IOD events during this 
time, namely, in 1994, 1997 and 2006 when the DMI was 
about twice its standard deviation. In addition, we also 
observed three weak positive IOD events in 2003, 2007 
and 2008. The time series also shows two significant 
negative IOD events in 1996 and 1998. These events are 
consistent with those identified by the Bureau of Meteor-
ology of Australia (http://​www.​bom.​gov.​au/​clima​te/​iod/). 
In this study, we focus on the termination of positive IOD 
events, with emphasis on the strongest of these in 1997.

The contribution of horizontal heat advection to the 
termination of IOD event was quantified in terms of the 
mixed layer temperature balance defined as (Vialard et al. 
2008)

where T is mixed layer temperature, which we will use 
as a proxy for SST (Horii et  al. 2013). In Eq. (1), t indi-
cates time, while x and y denote the zonal and meridional 

(1)
∂T

∂t
=

Q + q

ρCh
− u

∂T

∂x
− v

∂T

∂y
+ R,

direction, respectively. ρ is the density of seawater 
(1026  kg  m−3), C is the specific heat capacity of seawa-
ter (3986 J kg−1 K−1), h is the depth of mixed layer, and u 
and v are the zonal and meridional velocity averaged over 
the mixed layer, respectively. Q is the net surface heat 
flux and q is the downward shortwave radiation at the 
bottom of the mixed layer. The later is estimated as q  =  
−  0.47 Qsw e(−0.04  h), where Qsw indicate the shortwave 
radiation on the ocean surface (Wang and McPhaden 
1999). The last term in Eq. (1) is the residual (R), which 
consists of physical processes that cannot be explicitly 
calculated, namely, a combination of horizontal and ver-
tical diffusion and vertical entrainment at the bottom of 
the mixed layer. The residual also contains computational 
errors associated with terms that are explicitly estimated. 
However, we assume that these computational errors are 
small and interpret the residual in terms of the neglected 
physical processes, especially associated with vertical tur-
bulent entrainment and diffusion as is commonly done 
(e.g., McPhaden 1982; Vialard et al. 2008).

Subsurface temperature and salinity data from Argo 
observations from January 2005 to December 2009 were 
used to calculate the monthly mixed layer depth (h). Con-
sidering the effect of salinity on the stratification in the 
eastern equatorial Indian Ocean, we estimate the mixed 
layer depth as a depth at which the density is 0.2 kg m−3 
larger than the surface density (Kumar et al. 2011). Since 
there is no observed temperature and salinity data for the 
period from January 1993 to December 2004, we used the 
mean climatology of the mixed layer based on the time 
series over the period of January 2005–December 2009.

The mixed layer temperature balance was calculated for 
a region in the eastern equatorial Indian Ocean between 
8°S–2°N and 90°E–100°E (Fig.  1a). SSTA in this region 
is highly correlated with SSTA in the eastern pole of the 
IOD (r  = 0.93 which is significantly nonzero with 95% 
confidence) for the period of January 1993–December 
2009 (Fig. 1c) and so is representative of variability in the 
eastern pole of the dipole. It has the advantage though of 
being away from the irregular eastern boundary and in 
the equatorial waveguide, where wave processes can be 
readily diagnosed with the linear wave model.

Horizontal advection is calculated based on the for-
mula proposed by Lee et  al. (2004) in terms of heat 
fluxes across each interface of the designated domain 
relative to a reference temperature. Here, we used a spa-
tially averaged SST over the region between 8°S–2°N and 
90°E–100°E (Fig. 1a) as the reference temperature.

We start by examining the evolution of the Dipole 
Mode Index (DMI) associated with the IOD event in 
1997. A positive DMI started to develop in mid-June cor-
responding to SST cooling in the eastern pole of the IOD 
(Fig.  2a, b). In September, a rapid increase of the DMI 

http://www.bom.gov.au/climate/iod/
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coincided with a rapid SST cooling event in the eastern 
Indian Ocean that began towards the end of August and 
continued until mid-November. There were two negative 
SST maxima in the eastern pole of the IOD occurring 
in early October and mid-November (Fig.  2a). We note 
that the onset of SST cooling in September corresponds 
well with zonal heat advection that shows an anomalous 
cooling from early September through early October, 

suggesting the critical role of zonal heat advection in the 
development of the IOD event (Fig. 2a, b). Furthermore, 
the inferred vertical entrainment and diffusion across the 
base of the mixed layer exhibits a cooling tendency at 
about the same time as SST begins to cool (Fig. 2c). The 
termination of the IOD is identified by a rapid decrease of 
the DMI from mid-November to early December before 
it completely returns to normal condition in mid-January 
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Fig. 1  a Area for the averaged SSTA calculation. Box-A is in the western region (10°S–10°N, 50°E–70°E) and box-B is the eastern region (10°S–
Equator, 90°E–110°E). The Dipole Mode Index (DMI) is defined as the difference in averaged SSTA between western and eastern regions. Box-C 
(8°S–2°N, 90°E–100°E) is the area for the heat budget calculation. b Time series of DMI with positive (negative) IOD events highlighted in red (blue). c 
Time series of SSTA averaged over box-B (red) and that averaged over box-C (white)
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1998 (Fig. 2a). Interestingly, the timing of DMI decrease 
and the SST warming tendency in the eastern pole dur-
ing October is associated with the weakening of vertical 
entrainment as well as zonal heat advection (Fig. 2c).

