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Deep-sea moorings in the equatorial Indian Ocean were Brst deployed by India in the year 2000, and
currents were measured at three locations (77 E, 83 E, and 93 E) on the equator. In this paper, we
present two decades of current observations from these moorings and discuss how the moorings have
evolved with time. The observations show that the 180-day (90-day) period dominates the surface and
mid-depth (bottom) circulation. Though the Wyrtki Jets are strong, the near-surface currents do not
show any clear semi-annual reversals. The reversals become evident only below 100 m.
Keywords. Equatorial Indian Ocean; IndOOS; RAMA; ADCPs; Wyrtki Jet; bottom currents;
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1. Introduction
The equatorial Indian Ocean (EIO) is known to
foster some of the major climate phenomena in
the world such as the Madden–Julian Oscillation
(MJO), the monsoon intraseasonal oscillation
(MISO), and the Indian Ocean Dipole (IOD)
(Schott and McCreary 2001; McPhaden et al. 2009
and references therein). The Asian landmass in the
north, the small size of the basin, and the seasonal
reversal of winds make the EIO unique. The basin
circulation is unsteady, and the surface current at
the equator reverses direction four times a year,
Cowing eastward during spring and fall, and westward during summer and winter (Schott and

McCreary 2001). The strong eastward current is
generally referred to as the Wyrtki Jet and has no
counterpart in the other two tropical basins. North
of the equatorial current is the monsoon current,
which reverses only twice a year. The monsoon
current Cows through the narrow passage between
Sri Lanka (6 N) and the equatorial current, and
plays an important role in the exchange of heat and
salt between the Arabian Sea and the Bay of
Bengal (Schott and McCreary 2001; Shankar et al.
2002). It is only the south equatorial current (SEC)
that is quasi-steady, but the current never comes
close to the equator and extends beyond 5 S.
Modelling studies have shown that the coastal
circulation in the north Indian Ocean is intimately
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connected to the equatorial ocean through the
propagation of large-scale waves (McCreary et al.
1993; Shankar et al. 2002). This complex nature of
the equatorial current and its link to the north
Indian Ocean circulation and climate variability
prompted the need to map the currents using direct
current measurements in a historically data-sparse
region.
It was in 1997 that the Department of Ocean
Development (DOD, now Ministry of Earth Sciences) decided to set up an extensive observational network in the Indian seas. They started
various activities under the Ocean Observing
System (OOS) programme, which included the
equatorial mooring programme. The equatorial
mooring programme has been executed by the
CSIR-National Institute of Oceanography (NIO)
since 1998, with the Brst current meters being
deployed in February 2000 at 93 E. The objective
of this programme was to collect long-term
current data at discrete depths over the entire
water column, with the primary goal of gaining
insights into the dynamics of the EIO
(Murty et al. 2002, 2006). The programme was
later incorporated as the deep ocean component
of
the
Research
Moored
Array
for
African–Asian–Australian Monsoon Analysis and
Prediction (RAMA; McPhaden et al. 2009).
Established in 2004, RAMA is the moored buoy
component of the Indian Ocean Observing System (IndOOS) (Beal et al. 2019), and it complements the Tropical Atmosphere Ocean/Triangle
Trans-Ocean Buoy Network (TAO/TRITON)
array in the PaciBc Ocean and the Prediction and
Researched Moored Array in the Atlantic (PIRATA) array in the Atlantic Ocean. RAMA has a
broad objective and basically aims at addressing
the fundamental questions related to the ocean’s
role in monsoon dynamics and climate modes like
the IOD and El Niño. Currently, the equatorial
mooring programme is under the Ocean Observation Network (OON) programme of ESSOIndian National Centre for Ocean Information
Services (INCOIS).
The objective of this paper is to present the
20-year-long direct current measurements from
the equatorial deep-sea mooring program. We show
the data availability since the commencement of
the project and describe the evolution of mooring
conBguration over time (section 2). The observations from these data are presented in section 3.
In the Bnal section, we summarise the results
(section 4).
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2. Mooring location, design, and data
The equatorial moorings have been located mainly
in the central and eastern equatorial ocean
(Bgure 1a). These regions come under the IndoPaciBc warm pool, where the surface temperature
is consistently above 28 C (Vinayachandran and
Shetye 1991), which is the minimum temperature
required for sustenance of active convection. The
boundary at the eastern equatorial ocean is
dynamically important because of the reCection
and poleward propagation of Rossby waves and
Kelvin waves, respectively. The coastal Kelvin
waves that are generated remotely from the equator even impact the coastal circulation along the
Indian coast (McCreary et al. 1993).
The moorings were designed to record currents
at selected depths covering the entire water column. The depths were chosen such that information on current is available from the upper
thermocline, main thermocline, intermediate, deep,
and near-bottom depths. The RAMA network has
other equatorial moorings as well (Bgure 1a), but
their data is limited to the top 400 m water column. The availability of data from deeper depths is
the reason for calling this project the deep-ocean
component of the RAMA array.

