


 1 

ISSN 0252-1075 
Contribution from IITM 

Research Report No. RR-108 
 

 
 
 
 
 
 

Indian Ocean Dipole Simulation Using Modular 
Ocean Model 

 
 
 
 
 
 

B. Thompson, C. Gnanaseelan  

and  

P.S. Salvekar 

 
 

July 2005 
 
 
 
 

 

Indian Institute of Tropical Meteorology 
Dr. Homi Bhabha Road, Pashan Pune - 411 008 

Maharashtra, India 
 

E-mail : lip@tropmet.res.in                                 Fax : 91-020-25893825 
Web : http://www.tropmet.res.in         Telephone : 91-020-25893600 



 2 

 
Contents 
 
 

 Abstract 

1.   Introduction  1 

2.   Model and Methodology  3 

  2.1 Datasets Used  5 

3.   Results and Discussions  5 

  3.1 Simulation of SST  6

  3.2 SST Variability During IOD events  6 

  3.3 Subsurface Temperature Variability  8 

  3.4 Simulation of North and Equatorial Indian Ocean Circulation    8 

4.   Summary  11 

Appendix A  12 

Acknowledgements 13 

References  14 

Figures  16 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

 
 

Indian Ocean Dipole Simulation Using Modular Ocean Model 
 
 

B. Thompson, C. Gnanaseelan and P.S. Salvekar 

 
 

ABSTRACT 
  
 
 The GFDL Modular Ocean Model version 4 (MOM4) forced with interannually 

varying surface forcing has been used to simulate the dipole mode events in the tropical 

Indian Ocean. The model is able to simulate the dipole mode events occurred during the 

simulation period 1958-2000. The model simulations are validated and compared with 

various data sets such as HadISST, SODA and ECCO. The surface and subsurface 

warming/cooling associated with dipole mode events are reproduced by the model. The 

maximum temperature anomalies are observed at depth of 80-100m in the equatorial 

Indian Ocean in western and eastern basins. The observed western equatorial Indian 

Ocean warming/cooling was weaker than the corresponding cooling/warming in the south 

eastern Indian Ocean both in the surface and subsurface. The surface and subsurface 

current variability during dipole mode events have been well  captured by the model. The 

presence of strong upwelling in the eastern equatorial Indian Ocean and downwelling in 

western tropical Indian Ocean were evident in the model analysis of vertical velocities.  
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1. Introduction 
 

 The surface of ocean forms a boundary between atmosphere and ocean, where 

exchange of heat and momentum fluxes takes place between these two systems. The 

variability of sea surface parameters like Sea Surface Temperature (SST), sea surface 

height and surface currents is primarily driven by the surface wind, the short wave 

radiation and the turbulent heat fluxes. Besides these constraints the three dimensional 

advection and internal dynamical processes occurring in the ocean basin is also critical in 

determining the sea surface parameters (Waliser et al., 2003). The oceans largely remain 

to be data sparse region. Even though the atmospheric data over ocean is also sparse (as 

compared to land), it has improved in the recent years with the satellite observations. 

However the remote sensing techniques have limitations in observing the ocean below a 

few centimeters, and also they are limited to only few oceanic parameters such as SST 

and sea surface height anomaly. The relative abundance of atmospheric data can be 

imposed in a state-of-the-art Ocean General Circulation Model (OGCM) frame work and 

more realistic simulation of oceanic geophysical parameters can be done in surface and 

interior of oceans. In this scenario the three dimensional OGCMs provide a most reliable 

estimate of parameters in the surface and interior of oceans. The lack of currents and 

salinity observations in the surface and interior and temperature observations in the 

interior of oceans has highlighted the necessity of well parameterised ocean models. The 

inventory of high performance computing systems gave the model developers the 

freedom to reduce unrealistic approximations and assumptions from models.  This in fact 

helped to reduce the inaccuracies in the model simulations to a great extent. Here we 

have used an OGCM to study the surface and subsurface variability in the equatorial 

Indian Ocean during Indian Ocean Dipole mode events.  

