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winter, the ZW field along the equator, and the associated 
zonally propagating Kelvin and Rossby waves. The salin-
ity induced vertical stratification observed in the near-sur-
face layer through barrier layer thickness (BLT) effects also 
shows a significant influence on the ZC field on intrasea-
sonal time scale. Interestingly, among all the 8 years (2001–
2008), relatively weaker annual cycle is seen in both ZC in 
the 40–350 m water column and boreal spring sea surface 
temperature (SST) only during 2001 and 2008 along the 
equator caused through propagating wave dynamics.

Keywords  Indian Ocean · Equatorial zonal currents · 
Equatorial undercurrent · Intraseasonal variability · 
Westerly wind bursts · Interannual variability · Barrier 
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1  Introduction

In the tropics, the Indian Ocean stands out quite unique 
when compared to the Atlantic and Pacific Oceans as it is 
strongly coupled with the seasonally reversing monsoons 
and shows large variability both on spatial and temporal 
scales. Any excessive or deficient rainfall associated with 
the monsoons and the meteorological disturbances have a 
huge impact on the lives of a third of the global population. 
In the context of the regional monsoon climate, the issues 
of particular interest are the onset and active-break cycles 
of the monsoons, intraseasonal Madden–Julian Oscillations 
(MJO), tropical cyclones, interannual variations associated 
with ENSO and the Indian Ocean Dipole (IOD). In recent 
years, the attention of the international scientific commu-
nity has shifted to the least explored and understood tropi-
cal Indian Ocean (TIO) resulting in several new major 
observational initiatives through international collaboration 
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and by the countries surrounding (Hood et al. 2008). Under 
the aegis of Research Moored Array for African–Asian–
Australian Monsoon Analysis and Prediction (RAMA)—
deployment of sustained moored buoy array has been 
taken up to improve our understanding of large scale ocean 
dynamics, ocean–atmosphere interactions, and climate var-
iability in the Indian Ocean region (McPhaden et al. 2009).

The TIO is the smallest of the tropical ocean basins and is 
unique with its land locking on three sides and opening only 
to the Indonesian Throughflow and the southern ocean. The 
surface wind field is also unique with its distinct seasonal 
reversal and so is the time dependent near-surface circula-
tion. Historically, oceanographers have paid much attention 
to the western equatorial Indian Ocean (EIO) and the western 
Arabian Sea where the monsoon winds are well known to be 
quite strong resulting in a strong western boundary current—
the Somalia Current. All the available historic in  situ data 
have provided a basic description of the observed seasonal 
cycle and the probable governing mechanisms but could not 
resolve the observed small scale variability due to lack of 
high resolution measurements both in space and time. The 
advent of satellite era has opened up new dimensions by pro-
viding repeat synoptic views of the global ocean to explore 
the high frequency variability that is found to be more pro-
nounced in the warmer regions of the tropical basins. In addi-
tion, the new in situ observing technologies such as ARGO 
profiling floats, drifting buoys, moored current meters, sea 
gliders and ADCP moorings are supplementing our ability to 
describe and understand the ocean circulation and its influ-
ence on climate on finer spatio-temporal scales. One of the 
least known facets of the TIO is the nature of the variability 
in the circulation below the surface. To address this important 
issue, JAMSTEC has thoughtfully pioneered in the deploy-
ment of upward looking ADCP at about 400 m depth at the 
Equator, 90°E in the core of the warm pool region of the EIO 
and the time series data are being collected uninterruptedly 
since 14 November, 2000 coinciding with the RAMA obser-
vational initiative. This data set is the longest record ever col-
lected at any single stationary location in the TIO and hence 
provides a great opportunity for a comprehensive description 
and understanding of the flow patterns and model validations 
in the upper layers of the eastern EIO. Before we present our 
analysis of this data set, our current understanding of the pro-
cesses in the EIO is briefly reviewed.

2 � Background observational and modeling 
framework

2.1 � Seasonal variability

In the Indian Ocean, at the surface along the equator, a nar-
row jet-like current popularly known as Wyrtki Jet (WJ) 

flows eastward at high speed during both the transition peri-
ods between the two monsoons. The formation of this jet is 
accompanied by thermocline uplifting at the western origin 
of the jet and by sinking at its eastern terminal resulting in 
a gradient of 20 cm in the sea level. This demonstrates that 
a time variable current can have profound effect in chang-
ing the mass structure of the EIO (Wyrtki 1973). The analy-
sis of nearly 2  years (January, 1973–September, 1974) of 
weekly wind, current and temperature profiles to 300  m 
depth from Gan Island (0°41′S, 73°10′E) in the central EIO 
by Knox (1976) shows an eastward jet which appears at 
both the boreal spring and boreal fall monsoon transitions, 
driven by strong eastward winds. The jet is almost as strong 
at the depth of the thermocline as at the surface, and the 
ZCs at both the depths are well correlated with the local 
wind stress at essentially zero lag. A purely local balance of 
forces fails to account for the observed zonal acceleration; 
non-local effects, mainly the time dependent ZPG, are also 
found to be important. An eastward flowing EUC beneath a 
westward surface flow is forced in only one of the 2 years, 
and this is consistent with certain differences in the sur-
face wind field seen in these 2 years. O’Brien and Hurlburt 
(1974) offered a simple analytical theory to numerically 
simulate Wyrtki’s observations on the equatorial jet and 
the east–west tilt of the pycnocline. An equatorial transect 
made during December 1976–January 1977, has revealed 
large ZPG due to the presence of large volume of anoma-
lous saline waters east of Maldive Islands transported by 
the equatorial jets (Eriksen 1979). In a modeling study, 
Cane (1980) argued that for the westerly and meridional 
winds the response of equatorial currents is predominantly 
local and rapid. The current reversals observed at the Gan 
Island are most likely due to changes in the local winds. 
The winds at the Gan Island are predominantly westerly, 
resulting in downwelling at the equator. The eastward 
momentum put in by the wind at the surface is transported 
downward giving subsurface eastward flow. With persis-
tent easterlies as seen in the Atlantic and Pacific, there is an 
eastward flowing EUC driven by the eastward ZPG force. 
He suggested that the EUC that is observed in the EIO in 
the early boreal spring is driven by the eastward ZPG. This 
ZPG is a non-local transient feature generated by the zonal 
readjustment of mass induced by the relaxation of winds 
at the preceding boreal fall monsoon transition. This idea 
is consistent with the presence of the EUC in 1973 and its 
absence in 1974.

From the Gan Island data, McPhaden (1982) showed 
that the zonal mean currents are eastward from the surface 
down to 200 m indicating that non-linearity is important in 
the mean zonal momentum balance in the thermocline. The 
amplitude and phase of the semiannual variability below 
the mixed layer suggests that there is a net downward 
propagation of energy in the form of equatorial Kelvin 
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and non-dispersive Rossby waves. The analysis of moored 
records of zonal velocity in the western EIO (April, 1979–
June, 1980) has shown strong semiannual period over 
a 500  m water column in the vertical and with a upward 
phase propagation in the presence of zonally propagating 
Kelvin and Rossby waves (Luyten and Roemmich 1982). 
Gent et  al. (1983) have also concluded that in the upper 
western EIO, the direct observations (April, 1979–June, 
1980) can be accounted for as a directly forced response 
to the semiannual component of the near-equatorial ZWs. 
Based on observational analysis of historic data, Rever-
din (1987) has reported that along the equator, near the 
surface and below the thermocline, the observations indi-
cate an intense variability of the currents, primarily at the 
semiannual frequency. In the thermocline, presence of the 
EUC during March–April is the dominant feature. At the 
semiannual period, different isotherms oscillate in phase 
in the upper western EIO and upward phase propagation is 
present in the east. The surface equatorial currents strongly 
depend on the mixed layer depth and the currents in the 
thermocline are controlled by mixing (Reverdin 1987). 
Molinari et  al. (1990) have analyzed all the available his-
toric trajectories of satellite tracking drifting buoys and ship 
drift vectors and found that both of these representations of 
the equatorial jets are similar in direction and amplitude in 
the central EIO. Their amplitudes and phases of the annual 
and semiannual modes are also similar in the EIO.

In a model study, Jensen (1993) has found that the 
equatorial surface jets are associated with intense flow in 
the opposite direction below the thermocline. The deep 
semiannual currents change direction during the year, as 
observed by Luyten and Roemmich (1982). In agreement 
with observations, the phase propagation was westward 
and upward. The second baroclinic mode, long Kelvin and 
Rossby waves are dominant in the equatorial region. They 
propagate with speeds that allow an equatorial Kelvin wave 
to cross the EIO in 1.5 months, and reflect part of its energy 
into a westward propagating Rossby wave, which returns to 
the western boundary after 4.5 months. The strong response 
of the EIO to semiannual forcing can be explained in terms 
of a resonant basin mode, which is a combination of Kel-
vin and equatorial Rossby waves (Cane and Moore 1981). 
For semiannual forcing, resonance for an equatorial Kel-
vin wave speed close to 1.4 m/s is found corresponding to 
the equatorial Kelvin wave speed for the second baroclinic 
mode. In an Ocean General Circulation Model (OGCM) 
simulation, Anderson and Carrington (1993) have shown 
that equatorial ZC differences at the surface between exper-
iments using UKMO and ECMWF wind stress forcings 
can be as large as 80 cm/s, comparable to the magnitude of 
interannual variations.

