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ABSTRACT

High-resolution currents and hydrographic fields weremeasured at six deep-watermoorings in the southern

Bay of Bengal (BoB) by the Naval Research Laboratory as part of an international effort focused on the

dynamics of the Indian Ocean. Currents, temperature, and salinity were sampled over the upper 500m for

20 months between December 2013 and August 2015. One of the major goals is to understand the space–time

scales of the currents and physical processes that contribute to the exchange of water between the BoB and

the Arabian Sea. The observations captured Southwest and Northeast Monsoon Currents, seasonally varying

large eddies including a cyclonic eddy, the Sri Lanka dome (SLD), and an anticyclonic eddy southeast of the

SLD. The observations further showed intraseasonal oscillations with periods of 30–70 days, near-inertial

currents, and tides. Monthly averaged velocities commonly exceeded 50 cm s21 near the surface, and extreme

velocities exceeded 150 cm s21 during the southwest monsoon. Tides were small and dominated by the M2

component with velocities of about 3 cm s21. The average transport into the BoB over the measurement

period was 2 Sv (1 Sv[ 106m3 s21) but likely exceeded 15 Sv during summer of 2014. This study suggests the

water exchange away from coastal boundaries, in the interior of the BoB, may be largely influenced by the

location and strength of the two eddies that modify the path of the Southwest Monsoon Current. In addition,

there is a pathway below 200m for transport of water into the BoB throughout the year.

1. Introduction

The southern Bay of Bengal, east of Sri Lanka, is an

important region for understanding the interaction of

currents and water masses from the Bay of Bengal

(BoB), Arabian Sea (AS), and the equatorial Indian

Ocean. The entire BoB undergoes a dramatic seasonal

variation in circulation patterns. Hydrographic obser-

vations in the western BoB and near the coast have been

primarily used to document the seasonality (e.g., Shetye

et al. 1993; Murty et al. 1992; Shankar et al. 2002). Sea-

sonally reversing north–south currents, such as the East

Indian Coastal Current (EICC) near the east coasts of

Sri Lanka and India, transport low-salinity water from

the BoB into the AS while the overall flows are equa-

torward (Shetye et al. 1996; Mukherjee et al. 2014).

Seasonally reversing east–west monsoon-driven cur-

rents pass just south of Sri Lanka and transport water

between the southern BoB andAS. The Northeast (NE)

Monsoon Current (NMC) flows westward during winter

and the Southwest (SW)Monsoon Current (SMC) flows

eastward during summer (also known as the Winter

Monsoon Current and Summer Monsoon Current,

Corresponding author address: HemanthaW.Wijesekera, Naval

Research Laboratory, 1009 Balch Blvd., Stennis Space Center, MS

39529.

E-mail: hemantha.wijesekera@nrlssc.navy.mil

OCTOBER 2016 W I J E SEKERA ET AL . 3209

DOI: 10.1175/JPO-D-16-0113.1

� 2016 American Meteorological Society
Unauthenticated | Downloaded 06/03/22 10:36 AM UTC

mailto:hemantha.wijesekera@nrlssc.navy.mil


respectively; Schott et al. 1994; Schott and McCreary

2001; Jensen 2001; Vinayachandran et al. 2013). Amajor

influx for saltier water into the BoB originates with the

SMC (Murty et al. 1992; Schott et al. 1994; Jensen 2001,

2003; Vinayachandran et al. 2002). Freshwater inputs

from rainfall and rivers and shallow, salinity-controlled

mixed layers are important factors and have a strong

influence in the flushing of the BoB (Shenoi et al. 2002).

Air–sea interaction and monsoon variability have

been the focus of several earlier field experiments (e.g.,

Bhat et al. 2001; Murty et al. 1996; Webster et al. 2002;

Rao et al. 2011). The Bay of Bengal Monsoon Experi-

ment (BOBMEX) examined organized convection

during July–August 1999 (Bhat et al. 2001). Webster

et al. (2002) addressed intraseasonal and interannual

variability of the monsoon in the eastern Indian Ocean

spanning 58S to 158N as part of the Joint Air–Sea

Monsoon Interaction Experiment (JASMINE). Rao

et al. (2011) examined intraseasonal variability and

monsoon break cycles in the northern BoB during July–

August 2009 during the continental tropical conver-

gence zone (CTCZ) program. Although these studies

contributed to the understanding of the ocean–

atmospheric processes in the BoB, there have been

only a few studies where subsurface currents have been

directly measured. The SMC and NMC currents were

first measured by Schott et al. (1994) south of Sri Lanka

using long-term moorings equipped with acoustic

Doppler current profilers (ADCPs) and snapshots

from a shipboard ADCP. During the winter monsoon,

they observed a westward-flowing NMC, which had a

mean transport of about 12 Sv (1 Sv[ 106m3 s21), while

during the summermonsoon, the eastward-flowing SMC

carried a transport of about 8 Sv for the region north of

3.758N. The currents east of Sri Lanka in the deep water

in the southern BoB have never been measured by long-

term fixed moorings. Drifters, satellite altimetry, hy-

drography, and shipboard ADCPs (e.g., Shetye et al.