2.1 Mooring implementation
The equatorial mooring location and design have
changed with time (see table S1 in supplementary
material for mooring details). The Brst mooring
was deployed at 93 E in February 2000. It consisted of six Recording Current Meters (RCMs) at
selected depths of 100, 300, 500, 1000, 2000, and
4000 m. The RCMs, however, oscillated in the
water column, and the actual depth of the RCMs
differed by 50–100 m from the planned depth
(Murty et al. 2002; Sengupta et al. 2004). This
oscillation was due to the strong near-surface current, which extended till 300 m. In addition to the
oscillations, there were variations in landing depth
during deployment. The second mooring was
deployed at 83 E later in 2000, with a similar
conBguration, and it was followed by a third
mooring in March 2002 at 76 E; this mooring was
shifted to 77 E in October 2003.
In 2003, the RCMs in the near-surface waters
were replaced by 300 kHz upward-looking Acoustic
Doppler Current ProBlers (ADCPs). The advantage of ADCPs over RCMs is that the ADCP
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Figure 1. (Top to bottom) (a) Map showing the mooring locations; green circles mark the location of active moorings, red circles
mark discontinued moorings, and stars mark RAMA mooring locations. Zonal current measured by ADCP at (b) 77 E, (c) 83 E,
and (d) 93 E. Zonal current measured by RCMs at depths of 2000 m (black) and 4000 m (red) at (e) 77 E, (f) 83 E, and
(g) 93 E.

provides data over a depth range, whereas the
RCM provides data at a single depth. The ADCP
also permits sampling the water column closer to
the surface without having a surface buoy, but the
top 10% of the current proBle is not usable, because
the surface backscatter contaminates the data.
RAMA moorings have attached current meters
under the surface buoys at 10 m to compensate this