Based on 51 zonal equatorial transects during 1962–
1988, Bubnov (1994) has shown that under prevailing 

westerly winds, a westerly ZPG dominates in the topmost 
100  m water column during the course of an year. The 
only exception to this is during February–March, when 
the ZPG acquires an easterly direction. The seasonal cycle 
of ZPG shows a distinct semiannual mode, with minima 
in February–March and August and maxima in May and 
October–December. The ZPG in the near-surface layer 
changes in phase with the surface ZW stress. Analysis of 
zonal ship drifts along a meridional transect between Sri 
Lanka and the equator by Schott et al. (1994) has shown 
large semiannual (annual) amplitude near the equator 
(Sri Lankan coast) that decreases rapidly with latitude. 
Shenoi et al. (1999) have analyzed the trajectories of 412 
satellite-tracking drifting buoys deployed in the TIO and 
have shown that in the equatorial region, in general, the 
surface flows are eastward, except during July–August, 
when a narrow westward flow appears at the equator. The 
eastward WJs that appeared during April–May and again 
in November are branched near 90°E; a major branch 
turned southward along the west coast of Sumatra and the 
other branch turned northward which contributes to the 
coastal current along the eastern rim of the Bay of Ben-
gal. Based on an observational analysis of the direct cur-
rent measurements made from a meridional moored array 
of ADCPs deployed south of Sri Lanka (July 1993–Sep-
tember, 1994), Reppin et  al. (1999) have found that the 
semiannual WJs have shown strong seasonal asymmetry, 
reaching a monthly eastward transport of 35 Sv in Novem-
ber 1993, but just 5  Sv in May 1994 which was an IOD 
year. The EUC was stronger during March–April, 1994 in 
comparison with that of during August–September, 1994. 
They have concluded that the observed interannual varia-
bility of the WJ in their measurements and in the ship drift 
data appears to be related to the variability of the ZWs and 
Southern Oscillation Index. In a model simulation, Han 
et  al. (1999) have shown that the direct wind forcing is 
the dominant mechanism of the WJs, accounting for 81 % 
variance of their amplitude when there is a mixed layer. 
Reflected Rossby waves, resonance, and mixed layer shear 
are all necessary to produce jets with realistic structure 
and strength. Precipitation during the boreal summer and 
boreal fall considerably strengthens the boreal fall WJ in 
the eastern region by thinning the mixed layer. Nagura and 
McPhaden (2010a) have examined seasonal dynamics of 
Wyrtki jets. They found that the zonal currents propagate 
westward along the equator at semiannual periods with 
an average speed of −1.5 m/s. This propagation speed is 
three times faster than the propagation speed of the domi-
nant wave mode in model zonal velocity, namely the first 
meridional, second baroclinic mode Rossby wave. We 
interpret this result in terms of a superposition of Rossby 
waves on a wind‐forced jet, with the jet stronger than the 
waves by a factor of 2.
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2.2 � Interannual variability

A major regional climatic signal Indian Ocean Dipole (IOD) 
was discovered in the atmosphere–ocean coupled system of 
the TIO that has large impact on the some of the surround-
ing countries (Saji et al. 1999). Vinayachandran et al. (1999) 
have reported unusual westward surface ZW anomalies in 
the EIO during the IOD year 1994. The eastward WJs were 
weak and consequently the sea level in the EIO was unu-
sually low, the thermocline and the mixed layer were shal-
low, and the subsurface flow remained eastward throughout 
the year. Cooler SST anomalies in the eastern EIO were 
enhanced by the upwelling-favourable winds along the west 
coast of Indonesia. Anomalous patterns in the observed near-
surface thermohaline structure and circulation in associa-
tion with the IOD are also noticed in the TIO (Webster et al. 
1999; Grodsky et al. 2001; Rao et al. 2002; Rao and Behera 
2005; Thompson et al. 2006; Horii et al. 2008; Vinayachan-
dran et al. 2002, 2009 and the references therein). Grodsky 
et al. (2001) performed the most comprehensive analysis to 
date, using reanalysis winds, altimeter data and ship drift 
measurements for the period 1993–2000. They have found 
that the ZPG and ZW stress were nearly in balance along 
the equator and the interannual variability in these terms was 
associated with weakened Wyrtki jets during the IOD events 
of 1994 and 1997.

Somayajulu et al. (2006) have studied the observed inter-
annual variability of the Equatorial Jets in the Indian Ocean 
utilising the merged altimetry data set for the years 1997-
2005. Nagura and McPhaden (2008) have examined the 
depth integrated zonal momentum balance for the period 
October 2004–September 2006 in the central EIO. They 
have found that 1- to 2-year record length mean balances are 
approximately linear and steady state. Monthly to seasonal 
time scale variations are also governed by linear dynamics, 
with imbalances between the ZPG force and surface ZW 
stress leading to zonal mass transport variations along the 
equator. Interannual variations in zonal transports along the 
equator associated with the IOD events in 1994 and 2006 
are likewise consistent with linear dynamics. Analysis of 
nearly 6  years ADCP data set (January, 2001–November, 
2006) collected at the same location of the present study 
by Iskandar et al. (2009) has focused on the occurrence of 
EUC in the depth range of 90–170  m during both boreal 
winter and boreal summer. During boreal winter, the gen-
eration of eastward ZPG that drives an eastward flow in the 
thermocline, is caused primarily by upwelling equatorial 
Kelvin waves excited by prevailing easterly winds. On the 
other hand, the downwelling Rossby waves generated by the 
reflection of the boreal spring downwelling Kelvin waves 
in the eastern boundary, as well as the upwelling equatorial 
Kelvin waves excited by prevailing easterly winds, create 
an oceanic state that favours the generation of the eastward 

ZPG during boreal summer. This EUC shows significant 
interannual variations during boreal summer; it was absent 
during 2003, but it was anomalously strong during the IOD 
year 2006. Nagura and McPhaden (2010b) have shown that 
surface zonal velocity on the equator tends to lead zonal 
wind stress by about 1  month on interannual time scales. 
This phasing occurs because velocity anomalies reverse 
before the wind anomalies reverse during the decay of IOD 
events. The model simulations indicate that this reversal of 
velocity earlier than winds is caused by reflected Rossby 
waves radiating from the eastern boundary. In a recent study, 
Rao et al. (2010) have shown large interannual variability in 
the eastward propagating Kelvin waves during boreal fall in 
the EIO that has potential impact on the ZC field. Zeng et al. 
(2012) have compared ADCP data collected along the equa-
tor in the Indian Ocean during May 2010 and April 2011.

2.3 � Intraseasonal variability

South of Sri Lanka, the origin of intraseasonal variabil-
ity (ISV) in the near-surface circulation on time scales 
of 30–50  days has been hypothesized by Sengupta et  al. 
(2001a) due to amplification of hydrodynamic instability 
forced by the westward propagating Rossby waves radiated 
from the eastern boundary of the Bay of Bengal through 
a modeling study. The summer monsoon ISV also shows 
coherent patterns meridionally flipping between the north-
ern Bay of Bengal—South China Sea and the eastern EIO 
with episodes of active and suppressed atmospheric con-
vection (Sengupta et al. 2001b). The variability associated 
with this convection modulates the WWBs in the EIO dur-
ing the summer monsoon season.

The model simulation by Han et al. (2001) suggests that 
the observed 40–60  day surface ZCs are primarily forced 
by the surface ZW field associated with the MJO which 
also peaks at 40–60 days. However, the strongest spectral 
peak in the ZC flow occurs at 90 day period which is also 
seen in the observed satellite measured sea level data. They 
attribute this to the preferential excitation of Kelvin and 
Rossby waves by the lower frequency intraseasonal winds 
and from the enhancement by Rossby waves reflected from 
the eastern boundary. The importance of equatorial east-
ern and western boundary reflections of both Kelvin and 
Rossby waves was highlighted by Le Blanc and Boulanger 
(2001). The reflected Kelvin waves strongly influence 
Rossby wave variability near the western boundary as far as 
60°E. Reflected Rossby waves in turn, influence the Kelvin 
wave variability near the eastern boundary as far as 80°E. 
Although long equatorial waves are primarily forced by 
the changes in the winds during the monsoon transitions, 
reflections have a strong influence on the ocean’s variabil-
ity over a large part of the basin on both seasonal and inter-
annual time scales. The constructive/destructive interaction 
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between the wind forcing and the wave reflection is respon-
sible for the Kelvin/Rossby wave seasonal cycle to show 
a semi-annual (annual) period near the western (eastern) 
boundary. Senan et al. (2003) have reported strong WWBs 
associated with summer monsoon intraseasonal oscillations 
that can drive monsoon jets in the eastern EIO. They have 
also reported distinct equatorial WWBs associated with the 
MJO in January–March which do not produce equatorial 
jets in the ocean.

 Masson et al. (2004) have examined the role of near-sur-
face stratification on the fall WJ in an OGCM. The inclu-
sion of salinity favors a stronger WJ that extends further 
eastward. A sporadic barrier layer increases the jet speed by 
trapping wind momentum into a thinner mixed layer. In an 
OGCM simulation, Han et al. (2004) have found that intra-
seasonal atmospheric forcing acts to weaken the equatorial 
seasonal surface currents. Amplitudes of the boreal spring 
and boreal fall WJs, and the westward surface current dur-
ing January–March are reduced by as much as 15–25 cm/s 
by atmospheric intraseasonal forcing and the strengths of 
the rectification exhibit significant interannual variability. 
In a reduced gravity model simulation, Rahul Chand Reddy 
et al. (2004) have found the westward propagation of twin 
anticyclonic gyres on either side of the equator soon after 
the termination of the boreal spring and boreal fall WJs. 
They form at the front of a Rossby wave packet generated 
by the reflection of the WJs from the eastern boundary of 
the basin. They are likely either Rossby solitons or result 
from the nonlinear interactions between the WJs and the 
Rossby wave front. Han (2005) has shown dominant spec-
tral peaks at 30–60 and 90 days in the sea level observa-
tions of the EIO. The 90  day sea level oscillation in the 
EIO was also shown by Schouten et al. (2002). The quick 
look analysis of the ADCP data at the same location of this 
study (November 2000–October 2001) by Masumoto et al. 
(2005), has shown dominant periods of variability in the 
upper layer ZCs in the intraseasonal frequency band with 
period of 30–50 days with strong correlation with the local 
wind variability. In addition, a zone of strong vertical shear 
of the ZC and a distinct EUC with semiannual period are 
also observed. Using an OGCM, Yuan and Han (2006) have 
studied the roles of the equatorial waves and the western 
boundary reflection on the seasonal circulation of the EIO. 
They have shown that the alongshore winds off the east 
coast of Africa and the Rossby waves in the off-equatorial 
areas contribute significantly to the annual harmonics of the 
equatorial Kelvin waves at the western boundary. The sem-
iannual harmonics of the Kelvin waves, on the other hand, 
originate primarily from a linear reflection of the equatorial 
Rossby waves. Because of the reflections, the second baro-
clinic mode resonates with the semiannual wind forcing; 
that is, the semiannual ZCs carried by the reflected waves 
enhance the wind forced currents at the central basin. The 