We next examine the relative role of different terms 
in the mixed layer temperature balance (Fig.  2c). We 
can see that during the development of the IOD event 
in September, the cooling tendency was associated with 
westward (negative) zonal heat advection linked to 
anomalous westward currents driven by easterly wind 
anomalies (Fig. 3a, b). In addition, vertical processes also 
tend to cool (Fig. 2c) consistent with earlier studies that 
noted anomalously strong upwelling-mediated entrain-
ment and turbulent mixing generated cold SSTs in the 
eastern pole of the IOD during positive events (Murtu-
gudde et al. 2000; Du et al. 2008). Later, during the ter-
mination of the event, net surface heat flux plays a role 
in SST warming. However, there is a phase lag between 
the net surface heat flux variations and the weakening 
of warming tendency. In particular, net surface heat flux 
leads the surface warming by about 1  month. Interest-
ingly, there was abrupt SST warming and DMI decrease 
during October, which is associated with a weakening of 
both zonal heat advection and vertical entrainment/dif-
fusion (Fig.  2c). From November toward the end of the 

event in December, the surface heat flux becomes effec-
tive at warming the surface layer after zonal heat advec-
tion and vertical processes diminish in intensity. Thus, 
the weakening of zonal heat advection and inferred ver-
tical turbulent entrainment and diffusion provide condi-
tions favorable for surface heat flux to warm SST during 
the termination of the IOD event. Note that meridional 
advection has little influence on the overall balance 
(Fig. 2c).

In order to examine the dynamics of the zonal cur-
rent anomalies along the equator, we evaluate the results 
of our linear wave model (Fig.  4). The model simulates 
reasonably well the anomalous westward zonal currents 
during the peak phase of the IOD in October–November 
(Figs. 3a, 4d, e). It is shown that westward zonal currents 
in the eastern basin are mainly due to wind-forced Kelvin 
waves, while westward currents in the central and west-
ern basins are mainly due to Rossby waves (Fig. 4a, c). As 
previously noted by Nagura and McPhaden (2010a), zonal 
currents along the equator eventually become eastward 
in late November although the zonal winds continue to 
be westward (Fig.  4d). Our model clearly indicates that 
this reversal is mainly generated by eastern boundary-
generated Rossby waves (Fig.  4b, d). The timing of this 
zonal current reversal during the termination of the IOD 
event in late November/early December coincides with 
the weakening of the zonal heat advection in mixed layer 
temperature analysis (Fig. 2c). The combination of Kelvin 
and Rossby waves to the total model zonal velocity along 
the equator in our target region of 8°S–2°N, 90°E–100°E 
(Fig.  3) highlights the central role of eastern-boundary-
generated Rossby waves in the termination of the IOD 
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event. Note that the contributions from the wind-forced 
Rossby and the reflected Kelvin waves in this region are 
negligible (not shown).

Conclusions
In this study, we have examined the role of eastern 
boundary-generated Rossby waves on the termination of 
the IOD events, with emphasis on the strong 1997 IOD 
event. We used available observational data combined 
with output from a continuously stratified long equato-
rial wave model. The model allows us to diagnose sepa-
rately the effects of wind-forced and boundary-generated 
waves on the zonal currents and how they affect the sur-
face layer temperature balance.

Our analysis reveals that the termination of negative 
SSTAs in the eastern basin is associated with a warm-
ing tendency due to the net surface heat fluxes. However, 
the net surface heat fluxes alone cannot explain the total 
change in the mixed layer temperature. The heat budget 
analysis shows a phase mismatch between the evolution 
of the net surface heat fluxes and SST warming tenden-
cies, indicating that other factors contribute to the termi-
nation of IOD events. Here we propose that a weakening 
of the cooling effects of zonal heat advection plays an 
important role in the termination of the IOD in addition 
to the weakening of vertical entrainment diffusion at the 
bottom of the mixed layer. As these cooling tendencies 
diminish, net surface heating can more effectively warm 

SST. Moreover, the weakening of zonal heat advection is 
associated with a reversal of the zonal current anoma-
lies along the equator, from westward to eastward. Our 
model indicates that this reversal is generated mainly by 
eastern boundary generated Rossby waves.

Though we have focused mainly on the 1997 event, 
we examined other positive IOD events (e.g., 1994 and 
2006) and found that similar mechanisms were at work; 
in particular that zonal currents associated with eastern 
boundary generated Rossby lead to a reduction in cool-
ing by zonal advection during the termination of each 
event. This situation is analogous to the role that eastern 
boundary-generated currents play in the termination 
of ENSO events as proposed in the advective-reflective 
oscillator theory of Picaut et al. (1997).

We have not addressed the role of oceanic equatorial 
waves on the mixed layer temperature balance during 
negative IOD events. Horii et  al. (2013) described the 
asymmetry in the mixed layer temperature balance in 
the southeastern tropical Indian Ocean between positive 
and negative IOD events, and suggested that surface heat 
flux plays a dominant role in the mixed layer tempera-
ture balance during the evolution of the negative 2010 
IOD event. Whether this result applies to all negative 
IOD events, or whether there is a possible role for zonal 
advection related to equatorial wave dynamics during the 
development and demise of negative IOD events, is an 
open question.

(a) Forced KW (b) Reflected RW (c) Forced RW (d) Total U and τx (e) Observed U (f) DMI

Fig. 4  Time-longitude diagrams of model zonal current anomalies (ms−1) at 15 m depth along the equator for June 1997–May 1998, from a 
wind-forced Kelvin waves, b eastern-boundary-generated Rossby waves, c wind-forced Rossby waves, d the total model solution, e the observed 
zonal current from OSCAR, and f the DMI. The contours in Fig. 4d show anomalies of zonal wind stress along the equator. The solid (dotted) lines are 
for westerly (easterly) anomalies. Contour interval is 1.5 × 10–2 N m−2 with zero contour highlighted. Note the scales change in d and e 
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