1996; Hacker et al. 1998; Vinayachandran et al. 1999;

Wijesekera et al. 2015) have provided clues regarding

the near-surface circulation. Recent shipboard and sur-

face drifter observations have revealed that low-salinity

water was transported out of the BoB by the EICC and

that high-salinity water was transported into the BoB

by a northward, subsurface-intensified flow east of the

EICC (Wijesekera et al. 2015). Westerly wind bursts

over the equatorial Indian Ocean have been suggested

to be important in determining the saltwater intrusions

in the southern BoB during the northeast monsoon

(Wijesekera et al. 2015). Details of the current vari-

ability and upper-ocean processes, particularly in the

upper several hundred meters, and exchange pathways

are not well established, although it is believed that a

regional meridional circulation exchanges water be-

tween the BoB and Indian Ocean across the equator

(Schott et al. 2002). The seasonal cycle of the circulation

and its structure is certainly not clear in the interior of

the BoB (Vinayachandran and Yamagata 1998).

During the field program for Effects of Bay of Bengal

Freshwater Flux on Indian Ocean Monsoon (EBoB)

conducted by the U.S. Naval Research Laboratory

(NRL), six deep-water moorings were deployed for a

period of 20 months in the south-central BoB. The

moorings were located in a transition region in which the

dynamics are influenced by the low-salinity northern

BoB flow field and the high-salinity equatorial flows in

the southern Arabian Sea. Furthermore, the moorings

were located in the path of tidal beams that radiate from

shallow gaps between the Andaman and Nicobar Is-

lands. This program was part of an international effort

by the Air–Sea Interactions in Northern Indian Ocean

(ASIRI) of the U.S. Office of Naval Research, the

Ocean Mixing and Monsoons (OMM) of the Monsoon

Mission of India, and the Coastal Current Observations

Program (CCOP) of Sri Lanka (Lucas et al. 2014;

Wijesekera et al. 2016b; http://tos.org/oceanography/

issue/volume-29-issue-02). A major focus of the EBoB

observations was to understand the fresh and saltwater

exchanges between the BoB and theArabian Sea. Long-

term in situ observations of subsurface currents and

hydrographic fields obtained by EBoB are being used to

understand the mesoscale to small-scale dynamics and

to assess the water mass exchanges on seasonal to sub-

seasonal time scales. To our knowledge, the EBoB

moorings are the first and so far the only long-term

ADCP moorings to be deployed in the south-central

BoB that provided current profiles of the upper 500m of

the water column.

Here, we provide the basic description of the dataset

while focusing on seasonal and intraseasonal to tidal

frequencies to set the stage for later research on specific

dynamical processes. In addition, the observed currents

will be used to assess the pathways of salt and heat ex-

changes in the southern BoB. The current structure and

variability over the upper 500m of the water column at

water depths of nearly 4000m are examined in detail.

Measurements captured currents in the Sri Lanka dome

(de Vos et al. 2014; Vinayachandran and Yamagata

1998) and in a large anticyclonic eddy that often ap-

peared south of the dome (Schott et al. 1994;

Vinayachandran et al. 1999). We examine the dominant

periods of current variability and put the currents in

geographic perspective using sea surface height fields

from satellite altimetry.

The paper mainly discusses the seasonal to intra-

seasonal current variability, eddies, and possible water
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exchange pathways. The paper is organized as follows:

The moorings and data are described in section 2.

Background winds and sea surface heights are described

in sections 3 and 4, respectively. Statistics of the seasonal

currents are given in section 5. In section 6, multiple

scales, such as tidal, inertial, and subseasonal variability

of currents and temperature, are identified fromwavelet

and conventional spectral methods. Monthly current

variability is discussed in section 7. Descriptions of the

currents and eddies are given in section 8. Transports are

discussed in section 9. Discussions of currents, transport

estimates, and comparison with past studies are given in

section 10. Summary and conclusions of this study are

presented in section 11.