Rossby waves are found to have a larger contribution to the 
observed equatorial semiannual oscillations of surface ZCs 
than the Kelvin waves. The westward progressive reversal 
of seasonal surface ZCs along the equator in the observa-
tions is primarily due to the Rossby wave propagation. 
Based on analysis of both data and model simulations for 
the period 1991–2000, Han et  al. (2006) have found that 
atmospheric intraseasonal oscillations play a significant 
role in causing irregularity of the two IOD events during 
1994 and 1997 and the premature termination of the weak 
IOD event during 1991. Of particular interest is a basin-
wide, wind driven oceanic resonance with a period near 
90  days, involving the propagation of equatorial Kelvin 
and first meridional mode Rossby waves across the basin. 
Before the onset of the strong 1997 IOD event, wind vari-
ability had significant power near 90  days and the reso-
nance was strongly excited. From the deployment of cur-
rent meter moorings on the equator in the EIO, Murty et al. 
(2006) have shown strong semiannual variability in the ZC 
with superimposed intraseasonal oscillations with periods 
30–50 days and the amplitude of the semiannual signal pro-
gressively decreases with depth.

Sengupta et al. (2007) have reported that along the equa-
tor, moderate westerly winds are punctuated by strong 
10–40  day bursts which force swift intraseasonal (20–
50  day) eastward equatorial jets in boreal spring, boreal 
summer and boreal fall. The zonal momentum balance is 
between the local acceleration, surface wind stress, and 
ZPG, while non-linearity deepens and strengthens the east-
ward current. The westward ZPG force associated with 
the thermocline deepening towards the east rapidly arrests 
eastward jets and, subsequently generates weak westward 
flow. In agreement with the direct observations in the east-
ern EIO, they have shown in an OGCM simulation that the 
boreal spring jet is a single intraseasonal event, there are 
intraseasonal jets in summer, and the boreal fall jet is long 
lived but strongly modulated on intraseasonal time scale. 
The ZPG force is almost always westward in the upper 
120  m, and changes sign twice a year in the 120–200  m 
layer. Transient EUCs in early boreal spring and late boreal 
summer are associated with semiannual Rossby waves gen-
erated at the eastern boundary following thermocline deep-
ening by the boreal spring and boreal fall jets. An easterly 
wind stress is not necessary to generate the undercurrents.

Fu (2007) examined all the available time series of sea 
surface height anomalies (SSHA), surface winds and SST 
over the EIO to characterize the observed intraseasonal vari-
ability. The frequency spectrum of the wind stress revealed 
peaks at the seasonal cycle and its higher harmonics at 180, 
120, 90 and 75 days. The semiannual SSHA variability is 
characterized by a basin mode involving Rossby and Kel-
vin waves, leading to a nodal point (amphidrome) of phase 
propagation on the equator at the center of the basin. For 
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the semiannual period and the size of the basin, the reso-
nance involves the second baroclinic vertical mode of 
the ocean. Modes at 90 and 60 days are only found in the 
eastern part of the basin, where the wind forcing at these 
periods is primarily located. During the peak of the 2006 
IOD from September to November, the current data at the 
same location of this study revealed anomalous subsurface 
structures (Horii et al. 2008). The surface current anomaly 
at 10  m depth observed by the TRITON buoy was west-
ward consistent with the direction of the anomalous easterly 
wind prevailing over the buoy location. In the layer between 
50 and 150  m depths eastward current anomalies were 
observed during September to November 2006. Masumoto 
et al. (2008) have reported eastward subsurface zonal flow 
under westward flowing surface current during October–
November around 80.5°E on the equator during the same 
IOD year. The influence of IOD on the intraseasonal ZCs in 
the eastern EIO is examined by Iskandar et al. (2008). They 
have shown that during negative IOD events the intrasea-
sonal ZCs are mostly dominated by the first two modes. On 
the other hand, contributions from the higher modes to the 
intraseasonal ZCs significantly increase during positive IOD 
events. This is attributed to the change in the background 
stratification associated with the IOD events; sharp pycno-
cline in the eastern basin during positive IOD events causes 
the wind forcing to project more on to higher modes.

Hase et  al. (2008) have examined the time series of 
temperature and salinity measurements collected by the 
TRITON buoys moored in the eastern EIO. Their spec-
tral analysis indicates that the dominant temperature sig-
nals in the surface layer and below the thermocline have 
intraseasonal and semiannual timescales respectively. The 
semiannual isotherm deepening in the thermocline appears 
clearly during the monsoon transitions, and indicates ver-
tical phase shift below the thermocline corresponding to a 
value between the characteristic speeds of the second and 
third baroclinic modes. The correlation between the surface 
ZW stress on the equator and the depth of 20 °C isotherm 
(D20) variation shows that the forcing region of the semi-
annual isotherm variation is located around 68°E–78°E on 
the equator. The estimation of characteristic speed from the 
lag between these variations also shows a value between the 
second and third vertical-mode gravity waves. Iskandar and 
McPhaden (2011) have shown that the near‐surface layer 
responds directly to intraseasonal zonal wind stress forcing 
and that subsequently energy radiates downward and east-
ward in the thermocline in the form of wind‐forced equato-
rial Kelvin waves. At periods of 30–70 days, zonal veloc-
ity tends to be stationary in the directly forced region along 
the equator owing to the competing contributions of Kelvin 
and Rossby waves. In contrast, at 70–110 day periods, zonal 
velocity propagates westward despite eastward propagation 
of zonal wind stress because of the combined influence of 

eastern boundary generated and wind-forced Rossby waves 
(Nagura and McPhaden 2012).

Thus most of the earlier observational studies are based on 
relatively short records while the data set utilized in the pre-
sent study is long enough and reliable to represent as a bench-
mark data set for model validation on several time scales. In 
the present study, all the available full 8  year (2001–2008) 
record of ADCP data is utilized to provide a comprehensive 
description and to explain the observed zonal flow at the 
Equator, 90°E on seasonal, intraseasonal and interannual time 
scales with major focus on the following issues.

•	 The role of equatorial winds and alongshore winds off the 
Somaila coast on the observed ZC field

•	 The role of propagating waves in the equatorial waveguide 
on the observed ZC field

•	 The role of ZPG along the equator on the observed ZC 
field

•	 The influence of salinity induced near-surface stratifica-
tion on the observed ZC field

•	 The potential influence of ZCs and equatorial waves on 
the evolution of SST along the equator.

3 � Observations and methodology

Several types of archived historic in situ measurements and 
the relevant satellite data are assembled and utilized in this 
study to describe and explain the observed variability of the 
ZCs at 90°E on the equator in the Indian Ocean. An upward 
looking ADCP was deployed by JAMSTEC around 400 m 
depth at the Equator, 90°E in the core of the warm pool 
region of the eastern EIO (Fig. 1) on 14 Nov, 2000 and the 
hourly data are being recorded since then uninterruptedly 
at 8 m vertical resolution. The data above 40 m depth are 
not accurate due to surface reflections and hence not consid-
ered in this study. These measurements are longer in dura-
tion than the earlier measurements made near Gan Island 
(Knox 1976; McPhaden 1982), in the western EIO (Luyten 
and Roemmich 1982) and south of Sri Lanka (Schott et al. 
1994; Reppin et al. 1999). The details of ADCP mooring are 
given by Masumoto et al. (2005) and Iskandar et al. (2009). 
This data set represents the longest record for more than 
8 years and can reveal rich variability in the interior and can 
be used for model validation. The total data set collected 
from November, 2000 to March, 2009 is utilized in this 
study to characterize the observed flow patterns between 40 
and 350 m depths. The current data collected from PMEL 
ADCP mooring deployed at the Equator, 80.5°E during 
October, 2004–August, 2008 are also utilized to compute 
the zonal propagation of Kelvin waves in the equatorial 
wave guide (Fig.  1). A TRITON buoy with CTD sensors 
(Kuroda 2002) was deployed by JAMSTEC at 1.5°S and 
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90°E on 26 October, 2001 to record the vertical profiles of 
temperature and salinity in the topmost 750  m water col-
umn (Fig. 1). As the vertical resolution of the sensors of the 
TRITON mooring is not fine, the spline method of Akima 
(1970) is utilized to interpolate data in the vertical and in 
time when data were missing on very few occasions. These 
data are utilized to characterize the observed barrier layer 
thickness (BLT) and stratification in the pycnocline. The 
multi-year QuikSCAT surface winds (Wentz et al. 2001) are 
utilized to assess their impact on the observed zonal flow 
and the propagating waves in the EIO. The AVISO merged 
and blended multi-year sea surface height anomaly (SSHA) 
data are utilized to characterize the signature of the propa-
gating Kelvin and Rossby waves. The multi-year TRMM 
TMI SST (Wentz et al. 2000) are utilized to characterize the 
background SST in the EIO during the years 2001–2008. 
The objectively analyzed surface net heat flux generated by 
Yuet al. (2008) are utilized to explain the contrasting SST 
distributions observed along the equator during 2001 and 
2003. The depth of 20  °C isotherm (D20) data extracted 
from the Coriolis vertical thermal structure, NOAA outgo-
ing long wave radiation (OLR) data (Liebmann and Smith 
1996), and the OSCAR currents (Lagerloef et  al. 1999; 
Johnson et al. 2007) for all the available years are also uti-
lized to characterize the basin scale variability in the spec-
tral domain for the TIO. The bandpass filtering of BLT data 
is done following Duchon (1979). A large sample of 2048 
points is considered for the estimation of power spectra 
and cross spectra of the ZWs and the ZCs following Hino 
(1977). The sources, periods, accuracies and resolutions of 
the data sets utilized in this study are listed in Table 1. 

