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BAY OF BENGAL: FROM MONSOONS TO MIXING

Photo credit: Hemantha Wijesekera

Observations of Currents Over 
the Deep Southern Bay of Bengal—

With a Little Luck

By Hemantha W. Wijesekera, William J. Teague, Ewa Jarosz, 

David W. Wang, Tommy G. Jensen, S.U.P. Jinadasa, 

Harindra J.S. Fernando, Luca R. Centurioni, 

Zachariah R. Hallock, Emily L. Shroyer, and James N. Moum

Oceanography |  Vol.29, No.2112



Oceanography  |  June 2016 113

our understanding remain. Determining 
the mixing pathways of river runoff and 
quantifying the upper-ocean heat and 
freshwater budgets are priorities because 
the shallow salinity-controlled mixed 
layers play a major role in the distribu-
tion of upper-ocean heat content and sea 
surface temperature (SST). Freshwater 
inputs and formation of shallow mixed 
layers are important for monsoon pro-
cesses (Shenoi et al. 2002). Using histor-
ical hydrophysical fields, R.R. Rao and 
Sivakumar (2003) made an attempt to 
quantify the sea surface salinity budget. 

Wind and remote equatorial forc-
ing at the basin scale strongly con-
trol circulation and advection of saline 
waters (e.g.,  Yu et  al., 1991; Potemra 
et  al., 1991; Schott and McCreary, 2001; 
Shankar et al., 2002; Jensen, 2001, 2003; 
Vialard et al., 2009; Durland et al., 2009; 
R.R. Rao et al. 2010; Yu and McPhaden, 
2011; Girishkumar et  al., 2013; Suresh 
et al., 2013; Vinayachandran et al., 2013). 
The equatorial thermocline anomaly, 
generated by an eastward-propagating 
Wyrtki jet (Wyrtki, 1973) in response 
to westerly wind bursts (WWBs), prop-
agates eastward as a free Kelvin wave. 

Upon reaching the Sumatra coast, it 
partly reflects as a symmetric equatorial 
Rossby wave and two poleward- moving 
coastal Kelvin waves (e.g.,  Anderson 
and Rowlands, 1976; Cane and Sarachik, 
1976; Philander, 1990). Northward-
propagating Kelvin waves can move along 
the coastal boundary and influence cir-
culation in the BoB. Analysis of satellite 
sea surface height (SSH) and direct cur-
rent measurements along the east coast 
of India indicate that the alongshore cur-
rents in the upper-ocean flow field, espe-
cially near 15°N–19°N, have strong intra-
seasonal oscillations (Vialard et al., 2009; 
Mukherjee et al., 2014).

Low-salinity BoB water is trans-
ported into the Arabian Sea (AS) via the 
East India Coastal Current (EICC) and 
the Winter Monsoon Current (WMC), 
and saltier Arabian Sea water is trans-
ported into the BoB via the Summer 
Monsoon Current (SMC; e.g.,  Murty 
et  al., 1992; Schott et  al., 1994; Shetye 
et al., 1996; McCreary et al., 1996; Schott 
and McCreary, 2001; Jensen, 2001, 2003; 
Durland et  al., 2009; Vinayachandran 
et al., 2013; Mukherjee et al., 2014). The 
summer monsoonal forcing also induces 
energetic mesoscale features, which com-
plicate the regional oceanographic circu-
lation. Vinayachandran et al. (1999) sug-
gested that the SMC east of Sri  Lanka 
is forced by Ekman pumping in the 
BoB and Rossby wave radiation asso-
ciated with the spring Wyrtki jet in the 
equatorial Indian Ocean. Recent ship-
board and drifter observations reported 
by Wijesekera et  al. (2015) reveal that 
low-salinity BoB water is removed from 
the bay by the EICC and that high- 
salinity water is transported into the BoB 
by a northward, subsurface- intensified 
flow east of the EICC. Model simula-
tions and satellite products suggest that 
the WWBs over the equatorial Indian 
Ocean can be an important factor in the 

INTRODUCTION
Understanding the upper-ocean struc-
ture of the Bay of Bengal (BoB) and its 
connection to the entire northern Indian 
Ocean has been made more difficult by 
unknown freshwater distributions from 
high rainfall and river runoff. Several 
previous field campaigns focused on air-
sea interaction and monsoon variability 
(e.g., Bhat et al., 2001; Murty et al., 1996; 
Webster et al., 2002; S.A. Rao et al., 2011). 
Bhat et  al. (2001) conducted the Bay of 
Bengal Monsoon Experiment (BOBMEX) 
to examine organized convection during 
July–August 1999. Webster et  al. (2002) 
addressed intra seasonal and interannual 
variability of the monsoon in the east-
ern Indian Ocean spanning 5°S to 15°N 
as part of the Joint Air-Sea Monsoon 
Interaction Experiment (JASMINE). 
S.A. Rao et al. (2011) led the Indian gov-
ernment research program Continental 
Tropical Convergence Zone (CTCZ), 
which examined intraseasonal variabil-
ity and monsoon break cycles in the 
northern BoB during July and August 
2009. Though these studies improved 
our understanding of ocean-atmosphere 
processes in the BoB, significant gaps in 