loss of data (McPhaden et al. 2009). The lack of
near-surface buoys implies an inevitable loss of a
useful surface current data.
The ADCP depth range also varies based on its
frequency and the number of scatterers in the
water. The lower frequencies have a higher range
but a larger depth bin size. The 300 kHz ADCP has
a range of  100 m and was deployed at a similar
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depth looking upwards. The mooring oscillations
were strong owing to the strong surface currents,
and the instrument depth varied by  90 m. The
300 kHz ADCPs were replaced by 75 kHz ADCPs,
which have a depth range of  500 m in idealized
conditions. The longer range allowed the instrument to be placed well below the depth of inCuence
of surface currents, thereby reducing the oscillations considerably. In addition to replacing RCMs
with 75 kHz ADCPs, elliptical Coats were incorporated to stabilize the moorings and reduce the
oscillations. This insight led to the use of elliptical
buoys elsewhere as well. At deeper depths, RCMs
were still used to measure the currents.
Additional moorings were deployed in 2009 at
one degree north and south of the 77 E and 93 E
moorings to map the meridional structure of the
zonal currents. Observations show that the equatorial currents extend from 2 N to 2 S (see Bgures 7
and 8 in Shankar et al. 2002; McPhaden et al.
2015). The current north of 2 N is the monsoon
current and that south of 2 S is the South Equatorial Counter Current (SECC). The data from
these additional moorings are available for 4–6
years.
The moorings in the eastern equatorial ocean
(93 E) eventually had to be dropped in 2014. The
ADCPs from these moorings were placed at lower
depths at 77 E and 83 E. These additional ADCPs
allowed a near continuous record of currents from
the surface to 1400 m. Currently, only two moorings are active: one at 77 E and another at 83 E.
These moorings have two upward-looking 75 kHz
ADCPs at approximately 400 and 900 m and
RCMs at 1000, 2000, and 4000 m. Sensors for
temperature and conductivity are Bxed on the
RCMs and at some intermediate depths.
2.2 Data gaps
Deployments in the ocean are often prone to loss of
data owing to Bshing vandalism and instrument
damage. For example, the RAMA mooring at
80:5 E, 1:5 N has a 50% data return because, the
mooring is close to the Sri Lankan coast and prone
to Bshing interference (Beal et al. 2019). The deepsea moorings, being entirely underwater, do not
have any major data gaps due to vandalism. Yet,
there are severe loses caused by delayed ship time,
instrument failure, and buoyancy loss in Coats. The
mooring is designed to operate for one year, but the
servicing of mooring is often delayed, sometimes by

J. Earth Syst. Sci. (2021)130:75
a year. The one-year missing data from 2016–2017
at 77 E is an example of data loss due to nonavailability of the vessel. As obtaining ship time on
an yearly basis remains a challenge, the current
mooring conBguration is not good enough for
obtaining a continuous data set. The primary issue
is with the RCMs, which often stop within a few
months after deployment (Bgure 1e–g). To resolve
this problem, the RCMs are currently conBgured to
collect data at 2-hour intervals instead of 1 hour.
The ADCPs, on the other hand, can still provide
data for an additional year due to good battery
backup, and the instrument continues to collect
data at 1-hour interval. The bin size was changed
from 16 to 8 m in 2019.
Another major data loss also occurred at 77 E
because of the loss of buoyancy in the Coats as a
result of mooring entanglement. The ADCP sank
to 3000 m, and the excess pressure damaged the
current meters that were placed below the ADCP.
The mooring could not be redeployed with the
same conBguration the following year, and this led
to a 2-year data gap from 2008 to 2010.
Variations in landing depths have also led to a
loss of near-surface data. A major gap is evident
from 2008–2009 at 83 E, where the data is not
available in the top 150 m (Bgure 1c). Therefore, at
83 E, the longest continuous data is available
between 150 and 200 m, and not near the surface.
The data between 150 and 200 m spans around
11–15 years (2004–2019), whereas the near-surface
data is available for only a decade (2009–2019).
3. Variability of observed currents at 83 E
In this section, we discuss the current variability at
83 E, where we have continuous data for more than
a decade (Bgure 1c). This location has the longest
available direct current measurements in the
equatorial Indian Ocean. The 77 E mooring, on the
other hand, has large data gaps, and the 93 E
mooring was discontinued after 2014 (the raw
currents from these two locations are shown in
Bgure 1). The focus here is on the zonal currents as
they are the dominant Cow in the equatorial
oceans. The zonal currents are intimately linked to
the distribution of ocean mass and heat, thus
playing a crucial role in the regional weather and
climate (Schott and McCreary 2001, and references
therein).
The long data record available from the equatorial moorings permits us to compute the annual
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climatology. Owing to data gaps, the length of the
record used to compute the climatology varies with
depth. For example, the length of the record used
for creating the climatology at 83 E is 9 years at
40 m depth but only 4 years at 800 m.
The near-surface mean Cow, as expected, is
towards the east (Bgure 2a). The mean magnitude
is above 60 cm s 1 (Bgure 2a) and can exceed 2 m
s 1 (Bgure 1c) during certain years. The eastward
mean Cow is due to the strong Wyrtki Jets that
occur during spring and fall. Their contribution to
the mean eastward Cow is only evident within the
top 200 m, below which the mean Cow is close to
zero. Interestingly, the surface current does not
reverse four times a year (Bgure 2a). The Cow is
mostly eastward all around the year and is punctuated by westward bursts during summer and