4 � Analysis

4.1 � Spatio‑temporal variability of OLR, ZW, SSHA, 
D20 and ZC in the TIO

To set the background for this study, all the available his-
toric data sets are assembled and synthesized to construct a 
comprehensive framework to portray the observed spatio-
temporal variability of surface ZC and the related param-
eters such as OLR, ZW, SSHA and D20 through their 
basin-scale variance preserving power spectral density 
distributions following Hino (1977). The amplitudes for 
most prominent temporal modes such as annual, semian-
nual, 90, 60–90, 30–60, and 10–30 are shown in Fig. 2 for 
the entire TIO. The spectral distribution of OLR shows 
strong annual mode in the Indian summer monsoon domain 
extending from the eastern Arabian Sea to east of Myan-
mar. However, no signal is seen in the equatorial region 
with the lone exception of the maritime Indonesian islands 
in the far-east. The semiannual signal is prominent over the 
Indian summer monsoon trough zone and in the southern 
Arabian Sea. On the intraseasonal time scales (10–90 days) 
the signals encompass the entire warm pool region with 
their cores lying in the eastern EIO and the western Bay 
of Bengal. The spectral distribution of ZW shows strong 
annual mode over the entire north Indian Ocean and over 
the region approximately between the south of the equa-
tor and 15°S. In tune with the OLR, on the annual mode 
the ZW signal is also relatively weaker over the equatorial 
region. The semiannual signal is stronger over the western 
equatorial region a little away from the African coast, over 

Fig. 1   Station locations—JAM-
STEC ADCP mooring at the 
Equator, 90°E (yellow square 
on the equator), JAMSTEC 
TRITON Buoy at 1.5°S, 90°E 
(yellow circle south of yellow 
square) and PMEL ADCP 
mooring at the Equator, 80.5°E 
(blue square on the equator) 
and the warm pool region 
(SST > 28 °C) in the TIO
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Table 1   Data sources, periods, accuracies and resolutions

Parameter Source Period Accuracy Spatio/temporal resolution

ADCP ZC JAMSTEC, Japan Nov, 2000–Mar, 2009 1 % 5 mm/s 40–350 m, @10 m, 1 day

TRITON CTD Temperature 
Salinity

www.jamstec.go.jp/TRITON/
real_time/php/top.php

Oct, 2001–Sep, 2007 0.002 °C 0.04PSU 1.5, 25, 50, 75, 100, 125, 150, 
200, 250, 300, 500, 750 m in 
the vertical and 1 day

PMEL ADCP ZC PMEL, USA Oct, 2004–Aug, 2008 1 % 5 mm/s 25–330 m @5 m, 1 day

QuikSCAT ZW www.ssmi.com 2001–2008 2 m/s 0.25°, 1 day

AVISO Blended SSHA www.aviso.oceanobs.com 2001–2008 2.5–4 cm 0.33°, 7 days

TRMM TMI SST www.ssmi.com 2001–2008 ~0.5 °C 0.25°, 1 day

WHOI Surface Net Heat Flux oaflux.whoi.edu 2001 and 2003 ~25 W/m2 1.0°, 1 day

NOAA OLR www.cdc.noaa.gov/cdc/data.
interp_OLR.html

1981–2008 10 W/m2 2.5°, 1 day

Coriolis D20 eftp.ifremer.fr 2001–2007 ~10 m 1.0°, 10 days

OSCAR ZC www.dapper.pmel.noaa.gov/
dapper/oscar/world-unfilter.
nc

1992–2008 – 1.0°, 5 days

Fig. 2   Amplitudes of variance preserving power spectra of NOAA 
OLR (topmost panel), QuikSCAT ZW (2nd topmost panel), AVISO 
SSHA (3rd topmost panel), Coriolis D20 (4th topmost panel) and 
OSCAR ZC (bottommost panel) for the temporal modes such as 

annual, semiannual, 90, 60–90, 30–60, and 10–30  day for the TIO. 
(Units are arbitrary and are multiplied by appropriate scale factors for 
easy comparison.)

http://www.jamstec.go.jp/TRITON/real_time/php/top.php
http://www.jamstec.go.jp/TRITON/real_time/php/top.php
http://www.ssmi.com
http://www.aviso.oceanobs.com
http://www.ssmi.com
http://www.cdc.noaa.gov/cdc/data.interp_OLR.html
http://www.cdc.noaa.gov/cdc/data.interp_OLR.html
http://www.dapper.pmel.noaa.gov/dapper/oscar/world-unfilter.nc
http://www.dapper.pmel.noaa.gov/dapper/oscar/world-unfilter.nc
http://www.dapper.pmel.noaa.gov/dapper/oscar/world-unfilter.nc
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the central Arabian Sea, the Bay of Bengal and along a nar-
row east–west band south of the equator. With the increase 
in frequency of the mode, the signal shifts from the west-
ern EIO to the central and eastern EIO where the core of 
the warm pool is located. The spectral distributions of both 
SSHA and D20 show strong annual mode in the southern 
Arabian Sea and in the region south of the equator where 
the signature of the westward propagating Rossby waves 
is most pronounced (McCreary et al. 1993; Masumoto and 
Meyers 1998; Basu et  al. 2000; Brandt et  al. 2002). The 
signals at the semiannual mode for both SSHA and D20 are 
most pronounced in the north and south of the equator in 
the western EIO caused by westward propagating Rossby 
waves and their western boundary reflections (Le Blanc 
and Boulanger 2001; Fu 2007). The eastern EIO also shows 
strong signals both in the SSHA and D20 primarily caused 
by the eastward propagating and coastally trapped Kelvin 
waves and the westward excited Rossby waves. At 90 and 
60–90 day modes, the signals in both the fields are stronger 
off the Sumatra coast primarily due to coastal Kelvin wave 
activity (Iskandar et  al. 2005). The spectral distribution 
of ZC shows strong signals confining to the equator and 

near-equatorial region at all the temporal modes. In close 
agreement with the distributions shown in all the atlases on 
the near-surface circulation derived from ship drift vectors 
(KNMI 1952; Cutler and Swallow 1984; Rao et  al. 1991; 
Mariano et al. 1995) and from satellite measurements (Rao 
et  al. 2009b) the annual mode shows large signals in the 
regions of the Summer and Winter Monsoon Currents north 
of the equator and of the South Equatorial Current south of 
the equator while the semiannual mode shows a very pro-
nounced signal only in the western EIO a little away from 
the east African coast caused by Wyrtki jets where a cor-
responding signal is also seen in the ZW field. Pronounced 
signals are also seen at the intraseasonal mode off the 
Somalia coast and in the eastern EIO as reported by Sen-
gupta et al. (2001a).

4.2 � Evolution of seasonal cycle of ZWs along the 
equator in the Indian Ocean

The observed climatology of the annual cycle (1999–
2008) of the QuikSCAT (Wentz et  al. 2001) surface ZWs 
along the equator shows a distinct semiannual mode with 

Fig. 3   Observed annual cycle of mean (m/s) and variance (m2/s2) of QuikSCAT surface ZWs along the equator (40°E–100°E) for the period 
1999–2008
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embedded intraseasonal oscillations on time scales of 
10–40 day periods peaking during the transitions between 
both the monsoons (Knox 1976; McPhaden 1982; Rao 
et  al. 2009a; Fig.  3). The patch of westerly winds is 
stronger and wider in spatio-temporal extent during the 
boreal fall transition than during the boreal spring transi-
tion. The amplitude of intraseasonal ZW fluctuations in 
the central and the eastern EIO is as large as the semian-
nual component as suggested by Goswami and Sengupta 
(2003). Between 60°E and 100°E, the westerly (easterly) 
winds blow over relatively longer (shorter) duration and 
are relatively stronger (weaker). During December–March 
along the western equator the easterly winds are relatively 
stronger. The variance of the westerly ZWs is larger over 
the eastern EIO almost throughout the year showing mod-
ulations in the intensity. Strong patches of variance are 
seen in the eastern EIO during the summer monsoon and 
the boreal fall transition and to a lesser degree during the 
boreal spring transition primarily driven by the variabil-
ity of the organized moist convection in the atmosphere 
(Reverdin et al. 1986).

The WWBs occur on intraseasonal time scale almost 
throughout the year with speeds in excess of 5 m/s shown 
in Fig. 4 are the most striking features of the seasonal cycle 
of the ZW field over the central and eastern EIO. They 
show a longer temporal manifestation during the boreal fall 
transition than during the boreal spring transition. Analy-
sis of historic ship reports (1954–1976) by Reverdin et al. 
(1986) has shown strong wind anomalies forced by the 
rainfall anomalies in the central and eastern EIO during the 
boreal fall transition. The zonal scale of WWBs is compa-
rable to the size of the basin only during both the transition 
periods. A distinct year-to-year variability in the distribu-
tion of WWBs is seen during the observational record of 
2001–2008. During some years, these WWBs also occur 
during the summer monsoon season but mostly confining 
to the eastern EIO. The WWBs are more pronounced dur-
ing the summer monsoon seasons of certain years such as 
2001, 2002, 2004 and 2005. During the boreal winter, east-
erlies occur in the western EIO and they extend occasion-
ally eastward. These easterlies are also seen in the central 
and eastern EIO during summer monsoon season, more 

Fig. 4   Evolution of 3 day moving averages of QuikSCAT surface ZWs (m/s) along the equator (40°E–100°E) in the Indian Ocean during the 
years 2001–2008 (years increasing downward in the vertical panels)
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pronounced during the years such as 2003, 2006, 2007 and 
2008 when the WWBs are absent. The occurrence of east-
erlies also clearly shows up the signature of the IOD event 
over the eastern EIO during August–November, 2006.