ABSTRACT. Long-term time series of velocity, hydrographic, and turbulence fields 
were collected from a six-element subsurface mooring array in the southern Bay of 
Bengal. The moorings, deployed in December 2013 and recovered in August 2015, were 
entangled with commercial fishing nets and lines, while top subsurface buoys ended up 
being serendipitously closer to the surface than planned. In spite of these unexpected 
events, almost all the sensors and data were recovered. The moorings provided 
currents between 6 m and 500 m depths from acoustic Doppler current profilers, 
supplemented by hydrographic data and turbulent dissipation rates at selected depths. 
The observations captured the summer and winter monsoon currents, eddies, and 
intraseasonal oscillations. Near-surface currents as large as 1.75 m s–1 were observed 
in July 2014. Currents stronger than 0.5  m  s–1 were confined to the upper 200 m. 
Observations of currents, temperature, and sea surface height (SSH) fields revealed 
eddylike features with positive and negative SSH anomalies (~20 cm) moving westward 
at speeds of about 0.1 m s–1. Intraseasonal oscillations with periods of 30 to 90 days 
were strongest near the surface. For the duration of the deployment, root-mean-square 
velocity fluctuations were about 0.1 m s–1 near the surface but decayed with depth and 
became nearly uniform (~0.03–0.06 m s–1) below 100 m. 
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BoB salinity balance during the north-
east monsoon when saltier equatorial 
water intrudes into the southern BoB 
via a northward flow (Wijesekera et  al., 
2015). However, details of how upper-
ocean processes control freshwater distri-
bution and influence air-sea interactions 
are not well understood. 

A better understanding of the spatio-
temporal variability of currents and 
hydrophysical fields in the BoB as well 
as physical parameterizations that accu-
rately capture relevant submesoscale 
and small-scale physics are required for 
accurate predictions of winds, sea sur-
face temperature, and ocean currents 
by coupled air-sea models. The US Air-
Sea Interactions Regional Initiative 
(ASIRI) directly addresses this problem. 
ASIRI focuses on regional-scale air-sea 

interactions, atmospheric boundary layer 
structure, and ocean circulation in the 
BoB using both observations and mod-
els (Lucas et al., 2014; Wijesekera et al., in 
press). The US Naval Research Laboratory 
(NRL) program Effects of Bay of Bengal 
Freshwater Flux on Indian Ocean 
Monsoon (EBOB), in collaboration with 
ASIRI, focuses on two major objectives: 
(1) to understand and quantify dynam-
ical processes and transports that con-
trol freshwater and saltwater exchanges 
between the BoB and the Southeast 
Arabian Sea, and (2) to examine ocean 
responses to buoyancy and wind-stress 
forcing using observations and high- 
resolution air-sea coupled models. 

Observations of currents and hydro-
graphic fields are required for assess-
ing low-salinity water transports and the 

role of mesoscale to small-scale dynam-
ics in water mass exchanges as well as 
associated air-sea interactions on time 
scales ranging from subseasonal to sea-
sonal. Currents in the southern BoB in 
a region east of Sri  Lanka, especially in 
the thermocline and below, are a mystery 
due to lack of long-term in situ obser-
vations. As a part of the EBOB observa-
tional component, NRL Oceanography 
Division scientists, in collaboration with 
Oregon State University (OSU), the 
University of Notre Dame (ND), and the 
National Aquatic Research and Resources 
Development Agency (NARA) in 
Sri  Lanka, deployed six deep subsurface 
moorings in the southern BoB (Figure 1). 
In collaboration with Scripps Institution 
of Oceanography (SIO), several drift-
ers were also deployed near the mooring 

FIGURE  1. (a) Schematic of the 
mooring configuration. (b) The 
top acoustic Doppler current pro-
filer (ADCP) ball of NRL3 during 
recovery shows heavy biological 
growth due to placement of the 
ball as shallow as 16  m (Table  1). 
(c) Entanglement of mooring com-
ponents with fishing nets and 
lines. (d) Locations of US Naval 
Research Laboratory (NRL) moor-
ings 1–6 marked in red bullets 
over a bathymetry map of the Bay 
of Bengal (color image).
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array to capture near- surface circulation. 
These new long-term high- resolution 
observations help quantify a range of 
motions, including seasonal and intra-
seasonal currents, eddies, internal waves, 
and tides originating from the Andaman-
Nicobar Island gaps. Here, we describe 
the initial findings of low-frequency cur-
rents observed from the mooring array.