Page 5 of 8 75
winter. The seasonal mean calculation shows that
the net Cow is eastward, but the eastward Cow
during summer and winter is weaker and shallower
(Bgure 2a).
Between 100 and 1000 m, the currents exhibit
strong upward phase propagation and reverse
four times a year. Undercurrents are also evident in
this depth range (Bgures 1c, 2a). Here, the undercurrent is referred to as the subsurface current
whose direction is opposite to that of the surface
current. The undercurrents are at a shallow depth
during summer and winter, when the surface
currents are eastward (Bgure 2a).
The deepest measurements are available at
4000 m. The current is relatively high for this
depth, and the magnitude reaches to  10 cm s 1
(Bgures 1f, 2b). The mean Cow is weakly

Figure 2. Climatology of zonal currents at 83 E (red shades imply eastward current). (Top to bottom) (a) Climatology of ADCP
currents. The time durations used to calculate climatology are 9 years, 11 years and 4 years for top 160 m, 160–240 m, and
240–850 m, respectively. The vertical dashed lines mark the end of seasons. The numbers in each rectangular box indicates the
mean zonal current (cm s 1 ) over that depth-range and season. The numbers in bold font indicate the annual mean for a
particular depth range. Note that the depth axis (ordinate) interval is not uniform. (b) Climatology of zonal currents measured
at 2000 m (red) and 4000 m (black) by RCMs. The numbers indicate the mean over a particular season (red for 2000 m and black
for 4000 m) and numbers in bold font indicate the annual mean.
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Figure 3. (Top to bottom) Wavelet of zonal current at 83 E (a) 48 m depth and (b) 150–200 m depth range. Horizontal dashed
lines mark the 90-day, 180-day, and 365-day periods. (c–d) Same as panels a and b but for meridional current. (e) FFT of zonal
current with depth; abscissa is period in days. Lomb-Scargle periodogram of (f) zonal and (g) meridional current at 4000 m.
Vertical dashed lines mark the 60-day, 90-day, 120-day, 180-day, and 365-day (14-day, 45-day, 60-day and 90-day) periods in
panel f (g). IOD years are identiBed following Australian Bureau of Meteorology website (http://www.bom.gov.au/climate/iod/)
and strong ENSO years are selected using Oceanic Nino Index (https://origin.cpc.ncep.noaa.gov/products/analysis˙monitoring/
ensostuA/ONI˙v5.php).

westwards and \ 2 cm s 1 (Bgure 2b). The current at 4000 m is not in phase with the current at
2000 m, and reverses several times a year
(Bgure 1f).