 

 The north Indian Ocean is dominantly forced by the monsoonal winds. The 

seasonal reversal of winds over the northern and equatorial Indian Ocean attributes to the 

reversal of surface and near surface oceanic circulations.  Because of this intense 

monsoonal shift the representation of the Indian Ocean as a steady state system is highly 

problematic.  The increased precipitation over tropical eastern Africa and western           
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Indian ocean, while severe drought situation over Indonesian Islands during 1961 and 

1997-1998 (Saji et al., 1999; Webster et al., 1999) widely gained attention of atmosphere 

and ocean researchers. Normally Equatorial Indian Ocean (EIO) will be warmer in the 

eastern part compared to west. However during these abnormal years anomalous pattern 

of SST gradient was observed.  Saji et al., (1999), through analysis of long term SST data 

sets, observed the existence of a dipole/zonal mode structure in the SST anomalies in the 

equatorial Indian Ocean. This dipole/zonal mode structure is primarily characterised by 

abnormal positive SST anomaly in the western equatorial Indian Ocean and negative SST 

anomalies in the east equatorial Indian Ocean. Associated with the reversal of SST 

gradient, the weak climatological equatorial westerly winds are replaced by easterly 

winds (Webster et al., 1999). Masson et al., (2002) observed that during the fall  of 1997, 

equatorial Indian Ocean is marked by westward wind stress of 0.2 N/m2 - 0.3 N/m2 

resulting anomalous cooling in the east and warming in the west equatorial Indian Ocean. 

In contrast 1996 is characterised by positive SST anomalies in the east equatorial Indian 

Ocean and negative SST anomalies in the western part. This unusual warming/cooling in 

the western EIO and unusual cooling/warming in the eastern EIO is denoted as Indian 

Ocean Dipole/zonal Mode (IOD) events (Saji et al., 1999; Webster et al., 1999).  Positive 

IOD years are characterised by anomalous warming (cooling) in western (eastern) EIO. A 

reversal of these anomalies happens during negative phase of IOD. This basin scale SST 

anomalies represent one of the dominant modes of SST variability in the Indian Ocean. 

The variability of SST in the Indian Ocean has been extensively discussed through 

several studies (Nicholls, 1989; Behera et al., 1999 and 2000; Murtugudde et al., 2000; 

I izuka et al., 2000; Vinayachandran et al., 2002). The impact of IOD on the climate of 

region around Indian Ocean has been widely described (Zubair et al., 2003; Behera and 

Yamagata, 2003; Saji and Yamagata, 2003). Rao et al., (2002) discussed about the 

subsurface temperature variabili ty in the Indian Ocean during dipole events using 

observational data and OGCM simulations.  

 

 The presence of a thick barrier layer in the east equatorial Indian Ocean has been 

reported by several authors (Godfrey et al., 1999; Masson et al., 2002). The generation 

and further survival of this barrier layer largely depends on the intrusion of eastward 
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flowing equatorial jets (Wyrtki Jets) into the east equatorial Indian Ocean (Masson et al., 

2002). During positive IOD years EIO is distinguished by the weakening or reversal of 

Wyrtki Jets (Murtugudde et al., 2000, Vinayachandran et al., 2002). The variabili ty in 

barrier layer forced by these abnormal equatorial currents influences the formation and 

growth of IOD events. The unusual absence of barrier layer off Sumatra during fall of 

positive IOD events aids the cooling of SST via Sumatra upwelling (Murtugudde et al., 

2000; Annamalai et al., 2003; Masson et al., 2004). While the presence of thick barrier 

layer induces positive SST anomalies in the western Indian Ocean by inhibiting the 

entrainment cooling.  

 

 

2. Model and Methodology 
 

 The Ocean General Circulation Model used for this study is the Geophysical Fluid 

Dynamics Laboratory (GFDL) Modular Ocean Model Version 4 (MOM4p0c) (Griffies et 

al. 2003). MOM is a 3 dimensional, z – coordinate, free surface OGCM, which evolved 

from numerical ocean models developed in the 1960's - 1980's by Kirk Bryan and Mike 

Cox at GFDL. MOM is designed primarily as a tool for studying the ocean climate 

system. MOM is a finite difference version of the ocean primitive equations, which 

govern much of the large scale ocean circulation. As described by Bryan (1969) the 

equations consist of Navier - Stokes equations subject to hydrostatic and Boussinesq 

approximations. The fundamental model Equations are 
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Where φ is latitude, λ is longitude, g = 9.806 m/s2, a = radius of earth = 6371 x 103 m,      

f = Coriolis parameter = 2 Ω sinφ, Ω = earths angular velocity = 7.292 x 10-5. The 

formulation of heat fluxes are given as appendix A. 

 

 The model bottom topography is represented using the partial cells of 

Pacanowski and Gnanadesikan (1998). In situ density is a function of the local potential 

temperature, salinity, and hydrostatic pressure. Horizontal friction scheme is based on the 

shear-dependent Smagorinsky viscosity. The vertical mixing in the model is handled 

through K Profile Parameterisation Scheme (Large et al. 1994) having local and non - 

local mixing with Bryan-Lewis Background Diffusivity (Bryan 1979).   