2. Instrumentation and moored datasets

Six ADCP moorings were deployed in a triangular

array in the south-central BoB at water depths of nearly

4000m for a period of about 20 months. These moorings

were designed to capture lateral gradients of currents

and hydrography, and high-resolution seasonal and

intraseasonal currents, eddies, internal waves, and tides

originating from the Andaman–Nicobar Island gaps.

Locations of the moorings (Table 1) and the bathymetry

are shown in Fig. 1. The moorings, located about 200nm

east of Sri Lanka, were about 90 nm (165km) apart in

north–south (meridional) and east–west (zonal) lines.

The moorings were deployed in December 2013 and

were recovered in August 2015. Both mooring efforts

used the R/V Roger Revelle operating out of the port

of Colombo, Sri Lanka. Each mooring contained an

upward-looking Teledyne RD Instruments Workhorse

ADCP, operating at 300 kHz, and a downward-looking

Teledyne RD Instruments Long Ranger ADCP,

operating at 75 kHz, that were mounted at the top of the

mooring in a Flotation Technology buoy, 45 in. in di-

ameter, at a planned depth of 75m. Nevertheless, the

actual buoy depths after deployment were from about 16

to 72m. Additional flotation was provided by a large

ball, 36 in. in diameter, that was located 500m below the

top buoy, and by five sets of four glass balls, 17 in. in

TABLE 1. ADCPmooring summary; 300-kHzADCPwas upward looking and 75-kHzADCPwas downward looking.Zbuoy is the depth

of the top buoy or theADCPball.H is the water depth.Dt is the sampling period ofADCPs.Z1,Zn, andZb are the depth of the first bin, the

depth of the last bin, and the bin size, respectively. All depths are inmeters.Tf is the inertial period in days. Start day and end day are given

as day and month for 2013 and 2015, respectively. The site locations of NRL1–6 are marked in triangles in Fig. 1.

Site Lat (8N) Lon (8E) Start day End day Dt (min) Z1 (m) Zn (m) Zb (m) Zbuoy (m) H (m) Type (kHz) Tf (days)

NRL1 5.009 85.511 19 Dec 6 Aug 30 6 134 2 44 3715 300 5.711

19 Dec 6 Aug 60 64 592 8 75

NRL2 6.500 85.500 19 Dec 7 Aug 30 6 106 2 39 3876 300 4.405

19 Dec 7 Aug 60 56 768 8 75

NRL3 8.000 85.500 20 Dec 8 Aug 30 6 126 2 16 3757 300 3.583

20 Dec 8 Aug 60 32 592 8 75

NRL4 7.992 86.990 21 Dec 9 Aug 30 6 142 2 45 3678 300 3.586

21 Dec 9 Aug 60 64 576 8 75

NRL5 7.983 88.500 21 Dec 10 Aug 30 6 166 2 72 3638 300 3.590

21 Dec 10 Aug 60 88 624 8 75

NRL6 6.500 87.000 22 Dec 11 Aug 30 6 112 2 59 3840 300 4.405

22 Dec 11 Aug 60 80 576 8 75

FIG. 1. Bathymetric map of the BoB. Locations of the moorings are

marked by triangles.
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diameter, spaced about 500m apart along the mooring

line. Jacketed steel wire (0.25 in. in diameter) was used

for the upper 2000m of the mooring line and synthetic

rope (0.25 in. in diameter) was used for the mooring line

below the wire. The moorings were anchored to the

bottom with 3500-lb anchors at water depths between

3600 and 3900m. A pair of acoustic releases was posi-

tioned just above the anchor.

In addition, each mooring contained an assortment of

sensors mounted along the wire beneath the ADCP

buoy: 12 to 14 temperature (T) sensors, 3 to 4 temper-

ature, conductivity (TC) sensors, 4 to 6 temperature,

conductivity, and pressure (TCP) sensors, and 2 turbu-

lent sensors. The instruments consisted of MicroCats

manufactured by Sea Bird Electronics, both with and

without pressure to record the temperature and con-

ductivity; Vemco temperature dataloggers; Aqua Troll

conductivity–temperature–depth (CTD) loggers; Star

Oddi CTD loggers; and x pods (Moum and Nash 2009)

that record temperature, pressure, and acceleration for

determination of temperature variance dissipation rate.

Sampling rates were 1min for the Vemco recorders and

10min for the other recorders with the exception of the

x pods, which recorded at 100Hz for nearly the entire

deployment period. These sensors were unevenly

spaced and were more numerous within about 70m of

the buoy, where strong stratification was expected. A

summary of these recorders are provided in Table 2. The

depth difference Dz for each instrument relative to the

ADCP buoy is also provided in Table 2.