4.3 � Evolution of seasonal cycle of ZCs at the Equator, 
90°E

The daily evolution of ZCs at the Equator, 90°E between 40 
and 350 m depths during the individual years 2001–2008 
(Fig.  5) shows that the observed flow patterns are unique 
during each year. As reported by the earlier investigators, 
the near-surface layer is characterized by strong eastward 
flowing intraseasonal jets that are more pronounced dur-
ing both the monsoon transitions. These eastward jets are 
accelerated by the ZW stress, but decelerated by the time-
varying ZPG resulting in subsequent westward flow last-
ing a month or longer (Knox 1976). These jets are almost 
absent during January–March as also reported by Sengupta 
et  al. (2007) in their model simulation. McPhaden (1982) 
has suggested that these jets are the manifestation of a 
forced 30–60  day ocean response based on observations 

near the Gan Island. In general, more intraseasonal events 
in the ZC are seen during the boreal fall transition in com-
parison to that of the boreal spring transition. Relatively 
short lived intraseasonal jets are also seen during the sum-
mer monsoon season, but with large internannual variabil-
ity. For example, these intraseasonal jets are most (least) 
pronounced during 2005 (2007). The subsurface eastward 
flow in the upper thermocline (80–160  m) named as the 
equatorial undercurrent (EUC) is a transient feature related 
to propagating wave dynamics (Schott and McCreary 
2001). The eastward flowing EUC shows strong seasonal 
asymmetry—the EUC is more pronounced during March–
April than that of during October–November, with the only 
exception of the IOD year 2006. Large interannual variabil-
ity during both the monsoon transitions is primarily attrib-
uted to differences in the surface ZW field as reported ear-
lier by Knox (1976) and Iskandar et al. (2009). The boreal 
fall transition EUC was almost absent during 2001, 2003, 
2007 and 2008 while it was more pronounced during 2002, 
2004 and 2006 which is an IOD year. Similarly, the EUC 
during the boreal spring transition also shows large interan-
nual variability. It is most (least) pronounced during 2003, 

Fig. 5   Evolution of 3 day moving averages of JAMSTEC ADCP ZCs (cm/s) at the Equator, 90°E in the 40–350 m water column during 2001–
2008 (years increasing downward in the vertical panels)
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2004, 2005 and 2006 (2001 and 2008). Another interesting 
feature is the observed interannual variability of the west-
ward flowing undercurrent in the subsurface layer. Dur-
ing normal years, the westward flow occurs twice a year 
with upward phase propagation. But during years when 
the WWBs are replaced by easterlies over the central and 
eastern EIO during the summer monsoon season as seen 
in Fig.  4, an anomalous westward flow occurs during the 
height of the summer monsoon season as seen during 
years such as 2003 and 2007. Further, a careful examina-
tion also reveals that, the annual cycle of the ZC is gener-
ally weaker during 2001 and 2008 in comparison with the 
rest of the years. The probable reasons for these differences 
on interannual time scale will be examined in the subse-
quent sections. In addition, the signature of the IOD event 
that occurred during 2006–2007 is also clearly seen in the 
observations in accordance with Gnanaseelan et al. (2012).

The observed multi-year (2000–2009) averaged daily 
ADCP ZC between 40 and 350  m depths recorded at the 
Equator, 90°E (Fig. 6) shows periodic east–west reversals 
throughout the water column predominantly at the semian-
nual frequency. The associated upward phase propagation 

indicates the influence of eastward propagating Kelvin 
waves. Data from current meter moorings in the western 
EIO have also shown upward phase propagation in the sem-
iannual signal in the thermocline (McPhaden 1982; Luyten 
and Roemmich 1982; Reppin 1999). In general, the ZC 
is stronger in the near-surface layer in comparison to that 
of in the subsurface layer. The semiannual signal is more 
pronounced in the subsurface layer while it gets masked 
by the occurrence of intraseasonal jets in the near-surface 
layer (Webster et  al. 2002; Senan et  al. 2003; Masumoto 
et al. 2005; Sengupta et al. 2007). In the near-surface layer, 
the ZC mostly flows eastward with sporadic intensifications 
occurring on intraseasonal time scale during March–July 
and September–December. It reverses its flow towards west 
only during January–February and August. The EUC is 
most pronounced in the depth range of 80–160  m during 
March–April and October–November. In the upper thermo-
cline (100–200  m) a westward flowing undercurrent with 
upward phase propagation is also seen during November–
February. Another westward flow first appears at depths of 
250–350  m in March–April with upward phase propaga-
tion and generally peaks near the surface by August. The 

Fig. 6   Annual cycle of JAMSTEC ADCP daily mean (cm/s) and standard deviation (cm/s) of ZC at the Equator, 90°E in the 40–350 m water 
column during the period 14 November, 2000–21 March, 2009
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direction and the intensity of the flow in the near-surface 
layer are determined by the prevailing ZWs through local 
frictional coupling (Yoshida 1959; O’Brien and Hurlburt 
1974; Knox 1976; Philander and Pacanowski 1980; Cane 
1980; McPhaden 1982; Philander 1990; Han 2005; Masu-
moto et  al. 2005; Sengupta et  al. 2007). The equatorial 
ocean responds to westerly winds by developing accelerat-
ing eastward jets in a few days, and intraseasonal WWBs 
are capable of producing strong equatorial jets. On the 
other hand the direction and the intensity of the flow in 
the subsurface layer are determined by the ZPG set up by 
both the surface ZW field and the propagating Kelvin and 
Rossby wave fields in the equatorial wave guide (Bubnov 
1994; Senan et al. 2003; Sengupta et al. 2007; Nagura and 
McPhaden 2008; Iskandar et  al. 2009). The variance of 
ZC is much stronger in the near-surface layer and appears 
patchy primarily caused by variability both on intrasea-
sonal and interannual time scales. It is much weaker during 

February–March when the intraseasonal jets in ZC field are 
also absent in the near-surface layer.

4.4 � Evolution of seasonal cycle of SSHA along the 
equator in the Indian Ocean

Both the boreal spring and the boreal fall WJs lead to 
increase the east–west slope of the thermocline and the 
mean sea level in the EIO (Wyrtki 1973; Bubnov 1994). 
When westerly (easterly) winds blow over the equator, 
downwelling (upwelling)-favorable equatorially trapped 
Kelvin waves radiate into the eastern ocean, deepening 
(shoaling) the thermocline there. These waves reflect from 
the eastern boundary as packets of coastally trapped Kel-
vin and Rossby waves, spreading the deepening/shoal-
ing well off the equator. Rossby waves can also be gen-
erated in the off-equatorial regions through forcing by a 
patch of anticyclonic (downwelling) Ekman pumping in 

Fig. 7   Evolution of 3  day moving averages of AVISO SSHA (cm) 
along the equator (2°S–2°N) during 2001–2008 (years increasing 
downward in the vertical panels) (only zero line is contoured to high-

light the eastward propagating signatures of the downwelling Kelvin 
waves during boreal spring and boreal fall seasons)
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the eastern ocean. Then downwelling favorable Rossby 
waves radiate from the forcing region, deepening the 
thermocline in the western ocean (Schott et  al. 2009). 
In the Indian Ocean, the energy imparted by the surface 
wind field is carried eastward along the equatorial wave 
guide as both downwelling and upwelling Kelvin waves 
and traverse around the rim of the Bay of Bengal and off 
the west coast of Indonesia. The signature of this wave 
propagation along the equator is clearly seen from the sat-
ellite derived altimetry and surface wind measurements 
(Iskandar et  al. 2009; Rao et  al. 2010). The WWBs pro-
duce downwelling Kelvin waves that propagate eastward 
along the equator (O’Brien and Hurlburt 1974; McPhaden 
1982; Visbeck and Schott 1992; Jensen 1993; McCreary 
et  al. 1993; Han et  al. 1999, 2001). When these WWBs 
weaken during July–August or are replaced by easterlies 
during boreal winter, the upwelling Kelvin waves are trig-
gered and propagate eastward along the equator. In a year, 
two pairs of upwelling and downwelling Kelvin waves 
propagate eastward alternately (Iskandar et al. 2009; Rao 

et al. 2010). The signatures of these upwelling and down-
welling Kelvin waves are best captured in the longitude-
time fields of SSHA in the EIO (Fig. 7). These fields show 
strong eastward propagating semiannual signals along the 
equator. The deepening (shoaling) of thermocline and the 
associated increase (decrease) of SSHA during April–
June (January–March) and October–December (August–
September) is a clear manifestation of the downwelling 
(upwelling) Kelvin waves. In addition, these Kelvin waves 
also reflect (trigger) Rossby waves that propagate west-
ward both along and off the equator (Potemra et al. 1991; 
Yu et  al. 1991). These waves in turn contribute to the 
observed semiannual variability seen in the ZC field along 
the equator. Although the SSHA field is relatively weaker 
corresponding to weaker ZC field during 2001, such cor-
respondence is not seen during 2008 for reasons unclear. 
It is interesting to note that the Indonesian Through flow 
along Makassar Strait has also shown anomalous shoaling 
of the core of the maximum flow with warmer waters dur-
ing 2007 and 2008 in association with three consecutive 

Fig. 8   Amplitudes of variance preserving power spectra of OLR 
(topmost panel), ZW (second topmost panel), and SSHA (third top-
most panel) along the equator and ZC (bottom panel) at the Equator, 

90°E. (Units are arbitrary and are multiplied by appropriate scale fac-
tors for easy comparison. Vertical lines indicate the most prominent 
periods for easy reference.)
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positive IOD events during 2006–2008 (Gordon et  al. 
2009).