MEASUREMENTS
The observational program consisted of 
a 20-month-long mooring deployment, 
from December 2013 to August 2015, and 
a 10-day intensive survey period from 
July 3–13, 2014, using a towed undu-
lating vehicle, ScanFish, in the upper 
150 m. Six moorings were deployed in a 
triangular array (5°–8°N, 85.5°–88.5°E) 
in the southern BoB (Figure  1) using 
R/V Roger Revelle operating from 
Colombo, Sri  Lanka. All six moorings 
were deployed in international waters 
at depths of 3,600–3,900  m (Figure  1, 
Table 1). The western edge of the moor-
ing array was approximately 370 km east 
of Sri Lanka, and the separation between 
adjacent moorings was approximately 

167 km. The mooring line NRL1-2-3, 
along 85.5°E, provided meridional cross 
sections of currents and hydrographic 
fields, and the mooring line NRL3-4-5, 
along 8°N, provided zonal cross sections. 
The moorings were deployed in a transi-
tion region where the northern end of the 
array was influenced by the low- salinity 
northern BoB flow field, while the south-
ern end was influenced by the high- 
salinity southern Arabian Sea equatorial 
flows and the dynamics of the equato-
rial waveguide. Furthermore, the moor-
ings were placed in the path of tidal 
beams radiating from the shallow gaps 
between Andaman and Nicobar Islands 
near 93°E, 9°N. 

Each mooring contained two acous-
tic Doppler currents profilers (ADCPs) 
mounted on a buoy. In addition, each 
mooring contained 12–14 temperature 
(T) sensors; three to four temperature 
and conductivity (TC) sensors and four to 
six temperature, conductivity, and pres-
sure (TCP) sensors; two turbulent sen-
sor packages (χpods, see Science Box 1); 
two acoustic releases; a 0.9  m (36 inch) 
diameter flotation ball; and 20 glass 

flotation balls (Figure 1). The ADCPs were 
mounted upward and downward looking 
in a 1.143 m (45 inch) diameter top-buoy 
(hereinafter referred to as ADCP ball), and 
the rest of the sensors were attached to the 
500 m long, 6.35 mm (0.25 inch) jacketed 
steel wire below the ADCP ball (Figure 1). 
The vertical position below the water sur-
face of the ADCP ball varied from 16 m to 
72 m (Table 1), even though planned loca-
tions were 60–70 m below the water sur-
face. The upward-looking 300 kHz ADCP 
recorded velocity profiles in the water col-
umn from the top of the ADCP ball to 
about 5 m below the water surface every 
30 minutes, and the downward- looking 
75 kHz ADCP recorded velocity profiles 
in the water column to about 500 m below 
the ADCP ball every one hour (Table 1). 
Accuracies for the ADCP velocity mea-
surements are 0.5% of the observed water 
velocity ±0.5 cm s–1. T, TC, and TCP sen-
sors sampled at 1 min and 10 min inter-
vals, respectively. The χpods located at 
10  m and 30  m below the ADCP ball 
recorded temperature, pressure, and 
acceleration at 100 Hz to determine tem-
perature variance dissipation rates. The 

Table 1. Acoustic Doppler current profiler (ADCP) mooring summary. The 300 kHz ADCP was upward looking and the 75 kHz ADCP was downward look-
ing. Zbuoy is the depth of the top buoy or the ADCP ball. H is the water depth. Δt is the sampling period of ADCPs. Z1, Zn, and Δz are the depth of the 
first bin, the depth of the last bin, and the bin size, respectively. All depths are in meters. Tf is the inertial period in days. Start day and end day are given 
as month/day for 2013 and 2015, respectively. The site locations of NRL moorings 1–6 are marked with red bullets in Figure 1d. 

Site Lat
(°N)

Lon
(°E)

Start
(day)

End
(day)

Δt
(min)

Z1
(m)

Zn
(m)

Δz
(m)

Zbuoy
(m)

H
(m)

Type
(kHz)

Tf
(days)

NRL1 5.009  85.511
12/19 8/06 30 6 134 2 44 3715 300  5.711

12/19 8/06 60 64 592 8  75

NRL2 6.500 85.500 
12/19 8/07 30 6 106 2 39 3876 300 4.405

12/19 8/07 60 56 768 8 75

NRL3 8.000 85.500
12/20 8/08 30 6 126 2 16 3757 300 3.583

12/20 8/08 60 32 592 8 75

NRL4 7.992 86.990
12/21 8/09 30 6 142 2 45 3678 300 3.586

12/21 8/09 60 64 576 8 75

NRL5 7.983 88.500
12/21 8/10 30 6 166 2 72 3638 300 3.590

12/21 8/10 60 88 624 8 75

NRL6 6.500  87.000 
12/22 8/11 30 6 112 2 59 3840 300 4.405

12/22 8/11 60 80 576 8 75
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Science Box 1. Moored Mixing Measurements in the Bay of Bengal

