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cycles caused in the near off-equatorial region as a result of 
the westward propagation of the MRG waves are noticed 
in the pycnocline inferred from the vertical temperature 
and salinity profiles recorded by a nearby TRITON CTD 
mooring deployed at 1.5°S, 90°E. The observed sharp dif-
ferences in the MCs between years appear to be determined 
by the strengths of both MWs and barrier layer thickness. A 
suggestion of westward propagation of quasi-biweekly var-
iability in SST along the equator with phase speed resem-
bling that of the MRG waves is also episodically seen dur-
ing most years.

Keywords Meridional currents · Equator, 90°E · Indian 
Ocean · Intraseasonal variability · Interannual variability

1 Introduction

The measurements of horizontal currents made in the tropi-
cal Indian Ocean (TIO) although few, show rich temporal 
variability not only on seasonal time scale but also on intra-
seasonal and interannual time scales (Schott and McCreary 
2001; Schott et al. 2009). The first direct current measure-
ments made near the Gan Island in the central equatorial 
Indian Ocean (EIO) during 1973–1974 have suggested vari-
ability of the currents with periods shorter than 20 days in 
addition to strong zonal currents (ZCs) at semiannual fre-
quency associated with Wyrtki jets (Wyrtki 1973, Knox 
1976 and McPhaden 1982). Luyten and Roemmich (1982) 
have also found a strong signal in the 200 m deep MC spec-
trum of the data collected during April, 1979–June, 1980, 
with a peak at 26 days, that is not observed in the ZCs in the 
western EIO. This result is attributed to the mixed Rossby-
gravity (MRG) waves (or Yanai waves). The zonal wave-
length of this oscillation is estimated to be approximately 
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1100–2000 km, with meridional velocities of 15–30 cm/s 
(Reverdin and Luyten 1986; Tsai et al. 1992). In addition, 
these oscillations show a westward propagation along the 
equator, with eastward and downward energy propagation. 
But the phase can travel eastward or westward depend-
ing up on the frequency. In the central EIO, south of Sri 
Lanka, the direct current measurements made by Schott 
et al. (1994) during January, 1991–February, 1992 have 
also suggested the occurrence of oscillations of 10–20 day 
(quasi-biweekly) periods. South of Sri Lanka along 80.5°E, 
the ZC and upper-ocean zonal volume transports in the 
off-equatorial region from a meridional array of Acous-
tic Doppler Current Profilers (ADCPs) and Rotor Current 
Meters (RCMs) have also shown large fluctuations at quasi-
biweekly period. The subsequent direct current measure-
ments made along 80.5°E during July, 1993–September, 
1994 further confirmed the occurrence of 15 day spectral 
peak both in the equatorial MC and off-equatorial ZC (Rep-
pin et al. 1999) in agreement with the meridional structure 
of the wind forced MRG waves (Matsuno 1966; Gill 1982). 
In an OGCM simulation, Sengupta et al. (2001) have also 
shown that the intraseasonal fluctuations in the zonal trans-
port in the off-equatorial region forced by the wind stress, 
are associated with westward propagating MRG waves.

Understanding of MCs is important for the meridional 
heat and salt transport across the equator and for the shal-
low meridional overturning cell in the EIO (Loschnigg and 
Webster 2000, Miyama et al. 2003). The interannual vari-
ability in the Wyrtki Jet has significant influence on fresh 
water transport between the equatorial Indian Ocean and the 
Bay of Bengal (Thompson et al. 2006). Based on the direct 
current measurements made at 83°E (December, 2000–
December, 2001) and at 93°E (December, 2000–March, 
2002) on the equator and from an OGCM simulation, Sen-
gupta et al. (2004) have shown the occurrence of 10–20 day 
(quasi-biweekly) oscillations that are distinct from long 
period oscillations of 20–60 days in the meridional flow. 
The temporal lags between these two moorings on the 
equator have indicated the presence of packets of westward 
and vertically propagating waves with zonal wave lengths 
in the range of 2100–6100 km. Using an OGCM, they have 
reported that the observed quasi-biweekly variability is 
due to equatorially trapped MRG waves generated by the 
subseasonal variability of the winds. The quasi-biweekly 
fluctuations of surface meridional wind (MW) stress reso-
nately excite MRG waves with westward and upward phase 
propagation, with a typical period of 14 days and zonal 
wavelengths of 3000–4500 km. The MW stress can trigger 
MRG waves as these waves are associated with symmetric 
MC and antisymmetric ZC fields near the equator (Wun-
sch and Gill 1976). These quasi-biweekly waves are associ-
ated with fluctuating upwelling/downwelling cycles in the 
EIO, with amplitudes of 2–3 m/day located 200–300 km 