4.5 � Spectra of OLR, ZW, SSHA along the equator 
and ZC at the equator, 90°E

The observed variability of the ZC at the Equator, 90°E 
and related parameters such as OLR, ZW, SSHA along the 
equator is synthesized through their variance preserving 
power spectral distributions following Hino (1977; Fig. 8). 
The amplitudes of power spectra are shown for periods in 
the temporal range of 8–256 days as the annual frequency 
is relatively weaker along the equator. In the western EIO, 
the OLR spectra show a strong signal at the semiannual 
period associated with seasonally reversing monsoons. On 
the other hand, in the eastern EIO, pronounced intrasea-
sonal signals associated with atmospheric moist convection 
with time periods 10–60  days are the most notable ones. 
The spectra of the surface ZW show most pronounced sig-
nal in the central EIO at the semiannual period in agree-
ment with Fu (2007). In tune with OLR, it also shows 
pronounced intraseasonal signals with time periods 
10–60 days covering the MJO band in the central and east-
ern EIO. In addition, a relatively weaker signal at 90 day 
period is also seen in the western EIO. Interestingly the 
spectra of SSHA show two major peaks, one with its core 

lying around 50°E and the other with its core lying around 
95°E, both slightly away from the coastal boundaries con-
sistent with earlier studies (Le Blanc and Boulanger 2001; 
Fu 2007). Another minor peak around 75 days is also seen 
very close to the eastern rim of the EIO. At the semiannual 
frequency, the ZC shows a spectral peak in the upper ther-
mocline (core in the depth range of 80–160  m where the 
EUC is located) while the other peaks are noticed in the 
near-surface layer at intraseasonal periods of 30–90 days. 
It is quite clear that the coupling between the surface ZW 
field from 60°E to 80°E along the equator and ZC in the 
upper thermocline at the Equator, 90°E at the semiannual 
frequency is quite strong in agreement with Hase et  al. 
(2008). Earlier modeling studies (Yuan and Han 2006; Sen-
gupta et al. 2007) have clearly shown that the peak in the 
upper thermocline is in response to the ZPG set up by the 
ZW and propagating wave fields. The intraseasonal winds 
cause the 30–90 day peaks within the near-surface layer. A 
good one to one correspondence is seen between the peaks 
of ZC and ZW at 30–40 day period. However, it is inter-
esting to note that 40–60 day peak is relatively stronger in 
ZC although a corresponding stronger peak is not seen in 
the ZW. The peak at 90 days in the ZC is also pronounced 
although the corresponding ZW peaks both in the west and 
east are not strong. In an OGCM simulation, Han (2005) 
has found near the surface, the spectral peaks of currents 

Fig. 9   Evolution of 3 day moving averages of NOAA OLR (W/m2) 
(2.5°S–2.5°N) (top panel), QuikSCAT ZW (m/s) (1°S–1°N) along the 
equator (middle panel) and JAMSTEC ADCP ZC (cm/s) at the Equa-
tor, 90°E (bottom panel) during two contrasting years 2005 and 2007. 

(OLR >230 W/m2 is suppressed to highlight organized moist atmos-
pheric convection. Positive values of ZW speed @ 5  m/s are only 
contoured to highlight WWBs)



1092 R. R. Rao et al.

1 3

and sea level at the 30–60  day period are directly forced 
by winds that peak at 30–60  days. At the 90  day period, 
both the observed and the model simulated sea level anom-
aly fields show that equatorial Kelvin and first meridional 
mode Rossby wave structures are forced by the 90  day 
winds. Han (2005) has also shown that this selective 
response arises mainly from the resonant excitation of the 
second baroclinic mode waves by the 90 day winds. In this 
case, the Rossby waves reflected from the eastern boundary 
enhance the directly forced response in the ocean interior, 
strengthening the 90  day peak. The 90  day time scale is 
intrinsic to the equatorial adjustment of the Indian Ocean to 
intraseasonal westerly winds (Sengupta et al. 2007).

5 � Governing mechanisms

5.1 � Role of intraseasonal WWBs

In the tropical troposphere strong organized moist atmos-
pheric convection is characterized by low values of OLR 
(Liebmann and Smith 1996). Eastward propagating OLR 
minima over the central and eastern EIO in association with 

the MJO (Madden and Julian 1972) and the summer mon-
soon (Sikka and Gadgil 1980; Goswami and Ajai Mohan 
2001) show strong intraseasonal variability with periods of 
10–60  days. The WWBs associated with the atmospheric 
heating to the east (Gill 1982) also show corresponding 
intraseasonal oscillations with the periods of 10–40  days. 
The evolution of both OLR and ZW along the equator and 
of ZC at the Equator, 90°E for two contrasting years 2005 
and 2007 clearly demonstrates the role of the WWBs in the 
generation of the intraseasonal jets in the ZC field of the 
near-surface layer through local frictional coupling (Fig. 9). 
A striking contrast is clearly seen in the intraseasonal vari-
ability of ZW and OLR (short lived east of 70°E) between 
both the years. The occurrence of strong WWBs is more 
pronounced in number, duration and intensity during 2005 
in comparison to 2007. This difference has produced a cor-
responding difference between both the years in the distri-
bution of eastward flowing jets in the ZC field in terms of 
their number, duration and vertical extent. The excellent 
one-to-one correspondence between the ZW and ZC jets is 
distinctly seen like a mirror image during 2005 and 2007 
although the ZC jets lag the WWBs by a few days as simu-
lated by Senan et al. (2003) and Sengupta et al. (2007). In 

Fig. 10   Coherence (top panel in arbitrary units) and phase (bottom panel in degrees) between the ZC averaged over 40–80 m layer at the Equa-
tor, 90°E and the ZW along the equator. (Vertical lines indicate the most prominent periods for easy reference.)
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general, similar features are also noticed during the other 
years of this observational study.

The cross spectra between the depth averaged near-
surface (40–80 m) and subsurface (80–160 m) ZCs at the 
Equator, 90°E and the ZWs along the equator as coherence 
and phase are shown in Figs. 10 and 11 respectively. The 
coherence between near-surface ZCs and the equatorial 
ZWs is strongest at the semiannual period in the western 
and central EIO. This is in accordance with the earlier stud-
ies of Hase et  al. (2008) and Iskandar et  al. (2009). The 
phase difference of ZW variation at 60°E and the near-sur-
face ZC variation at 90°E at the semiannual period is about 
10 days. This indicates that the signal propagates eastward 
at about 3.8 m/s which is the speed of the eastward mov-
ing meteorological systems along the equator. In addition 
peaks at 41, 51 and at 95 day periods in the intraseasonal 
band are also noticed in the eastern EIO. On the other hand, 
the coherence between subsurface ZC and the equato-
rial ZWs is strongest at the semiannual period only in the 
western EIO (Fig.  11). The phase difference of ZW vari-
ation at 60°E and subsurface ZC variation at 90°E at the 
semiannual period is about 41 days. This indicates that the 
signal propagates eastward at about 0.93 m/s which may be 

a value between the characteristic speeds of the second and 
third baroclinic modes that is in general agreement with 
Iskandar et al. (2009) and Hase et al. (2008). There is also 
a suggestion of moderately strong coherence near 30 and 
90 day periods in the eastern EIO.

5.2 � Role of alongshore winds off the Somalia coast

In the northern (southern) hemisphere, alongshore winds 
with coastline to the right (left) excite coastal Kelvin waves 
that propagate along the coast (Gill 1982). The winds off 
the east coast of Somalia show a strong seasonal cycle. 
Northeasterlies (southwesterlies) blow during Novem-
ber–March (April–October; Rao et  al. 2009a) favoring 
the excitation of downwelling (upwelling) coastal Kelvin 
waves north (south) of the equator off the Somalia coast 
(Izumo et  al. 2008). Shankar et  al. (2002) in their model 
simulation have carried out a sensitivity study to isolate 
the effect of the alongshore wind stress off the Somalia 
coast on the equatorial processes. They have found that the 
effect of the alongshore Somalia winds is felt in the EIO 
via the Kelvin wave propagation. The winds off the Soma-
lia coast force strong local upwelling during the summer 

Fig. 11   Coherence (top panel in arbitrary units) and phase (bottom panel in degrees) between ZC averaged over 80–160 m layer at the Equator, 
90°E and the ZW along the equator. (Vertical lines indicate the most prominent periods for easy reference.)
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monsoon, and this signal is carried into the EIO, forcing 
a westward, upwelling-favourable equatorial current. This, 
together with the effect of the Rossby wave reflected from 
the coast of Sumatra in May, ensures a westward equato-
rial current during June–September in the eastern EIO and 
weakens the eastward current in the western EIO. This 
separates the eastward Summer Monsoon Current south of 
Sri Lanka from the westward flow at the equator. In another 
modeling study, Yuan and Han (2006) have shown that the 
alongshore winds off the Somalia coast and the Rossby 
waves in the off-equatorial regions contribute significantly 
to the annual harmonics of the equatorial Kelvin waves 
at the western boundary. The annual harmonic of the sea 
level remains large, producing a dominant annual oscilla-
tion of sea level in the central EIO. Thus, one would expect 
that these alongshore winds would significantly contribute 
to the evolution of the ZC field in the EIO on the annual 
mode. The observed alongshore winds off the Somalia 
coast within 2° of the equator with a primary focus during 

the preceding boreal winter are examined for the period 
of this study (Fig.  12). In general, bursts of northeasterly 
winds blow off the coastline during November–March, 
with significant differences among some years. These dif-
ferences are in terms of total number of bursts, intensity 
and duration of their occurrence. Clearly the northeast-
erlies were less pronounced during the boreal winters of 
2000–2001 and 2007–2008 in comparison to the rest of the 
winters. These differences in the surface wind forcing are 
expected to manifest their signatures in the annual mode of 
the zonal gradient of SSHA in the EIO and in the ZC field 
at the Equator, 90°E in the following year. Interestingly, the 
observed ZC field is also less pronounced during the fol-
lowing years, i.e. during both 2001 and 2008 (Fig. 5). Simi-
larly the observed ZC field is more pronounced during the 
following years, i.e. during 2004, 2005 and 2007 when the 
alongshore winds are relatively stronger during the preced-
ing boreal winters lending support to earlier modeling stud-
ies. Away from the western boundaries, instabilities cannot 

Fig. 12   Evolution of 3 day moving averages of QuikSCAT alongshore surface winds off the Somalia coast during October–April for the years 
2000–2008
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grow to large amplitude because their energy is rapidly 
removed by propagating waves (Philander 1990; Sengupta 
et al. 2001a).