 

 The model region is 30oE to 120oE and 40oS to 25oN having 30 vertical 

levels with upper 150 m has 10 m resolution and the vertical thickness gradually 

increases to a maximum of 712m at 5200m depth. Model has a constant zonal resolution 

of 1o and meridional resolution varying from 0.3353 at equator to 0.7o at 25oN and 1.5o at 

40oS. The model has been provided with realistic topography of 0.5o resolution. Sponge 

layers of thickness 4o applied in the eastern and southern boundaries where model 

temperatures and salinities are relaxed towards Levitus (1998) data. The model was 

initialised with annual climatologies of temperature and salinity from Levitus (1998) and 

forced with climatological downwelling shortwave and longwave radiation, 10m wind 

fields, specific humidity, air temperature and surface precipitation from NCAR 

Climatology. Chlorophyll-a climatology computed from SeaWiFS satellite for the period 

1999-2001 is provided to handle short wave penetration. After 20 years of spin up model 

has been integrated for a period of 43 years from 1958 – 2000 with NCAR corrected 

interannual datasets (Large and Yeager 2004) of daily downwelling shortwave and 

longwave radiation, 6- hourly 10m wind fields, specific humidity, air temperature and 

monthly precipitation. During the interannual simulation the surface fluxes are corrected 

on 30 day timescale using seasonal climatological temperature and salinity. 
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2.1 Datasets Used 
 

 The Simple Ocean Data Assimilation (SODA) datasets are used for comparison 

with model simulations. The SODA version used here is SODA_1.2, which is a                

UMD reanalysis product using an eddy-permitting global model based initially on 

POP_1.3 numerics and SODA procedure. The horizontal resolution of POP on the 

equator is 28km x 44km reducing to an approximately uniform 25km x 25 km in the 

western North Atlantic. Vertically, it contains 40 levels, from ocean surface to about 

5500m.  The optimum interpolation analysis was done with SODA procedure every        

10 days on 1 by 1 degree resolution. The observed data of SST, subsurface temperature 

and salinity were used in the analysis. More details about this data set please refer to 

http://www.atmos.umd.edu/~ocean/soda1.2.pdf.  

 

 Estimating Climate and Circulation of the Ocean (ECCO) products also provides 

high quality assimilated data sets. The data assimilated include sea surface height from 

Earth Resource Satellite (ERS) and TOPEX/Poseidon, monthly Reynolds and Tropical 

Rainfall Measuring Mission Microwave Imager SST, NCEP surface forcing, monthly 

Levitus climatology, World Ocean Circulation Experiment hydro graphic sections, Sea 

Surface Salinity observations, Expendable Bathy Thermograph and Tropical Ocean 

Global Atmosphere Tropical Atmosphere Ocean temperature profiles, temperature and 

salinity from P-ALACE and ARGO floats, monthly wind stress from 

ERS/NSCAT/QSCAT and mean 15m drifter velocities. More details about ECCO data 

described in ECCO report No. 20 (http://www.ecco-group.org/report/report_20.pdf).  

 

 For the validation and comparison of model simulated SST, HadISST v.1.1 is 

used. In situ sea surface observations and satellite derived estimates at the sea surface are 

included in the HadISST Global Ocean Surface Temperature analysis (Rayner et al. 

2003).   
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3. Results and Discussions 

 

3.1 Simulation of SST 
 

 The ocean model simulations give immense opportunity in understanding the 

thermodynamics and dynamics of oceans where the observations are sparse. However the 

model simulations need to be thoroughly validated with available observations. Figure 1 

shows the comparison of model simulated seasonal climatologies of SST with         

Levitus (1998) climatology for winter (a), spring (b), summer (c) and fall seasons               

(d). The model climatology is calculated for the entire simulation period from                 

1958 - 2000. The model accuracy has been tested using root mean square (RMS) error 

(between model and observation). The model SST shows an RMS difference of 0.39, 

0.27, 0.39 and 0.32oC for the respective seasons with Levitus climatology and 0.25 oC for 

the annual climatology. The climatological features like winter cooling of the northern 

Arabian Sea, the pre-monsoon warming of northern Indian Ocean and cooling of western 