Resolution of seasonal variability associated with strong 
forcing on monsoonal time scales requires full-year records 
of turbulent heat flux. The ASIRI project has supported col-
lection of multiyear records of mixing throughout the Bay 
of Bengal using moored χpods (Figure  SB1). Five of the 
six NRL moorings were equipped with two χpods each 
from December 2013 to June 2015, and additional sensors 
were deployed on RAMA moorings at 12°N and 15°N from 
December 2013 to December 2015 and on an air-sea flux 
mooring near 18°N from November 2014 to January 2016. 
The χpods measure mixing using fast thermistors (Moum and 
Nash, 2009; Perlin and Moum, 2012), which sample tempera-
ture fluctuations at 100 Hz. Frequency spectra are converted 
to wavenumber spectra using the local speed from ancillary 
sensors (e.g.,  ADCPs); wavenumber spectra are scaled to 
estimate the diffusive rate based on the turbulent thermal 
dissipation rate (χ ). The turbulent diffusivity of temperature 
(KT) and the viscous rate of dissipation of turbulence (ε) are 
derived from χ under the assumptions that (1) the diffusivity 
of temperature is equivalent to the diffusivity of density, and 
(2) the mixing efficiency is 20%. 

Despite challenges associated with estimation of back-
ground temperature gradients from moored data and errors 
in current speed past the sensor due to mooring motions, 
χpods provide the only vetted (Perlin and Moum, 2012), con-
tinuous, year-round measurements of turbulent mixing on 
moored platforms, permitting the sampling needed to cap-
ture intermittent turbulent events and providing statistically 
robust average mixing rates. Furthermore, the flexibility of 
these sensors has been demonstrated though adaptation 
to CTD rosettes, Wirewalker profilers, and SOLO-II profil-
ing floats. For example, data collected from a CTD-mounted 
χpod in November–December 2013 show mixing that was 
likely enhanced by Tropical Cyclone Madi, which occupied 
the region just offshore of Sri Lanka in the weeks preced-
ing the deployment of the NRL mooring array. The turbulent 
thermal dissipation rate (χ ) was elevated by several orders 
of magnitude over background values. The ~1.5 year-long 
records of mixing from NRL array χpods will permit quanti-
fication of the intensity and variability in mixing associated 
with the passage of multiple storms and energetic eddies 
such as the Sri Lanka Dome. The data shown in Figure SB1 
suggest that such storm events may be responsible for sig-
nificant subsurface mixing in the BOB.

Oceanography |  Vol.29, No.2116

FIGURE  SB1. Locations of moored χpods 
deployed for ASIRI. Boxes closest to mooring 
positions indicate nominal depths of sensors. 
Each small colored circle shows the location 
and magnitude of an average thermal dissipa-
tion rate (χ) in the upper 250 m as calculated 
from a χpod mounted on a CTD. Profiles were 
acquired from November 29 to December 11, a 
period spanning the development of Cyclone 
Madi (sea level pressure field in millibars from 
December 9, 2013, thick black lines). The thick 
gray and thin black lines denote Exclusive 
Economic Zone (EEZ) boundaries and bathy-
metric contours, respectively.
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locations and the numbers of χpods used 
in moored platforms, and the estimated 
temperature variance dissipation rates 
from a ship CTD-mounted χpod along 
the cruise track of R/V Roger Revelle, are 
given in Science Box 1. T, TC, and TCP 
sensors were spaced unevenly within 
500 m below the ADCP ball. Sensors were 
dense in the strongly stratified region 
between 50 and 150 m. 

During the deployment period, moor-
ing motion generated large vertical dis-
placements ranging from 10 m to 150 m 
as indicated by the pressure records of the 
ADCPs and TCP sensors. These displace-
ments varied with tides as well as low- 
frequency currents, and on several occa-
sions displacements as large as 150  m 
occurred that lasted more than a month. 
At least three of the six moorings were 
entangled with commercial fishing nets 
and lines (Figure 1), which in turn gen-
erated extra drag on the mooring lines, 
and could have caused unexpected dis-
placements. However, tilt sensors in the 
ADCPs indicated that the ADCPs were 
nearly vertical and that the mooring 
motion had little impact on the vertical 
orientation of the subsurface buoy. The 
ADCP ball was connected to the mooring 
line through a swivel/shackle/master-link 
assembly that decoupled the vertical ori-
entation of the mooring line from the 
ball. Here, for a given a mooring, depths 
of velocity bins were referenced relative to 
the ADCP pressure. T, TC, and TCP sen-
sors were rigidly attached to the moor-
ing line, so their vertical positions were 
directly affected by the tilt of the moor-
ing line. Pressure levels at T and TC sen-
sor locations were evaluated by interpo-
lating the pressure records of the ADCPs 
and the TCP sensors. ADCP current and 
temperature fields were corrected to the 
mooring motion, and a gridded product 
was constructed by interpolating ADCP 
currents and temperatures to constant 
depth levels between 8 m and 500 m with 
8 m and 4 m depth intervals, respectively. 
Salinity was limited to four to six sensors 
at each mooring and therefore was not 
interpolated vertically. 