5.3 � Role of propagating waves

Recently Iskandar et  al. (2009) and Rao et  al. (2010) 
have shown that the annual cycle of eastward propagat-
ing Kelvin wave field in the equatorial waveguide of the 
TIO is composed of two pairs of alternate upwelling (first 
one occurring during January–March and the second one 
occurring during August–September) and downwelling 
(first one occurring during April–June and the second 
one occurring during October–December) waves. These 
waves produce horizontal variability in the ZPG field 
which influences the ZC field. The available long record 
of TRITON moored CTD data at 1.5°S and 90°E, per-
mits to test this feature. The temporal evolution of ver-
tical temperature and salinity fields of the uppermost 
200  m water column at this location during 2001–2007 
is shown in Fig.  13. In the thermocline the vertical 

oscillations of isotherms show a pronounced semiannual 
cycle. The salinity distribution also shows semiannual 
oscillation, with the occurrence of patches of subsurface 
maxima associated with the eastward flow originated in 
the Arabian Sea (Eriksen 1979; Hase et  al. 2008). The 
relationship between the ZC variability and the isopyc-
nal displacement is rather complex due to a mix of the 
semiannual and intraseasonal signals. In the surface layer, 
the eastward flowing ZCs associated with the intrasea-
sonal Kelvin waves are accompanied with the downward 
isopycnal movements, showing the typical Kelvin wave 
responses. On the other hand, the eastward flowing ZCs 
in the pycnocline layer between 70 and 150 m depths do 
not show clear in-phase relation with isopycnal displace-
ment. This is probably due to contamination of the semi-
annual signal of the reflected Rossby wave, as mentioned 
in Iskandar et al. (2009). The co-evolution of the ZC field 
and the isopycnals in the pycnocline shown in Fig.  13 
supports the importance of the equatorial wave dynamics 
on the variability in the ZC and pycnocline displacement, 
which is first identified by the modeling studies.

Fig. 13   Depth-time sections of temperature (°C) (top panel), salinity (PSU) (middle panel) at 1.5°S, 90°E in the upper most 200 m water col-
umn and ZCs (cm/s) at the Equator, 90°E in the 40–200 m water column with overlaid sigma-t contours (bottom panel) during 2002–2007
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The concurrent time series measurements of ZCs made 
from two ADCP moorings co-located on the equator (at 
90°E of JAMSTEC, Japan and at 80.5°E of PMEL, USA 
during the period 27 October, 2004–7 August, 2008) in the 
Indian Ocean have provided a unique observational frame-
work to test the results of numerical modeling studies and 
satellite altimetry measurements that show the signatures of 
eastward propagating Kelvin waves in the equatorial wave 
guide forced by the surface ZW field. The cross spectra 
of ZCs recorded in the depth range of 40–160 m at these 
two sites as coherence and phase are shown in Fig. 14. In 
general the coherence between these two records is strong 
at the semiannual period throughout the depth range of 
40–160 m with the strongest values occurring around 140 
and 60  m depths. At intraseasonal periods (30–60  days) 
the coherence is limited to the near-surface layers only. 
At 140  m depth, the phase difference between both the 
records of about 6  days (signal lags at 90°E) suggests 
eastward propagation speed of the signal of about 2  m/s 
in close agreement with the phase speed of the baroclinic 
mode equatorial oceanic Kelvin waves (probably 2 m/s is 
the phase speed just between the first and second baroclinic 
modes). The speed of the Kelvin wave in the sea level data 

derived from AVISO SSHA is 2 m/s to the east (Le Blanc 
and Boulanger 2001). At 60  m depth, large coherence is 
noticed between the ZCs at 80.5°E and 90°E at 60  day 
period. The signal at 80.5°E leads that at 90°E with a phase 
difference of 6.6 days translates into propagation speed of 
about 1.83  m/s which broadly agrees with the eastward 
propagation speed of the Kelvin wave along the equator.

5.4 � Role of ZPG

During boreal winter, the generation of eastward pressure 
gradient which drives an eastward flow in the thermocline, 
is caused primarily by upwelling equatorial Kelvin waves 
excited by prevailing easterly winds. On the other hand, 
the downwelling Rossby waves generated by the reflec-
tion of the spring downwelling Kelvin waves by the east-
ern boundary, as well as the upwelling equatorial Kelvin 
waves triggered by easterlies, create an oceanic state that 
favors the generation of the eastward pressure gradient 
during boreal summer (Iskandar et  al. 2009). Senan et  al. 
(2003) have shown close agreement between the zonal 
gradients of dynamic height from an OGCM simulation 
and SSHA for this region. In the absence of reliable and 

Fig. 14   Coherence (top panel in arbitrary units) and phase (bottom panel in degrees) between ZC over 40–160 m water column at the Equator, 
90°E and the ZC over 40–160 m water column at the Equator, 80.5°E. (Vertical lines indicate the most prominent periods for easy reference.)
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sufficient data on dynamic height derived from direct meas-
urements of temperature and salinity profiles prior to 2004 
from ARGO, the zonal gradient of SSHA along the equator 
is estimated from the averaged values of SSHA over two 
boxes in the west and east to represent ZPG. The choice of 
geographic locations for these two boxes was made based 
on the geographic location of spectral peaks of the SSHA 
close to the western and eastern rims shown in Fig. 8. The 
distribution of annual cycles of zonal gradient of SSHA in 
the EIO and the ZC of the subsurface layer at the Equator, 
90°E for two contrasting years 2001 and 2004 is shown in 
Fig. 15. Both the parameters show a clear semiannual cycle 
with their peaks occurring with a phase difference of about 
1  month—the time Kelvin waves take to propagate from 
the western rim to the eastern rim in the EIO. Interestingly 
both the years 2001 (weak) and 2004 (strong) show large 
differences in the amplitudes of the zonal SSHA gradient 
and ZC in tune with the corresponding differences in the 
amplitude of the alongshore winds during the respective 
preceding winters off the Somalia coast.

5.5 � Role of near‑surface stratification

The role of near-surface salinity structure in the definition 
and dynamics of the mixed layer is increasingly recognized 
in the recent years. In a model simulation, in the eastern 
EIO, occurrence of rainfall during summer monsoon and 
boreal fall strengthens the boreal fall WJ due to thinning 
of the mixed layer in association with the salinity induced 
near-surface stratification (Han et al. 1999). Masson et al. 
(2002) have examined the seasonal variability and the for-
mation mechanisms of the barrier layer in the eastern EIO 
from a 15 year OPA OGCM model simulation. They have 
found that the eastward advection of warm salty water by 
the WJ down to about 100 m and the northward advection 
of low salinity waters at the surface play an important role 
in the formation of the barrier layer. In another OGCM 
simulation, Masson et al. (2004) have shown the contribu-
tion of salinity induced stratification on the boreal fall WJ 
dynamics. The results of these modeling studies can be 
validated by combining the ADCP current measurements 
made at the Equator, 90°E and the vertical temperature and 
salinity profiles made by the TRITON CTD mooring at a 
nearby location 1.5°S, 90°E. Utilising both the temperature 
and salinity profiles the BLT is estimated following Lukas 
and Lindstorm (1991) and Sprintall and Tomczak (1992). 
The time series of observed ZC averaged over the near-
surface (40–80 m) layer and the estimated BLT are shown 
for the years 2002–2007 (Fig. 16). The BLT shows strong 
seasonality with its minimum values occurring during Feb-
ruary–March when the ZC field is relatively devoid of jets. 
During this period, in addition to the absence of WWBs 
low values of BLT also contribute to the absence of strong 
ZCs. The large values of BLT during the boreal spring and 
the summer monsoon season further help the WWBs to 
produce strong jets in the near-surface ZC field. The time 
series of 30–60  day bandpass filtered ZC averaged over 
40–80 m depth and the BLT are shown for the years 2002–
2007 in Fig.  17. In general, the temporal correspondence 
of these two time series both in amplitude and in phase is 
quite high indicating a strong relationship between the two. 
The ZC lags the BLT by about 4–5  days suggesting that 
this is the response time for the ZCs to build up under the 
ZW forcing when the mixed layer thins due to increase in 
BLT. Han et al. (1999) have indicated that the vertical shear 
of the ZC above the thermocline associated with the BLT 
further strengthens the surface jets owing to the trapping of 
momentum into the surface mixed layer.

The scatter between the 30 and 60  day bandpass fil-
tered BLT and ZC averaged over 40–80 m water column is 

Fig. 15   31 day moving averages of zonal gradient of AVISO SSHA 
(cm) (black lines) between the western EIO (2°S–2°N, 45°E–55°E) 
and the eastern EIO (2°S–2°N, 90°E–100°E) (shown in the top panel) 
and ZC (cm/s) (blue lines) at the Equator, 90°E (80–160 m) during 
two contrasting years 2001 (middle panel) and 2004 (bottom panel)
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shown in Fig. 18 for boreal spring and boreal fall months 
and the rest of the months in a year. Clearly an elliptical 
distribution suggests a strong relationship between BLT 
and ZC during both the monsoon transition months with a 
positive correlation coefficient of 0.57. On the other hand 
the relationship between these two is weak during the rest 
of the months in a year. The cross spectra between BLT and 
ZC averaged over 40–80 m layer is shown in Fig. 19. The 
coherence between BLT and ZC is quite pronounced at the 
semiannual period. In addition, strong peaks also occur in 
the temporal range of 30–60  days. The phase difference 
corresponding to the semiannual period suggests that the 
ZC builds up due to thinning of mixed layer due to increase 
in BLT in about a month’s time.