Arabian Sea during monsoon season are well simulated by the model. The anomaly 

correlation between seasonal SST of model and SODA for the period 1958-2000                    

is shown in figure 2 (Left panel). The correlation below 99% confidence level has              

been shaded. The model SST anomalies show good agreement with SODA. The 

correlation is observed to be less near the Somali coast and central Bay of Bengal during 

summer season. The strong monsoonal effects may be responsible for that. The RMS 

difference between model SST anomalies and SODA SST anomalies for  winter, spring, 

summer and fall seasons are represented in figure 2 (right panel). The difference is more 

in the Somali coast during summer and fall seasons. RMS difference of 0.5 oC is seen 

south of 10 oS during summer season. The intensity of SST cooling/warming in the model 

during the dipole mode years is observed to be slightly different from SODA. This             

may be the reason for the larger RMS error (about 0.5 oC) in the eastern tropical                 

Indian Ocean in fall season. However the RMS error is very small (<0.35 oC) in the                   

entire northern Indian Ocean during winter and spring seasons. 
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3.2 SST Variability During IOD events 
 

  The intensity of IOD events can be represented with a simple time series index 

suggested by Saji et al., (1999). The dipole mode index is the difference between SST 

anomalies averaged in the western basin (50oE to 70oE, 10oS to 10oN) and eastern basin 

(90oE to 110oE, 10oS to equator). The dipole mode index calculated from model SST, 

HadISST and SODA data are showed in the figure 3. The time series analysis of the 

normalised anomalies indicates that the strong positive IOD years 1961, 1963, 1967, 

1972, 1977, 1982, 1994 and 1997 are all well simulated by the model. Model DMI is well 

comparable with HadISST.  Considerable difference in DMI is seen in 1961 and 1963. In 

1961 both model and SODA over estimates the dipole mode index (DMI). The EOFs of 

SST anomalies show that the SST variability of the Indian Ocean is dominantly described 

by two modes (Figure 4). The EOF1 explains 37% of total variability, which is of 

uniform polarity (negative) in the entire tropical Indian Ocean. This mode corresponds to 

ENSO variability. The second mode gives 14% of total variability. The second mode 

corresponds to dipole mode, which shows positive loading in south eastern tropical 

Indian Ocean and negative loading in western tropical Indian Ocean. The EOF analysis of 

HadISST and SODA data sets for the same period (1958-2000) shows 38% and 26% of 

total variability for the first mode and 9% and 7% of total variability for the second mode 

respectively (figures not shown). 

 

 The time of origin of IOD varies in different years. The initial signals of 

anomalous cooling/warming of east and central EIO and warming/cooling of eastern EIO 

appears in May - August. During 1961 the eastern cooling started in May. However 

during 1994 the cooling began in June and May in 1997. The peak phase of IOD events 

was observed in October/ November. The October and November SST anomalies of four 

strong dipole years 1961, 1994, 1996 and 1997 are shown in figure 5 and 6 respectively 

(where 1996 is a strong negative dipole year). The peak phases of eastern cooling during 

1961 and 1994 were observed in October (figure 5) where as in November during 1997. 

In 1961 the model has simulated eastern cooling more than 2oCwhere as in HadISST 

cooling was observed up to 1.5oC.  November 1997 shows a basin wide warming of 

about 0.8oC in the western tropical Indian Ocean and cooling of about 2oC in south 

eastern tropical Indian Ocean. This is evident in both model and observations. 
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3.3 Subsurface Temperature variability 
 

 The maximum anomalies in temperature during IOD years are observed in the 

subsurface than in the surface. Figure 7 and 8 represents the comparison of model and 

SODA subsurface temperature anomalies [a. 1961, b. 1994 and c. 1997] for October and 

November along the equator. During November 1997 subsurface temperature anomalies 

exceeding 5oC were seen both in model simulation and SODA. The maximum anomalies 

are observed around 80 - 100m depth. Western equatorial Indian Ocean shows maximum 

subsurface warming during 1994 November. Subsurface temperature anomalies above 

2oC were seen in the model and SODA data around 90m depth. During dipole mode 

events the intensity of cooling in the eastern Indian Ocean is stronger than the warming in 

the western Indian Ocean both in the surface and subsurface. In the peak phase of IOD, 

when eastern EIO shows subsurface variability of 4-5oC, western EIO shows temperature 

anomaly less than 2oC. The subsurface negative temperature anomalies in the eastern EIO 

were seen beyond depth of 150m and up to 70oE during positive IOD events. Positive 

temperature anomalies exist west of 70oE. The remarkable feature of subsurface 

temperature anomalies during IOD events is the existence of maximum anomalies in 

almost equal depth in both eastern and western basins.  
 