away from the equator (Sengupta et al. 2004). Based on a 
quick look analysis of direct measurements of ADCP cur-
rents made during November, 2000–October, 2001, by 
JAMSTEC (Japan Agency for Marine-Earth Science and 
Technology) at the same location of the present study, 
Masumoto et al. (2005) have also shown vertically coher-
ent MCs with large amplitudes and periods 10–20 days 
in the layer shallower than 100 m. The period of maxi-
mum variability tends to shift to longer time scales in the 
deeper levels, with a period of nearly 30 days at the depth 
of 200 m. The dynamics of these quasi-biweekly oscilla-
tions of these waves in the EIO are examined both with an 
OGCM and continuously stratified model by Miyama et al. 
(2006). They have reported that the dynamics of the quasi-
biweekly variability are fundamentally linear and wind 
driven. The quasi-biweekly response is composed of local 
(non-radiating) and remote (Yanai wave) parts, with the 
former spread roughly uniformly along the equator and the 
latter strengthening to the east. Both forcings contribute to 
the quasi-biweekly signal, the response forced by the MW 
stress being somewhat stronger. The MRG (Yanai) waves 
carry energy downward and eastward from multiple modes 
resulting in eastward intensification of the MCs in the EIO 
(Sengupta et al. 2004, Miyama et al. 2006). Analysis of 
RCM mooring data collected at 77°E (168 m, 2003–2004), 
at 83°E (141 m, 2002–2003) and at 93°E (106 m, 2002–
2003) by Murty et al. (2006) has demonstrated significant 
intraseasonal variability in the spectra of MCs at periods 
between 15 and 24 days. Halkides et al. (2007) have used 
the Hybrid Coordinate Ocean Model of Bleck (2002) and 
reported that the contribution of the subseasonal variability 
to the meridional heat transport through shallow meridional 
circulations (Miyama et al. 2003 and Schott et al. 2004) on 
the seasonal to interannual variability in the Indian Ocean 
can account for 30 % in some years. Loschnigg and Web-
ster (2000) and Waliser et al. (2004) have also suggested 
that wind forced intraseasonal currents make a signifi-
cant contribution to ocean heat transport and upper ocean 
heat balance. Miyama et al. (2006) have proposed another 
mechanism for the generation of quasi-biweekly MC vari-
ability in the upper layers of the eastern EIO. They have 
found in their model simulation that the MRG wave is 
excited in the western EIO and a ray-path of its energy pen-
etrates into the deep ocean and then is reflected at the bot-
tom to reach the upper eastern EIO causing further inten-
sification of the MCs. Ogata et al. (2008) have shown both 
in a high resolution model simulation and in limited ADCP 
measurements made during 2001 at the same location of 
the present study that energy peaks occur in two distinct 
time scales; one in the quasi-biweekly period above the 
thermocline and the other in the 20–70 day period in the 
subsurface layer. They have further shown that the quasi-
biweekly current field’s horizontal structure is consistent 
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with the MRG waves at 15 day period. This MC variability 
shows large coherence with the local MW stress associated 
with the atmospheric intraseasonal variability, suggesting 
the upper-ocean response to the local wind forcing.

Unlike the Atlantic and Pacific Oceans, the meridi-
onal gradient of SST in the EIO is weak due to absence of 
equatorial upwelling thus limiting our ability to infer the 
meridional displacements through remote sensing. Hence 
the only option would be to deploy vertical arrays of RCMs 
and ADCPs to record long time series of current measure-
ments. One such pioneering effort launched by JAMSTEC 
through the deployment of upward looking ADCP at the 
Equator, 90°E as early as November, 2000 coinciding 
with the RAMA observational initiative has yielded a long 
record of time series data set. The data set available for full 
8 year record (2001–2008) utilized in the present study is 
reliable and long enough to represent a benchmark data set 
for model validation on several time scales. In a compan-
ion study, Rao et al. (2015) have analyzed the same ADCP 
data set to describe and explain the observed variability in 
the ZCs at this location. In the present study, all the avail-
able full 8 year record of ADCP data are utilized to provide 
the comprehensive description and to explain the observed 
meridional flow on seasonal, intraseasonal and interannual 
time scales. In particular the following issues are addressed.

•	 The role of westward propagating MW field along the 
equator on the observed MC field.

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

•	 Observational evidence for the upwelling/downwelling 
in the pycnocline in association with MRG waves near 
the equator.

•	 The potential influence of the MRG waves on the west-
ward propagation of SST variability along the equator.

2  Observations and methodology

A combination of several types of archived in situ measure-
ments and the relevant historical satellite data are assembled 
and utilized in this study to describe and explain the observed 
variability of the MCs at the Equator, 90°E in the Indian 
Ocean. An upward looking ADCP was deployed by JAM-
STEC around 400 m depth at this location in the Indian Ocean 
on 14 November, 2000 and the hourly data are available since 
then uninterruptedly at 8 m vertical resolution (Masumoto 
et al. 2005). The data above 40 m depth are not accurate due 
to surface reflections and hence not considered in this study. 
The daily averaged data set collected from November, 2000 
to March, 2009 is utilized in the present study to characterize 
the observed variability in the north–south flow in the depth 
range of 40–350 m. The vertical profiles of temperature and 

salinity in the topmost 750 m water column recorded by the 
CTD sensors attached to a TRITON buoy (Kuroda 2002) 
deployed by JAMSTEC at 1.5°S, 90°E since 23 October, 
2001 are utilized to characterize the vertical fluctuations in 
the pycnocline (Hase et al. 2008) and to characterize the bar-
rier layer thickness (BLT). As the vertical resolution of the 
CTD sensors of the TRITON mooring is not fine, the spline 
method of Akima (1970) is utilized to interpolate data in 
depth and in time when data were missing on very few occa-
sions. These data are utilized to characterize the observed 
upwelling/downwelling cycles in the near off-equatorial 
regions. The QuikSCAT surface winds (Wentz et al. 2001) 
are utilized to assess their impact on the observed MC field 
and the westward propagating MRG waves. These winds and 
the OSCAR (Ocean Surface Current Analysis—Real time) 
currents (Lagerloef et al. 1999; Johnson et al. 2007) for all 
the available years are also utilized to characterize the basin 
scale variability in the spectral domain for the TIO. Shikha-
kolli et al. (2013) have evaluated OSCAR surface currents 
in the TIO using the available in situ data. The TRMM TMI 
(Tropical Rainfall Measuring Mission’s Microwave Imager) 
sea surface temperature (SST) data are utilized to character-
ize the quasi-biweekly westward propagation along the equa-
tor. The bandpass filtering of MC, MW, BLT, sigma-t, OLR, 
surface net heat flux and SST data is done following Duchon 
(1979). A large sample of 2048 points is considered for the 
estimations of power spectra and cross spectra of the MWs, 
MCs, BLT and sigma-t following Hino (1977). The sources, 
periods, accuracies and resolutions of the data sets utilized in 
this study are shown in Table 1.