The FFT and wavelet analyses near the surface
show strong peaks at 120, 180, and 365 days, but
the peaks exhibit interannual variability (Bgure 3a,
e). That is, the seasonal cycle is weak or absent
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during certain years and strong during other years.
The 120- and 365-day oscillations, however, are
trapped within the top 200 m, and the semi-annual
cycle dominates below this depth (Bgure 3e). The
strong semi-annual cycle extends till 2000 m
(Bgure 3f). The magnitude of the seasonal peaks
sometimes increases with depth, for example see
depth range 400–600 m in Bgure 3(e). At these
depths, sub-surface current cores become more
prominent (Bgure 2a). In the intraseasonal band,
90-, 30–60-, and 10–20-day bands are prevalent.
These peaks were also reported in earlier studies
that used the same but smaller data set (Murty
et al. 2002, 2006; Sengupta et al. 2004; Ogata et al.
2008; David et al. 2011). In the interannual band, a
3-year cycle is evident, but the power lies outside
the cone of inCuence. The wavelet spectrum does
not reveal any clear eAect of climate modes, like
IOD or ENSO, in the semi-annual band (Bgure 3).
The strongest wavelet power in this band occurs
during 2014, which coincides with a weak negative
IOD. Similar enhancement in wavelet power is not
evident during other negative IOD years. Winds
associated with negative (positive) IOD are known
to strengthen (weaken) the fall Wyrtki jet
(McPhaden et al. 2015). However, the spectra for
the semi-annual cycle will account for variations in
both spring and fall jet and may not capture the
IOD signatures. A more detailed analysis is
required to study the eAect of the climate modes on
the zonal currents.
The meridional currents show a peak around the
annual cycle at 48 m (Bgure 3c, d). The annual
cycle is strong during 2011–2014 and 2017–2019.
(During this time, the annual cycle of the zonal
currents weaken.) At deeper depths, the 10–50-day
periods are prominent. They occur as short bursts
all around the year. The 10–20-day oscillation is
due the propagation of mixed Rossby-gravity
waves, and model simulations show that these
waves are generated by biweekly meridional winds
(Sengupta et al. 2004.)
As the bottom current data are discontinuous,
we use the Lomb–Scargle periodogram to compute
the spectra (Bgure 3f, g). The periodogram for the
zonal current reveals dominant 90- and 180-day
peaks but former is stronger. The stronger 90-day
period is attributed to basin resonance (Han 2005).
The data also show strong peaks in the 10–70-day
frequency band.
The biweekly oscillation dominates the meridional currents at 4000 m. Other intraseasonal
periods in 30–90-day band are also strong, and

their amplitude weakens with increasing period.
These intraseasonal periods were reported earlier
by Ogata et al. (2008) using the 93 E data. They
also traced the biweekly signal till the bottom
using the ray path of the mixed Rossby-gravity
wave.

4. Discussion
In this paper, we have presented data from the
deep-sea equatorial current programme that started in the year 2000. The availability of long and
high-resolution time-series allows us to study the
equatorial currents over a broad range of time
scales. The data sets, though spanning around two
decades, are not well known among the oceanographic community and are mostly underutilized
for oceanographic research. Only a few data were
used to investigate the current variability, but the
analyses were mostly restricted to intraseasonal
periods (Murty et al. 2002, 2006; Sengupta et al.
2004; Ogata et al. 2008; David et al. 2011) or model
validation (Huang et al. 2018). The observations
that were brieCy presented here highlight several
facets of the equatorial currents in the entire water
column. Some features, like the absence of seasonal
reversals in near-surface zonal currents are hitherto
unknown.
Other important data available from the mooring programme is for the bottom currents. The
dynamics of the bottom currents are largely
unexplored in the Indian Ocean owing to scarcity
of data. The meridional component, in particular,
is important for the transport of water masses
across the equator. The dominance of 90-days and
semi-annual periods suggest that the surface wind
forcing is important even at these depths.
These data, in addition, are useful for validating
model simulations of equatorial Indian Ocean from
2000 onward. The deep and bottom currents are an
add-on to other tropical network buoy arrays like
RAMA, TRITON, and PIRATA. The continuation and sustenance of these moorings will allow us
to attach statistical significance to the impact of
major climate modes like IOD, ENSO, and MJO on
the deep-sea circulation. The impact of IOD on the
fall Wyrtki Jet is well-known (Gnanaseelan et al.
2012; McPhaden et al. 2015) and is evident in these
mooring data but there are discrepancies. For
example, the positive IOD events coincide with the
weakening of the fall jet, but the converse is not
true: the strong fall jets are not always associated
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with negative IOD. A detailed analysis is required
to delineate these processes.
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