6 � Relationship with SST

In regions of warm SST and strong atmospheric convective 
activity such as the eastern EIO, small variations in SST 
can have significant impact on the interactions between 
the ocean and atmosphere. The SST of the eastern EIO is 
potentially affected by the WJs, which strongly deepen the 
thermocline by about 100 m associated with the presence 
of the barrier layer (Murtugudde and Busalacchi 1999; 

Masson et  al. 2002). The zonal evolution of the observed 
annual cycle of the TRMM TMI SST (>29  °C) along the 
equator during the years 2001–2008 is presented in Fig. 20. 
In general, the distributions show semiannual variability 
with large (moderate) amplitude in the western (central and 
eastern) EIO. The strong cooling associated with both the 
boreal summer and boreal winter monsoons contribute to 
large semiannual variability in the westernmost region. The 
spring SST maxima (>29 °C) encompassing the central and 
the eastern EIO is the most pronounced signal during all the 
years. Similar to OLR and WWBs, intraseasonal oscilla-
tions are also seen in the evolution of SST almost through-
out the year in the central and eastern EIO. The oscillations 
in these three fields are intimately coupled with each other 
through strong air-sea interaction processes (Sengupta 
et  al. 2001b). The most striking feature of these distribu-
tions is the weak spring warming during the years 2008 and 
2001—the surface expressions of the years of relatively 
weak ZC field. It is hypothesized that these anomalous 
weak heating patterns are likely to result from anomalous 
wave induced themocline/mixed layer depth distributions 
and the surface net air-sea heat flux forcings. Recently Rao 
et al. (2010) have shown large interannual variability in the 
eastward propagating Kelvin waves in the EIO. Their anal-
ysis has also indicated that the boreal spring Kelvin wave 

Fig. 16   Daily evolution of vertically averaged ZC (cm/s) (40–80 m) at the Equator, 90°E (blue dashed line) and BLT (m) at 1.5°S, 90°E (black 
line) during 2002–2007 (years increasing downward in the vertical panels)
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during 2001 is less pronounced than that of during 2004. 
It is therefore quite likely that the mixed layer depth and 
thermocline during the boreal springs of 2008 and 2001 are 

shallower than those of during any other year of strong SST 
maxima during boreal spring resulting in weaker heating of 
the mixed layer due to greater penetration of solar radiation 

Fig. 17   Daily evolution of 30–60 day bandpass filtered vertically averaged ZC (cm/s) (40–80 m) at the Equator, 90°E (blue line) and BLT (m) at 
1.5°S, 90°E (black line) during 2002–2007 (years increasing downward in the vertical panels)

Fig. 18   Scatter plots between 30 and 60  day bandpass filtered BLT and ZC averaged over 40–80  m water column for monsoon transition 
months (left panel) and other months (right panel)
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beneath the shallow mixed layer base—a process very 
much applicable to the warm pool regions in the tropical 
oceans (Vialard and Delecluse 1998a, b; Rao and Sivaku-
mar 1999, 2000; Sengupta et al. 2002, 2008). Conversely, 
a downwelling Kelvin wave travelling along the equator 
will depress the thermocline; consequently the mixed layer 
becomes deeper and an anomalously warm surface layer is 
formed. Hence changes in SST are also indicative of verti-
cal motions of the thermocline, which in turn can be related 
to the motion of the propagating waves in the equatorial 
wave guide.

In order to justify this speculation, the daily evolution 
of estimated WHOI surface net heat flux of Yu et al. (2008) 
along the equator is shown for two contrasting years 2001 
and 2004 (Fig. 21). The distribution of surface net heat flux 
shows striking differences that are not in tune with the cor-
responding observed differences in the SST fields. This 

clearly suggests that although the surface net heat flux is 
larger during January–April 2001 in comparison to that of 
2004, the spring SST of 2001 is relatively cooler than that 
of 2004 due to shallow mixed layer caused by weak Kelvin 
wave activity resulting in greater penetration of insolation 
beneath the shallow mixed layer base. However, the avail-
ability of limited number of ARGO temperature profiles 
before 2003 providing incomplete descriptions of mixed 
layer depth field along the equator and the non-availability 
of surface net heat flux data for 2008 do not permit to make 
a meaningful mixed layer heat budget analysis to resolve 
this issue at present. In addition, the unusual occurrence of 
WWBs during January–March also contribute to anoma-
lous boreal spring heating in 2001 and 2008. The heat 
budget of the mixed layer for the contrasting years will be 
examined in detail in a separate study subsequently when 
the surface net heat flux data set for 2008 is available.

Fig. 19   Coherence (top panel in arbitrary units) and phase (bottom panel in degrees) between BLT at 1.5S, 90E and ZC (40–80 m) at Equator, 
90E (vertical lines indicate the most prominent periods for easy reference.)
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Fig. 20   Daily evolution of TRMM TMI SST (>29 °C) along the equator (averaged over 2°N–2°S) during 2001–2008 (years increasing down-
ward in the vertical panels)

Fig. 21   Daily evolution of WHOI surface net heat flux (W/m2) along the equator (averaged over 2°N–2°S) for the years 2001 and 2004
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7 � Summary and conclusions

On the basin scale, the ZWs show a strong semiannual signal 
in the western EIO a little away from the Somalia coast. On 
the intraseasonal mode the signal shifts to central and eastern 
EIO where the core of the warm pool is located. The signa-
tures of the semiannual signal in respect of SSHA and D20 
are pronounced in the north and south in the western EIO 
caused by the westward propagating Rossby waves and their 
boundary reflections. The ZC shows strong signals confining 
to the equator and near-equatorial regions at all the temporal 
modes. The observed annual cycle of the surface ZW clima-
tology along the equator shows a strong semiannual mode 
with embedded intraseasonal oscillations on time scales of 
10–40  day periods peaking during the transitions between 
both the monsoons. The variance of these westerly ZWs is 
larger over the eastern EIO. The intraseasonal WWBs show 
a strong semiannual cycle with peaks occurring during both 
the monsoon transitions and summer monsoon season only 
during some years. The ZCs between 40 and 350 m depths 
at the Equator, 90°E show periodic east–west reversals pro-
nounced at the semiannual frequency with upward phase 
propagation suggesting the influence of eastward propagat-
ing Kelvin waves. In the near-surface layer, the ZC mostly 
flows eastward with occasional intensification occurring on 
intraseasonal time scale during April–July and September–
December. The EUC is most pronounced in the depth range 
of 80–160  m during March–April and October–November. 
The direction and intensity of the flow in the near-surface 
layer are controlled by the prevailing ZWs through local fric-
tional coupling. On the other hand the direction and inten-
sity of the flow in the subsurface layer are determined by the 
ZPG set up by both surface ZW field and the propagating 
Kelvin and Rossby waves in the equatorial wave guide. In 
general, the ZC field is relatively weaker during 2001 and 
2008 in comparison to the rest of the years. Although the 
SSHA field is relatively weaker during 2001 corresponding 
to a weaker ZC field, interestingly such a correspondence is 
not seen during 2008 for reasons unclear. All the parameters 
such as OLR, ZW and SSHA show strong semiannual signal 
in the EIO with their maxima occurring at different locations 
along the equator. In response, the ZC also shows a strong 
semiannual signal in the depth range of 80–160  m where 
the core of the EUC is located. Spectral peaks at 10–60 day 
intraseasonal periods are also seen in OLR, ZW and ZC, 
while the ZC also shows an additional peak at 90 days due 
to resonant excitation of the second baroclinic mode waves 
forced by the 90 day winds.

The role of the zonal WWBs driven by the tropospheric 
heating caused by organized moist convection in generating 
the jets in the ZC field through local frictional coupling is 
shown with examples for two contrasting years 2005 and 
2007. The coherence between the near-surface (40–80  m) 

ZCs and the equatorial ZWs is strongest at the semiannual 
period in the western and central EIO. On the intraseasonal 
band, it is relatively more pronounced in the eastern EIO. 
On the other hand the coherence between the subsurface 
(80–160 m) ZC and the equatorial ZWs is strongest at the 
semiannual period in the western EIO. The examination 
of alongshore winds off the Somalia coast during the pre-
ceding boreal winter has shown an excellent relationship 
with the evolution of the ZC field at the Equator, 90°E in 
the following years. In agreement with the earlier modeling 
results, during the boreal winter transitions of 2000–2001 
and 2007–2008, relatively weaker alongshore winds off the 
Somalia coast have contributed to relatively weaker ZC field 
during 2001 and 2008. It can be hypothesized that stronger 
(weaker) alongshore winds off the Somalia coast drive 
stronger (weaker) coastal Kelvin waves that propagate along 
the wave guide of the equator of the EIO, set up stronger 
(weaker) ZPG resulting in a stronger (weaker) ZC field.

In the pycnocline the vertical oscillations show a pro-
nounced semiannual mode in tune with the propagating 
Kelvin waves throughout the record. The co-evolution 
of the ZC field at the Equator, 90°E and the isopycnals 
derived from the temperature and salinity fields in the pyc-
nocline at a nearby TRITON CTD mooring (1.5°S, 90°E) 
shows strong association of eastward (westward) flow with 
downwelling (upwelling) regime consistently throughout 
the record lending support to the influence of propagating 
Kelvin waves on the ZC field. The concurrent time series 
measurements of ZCs on the equator at 80.5°E and 90°E 
have shown the eastward propagation of baroclinic Kelvin 
waves with a speed of 2 m/s.

A nearby TRITON CTD mooring data have shown the 
evolution of BLT with rich seasonality. The annual cycle of 
BLT shows minimum values during February–March when 
the jets in the ZC field are also absent. The large values of 
BLT during the boreal spring and the summer monsoon fur-
ther help the WWBs to trigger jets in the near-surface ZC 
field. On intraseasonal time scale, the response time for the 
buildup of ZCs due to trapping of zonal momentum into a 
thinning mixed layer appears to be about 4–5 days. The evo-
lution of the Kelvin waves also appears to influence the sea-
sonal evolution of SST along the equator. For instance, in 
tune with the observed weak ZC field, the SST also showed 
weak surface expressions during the boreal spring seasons 
of 2001 and of 2008. A close examination of the avail-
able surface net heat flux however, does not justify such a 
strong contrast between the years 2001 and 2004 suggesting 
the possible role played by the shoaling of the mixed layer 
and the thermocline caused by a weak Kelvin wave activ-
ity resulting in increased penetration of insolation beneath 
the shallow mixed layer base during 2001. A detailed heat 
budget analysis of the mixed layer in the EIO is necessary to 
resolve this issue. In general the availability of recent high 
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resolution satellite measurements have played a critical role 
in our current understanding of the dynamics of the ZC in 
the EIO. Future analysis of long time series measurements 
made through the deployment of moored vertical arrays in 
their full measure under RAMA observational initiative in 
the TIO and improved models would provide answers to 
questions that remained unanswered in this study.
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