3  Analysis

3.1  Spatio‑temporal variability of MWs and MCs 
in the TIO

To set the background for this study, all the available historic 
data are utilized to construct a comprehensive framework to 
portray the observed spatio-temporal variability of surface 
MWs based on QuikSCAT surface winds and surface MCs 
based on OSCAR surface currents through their basin-scale 
variance preserving power spectral distributions. The ampli-
tudes of power spectra for different prominent temporal 
modes such as annual, semiannual, 90, 60–90, 30–60, and 
10–30 day are shown in Fig. 1 for the entire TIO. The spectral 
distribution of MWs (Fig. 1, top panel) shows strong annual 
mode over the western Arabian Sea, western EIO and the 
south central Bay of Bengal in association with the reversing 
seasonal monsoons. The signal clearly shows the predomi-
nance of the cross equatorial wind flow associated with the 
summer monsoon both in the western Indian Ocean and in 
the south central Bay of Bengal. The semiannual signal is 
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also large over the western Arabian Sea and off the east coast 
of Africa in the latitudinal band from the Equator to 10°S, and 
in the region south of Indo-Sri Lanka Channel where winds 
reverse seasonally in association with both the monsoons 
(Rao et al. 2009). In general, in the TIO the amplitude of the 
power spectra decreases from seasonal to intraseasonal mode 
with the exception of southern TIO for the 10–30 day period 
where the influence of eastward moving extra-tropical waves 
could be important. At the higher frequencies, the signal is 
relatively stronger over the central EIO, the Bay of Bengal 
and southern Arabian Sea where the warm pool is located. 
Thus it is clear that the peak in the spectral power shifts from 
low frequency mode in the western basin to high frequency 
mode in the eastern and southern basins.

The amplitude of the power spectral distribution of MC 
(Fig. 1, bottom panel) shows a strong signal off the Somalia 
coast at all temporal modes. The instability of the western 
boundary currents contribute significantly to the observed 
variability off the Somalia coast on seasonal to intrasea-
sonal time scales (Kindle and Thompson 1989, Sengupta 
et al. 2001). The power spectra corresponding to 30–90 day 
period is more pronounced over the northern Bay of Bengal, 
southeast of Sri Lanka where the warm pool is located. The 
power spectra corresponding to 60–90 day period is more 
pronounced over the southern TIO. The OGCM simula-
tions of Sengupta et al. (2004) and of Ogata et al. (2008) 
have also shown large quasi-biweekly variability along the 
equator, with a meridional width of about four degrees in 

both the hemispheres. But the distribution of power spectral 
amplitude of MCs corresponding to 10–30 days in the equa-
torial region appears to be underestimated in view of coarse 
temporal resolution of OSCAR data.

3.2  Observed variability of MCs

All the processed ADCP MC data collected in the 
40–350 m water column are presented for the individual 
years 2001–2008 (Fig. 2a). Unlike the ZCs, MCs do not 
exhibit any clear seasonal variability. Instead, they show 
complex coherent vertical structures with high frequency 
variability in the entire water column. The MCs are rela-
tively stronger in the uppermost 150–200 m layer com-
pared to those in the layer below. However, there is no 
evidence of current maxima occurring all the time close to 
the near-surface. Episodic occurrence of isolated vertically 
coherent subsurface current maxima is a common feature. 
A distinct 10–20 day (quasi-biweekly) period is most con-
spicuously seen throughout the 40–350 m water column. 

Table 1  Data sources, periods, accuracies and resolutions

Parameter Source Period Accuracy Spatio-temporal resolution

ADCP MC JAMSTEC November 2000–March 2009 1 %
5 mm/s

10 m in the vertical (40–350 m) 
and 1 day

TRITON temperature and  
salinity

www.jamstec.go.jp October 2001–September  
2007

0.002 °C
0.04 PSU

1.5, 25, 50, 75, 100, 125, 150, 
200, 250, 300, 500, 750 m 
depths in the vertical and 1 day

QuikSCAT MW www.ssmi.com 2001–2008 2 m/s 0.25° in the horizontal and 1 day

TRMM TMI SST www.ssmi.com 2001–2008 ~0.5 °C 0.25° in the horizontal and 1 day

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

1992–2008 – 1.0° and 5 days

Fig. 1  Amplitude of variance 
preserving power spectra of 
QuikSCAT MW (top panel) and 
OSCAR MC (bottom 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)

Fig. 2  a Observed interannual variability of daily JAMSTEC ADCP 
MCs (cm/s) in the 40–350 m water column at the Equator, 90°E dur-
ing 2001–2008 (years increasing downward). b Observed interannual 
variability of the 10–20 day bandpass filtered JAMSTEC ADCP MCs 
(cm/s) in the 40–150 m water column at the Equator, 90°E during 
2001–2008 (years increasing downward) and 31 day moving-aver-
aged sigma-t contours at 1.5°S, 90°E during 2002–2007

▸

http://www.jamstec.go.jp
http://www.ssmi.com
http://www.ssmi.com
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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Occurrence of alternate bands of northward and southward 
flowing MCs are seen throughout the year. A careful exam-
ination also reveals an interannual modulation of this quasi-
biweekly variability in the MC field. The MCs show ver-
tical phase propagation generally, but not always upward 
in agreement with the modeling results of Sengupta et al. 
(2004) and Miyama et al. (2006). Sengupta et al. (2004) 
have proposed that the atmospheric quasi-biweekly mode 
resonately forces quasi-biweekly MRG waves in the ocean. 
The MCs associated with these waves also accordingly 
show the quasi-biweekly variability.