Current profiles were measured from approximately

5m below the surface to depths of 600m. Currents were

sampled every hour by the Long Ranger and every half-

hour by the Workhorse. Vertical depth resolutions for

the currentmeasurements were 8m for the LongRanger

and 2m for the Workhorse. The accuracy of the Work-

horse is 0.5%of the water velocity60.5 cm s21. Inherent

to theADCP design, interference of the side lobes of the

acoustic beams with the main lobes prevented accurate

velocity determinations near the surface (;5m). Cur-

rent velocities were not recorded for about 21m of the

profile due to the blanking zones and vertical bin sizes.

The first realizable currents near the buoy were at about

4m (upward) from the Workhorse and 16m (down-

ward) from the Long Ranger. The accuracy of the Long

Ranger is 1% of the water velocity. Details of the

moorings in regards to the ADCP locations, record

lengths, sample depths, sample intervals, water depths,

instrument type, and the minimum buoy depths are

provided in Table 1.

All of the moorings were subjected to motions at

semidiurnal tidal frequencies that were enhanced during

strong current flows. Pressure records for each mooring

show tidally induced dips of a meter or two throughout

the deployment. Larger excursions from the minimum

buoy depth that ranged from about 10 to 50m commonly

occurred at all of the moorings throughout the mea-

surement period. The larger excursions generally oc-

curred during the summer monsoon periods and when

currents were stronger. These excursions do not neces-

sarily correlate with the winds. During the strongest

current events, dips of up to about 80m occurred. The

mooring motion was further complicated by fishing ac-

tivity since the ADCP balls at the tops of the moorings

ranged from 16 to 72m beneath the surface and were

often entangled with fishing gear. Evidence of fishing

activity was found upon recovery of the moorings at the

end of the deployment. Several of the buoys andmooring

lines were tangled with large quantities of fishing nets

and lines, which could generate extra drag on the

mooring lines and cause unexpected displacements. The

worst case for fishing impact occurred at NRL2, which

dipped from about 50m to over 250m over a period of

about 15 days. Interestingly, at peak impact, the buoy

movement consisted of semidiurnal oscillations with

amplitudes over 100m between depths of about 150 and

TABLE 2. String mooring summary. Depth in meters below the

top of the ADCP buoy is Dz for NRL moorings 1–6; SCTD in-

dicates the Star Oddi CTD (10-min sampling); T indicates the

Vemco temperature recorder (1min); MCP indicates the Microcat

temperature and conductivity with pressure recorder (10min); MC

indicates the Microcat temperature and conductivity recorder

(10min); AT indicates the Aqua Troll temperature, conductivity,

and pressure recorder (10min); and C Pod (x pod) indicates the

pressure, temperature, and acceleration recorder (100Hz).

Dz (m) NRL1 NRL2 NRL3 NRL4 NRL5 NRL6

0 SCTD T SCTD SCTD SCTD SCTD

1.5

2 T AT, T T T T T

7 MCP MCP MCP MCP MCP MCP

12 C Pod C Pod C Pod C Pod C Pod T

17 T T T T T T

22 MC MC MC MC MC MC

27 T T T T T T

32 C Pod C Pod C Pod C Pod C Pod T

37 MCP MCP MCP MCP MCP MCP

42 T T T T T T

47 T T T T T T

52 MC MC MC MC MC MC

62 T T T T T

72 T T AT, T AT, T AT, T T

102 AT, T AT, T T AT, T AT, T T

152 T T T T T

202 T T T T T T

252 T T T T T T

302 T T T T T T

352 SCTD SCTD MC MC MC MC
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300m for about a week. This large mooring dip did not

correspond to a large current or wind event, and there-

fore fishing activity is the likely cause.

An error analysis was performed on the effects of

mooring motion on the measured velocities, and the

errors were most pronounced at the semidiurnal period.

However, the lateral buoy speeds associated with dip-

ping are only ;1–2 cm s21, with a few larger bursts and

are therefore relatively unimportant. In addition, the

buoys were gimbaled such that they tilted freely in any

direction, in effect enabling the twoADCPs in the buoys

to remain vertical even when the mooring lines were

tipped. This was corroborated by ADCP recorded tilts,

which were small and on the same order as commonly

recorded values in other mooring deployments not

subject to such extreme mooring motions.