FIGURE  2. Longitude-time (Hovmoller) diagrams of sea surface height (SSH) 
anomaly at 5°N (left), 6.5°N (middle), and 8°N (right). Thin black lines indicate the 
NRL mooring locations. SSH is in centimeters. 

PRELIMINARY ANALYSIS 
AND RESULTS
The time series of currents and hydro-
graphic fields comprised two winter 
monsoon and two summer monsoon 
seasons between December 2013 and 
August 2015. Multiple events at a range 
of temporal and spatial scales passed 
through the mooring array as illustrated 
in time-longitude plots of SSH (Figure 2). 
One of the distinct features is the annual 
and seasonal cycles of SSH. Here, daily 
products of SSH anomalies from the 
Aviso data set with ¼° spatial resolution 
(http://www.aviso.altimetry.fr/en/data/
products/sea-surface-height-products/
global/ssha.html) were used. From May 
to September 2014, SSH anomalies as 
large as ±25 cm propagated westward 
at a speed of about 0.09  m  s–1, which 

is close to the theoretical phase speed 
of the second-mode baroclinic Rossby 
wave speed for the latitude belt near 8°N 
(e.g.,  Figure  1 in Subrahmanyam et  al., 
2001). Note that the slopes of the longi-
tude-time plots of SSH are the propaga-
tion speeds. The monthly averaged SSH 
image shown in Figure 3 displays the spa-
tial structure of mesoscale variability in 
the southern BoB for July 2014. The image 
shows well- developed cyclonic (nega-
tive SSH anomaly) and anticyclonic (pos-
itive SSH anomaly) mesoscale features 
approximately 300–400 km long and 
200–300 km wide. The cyclonic circulation 
east of Sri  Lanka, which appears during 
the summer months, is referred to as the 
“Sri Lanka Dome” (e.g., Vinayachandran 
and Yamagata, 1998). 

The seasonally reversing wind patterns 

http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssha.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssha.html
http://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssha.html
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in the central BoB were remarkably 
steady during the period of mooring 
deployment (Figure 4a). The 10 m winds 
were from the Research Moored Array 
for African-Asian-Australian Monsoon 
Analysis and Prediction (RAMA) buoy at 
12°N, 90°E (McPhaden et al., 2009). The 
20-day low-passed filtered winds during 
the southwest monsoon were about 
10 m s–1. The southwest monsoon winds 
were stronger than the northeast mon-
soon winds, which were about 6  m  s–1. 
The transitions from northeast to south-
west monsoons, and vice versa, occurred 
in May and October, respectively, and 
these wind reversals each took place 
within a month (Figure 4a). 

The SSH anomaly followed the 20°C 
isotherm depth extremely well through-
out the deployment (Figure 4b). The cor-
relation coefficient between the 20°C 

isotherm and SSH is about 0.84 at NRL3. 
Similar correlations are found at the rest 
of the mooring sites where correlation 
coefficients at NRL1, NRL2, NR4, NRL5, 
and NRL6 are 0.75, 0.75, 0.84, 0.69, and 
0.82, respectively. The 20-day low-passed 
filtered 20°C-isotherm depth shown in 
Figure 4b was derived from 10 min and 
4 m averaged gridded temperature obser-
vations. Here, negative SSH anoma-
lies (i.e.,  counterclockwise circulation) 
and positive SSH anomalies (i.e.,  clock-
wise circulation) were highly correlated 
with upward and downward move-
ment of the thermocline, respectively. 
The time-depth section of temperature 
(Figure  4d) shows that vertical move-
ment of isotherms occurred through-
out the water column, especially during 
the summer of 2014 (Figure  4b,d). The 
near- surface temperature was warmest at 

about 30.5°C at 16 m depth during April 
and May (Figure 4d), especially prior to 
the southwest monsoon. 