3.4 Simulation of North and Equatorial Indian Ocean Circulation 
 

 The model simulated climatological surface currents for December/January, 

April/May, July/August and October/November are shown in figure 9 (Left Panel) and 

from SODA (in right panel). The semiannual occurrence of eastward Wyrtki Jets during 

transition periods April/ May and October/November are well simulated by the model.  

The Wyrtki Jets simulated by the model during spring season show magnitude of about 

0.7 m/s between 70oE and 80oE and fall jets has magnitude of about 0.55 m/s between 

60oE to 70oE. However the observations showed jet magnitudes of about 0.8 m/s during 

spring and 0.9 m/s during fall (Masson et al., 2002). The Wyrtki Jet observed in SODA 

climatology has magnitude of about 0.7m/s during spring and fall seasons. However the 

spatial pattern of the jets in the model simulation agrees very well with the observations. 

The climatological features like existence of strong Somali jet and south west monsoon 
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currents are evident in model simulations. The most spectacular feature of the Indian 

Ocean, the reversal of Somali Current during winter monsoon season, the southward 

flowing East Indian Coastal Current, the northward flowing West Indian Coastal Current 

and westward flowing winter monsoon currents are well described by the model 

simulation and are comparable with SODA data sets. The model' s ability to reproduce the 

climatological circulation in the Indian Ocean encouraged us to do more analysis in 

interannual time scales. As the ECCO currents are more reliable we chose them ahead of 

SODA currents for the available period (1992 – 2000). The model simulations are 

compared with ECCO simulations for 1994, 1996 and 1997 events. As the ECCO data 

sets are available only since 1992, SODA datasets are used for all the analysis prior to 

1992.  After the onset of IOD events remarkable transformation in the circulation pattern 

emerges around October.  

 
 Figure 10 and 11 represent the model simulated and ECCO surface currents for 

October 1996 to January 1997 and October 1997 to January 1998 respectively. Unlike 

Pacific and Atlantic Oceans during summer monsoon season north equatorial current 

reverses its direction and flows eastward and this constitutes the southwest monsoon 

current which persists up to September/October. By December the North Equatorial 

Current flows westward and eastward flowing equatorial counter current exists south of 

equator. However in positive IOD years north equatorial current weakens and confine to 

a narrow band and disappear in south of Sri Lanka. In contrast during 1996, the 

southwest monsoon current was more intense than normal. One remarkable feature 

observed during the positive dipole year is the absence or reversal of Wyrtki Jets. Strong 

westward currents exist in the region equator to 10oS in 1961 October.  In 1994, eastward 

flow seen in the region equator to 5oN and up to 80oE. During 1961 October/November 

the anomalous westward currents in the entire EIO has replaced the Wyrtki Jets. October 

1994 eastward currents were observed north of equator up to 80oE where as south of 

equator strong westward currents were seen east of 70oE. However ECCO data showed 

westward currents up to 80oE only. During 1961 and 1994, the Wyrtki Jets have been 

weakened near 75 - 80oE, subsequently the western part of the jet took a cyclonic turn in 

the northern hemisphere. 
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 During the positive IOD years the Indian Ocean upper layer circulation changes 

and shows some resemblance to Pacific and Atlantic Ocean circulation pattern. Pacific 

and Atlantic Oceans surface circulation is characterised by westward flowing north 

equatorial current in equatorial and northern region and eastward flowing equatorial 

under current. Figure 12 shows the vertical section of zonal currents along the equator for 

1996 and 1997. The EIO is characterised by strong westward currents in the fall of 1997. 

These westward currents intruded up to 50 m depth. Below 50m depth strong eastward 

currents are observed. The maximum intensity of these currents is seen at 80oE - 90oE.  In 

case of negative IOD year 1996, strong eastward currents are seen in the EIO. The 

circulation pattern of westward currents in the upper layer and eastward currents in the 

subsurface can establish a vertical - zonal circulation in EIO. Further analysis of the 

model vertical velocity shows strong positive anomaly in the eastern Indian Ocean and 

negative anomalies in the western region during positive IOD years (figure 13). This 

implies that positive dipole years are characterized by strong upwelling in eastern EIO 

and downwelling processes in the western EIO. The upwelling in the eastern EIO brings 

cold water from subsurface to the surface and there by negative temperature anomalies 

appears. Te weakening or reversal of Wyrtki Jets also aids this cooling by reducing the 

transport of warm water from central EIO to the south eastern EIO. However in negative 