To get a better clarity on the observed interannual vari-
ability of the observed quasi-biweekly MCs, the MCs are 
bandpass filtered for 10–20 days for all the 8 years and their 
distributions along with sigma-t surfaces derived from a 
nearby location (1.5°S and 90°E) are shown in Fig. 2b. The 
filtering is limited to 40–150 m water column as much of the 
variability is limited to 150 m depth. At 10–20 day period, 
large interannual variability occurring as packets is clearly 
seen in the observations. In general, the amplitude of the var-
iability tends to be large during boreal spring and boreal fall 
in tune with the depression of the pycnocline associated with 
the eastward flowing Wyrtki jets. This relationship may be 
attributed to co-occurrence of strong equatorial winds, shal-
low mixed layer depth and thick barrier layer during boreal 
spring and boreal fall (Qu and Meyers 2005) favoring a 
strong coupling between local MWs and MCs at 10–20 day 
period. In addition, packets showing strong variability are 
also seen episodically during boreal winter and boreal sum-
mer. Distinct interannual variability in the 10–20 day band-
pass filtered MC is seen during boreal spring and boreal fall 
seasons. Stronger (weaker) packets of MCs have occurred 
during boreal spring in the years 2001, 2003 and 2004 (2005, 
2007 and 2008). During the boreal fall season, they are rela-
tively stronger (weaker) during 2001, 2003 and 2005 (2002, 
2006 and 2007). During the summer monsoon seasons pre-
ceding the IOD years 2006 and 2007, the MCs are unusu-
ally stronger when the corresponding MWs are also stronger 
(Figs. 2b, 4b). Co-occurrence of relatively stronger (weaker) 
MCs and MWs is seen during spring of 2003 and 2004 
(2007 and 2008). During fall, the co-occurrence of relatively 
stronger (weaker) MCs and MWs is seen during 2003 and 
2005 (2006 and 2007). The observed sharp differences in the 
MCs between years appear to be determined by the strengths 
of both MWs and BLT (Fig. 7a). The combination of thick 
(thin) barrier layer and strong (weak) MWs would result in 
strong (weak) MCs as evidenced during the spring season of 
2003 (2007) and during the fall season of 2005 (2006).

3.3  Observed mean annual cycle of MCs

All the processed data collected by the ADCP moor-
ing deployed by JAMSTEC at the Equator, 90°E in the 

40–350 m water column for the years 2000–2009 are uti-
lized to generate daily climatological mean and variance of 
the MC and their distributions are shown in Fig. 3. Unlike 
the ZC, the mean distribution of MC does not show any 
clear seasonal cycle in the entire water column. Instead, a 
complex vertical structure of alternate bands of northward 
and southward flowing currents at high frequency (quasi-
biweekly) is seen throughout the 350 m water column. 
Relatively larger amplitudes are seen in the uppermost 
150–200 m layer compared to the below layers. The quick 
look analysis of this ADCP data by Masumoto et al. (2005) 
during the period November 2000–October 2001 has also 
shown a quasi-biweekly variability in the MC field at this 
location in the eastern EIO. This quasi-biweekly vari-
ability is distinctly different from the other intraseasonal 
(20–90 days) variability. Deep penetration of isolated and 
strong current patches occurs episodically almost through-
out the year with no apparent seasonality. Strong northward 
flowing currents below 100 m are seen episodically almost 
throughout the year. However, relatively large amplitude 
variability is seen during January to June and during Sep-
tember to December, and it is small during boreal summer 
as reported by Ogata et al. (2008). The lower boundary of 
the near-surface layer currents vertically migrates at semi-
annual periodicity in response to the Wyrtki jets with peaks 
during boreal spring and boreal fall seasons. On the other 
hand the variance of MCs appears to show some seasonal-
ity in the uppermost 150 m layer. It is largest during the 
late summer monsoon and the boreal fall transition when 
the ZWs are also relatively stronger. The strong variance 
of MCs during September–October is attributed to the 
observed transition from southerly winds to northerly 
winds (Fig. 4a). The following boreal winter months also 
see larger variance in the MC field.

4  Governing mechanisms

4.1  Interannual variability of MWs along the equator

It is well known that the near-surface circulation in the 
oceans is governed by both the local and remote wind 
forcings (Schott et al. 2009). Earlier modeling stud-
ies (Sengupta et al. 2004; Ogata et al. 2008) have shown 
strong relationship between the MWs and the westward 
propagating MRG waves along the equator that drive MCs 
in the eastern EIO. In the eastern EIO, atmospheric vari-
ability shows dominant intraseasonal fluctuations both at 
30–60 day and at 10–20 day periods (Krishnamurti and 
Ardunay 1980; Yasunari 1981; Goswami et al. 1998). The 
interaction between eastward propagating Madden–Julian 
oscillations at 30–60 day period and the westward propa-
gating MRG waves at 10–20 day period seem to determine 
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Fig. 3  Annual cycle of the daily climatological mean and standard deviation of the observed ADCP MCs (2000–2009) in the 40–350 m water 
column at the Equator, 90°E