Salinity near the surface (~20 m) 
was about 33.5 psu or less, except in 
the cold, cyclonic Sri  Lanka Dome 
eddy (Figure  4c). The Sri  Lanka Dome, 
observed in July 2014, was associated with 
cold and slightly higher-salinity water and 
with rising isotherms. The anticyclonic 
eddy, observed in September 2014, was 
associated with warm water and deepen-
ing isotherms (Figure 4b,d). Typically, the 
low-saline, warm water can lead to a pos-
itive SSH anomaly, but the relative contri-
butions of these two components deter-
mine SSH variability. Because our salinity 
measurements are very limited, it is diffi-
cult to evaluate the relative contributions 
of temperature and salinity in cyclonic 
and anticyclonic eddies. Based on histori-
cal expendable bathythermograph (XBT) 
measurements along 6°N between 80°E 
and 95°E, Yu (2003) reported that the 
amplitude of the SSH anomaly (~3  cm) 
induced by the salinity is comparable to 
the amplitude induced by temperature. 
Salinity in the deeper part of the thermo-
cline remained steady in time. Salinities 
at 10  min intervals were plotted on the 
observed pressure levels due to the lim-
ited number of salinity observations 
(Figure  4c). Pressure records of indi-
vidual sensors reflect the vertical move-
ment of the mooring. Tilting of the NRL3 
mooring when monsoon currents were 
strong in summer 2014 caused 50–75 m 
vertical displacements. In June 2015, the 
mooring moved more than 150 m verti-
cally for nearly a month even though the 
currents were not large. Short-duration 
displacements can be found throughout 
the deployment period. We suspect that 
the large displacements could be a result 
of fishing-net entanglement, which tends 
to drag the mooring line. 

In general, currents at all the mooring 
sites show rapid responses to reversing 
wind fields, and these changes are more 
pronounced at NRL3. The time series of 
currents at NRL3 (Figure  4e,f) displays 
the seasonal response to monsoons. In 

FIGURE  3. Summer monsoon currents from drifters and moored ADCPs 
are superimposed on an SSH map for July 2014 (color image). SSH is in 
centimeters. Drifter velocity vectors for the middle of July 2014 are marked 
by blue lines. Starting and ending points of drifters are marked by crosses 
and circles, respectively. ADCP current vectors at 8  m and 120  m depths 
are marked by red and black arrows, respectively. The current vectors at 
120 m were multiplied by a factor of two. Currents at 120 m depth were more 
directed northward.
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general, low-frequency currents in the 
upper 100 m were in excess of 0.6 m s–1 
(Figure  4c). The strongest currents were 
observed during the southwest monsoon 
(July–August 2014). The monthly aver-
aged near-surface zonal flow exceeded 
1  m  s–1 while the meridional flow con-
tained subsurface maxima of about 
0.6 m s–1 at 50–100 m depth. The summer 
monsoon circulation observed during 
June–August 2014 at NRL3 showed pas-
sages of energetic cyclonic and anti-
cyclonic eddies apart from the SMC. 
Mean currents observed during northeast 
monsoon periods (December–March) 
were less than 0.1 m s–1, nearly westward, 

and shallow (confined to upper 100 m). 
Below 200 m, currents were dominated 
by wavelike motions with time periods 
varying from 30 to 90 days. 

Seasonal currents were strong in the 
upper 200  m while seasonal currents 
were weak below 200 m, but intraseasonal 
oscillations were significant. Therefore, 
the temporal variability of currents was 
further examined by depth averaging 
the zonal and meridional velocity com-
ponents into two separate depth inter-
vals, namely 8–200  m and 208–500  m 
(Figure  5). Immediately after the south-
west monsoon, the upper 200 m flow, espe-
cially at NRL moorings 1–4, intensified 

toward the northeast. However, it is likely 
that a part of the wind-driven flow was 
heavily influenced by cyclonic and anti-
cyclonic eddy structures during June–
July 2014 (Figures 3, 4, and 5). As men-
tioned above, the Sri  Lanka Dome is a 
result of Ekman pumping in the southern 
BoB. Note that the Ekman pumping, esti-
mated from Coupled Ocean/Atmosphere 
Mesoscale Prediction System (COAMPS) 
model outputs (http://www.nrlmry.
navy.mil/coamps-web/web/home) near 
84°E–85.5°E, 8°N–9°N during June–
July 2014 is about 1–2 m day–1. The anti-
cyclonic circulation is likely associated 
with Rossby waves radiating from the 

FIGURE  4. Current, temperature, 
and salinity observations at moor-
ing NRL3 (85.5°E, 8°N). (a) 10  m 
wind speed and direction from 
meteorological sensors mounted 
on the RAMA buoy at 90°E, 12°N. 
(b) SSH anomaly (red) from Aviso 
and 20°C isotherm depth (blue) at 
the mooring location. (c) Scatter 
plots of 10 min sampled salinity (S) 
at five depths along the mooring 
line. Seventy-two-hour low-pass 
filtered (d) temperature (T) in °C, 
(e) zonal velocity (U), and (f) merid-
ional velocity (V). 