Very little editing was required for the recorded ve-

locity data. Full data records were returned at each

mooring with the exception of the Workhorse ADCP at

NRL2, which stopped recording after about 10 months,

and the Long Ranger ADCP at NRL4, which stopped

recording after about 15 months. Data quality was good.

The velocity data were gridded using the pressure data

and interpolated to common depth levels among the

moorings. Many of the analyses here use velocity data

that are at 8-m levels. Positive u and y velocity values are

eastward and northward, respectively. High-frequency

currents at frequencies higher than tidal are not of

concern in this paper.

The depths of the sensors attached to the mooring

lines were evaluated by interpolating the pressure re-

cords of the ADCPs and TCP sensors in conjunction

with their known location on the mooring line. The

temperatures were then gridded at 4-m depth intervals.

Salinity was limited to four to six sensors at each

mooring and was not interpolated vertically.

The time series of salinity, temperature, and the east–

west velocity componentU and the north–south velocity

component V as a function of depth are shown for each

mooring in Figs. 2–7. The velocities and temperatures

were averaged using a 36-h boxcar filter. Hence, there

remains inertial streaking in the velocity plots since all

the inertial periods at the moorings are greater than 36h

(Table 1). Salinities were pixel plotted and not

smoothed since salinity measurements were limited in

number and deemed inadequate for proper gridding. In

addition, time series of sea surface height anomaly

(SSHA) and depth of the 208C isotherm are shown

in Figs. 2–7. The 208C isotherm depths that were de-

rived from the 10-min and 4-m gridded temperature

observations were low-pass filtered over 20 days using a

fourth-order Butterworth filter. SSHAs gridded at 0.258
in latitude and 0.258 in longitude at daily intervals were

obtained from theArchiving, Validation, and Interpretation

ofSatelliteOceanographicData (AVISO)dataset (available

online at http://www.aviso.altimetry.fr/en/data/products/sea-

surface-height-products/global/ssha.html).

3. Background winds and CTD profiles

Winds were recorded by meteorological sensors

mounted at 4m above the sea surface on several buoys

that are part of the Research Moored Array for African–

Asian Monsoon Analysis and Prediction (RAMA;

McPhaden et al. 2009). The RAMA wind records were

not continuous with large data gaps during the experi-

mental period except at 128N, 908E. Wind speed and di-

rection at two locations in theBoB and one location at the

equator are shown in Fig. 8. The standard 10-m wind

speed U10 and direction Q were estimated iteratively by

assuming that the near-surface atmospheric boundary

layer was near neutral and by using a wind speed–

dependent drag coefficient (e.g., Wijesekera et al. 2013).

The two RAMA buoys at 128N, 908E and 48N, 908E are

located about 900 and 460km to the west-northwest of

themooring array, respectively, and the third buoy, at the

equator near 808E, is located about 840km to the south-

west of the mooring array. Gaps in wind records were

filled using forecast winds of COAMPS (http://www.

nrlmry.navy.mil/coamps-web/web/home; Chen et al.

2003), also shown in Fig. 8.Winds measured by shipboard

sensors (not shown) during the cruise periods near the

moorings and COAMPS products compared well with

the average daily wind speed and direction provided by

the RAMA buoys. However, the modeled winds at the

equator near 80.58E slightly underestimated the obser-

vations (Fig. 8e). The combined COAMPS and RAMA

winds provide spatial and temporal variabilities of the

winds over the BoB during the experiment. There are

significant differences in thewinds between the interior of

the BoB and the equator near 808E. SW monsoon

(summer monsoon) and NE monsoon (winter monsoon)

transitions are quite dramatic, especially in the northern

BoB (Figs. 8a,b). However, as expected, the monsoon

transitions are modest at the equator (Figs. 8e,f). Inside

the BoB, the summer monsoon is clearly defined by the

wind direction of about 608 from June through September

and the winter monsoon is clearly shown by the wind

direction of 2408 from November through April. The

monsoon transition periods are approximately May and

October. The beginning and end of the moor-

ing deployments are within the winter and summer

monsoon periods, respectively. The maximum daily av-

eraged wind speed of about 15.5ms21 was recorded at

128N, 908E during the fall transition period in 2014. The

mean wind speed was about 6.3ms21. Wind speeds were
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generally larger during the summer monsoon (about

10ms21) than during thewintermonsoon (about 6ms21).