the active-break cycle of the summer monsoon over the 
Bay of Bengal (Krishnamurti and Ardunay 1980; Sikka and 
Gadgil 1980). Analysis of NOAA daily outgoing longwave 
radiation (OLR) and NCEP reanalysis winds at 850 hPa 
and at higher levels has shown that the quasi-biweekly 
activity is present throughout the year with varying ampli-
tude (Chatterji and Goswami 2004). Analysis of daily 
FGGE and OLR data by Chen and Chen (1993) has shown 
that the quasi-biweekly mode propagates westward along 
the equator with a speed of 4–5 m/s. The observed inter-
annual variability of QuikSCAT MWs along the equator 
for the individual years 2001–2008 is presented in Fig. 4a. 
Dominant annual cycle in the MWs is seen along the equa-
tor. Due to seasonal reversal of both the monsoons, the 
amplitude of the annual cycle is more pronounced in the 
west and it decreases eastward. The seasonal asymmetry is 
stronger in the west compared to that of in the east. South-
erly winds stronger than 5 m/s are mostly confined to west-
ward of 65°E. On the other hand northerly winds stronger 
than 5 m/s extend further eastward up to 90°E. A clear 
westward propagation of MWs is also seen throughout 
the year which is attributed to the westward propagating 

quasi-biweekly mode in the lower troposphere (Krishna-
murti and Ardunay 1980; Yasunari 1981; Goswami et al. 
1998). The most distinct feature of the observed annual 
cycle is the overriding intraseasonal oscillations throughout 
the year along the entire equator. The signature of the inter-
annual variability is also seen in the eastern EIO where the 
intraseasonal oscillations are more pronounced only during 
certain years. At the Equator, 90°E, biweekly mode oscilla-
tions in MWs are present throughout the year. These oscil-
lations and their interannual variability are expected to pro-
duce a corresponding variability in the observed MC field 
at the Equator, 90°E.

The 10–20 day bandpass filtered MWs in the longitude 
band 80°E–100°E is shown in Fig. 4b for the years 2001–
2008. The filtered MWs show larger values in the east-
ern EIO occurring in packets episodically. A great deal of 
similarity is also seen between the bandpass filtered MW 
and MC fields. A careful examination also shows a good 
correspondence between the filtered MW and MC fields 
(Figs. 2b, 4b) in time. For example, in tune with the MCs, 
the MWs are also relatively stronger (weaker) during boreal 
spring in the years 2003 and 2004 (2007 and 2008). During 
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the boreal fall season, they are relatively stronger (weaker) 
during 2001, 2003 and 2005 (2002, 2006 and 2007). Dur-
ing the IOD years 2006 and 2007, the MWs are unusually 
weaker during the later part of the summer monsoon season 
and during the boreal fall. Similar episodic nature is also 
seen in the distribution of bandpass filtered OLR data in the 
eastern EIO (figure not shown).

The westward propagating MRG waves are well known 
to be driven by the MW and the associated surface wind 
stress curl fields (Blandford 1966; Sengupta et al. 2004). 
Associated with these quasi-biweekly waves are the north–
south reversing MCs—both driven by the westward mov-
ing MW and the wind stress curl fields (Ogata et al. 2008). 

The distribution of the QuikSCAT wind stress curl along 
the equator is shown in Fig. 4c to explore its relationship 
with the MC variability. The wind stress curl data are band-
pass filtered for 10–20 days to focus on its quasi-biweekly 
variability. In general, negative (positive) regime of the 
wind stress curl values has occurred during boreal summer 
(boreal winter) seasons. Overriding on this seasonal cycle, 
strong 10–20 day oscillations are also seen throughout, but 
more prominently on occasion during both the boreal win-
ter and boreal summer seasons. In close agreement with the 
westward movement of the MRG waves, westward propa-
gation of these bands is also seen during most of the time 
although there are exceptions on occasion. During most 
years these bands are more pronounced during boreal win-
ter, boreal spring and boreal fall with a stronger manifesta-
tion over the eastern EIO.

4.2  Relationship between MWs and MCs

The amplitudes of variance preserving power spectra of 
MWs along the equator (40°E–100°E), along the 90°E 
(10°N–10°S) and MCs at the Equator, 90°E estimated with 
the respective time series are shown in Fig. 5. Interestingly at 

Fig. 4  a Observed interannual variability of the daily QuikSCAT 
MWs (m/s) along the equator (average of 2°S–2°N from 40°E to 
100°E) during 2001–2008 (years increasing downward). b Observed 
interannual variability of the 10–20 day bandpass filtered QuikSCAT 
MWs (m/s) along the equator (2°S–2°N, 80°E–100°E) during 2001–
2008 (years increasing downward). c Interannual variability of the 
10–20 day bandpass filtered QuikSCAT wind stress curl (X E-08 N/
m3)along the equator (average of 2°S–2°N from 42°E to 100°E) dur-
ing 2001–2008 (years increasing downward)