http://www.nrlmry.navy.mil/coamps-web/web/home
http://www.nrlmry.navy.mil/coamps-web/web/home
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eastern boundary (e.g.,  Vinayachandran 
et al., 1999). In August–September 2014, 
the mooring array captured this west-
ward-moving anticyclonic feature, which 
is consistent with the reversal of the flow 
toward the southwest (Figures  4 and 5). 
The time-mean currents below 200  m 
were weak but dominated by subseasonal 
oscillations (Figure  5). There is a weak 
northward flow at NRL3 throughout the 
20 months of observations, while the 
zonal flow reverses subseasonally. The 
cumulative velocity estimates indicate 
a subsurface northward transport at the 
western edge of the mooring array.

The surface circulation pattern 

observed in July 2014 from drifter tracks 
and from the moored ADCPs is qualita-
tively consistent (Figure 3). The tracks of 
eight surface drifters deployed July 3–5 
along the NRL1–3 mooring line from 
R/V  Roger Revelle are marked by blue 
arrows. Directions of moored ADCP 
velocities at 96  m to 120  m depth are 
marked by red and black arrows, respec-
tively. The near-surface flow pattern 
closely followed SSH contours in the 
southern BoB during August 2014. After 
the passage of these eddies, many of 
the drifters moved eastward toward the 
Andaman Sea, and only one out of eight 
drifted to the northern BoB, indicating 

that the surface transport was mostly 
eastward. However, between 50  m and 
125 m depths, the subsurface flow had a 
strong northward component of about 
0.5  m  s–1 during June–August 2014 and 
July 2015 (Figures  3 and 4f), and was 
associated with salinity higher than 
35 psu (Figure  4c). It has been recog-
nized that the SMC transports the major 
influx of saltier water into the BoB from 
the southeast Arabian Sea (e.g.,  Murty 
et  al., 1992; Schott and McCreary, 2001; 
Vinayachandran et  al., 2013). Since the 
surface-intensified SMC moved eastward, 
it is likely that the subsurface-intensified 
northward component of the flow carried 
high-salinity water into the northern bay. 

Low-frequency SSH anomalies prop-
agated westward at a speed close to 
0.09 m s–1 (Figure 2). Furthermore, SSH 
anomalies were highly correlated with 
the 20°C isotherm depth (Figure  4b). 
This observation implies that wave- or 
eddy-like disturbances in the thermo-
cline propagated westward. The 90-day 
low-passed filtered 20°C-isotherm dis-
placements and the depth-averaged 
meridional velocities at NRL2–6 show 
phase lags in the zonal direction among 
NRL3, NRL4, and NRL5 and between 
NRL2 and NRL6 (Figure  6). By match-
ing 20°C isotherms of nearest mooring 
locations and also matching meridional 
velocities at 6°N, we found 8- to 14-day 
time lags for 20°C isotherms and a 20-day 
time lag for the velocity fields. At 8°N, we 
found 10- to 20-day time lags for iso-
therms and 25- to 30-day time lags for the 
velocities. We note that our time-lag esti-
mates have large uncertainties due to lat-
itudinal dependence of the propagation 
speed, so an average speed was estimated. 
The average, minimum, and maximum 
propagation speeds are about 0.12 m s–1, 
0.06  m  s–1 to 0.24  m  s–1, respectively. 
These results are similar to the propaga-
tion speeds derived from the SSH anoma-
lies discussed above (Figure 2). Yu (2003) 
reported westward propagation of the 
20°C isotherm from XBT measurements 
along 6°N between 80°E and 95°E. The 
estimated phase speed from the XBT 

FIGURE 5. Depth-averaged 30-day low-passed filtered currents at mooring locations NRL1–
NRL6. (a) Currents averaged between 8 m and 200 m. (b) Currents averaged between 208 m 
and 480 m. Note that in order to obtain a better presentation of velocity vectors, the vector 
scale shown in (b) is larger than that in (a).
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data is about 0.24 m s–1, which is close to 
the phase of the second-mode baroclinic 
Rossby wave at 6°N (Yu 2003; see also 
Figure 1 in Subrahmanyam et al., 2001). 
The difference in phase speeds in the 
present observations near 8°N and in the 
XBT analysis at 6°N is likely due to the 
latitudinal dependence on phase speed. 