Over the mooring deployment period, the average

speed of the winds was 6.1ms21. The principle ellipse at

128N, 908E is oriented 38.68 counterclockwise from the

east, with major and minor axes of 6.5 and 1.9ms21, re-

spectively. Winds at the equator are weak and adjust

slowly during transitions compared to the interior of the

BoB (Figs. 8c–f). Wind observations were measured at a

location (6.468N, 79.988E) at a western coastal site of Sri

Lanka using a weather station with standard meteoro-

logical sensors but were not representative of the winds in

the interior of the BoB due to island effects.

Several deep CTDs (not shown) were taken during

the deployment and recovery of moorings in late

December 2013 and early August 2015 and also during

the survey cruise in June–July 2014. The CTD profiles,

collected in December, during the NE monsoon near

58–68N, 858–878E, showed nearly uniform temperature

in the upper 70m, but the salinity in the upper 125mwas

stratified with a salinity maximum between 50 and 125m

(Wijesekera et al. 2015). The CTD profiles taken during

the summer of 2014 and 2015 were similar to the winter

observations but with a deeper, subsurface, high-salinity

maximum between the depths of 70 and 150m. Al-

though the NRL moorings did not resolve the full water

column salinity profiles (Figs. 2b, 3b, 4b, 5b, 6b, 7b), the

time series of salinity at limited depths showed the ex-

istence of subsurface, high-salinity water in the southern

BoB. The density stratification was strongest between

70 and 200m with a buoyancy frequency of about

10–15 cycles per hour (cph). The buoyancy frequency

was about 5 cph below 200m.

4. Sea surface height variability

The time series of moored currents and hydro-

graphic fields comprised two winter monsoon and two

FIG. 2. Currents, temperature, and salinity observations at NRL1 (58N, 85.58E). (a) SSHA

(red) fromAVISO and 208C isotherm depth (black) at themooring location. (b) Scatterplots of

10-min sampled salinity (S) at five depths along the mooring line. (c) 36-h-averaged temper-

ature (T; 8C) where the black line is the 208C isotherm, (d) zonal velocity (U), and

(e) meridional velocity (V ) (cm s21).
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summer monsoon seasons between December 2013 and

August 2015, during which multiple space- and time-scale

low-frequency events passed through themooring array as

illustrated in the time–depth plots of currents and tem-

perature (Figs. 2–7) and time–longitude plots of SSHA

(Fig. 9). Here, we used SSHA data from AVISO with

daily, 0.258, spatially gridded products and explored

both seasonal (periods larger than 120 days) and intra-

seasonal variabilities (periods between 20 and 120 days).

SSHA varied seasonally over the mooring array

(Figs. 9a–c). However, the seasonal cycle of SSHA is

most pronounced for the southern part of the array at

58N, even though the magnitudes of SSHAwere smaller

than at 6.58 and at 88N. During May–September 2014,

the seasonal SSHA, as large as 620 cm, propagated

westward at speeds of about 9–14 cm s21. Note that the

slope of the longitude–time plots of SSHA reveals the

propagation speed. In July 2014, the mooring array

measured a large, cyclonic eddy (Fig. 10a), and in

August the array measured an anticyclonic eddy

(Fig. 10b). These eddies were large enough to overlay

the entiremooring array. Thesemesoscale features were

approximately 300 km long and 200 kmwide. Therefore,

an eddy, 200km in diameter, would take 17 to 26 days to

pass over a mooring with a westward speed of about

9–14 cm s21. The cyclonic eddy, which generally forms

during the summer months, is referred as the Sri Lanka

dome (SLD) and is largely driven by the wind stress curl

(Vinayachandran and Yamagata 1998). The positive

wind stress curl over the central BoB reinforces an up-

welling westward-propagating Rossby wave (e.g.,

McCreary et al. 1996). As the wave approaches Sri

Lanka, it is amplified by strong, local, positive wind

stress curl and partial reflection. The SLD forms east of

Sri Lanka generally during May, matures in July, and

then disappears in September (Vinayachandran and

Yamagata 1998). The SLD is located just south of the

positive (cyclonic) wind curl on 1 July 2014 (Fig. 10c)

and northeast of the positive wind curl on 15 August

2014 (Fig. 10d). The SLD and major mesoscale features

will be further discussed in section 7.

The propagation of intraseasonal oscillations is clearly

visible from the 20–120-day bandpass-filtered SSHA

(Figs. 9d–f). These intraseasonal oscillations propagated

FIG. 3. As in Fig. 2, but at NRL2 (6.58N, 85.58E).
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westward at a speed of about 21 cm s21, which is con-

sistent with the propagation speed reported by

Girishkumar et al. (2011) for the same latitudinal band.