◂

Fig. 4  continued
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the semiannual period only the spectra of MWs show peaks 
while the spectra of MCs do not show any peaks. Along the 
equator, the two spectral peaks of MWs at this period are seen 
around 50°E and 80°E. Very low spectral energy of MWs 
is seen at 90°E. All the three spectra show distinct peaks at 
10–20 day and at 20–30 day periods. Along the equator, the 
MW spectra at these periods are more pronounced in the cen-
tral and the eastern EIO. Along 90°E, the MW spectra at these 
periods are equally pronounced over the entire 20 degree 
latitudinal belt. Consistent with Figs. 2a and 3a, the spectral 
peaks of the MC field are confined to the uppermost 150 m 
layer where they are strong and variable. In agreement with 
the analysis of Masumoto et al. (2005), the spectral peaks of 
the MC field in the near-surface layer at 10–20 day period are 
attributed to the corresponding peaks in the MW field driv-
ing the MRG waves. The peaks at periods 20–30 days seen in 
the MC spectral field also more pronounced at deeper depths 
(80–150 m) are attributed to the MRG waves. The spectra of 
MCs measured by RCMs at 83°E and at 93°E on the equa-
tor also show both quasi-biweekly and 20–30 day peaks at 
106 m depth (Sengupta et al. 2004). The OGCM simulations 
forced by climatological winds by Sengupta et al. (2004) 
have shown 20–30 day signal in the subsurface layer. Ogata 
et al. (2008) have also shown 20–70 day signal in the sub-
surface layer in an OGCM simulation forced by climatologi-
cal winds. This is attributed to the instability of the seasonally 
changing current system during boreal fall and early boreal 
winter in the region southeast of Sri Lanka. The semiannual 

signals are seen in the MW field both in the western and east 
central EIO and along 90°E at 10°N and 5°S. This suggests 
that the quasi-biweekly variability in the MC is mostly forced 
by the corresponding quasi-biweekly variability in the MW 
field through MRG waves.

The cross spectra between the MWs along the equa-
tor and the depth averaged MCs (40–160 m) at the 
Equator, 90°E through the distributions of coherence 
and phase are shown in Fig. 6. The coherence between 
MCs and the MWs is more pronounced along 65°–90°E 
at the quasi-biweekly period consistent with the mode-
ling results of Sengupta et al. (2004) and of Ogata et al. 
(2008). The signal is more pronounced in the central and 
eastern EIO. The phase difference at 90°E translates to 
about 2 days implying that at quasi-biweekly period the 
MC responds to local MW wind forcing in just about 
2 days. Sengupta et al. (2004) have also found in their 
model simulation that the quasi-biweekly oscillation is 
absent in the seasonal run, demonstrating that it is forced 
by the intraseasonal wind variability and not by dynamic 
instability.

5  Relationship between MCs and barrier layer 
thickness

A relationship between the ZC at this location and BLT at 
a nearby location (1.5°S, 90°E) is noticed in the time scale 

Fig. 5  Amplitudes of vari-
ance preserving power spectra 
of QuikSCAT MWs along the 
equator (top panel), along 90°E 
(middle panel) and JAMSTEC 
ADCP MCs (40–200 m) at the 
Equator, 90°E (units are arbi-
trary and vertical lines indicate 
the most prominent periods for 
easy reference)
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of 30–60 days (Rao et al. 2015). The time series data of 
BLT (Fig. 13a in Rao et al. 2015) have also shown high fre-
quency variability. Hence the relationship between the BLT 
and the MC is examined in the time scale of 10–20 days. 
In general, the temporal correspondence of these two time 
series both in amplitude and in phase is quite high indicat-
ing a strong relationship between the two. The MC lags the 
BLT by about 4 days suggesting that this is the response 
time for the MC to build up under the MW forcing when 
the mixed layer thins due to increase in BLT. The cross 
spectra in terms of coherence and phase between BLT and 
the depth averaged (40–100 m) MC is shown in Fig. 7b. 
The coherence between BLT and MC is quite pronounced 
at 10–20 day period. In addition, strong peaks also occur 
in the temporal range of 20–60 days and at other higher 
periods. The phases corresponding to the coherence peaks 
at 12, 14 and 18 days also suggest that the MC lags BLT by 
about 4 days.

6  Upwelling/downwelling in the 
near off‑equatorial region associated with the 
MRG waves

The signature of upwelling/downwelling is best captured 
by the vertical fluctuations of density field in the pycno-
cline. The daily vertical profiles of temperature and salin-
ity data recorded at the TRITON buoy location 1.5°S, 
90°E for nearly 6 years offer an excellent opportunity to 

characterize the upwelling/downwelling cycles in the 
pycnocline associated with the MRG waves. The ampli-
tude of variance preserving power spectral distribution of 
the density field in the 40–200 m water column estimated 
from vertical temperature and salinity profiles recorded 
at the TRITON buoy location is shown in Fig. 8. A dis-
tinct band of spectral peaks is seen in the core of the pyc-
nocline region (80–120 m) both at the semiannual and 
intraseasonal periods. The semiannual peak alone shows 
a tendency for downward penetration. Hase et al. (2008) 
have examined the time series of temperature and salinity 
measurements collected by this TRITON buoy moored in 
the eastern EIO. Their spectral analysis indicates that the 
dominant temperature signals in the thermocline shows 
semiannual periodicity. Consistent with the earlier stud-
ies, at 100 m depth the energetic intraseasonal variability 
is dominant, with periods of 13 and 34 days for tempera-
ture attributed to MRG waves and intraseasonal variability 
forced by the atmosphere respectively. Previous investiga-
tors (Kindle and Thompson 1989; Sengupta et al. 2001; 
Ogata et al. 2008) have shown in their model simulations 
driven by monthly mean winds that the instability as the 
prime factor producing variability in the simulated flow 
patterns with periods of 20–70 days. The density fluctua-
tions in the pycnocline at quasi-biweekly period are attrib-
uted to the occurrence of off equatorial upwelling/down-
welling cycles (Gill 1982; Sengupta et al. 2004; Ogata 
et al. 2008) associated with westward propagating equato-
rially trapped MRG waves.