Intraseasonal oscillations (ISOs, vary-
ing from 30–90 days) were found in the 
entire water column, but they were more 
visible below 200 m, where the magni-
tude of velocity fluctuations was as large 
as 0.25 m s–1. Frequency spectra of veloc-
ity (not shown here) indicated multiple 
ISO periods, but the 50–60 day variability 
was the largest. To examine the ISO ener-
getics, kinetic energy (KE) in the 30- to 
90-day band was examined. The time- 
averaged ISO KE was found to be largest 
near the surface (~100–130 cm2 s–2) and 
decayed with depth at 100 m and deeper 
to about 10–38 cm2 s–2. Preliminary 
analysis indicates that 30–90 day band-
passed filtered SSH anomalies propa-
gated westward with a speed of about 
0.2 m s–1 (not shown). Girishkumar et al. 
(2011) showed westward propagation of 
40- to 100-day band-passed SSH anom-
alies at 8°N, 90°E. They suggested their 
observations are consistent with Rossby 
wave propagation and noted modu-
lation of the barrier layer as a result of 
these waves. Girishkumar et  al. (2011) 
further reported that these waves are 
remotely forced by intra seasonal surface 
winds in the equatorial Indian Ocean. 
Several investigators show the existence 
of 30- to 90-day oscillations in the north-
eastern BoB, including variations in the 
EICC transport on intra seasonal time 
scales (Durand et  al., 2009; Mukherjee 
et al., 2014). Durand et al. (2009) suggest 
that intraseasonal fluctuations are driven 
by remote forcing of the equatorial 
Madden Julian Oscillations. In summer, 
there appear to be strong northeastward 
30–60 day atmospheric oscillations orig-
inating from the equator and propagat-
ing toward the northern BoB (Kemball-
Cook and Wang, 2001). Analyses 
presented here are preliminary, and 

further analysis focusing on the dynam-
ics of these waves and their role in mon-
soon variability is still required.

SUMMARY
The main objectives of the ASIRI-EBOB 
field program are to understand and 
quantify currents, hydrography, mixing, 
and fresh and salty exchanges between 
the Southeast Arabian Sea and the Bay of 
Bengal. The program has provided new 
insights into deep currents and small-
scale, high-frequency variability, some 
of which had not been observed in the 
southern BoB before. Long-term time 
series of velocity, hydrographic, and tur-
bulence fields were collected from six sub-
surface moorings in the southern BoB. 

The moorings were deployed in the deep 
ocean (~4,000 m) in December 2013 and 
recovered in August 2015 using R/V Roger 
Revelle, operating from Sri Lanka. These 
moorings provided currents between 6 m 
and 500  m from ADCPs, supplemented 
by hydrographic data and turbulent dis-
sipation rates at selected depths. During 
the recovery, we found that the moorings 
were entangled with commercial fishing 
lines and nets. The observed large verti-
cal movements (~150 m) of the moorings 
are likely due to dragging by the fishing 
gear. Top subsurface buoys that housed 
ADCPs were positioned closer to the sur-
face than planned. Regardless of these 
adverse events, we were lucky to recover 
almost all the sensors and data. 

FIGURE 6. Time series of 90-day low-passed filtered 20°C-isotherm depth (η20C), and 
8–200  m averaged meridional velocity (V). (a) η20C and (b) V at NRL3, NRL4, and 
NRL5. (c) η20C and (d) V at NRL2 and NRL6.
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Moored observations captured the 
summer and winter monsoon cur-
rents, eddies, and intraseasonal oscil-
lations. Near-surface temperature 
appeared to be warmest during summer 
but prior to summer monsoons. Near-
surface currents as large as 1.75  m  s–1 
were observed in July 2014. Currents 

stronger than 0.5 m s–1 were confined to 
the upper 200 m. Weak time-mean cur-
rents below 200  m were dominated by 
interseasonal oscillations. Moored cur-
rents along with drifter deployments 
show that near-surface flow moved east-
ward toward the Andaman Sea, indicat-
ing that the majority of surface transport 
was eastward. However, between depths 
of 50 m and 125 m, the subsurface flow, 
associated with high-salinity (>35 psu) 
water, had a strong northward compo-
nent of about 0.5 m s–1. It is likely that the 
subsurface-intensified northward com-
ponent of the flow carried high-salinity 
water into the northern bay, similar to 
what has been suggested in past studies. 
Observations of currents, temperature, 
and SSH fields revealed eddylike features 
with positive and negative SSH anoma-
lies (~20 cm) moving westward at a speed 
of about 0.1  m  s–1. Intraseasonal oscil-
lations with periods ranging from 30 to 
90 days were strongest near the surface. 
The time-averaged kinetic energy at the 
ISO band was found to be largest near the 
surface (~100–130 cm2 s–2) and decayed 
with depth to about 10–38 cm2 s–2 at 
100 m and deeper. 

We presented preliminary analyses of 
moored observations of low- frequency 
flow fields here. A greater understand-
ing of upper-ocean circulation and its 
coupling to monsoons will emerge as 
ongoing analyses of the oceanic and 
atmospheric data sets along with air-sea 
coupled model studies are completed. 
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