Note that the westward propagation of seasonal fluctu-

ations is a factor of 2 smaller than that of intraseasonal

fluctuations. The velocity structures of seasonal and

subseasonal fluctuations will be discussed later in

section 6.

5. Statistics of seasonal currents

Basic statistics were computed for each mooring for

the winter (December 2013–April 2014 and November

2014–April 2015) and summer (June 2014–September

2014 and June–August 2015) monsoon periods (Tables 3

and 4). The hourly data were smoothed using a boxcar

filter with a width of 6 h. In the following, the 6-h, av-

eraged, east–west and north–south velocity components

are represented by u and y, respectively. Statistics for the

velocities at 8, 80, 160, 240, 320, 400, and 480m are

shown in the two tables. The standard error listed here is

defined as the standard deviation divided by the square

root of the number of degrees of freedom, which is es-

timated as the sample period divided by the integral

time scale. The integral time scale is defined as the dis-

crete integral of the time-lagged autocorrelation func-

tion from zero lag to the first zero crossing after

demeaning and detrending the time series.

Integral time scales during the winter monsoon for u

generally ranged from about 10 to 20 days. Corre-

spondingly, scales for y ranged from about 1 to 2 weeks.

Scales often increased with depth. Integral time scales

displayed similar trends for the summermonsoon except

for the scales sometimes decreasing with depth. The

longer time scales in the u component likely correspond

to periods of stronger flow due to the SW monsoon

current and an anticyclonic eddy. Integral time scales

can be influenced by remote forcing in the southern BoB

(Shankar et al. 2002; Yu 2003). Low-frequency SSHA,

which was highly correlated with the 208C isotherm

depth (Figs. 2–7), propagated westward at a speed close

to 10 cm s21 (Fig. 9a). The depth of the 208C isotherm as

well as the depth-averaged currents had time lags along

6.58N (NRL2 and NRL6) and along 88N (NRL3, NRL4,

FIG. 4. As in Fig. 2, but at NRL3 (88N, 85.58E).
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and NRL5; Fig. 5 in Wijesekera et al. 2016a). By

matching 208C isotherm depths between the nearest

moorings and also matching vertically averaged merid-

ional velocities, Wijesekera et al. (2016a) found 8- to

14-day time lags for 208C isotherm features and 20-day

time lags for current features at 6.58N and 10- to 20-day

time lags for the 208C isotherm features and 25- to 30-day

time lags for current features at 88N. The integral time

scales for u at the mooring locations are similar to these

time lags observed between moorings. The shorter

time scales in y could be related to the north–south

current variability. The integral time scales for y could

be indicative of the periods for the transport of salty

water into the BoB.

East–west velocity components near the surface were

generally larger than the north–south components but

were similar at depth andmuch reduced in intensity. The

maximum current speed observed was 198 cm s21 (at

NRL3 near the surface) directed toward the northeast

during the SW monsoon. During the NE monsoon, the

maximum current was 132 cm s21 toward the southwest.

Interestingly, during the NE monsoon, a period when

the winds are directed toward the south, the average

y current velocity component at the surface was positive

and directed northward with velocities of about 5 cm s21

at all six moorings. Correspondingly, the average u

current components at the surface for all six moorings

were directed westward with values ranging from about

10 to 20 cm s21. During the SW monsoon, average

y components were northward at the surface and at

depth at NRL2 andNRL3 andwere the largest observed

over both monsoon periods. Correspondingly, the av-

erage u components were all westward near the surface

at all the moorings but current velocities were mixed in

direction at depth. Standard deviations of u and

y generally greatly exceeded the mean values. Hence,

the means were often not well defined.

Mean kinetic energy (MKE) and mean eddy kinetic

energy (EKE) were estimated, respectively, from

(u2 1 y2)/2 and [(u2 u)2 1 (y2 y)2]/2, where the over-

bar denotes the seasonal mean. During the SWmonsoon
period, EKEwas higher throughout the measured levels

than during the NE monsoon. Near the surface, EKE

ranged from about 700 to 1600 cm2 s22 during the SW

FIG. 5. As in Fig. 2, but at NRL4 (88N, 878E).
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monsoon, while during the NE monsoon EKE was

smaller, ranging between about 400 to 800 cm2 s22.

Similarly, MKE was generally higher overall during the

SW monsoon, with larger surface values of 950, 1170,

and 1256 cm2 s22 at NRL2, NRL3, and NRL4, re-

spectively. Both EKE and MKE rapidly decreased with

depth during both monsoon periods. The inertial and

tidal bands contributed less to the total energy (as dis-

cussed in section 8) and therefore the major component

of MKE and EKE represent motions larger than inertial

waves. The larger MKE values observed during the SW

monsoon occurred during the strong eastward flows of

the SW monsoon current.