IOD years eastern Indian Ocean shows negative anomaly and positive anomaly in the 

western part. But the intensity of these anomalies is comparatively less than positive 

phase of IOD.  
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4.  Summary 
 

 The Indian Ocean Dipole mode denotes a major mode of basin scale variability in 

the tropical Indian Ocean. A well parameterised Ocean General Circulation model 

MOM4 is used to simulate the surface and subsurface features associated with IOD 

events. The model simulations are thoroughly validated with observational data and are 

comparable with SODA and ECCO data sets. The model seasonal SST and current 

climatologies are able to reproduce the climatological features in the Indian Ocean. The 

SST seasonal climatologies of model and Levitus show an rms difference of 0.39, 0.27, 

0.39 and 0.32oC for winter, spring, summer and fall season respectively. The model 

dipole mode index, which is defined as a measure of strength of IOD events, shows good 

agreement with HadISST index. The warming in the western tropical Indian Ocean and 

cooling in the south eastern tropical Indian Ocean were well captured by the model SST 

anomalies. During IOD events the maximum temperature anomalies were seen in the 

subsurface at around 80 -100m depth in the eastern and western basins. The IOD events 

are characterised by large variability in the circulation pattern of equatorial Indian Ocean. 

The positive dipole years are remarkably noted by the weakening or absence of Wyrtki 

Jets. During fall 1997 the Wyrtki Jets reverse its direction resulting strong westward 

currents. The model simulated currents show good agreement with ECCO currents.  

 

 The spatial pattern of temperature anomaly (temperature also) is well comparable 

with observational data. This strongly suggests that the model can be used for the detailed 

study of the dynamical and thermodynamical processes associated with the onset, growth 

and termination of IOD events.   
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Appendix A 
 

The net surface heat flux is obtained using the equation 

 

Q  =  Qsw  -Qlw – Qsh - Qlh 

 

Where Qsw , Qlw , Qsh and Qlh  are net downward shortwave radiation, net downward 

longwave radiation, sensible heat flux and latent heat flux, respectively.  The net 

shortwave radiation is calculated as 

 

( )
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The net longwave radiation is given by 
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The latent heat flux is 

 

( ) ( )( ) USSTqzqCAQ satqEalh ∆−= ρν  

 

The sensible heat flux is  

 

( )( ) USSTzCcQ Hpash ∆−= θθρ  

 

where a is near surface air density 

          CE and CH are transfer coefficients for evaporation and sensible heat  
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          ( ) 0UzUU u −=∆   is the difference between wind at height zu and the surface       

current  

           ( )θθ z  and ( )qzq  are potential temperature and specific humidity at different 

heights  ( )θz  and ( )qz   respectively 

              cp is the specific heat capacity of air 

              A�  is the latent heat of vaporisation. 
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Figure 1. Seasonal SST climatology of model (1958-2000) and Levitus (1998) (a) Winter, 
(b) Spring, (c) summer, and (d) fall. 
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Figure 2. Left panel represents SST anomaly correlation between model and SODA (1958-2000) 

for winter, spring, summer and fall seasons. Correlation below 99% confidence level is 
shaded. Right panel shows the RMS difference between model and SODA. SST 
anomalies for the respective seasons (> 0.35oC is shaded). 
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Figure 3.  Normalised Dipole mode Index: Model (shaded) HadISST (blue line) and 
SODA (Red line). 
 
 

 
Figure 4.  EOFs of model SST anomalies 
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  Figure 5.  October SST anomalies for 1961, 1994, 1996 and 1997 HadISST and Model. 

Negative values are shaded 
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Figure 6.  Same as figure 5. But for November. 
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Figure 7.  Subsurface temperature anomalies (October) along the equator from model and 
SODA. (a)1961, (b) 1994 and (c) 1997. Negative values are shaded. 
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Figure 8.  Same as figure 7, but for November. 
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Figure 9. Surface current climatologies  from model and SODA. 
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Figure 10.  Surface currents from October 1996 to January 1997 model (Left) and ECCO (Right). 
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Figure 11. Surface currents from October 1997 to January 1998 model (Left) and ECCO (Right). 
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Figure 12.  Vertical section of zonal currents along the equator for October and November. Left 

panel shows 1996 and right panel 1997. 
 

 
 
Figure 13. Vertical velocity anomalies at 50m from model. Thick line represents anomalies 

average in the eastern basin (90oE-110oE and 10oS–equator); dash represents 
anomalies averaged in the western basin (50oE-80oE and 10oS-equator).  
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