Fig. 6  Coherence (top panel in 
arbitrary units) between Quik-
SCAT MWs along the equator 
(42°E–100°E) and JAMSTEC 
ADCP MCs (40–160 m) at the 
Equator, 90°E and phase (bot-
tom panel in degrees) (vertical 
lines indicate the most promi-
nent periods for easy reference)
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Fig. 7  a Daily evolution of 10–20 day bandpassed vertically aver-
aged MC (cm/s) (40–100 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). b Coherence (top panel in arbitrary units) and phase 

(bottom panel in degrees) between BLT at 1.5°S, 90°E and MC (40–
100 m) at Equator, 90°E (vertical lines indicate the most prominent 
periods for easy reference)
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In the OGCM simulations, the quasi-biweekly westward 
propagating equatorially trapped MRG waves are associ-
ated with fluctuating upwelling/downwelling cycles with 
amplitude of 2–3 m/day in the pycnocline 200–300 km on 
either side of the equator, connected by cross-equatorial 
meridional flow (Sengupta et al. 2004; Ogata et al. 2008). 
To validate this modeling result, the vertical fluctuations of 
isopycnals in the core region of the pycnocline are exam-
ined from the available TRITON moored time series CTD 
data recorded at 1.5°S, 90°E for the typical year 2003 
(Fig. 9a). The pycnocline shows a strong semiannual vari-
ability with superposed fluctuations on intraseasonal time 
scale. The model simulations show southward (northward) 
flow in association with downwelling (upwelling) south 
of the equator consistent with the convergence/divergence 
associated with westward propagating MRG waves. Obser-
vational evidence for this phenomenon is shown by over-
laying both the MC and isopycnal fields together. A careful 
examination of the pycnocline region in this figure shows 
the co-occurrence of southward (northward) flow and down-
ward (upward) movement of pycnocline in general confirm-
ing the validity of the model results. Thus the co-availabil-
ity of time series measurements of both ADCP data at the 
Equator, 90°E and TRITON CTD data at 1.5°S, 90°E has 
provided an excellent opportunity to validate the model 
results in the real ocean for the first time. The cross spectra 
in terms of coherence and phase between sigma-t and depth 
averaged (40–100 m) MC fields (Fig. 9b) also show promi-
nent peaks at the 10–20 day period. The phase correspond-
ing to the coherence peaks in the 10–20 day period at 12, 14 
and 16 days also suggest that the sigma-t lags MC by about 
3 days which corresponds to a phase shift of 90°.

To capture the correspondence between the upwelling/
downwelling cycles and the associated meridional flow, 
the 10–20 day bandpass filtered MWs in the eastern EIO 
(80°–100°E), MCs (at the Equator, 90°E) and the density 
(shown as sigma-t at 1.5°S, 90°E) in the 40–150 m layer 
for a representative year 2003 are shown in Fig. 10. Large 
co-variability occurs as packets in all these three param-
eters that shows excellent temporal coherence over an 
annual cycle. Current meter data from two locations on 
the equator have also shown that packets of MRG waves 

propagate westward along the equatorial wave guide (Sen-
gupta et al. 2004). All these three parameters show strong 
signatures during boreal winter, boreal spring and boreal 
fall indicating a strong relationship among the three inde-
pendent time series. The packets of strong MWs phase 
velocity show westward propagation throughout the year. 
The packets of strong MCs generally show upward phase 
propagation consistent with the results of Sengupta et al. 
(2004). However, the energy of the quasi-biweekly MRG 
waves at a given longitude is due to both local forcing and 
energy arriving from the west as MRG waves have east-
ward group velocity (Sengupta et al. 2004; Ogata et al. 
2008). The quasi-biweekly oscillations of surface MWs 
trigger quasi-biweekly MRG waves in the EIO. The pack-
ets of relatively stronger density fluctuations at 1.5°S, 90°E 
more prominently seen in the region where the pycnocline 
is relatively sharper also show upward propagation. These 
density fluctuations are attributed to upwelling/down-
welling cycles associated with the westward propagating 
MRG waves. The quasi-biweekly wave is associated with 
fluctuating upwelling/downwelling cycles in the EIO away 
from the equator connected by cross-equatorial meridional 
flow. Other years also show similar characteristics with 
some minor differences.

7  Relationship between SST and MRG waves

Submonthly intraseasonal oscillations are well known 
to cause significant SST variability on 10–30 day time 
scale in the EIO (Han et al. 2006). However, no study has 
reported that MRG waves can also show up their signa-
tures on the westward propagation of SST along the equa-
tor. The 10–20 day bandpass filtered SST along the equator 
is examined (Fig. 11a) to assess the influence of westward 
propagating MW and the associated MRG wave fields on 
its evolution. Interestingly distinct quasi-biweekly variabil-
ity is also seen in SST almost throughout the year with rel-
atively larger amplitudes during boreal fall and boreal win-
ter. In general, the amplitudes are relatively weaker during 
summer monsoon season. Although there are a few excep-
tions, it is interesting to note the westward propagation of 

Fig. 8  Amplitude of variance 
preserving power spectrum of 
sigma-t at 1.5°S, 90°E in the 
upper 250 m water column 
(units are arbitrary. The density 
data are de-meaned and spectral 
estimates are scaled up by 1000 
for plotting purpose. Vertical 
lines represent the most promi-
nent periods for reference)
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this quasi-biweekly variability in the filtered SST field with 
phase speed resembling that of the MRG waves episodi-
cally in the summer monsoon season during most years. In 
order to establish that this westward propagation is caused 
by the MRG waves, the corresponding quasi-biweekly 
variability in the 10–20 day filtered OLR and surface net 
heat flux data—two thermodynamic parameters which con-
trol SST are shown along the equator during the summer 

monsoon season of 2004 (Fig. 11b). A quasi-biweekly vari-
ability with coherent structures in both OLR and surface net 
heat flux fields propagates eastward throughout the summer 
monsoon season while the quasi-biweekly variability in the 
SST shows westward propagation. Thus it is clear that the 
westward propagating quasi-biweekly SST variability does 
not appear to be coupled with any thermodynamic process 
but driven by the westward propagating MRG waves.

Fig. 9  a Observed annual cycle 
of MC at the Equator, 90°E 
and sigma-t contours at 1.5°S, 
90°E in the 40–150 m water 
column during 2003. b Coher-
ence (top panel in arbitrary 
units) and phase (bottom panel 
in degrees) between sigma-t at 
1.5°S, 90°E and MC averaged 
over 40–100 m water column 
at Equator, 90°E (vertical lines 
represent the most prominent 
periods for easy reference)
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8  Summary

The mean distribution of MCs does not show any clear sea-
sonality in the 40–350 m water column. Instead, a complex 
vertical structure of alternate bands of northward and south-
ward flowing currents at high frequency (quasi-biweekly) 
is seen throughout this water column. The amplitude of the 
variability tends to be large during boreal spring and boreal 
fall in tune with the depression of the pycnocline associated 
with the Wyrtki jets. Relatively larger amplitudes are seen 
in the uppermost 150–200 m layer compared to the below 
layers. A careful examination reveals interannual modu-
lation of this quasi-biweekly variability in the MC field. 
The observed sharp differences in the MCs between years 
appear to be determined by the strengths of both MWs and 
BLT. The most distinct feature of the observed annual cycle 
of the MW field is the overriding intraseasonal oscilla-
tions along the entire equator throughout the year. A clear 
westward propagation of MWs is also seen throughout the 
year which is attributed to the westward propagating quasi-
biweekly mode in the lower troposphere. The bandpass fil-
tered MWs in the eastern EIO show large values occurring 

in packets episodically. A great deal of temporal corre-
spondence is seen between the bandpass filtered MW and 
MC fields. The westward propagating MRG waves are well 
known to be driven by the MWs and the associated surface 
wind stress curl field. Overriding the seasonal cycle, strong 
10–20 day oscillations are seen throughout in the surface 
wind stress curl field. The atmospheric quasi-biweekly 
mode resonately forces quasi-biweekly MRG waves in the 
eastern EIO and the MCs associated with these waves also 
accordingly show the quasi-biweekly variability.

The power spectra of MWs and MCs show distinct peaks 
at 10–20 day and at 20–30 day periods. Along the equator, 
the spectra are more pronounced in the central and the east-
ern EIO. Along 90°E, the spectra are equally pronounced 
between 10°N and 10°S. The spectral peaks of the MC field 
in the near-surface layer are attributed to the correspond-
ing peaks in the MW field that drives the MRG waves. 
The spectral peaks at periods 20–30 days at deeper depths 
(80–150 m) are also attributed to MRG (Yanai) waves. The 
coherence between depth integrated (40–160 m) MC at the 
Equator, 90°E and the MW along 65°–90°E is more pro-
nounced at the quasi-biweekly period. The phase difference 

Fig. 10  10–20 day bandpass filtered MWs along 80°–100°E, MCs at Equator, 90°E and sigma-t at 1.5°S, 90°E in the 40–150 m water column 
during 2003
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Fig. 11  a 10–20 day bandpass filtered TRMM TMI SST (°C) along 
the equator during the years 2001–2008 (years increasing downward). 
b 10–20 day bandpass filtered NOAA OLR (W/m2) (top panel), 

WHOI surface net heat flux (W/m2) (middle panel) and TRMM TMI 
SST (°C) (bottom panel) along the equator (40°E–100°E) during the 
summer monsoon season of 2004
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at 90°E translates to about 2 days implying that at the 
quasi-biweekly period the MC responds to local MW wind 
forcing in just about 2 days.

The cross spectra between BLT and the depth averaged 
(40–100 m) MC in terms of amplitude and phase indicate a 
strong relationship between the two at quasi-biweekly time 
scale. The MC lags the BLT by about 4 days suggesting that 
this is the response time for the MC to build up under the 
MW forcing when the mixed layer thins due to increase in 
BLT. A distinct band of spectral peaks is also seen in the core 
region of the pycnocline (80–120 m) both at the semian-
nual and intraseasonal periods. The semiannual peak alone 
shows a tendency for downward penetration. The peaks at 
quasi-biweekly period and at 20–90 day period are attrib-
uted to MRG waves and intraseasonal variability forced by 
the atmosphere respectively. The density fluctuations in the 
pycnocline at quasi-biweekly period are attributed to the 
occurrence of upwelling/downwelling cycles associated 
with westward propagating MRG waves. Large co-variabil-
ity occurs in packets of the bandpass filtered MW, MC and 
density fields that shows excellent temporal correspondence 
over an annual cycle. The packets of relatively stronger den-
sity fluctuations at 1.5°S, 90°E are more prominently seen in 
the region where the pycnocline is relatively sharper. These 
density fluctuations are attributed to upwelling/downwelling 
cycles associated with the westward propagating MRG 
waves triggered by the quasi-biweekly MWs. A suggestion 
of westward propagation of quasi-biweekly variability in 
SST with phase speed resembling that of the MRG waves is 
also seen episodically in the summer monsoon season dur-
ing most years. Future analysis of long time series meas-
urements made through the deployment of moored vertical 
arrays in its full measure under RAMA observational initia-
tive in the TIO and improved models would provide answers 
to questions that remained unanswered in this study.
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