Compass rose plots were computed for both the SW

and NE monsoon periods. Compass rose plots provide

an angle histogram of the distribution of current speed

and direction along the 16 compass points (every 22.58).
The length of each bin reflects the percentage of the

number of observations in that direction, and the color

bar indicates the magnitude of the current speed distri-

bution. Velocity distributions are shown for 8 and 200m

below the surface in Fig. 11. During the SW monsoon

(Fig. 11a), velocities with eastward components domi-

nate near the surface (8m) and are reflective of the

background flow dominated by the SMC.During theNE

monsoon (Fig. 11b), velocities with westward compo-

nents dominate near the surface (8m) and are reflective

of the wind-driven background flow of WMC. Anticy-

clonic eddies and the SLD also impact the velocity dis-

tributions (Figs. 2–7). The distributions of the velocities

at 200m indicate much weaker flows where the di-

rections are more variable and sometimes dominant

directions are nearly opposite those near the surface.

Near-surface velocity distributions are not representa-

tive of velocities at deeper depths.

6. Multiple time-scale variability

Currents in the interior of the southern BoB can

change over time due to the effects of eddies, equatorial

waves, monsoon winds, and monsoon currents, and the

current patterns are not stationary. Conventional Fourier

analysis assumes that the data are stationary and provides

information about the average amplitude and phase for

FIG. 6. As in Fig. 2, but at NRL5 (88N, 88.58E).
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each harmonic and energy content over the entire time

span of the data record. This method does not provide

information on the energy levels of nonstationary pro-

cesses such as near-inertial currents within specific lim-

ited time segments of the data record.Wavelet analysis of

ocean currents (Liu and Miller 1996; Teague et al. 2014)

provides a method for obtaining time-frequency in-

formation of nonstationary processes. The ADCP ve-

locity time series in the BoB contain significant

fluctuations in kinetic energy. Here, both wavelet and

convectional Fourier analyses are used to identify domi-

nant motions, including event scale as well as continuous

processes; to show the relative importance of the vari-

ability in the diurnal and semidiurnal tidal bands, inertial

band, and lower frequency to seasonal bands; and to re-

late the variability to local hydrographic conditions.

Energy for the total current velocity at 120-m depth

from the wavelet analysis is shown in Fig. 12a for NRL3.

In general, the wavelet spectrum at this location captures

the major features such as tides, inertial, and low-

frequency motions found in the mooring array. Inertial

and higher-frequency motions appear throughout the

year. However, a band of synoptic-scale fluctuations be-

tween near-inertial and 20-day periods shows a lower

energy during March–May and higher-energy levels

during June–January. The near-inertial frequency band

varied with time and location. The nonstationary nature

of near-inertial wave generation can be identified from

the wavelet power levels inAugust 2014, which coincided

with the passage of an anticyclonic eddy with large neg-

ative relative vorticity (;50% of the local inertial

frequency) over the mooring array (for vorticity, see

section 8).As indicated in thewavelet spectrum, the near-

inertial period of about 125h (frequency; 83 1023 cph)

is significantly larger than the inertial period of 86h

(frequency; 11.6273 1023 cph) at 88N. The decrease in

frequency is consistent with the contribution of negative

relative vorticity, where the effective frequency feff 5
f 1 §/2, § is the relative vorticity, and f is the inertial

frequency. Bursts of energy occurred throughout the re-

cord in the near-inertial band, with the strongest inertial

energies occurring during the summer monsoon of 2014.

Conventional spectra of combined meridional and zonal

components averaged over a depth range of 120–160m

FIG. 7. As in Fig. 2, but at NRL6 (6.58N, 878E).
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for NRL1–6 are plotted in area-preserving form

(Fig. 12b). Both analysis techniques captured the semi-

diurnal tide with super harmonics, diurnal tide, and in-

ertial bands and low-frequency motions in the southern

BoB (Fig. 12). Most of the tidal energy was concentrated

in the semidiurnal band; tidal energy in the diurnal band

was much smaller. Harmonic tidal analysis shows that M2

and S2 were the dominant semidiurnal constituents, with

amplitudes of about 3 and 1 cms21, respectively; K1, O1,

S1, and P1 were the main diurnal constituents, with am-

plitudes of only about 1 cms21.

Multiple low-frequency oscillations were found, in-

cluding intraseasonal with time scales ranging from 10 to

120 days and seasonal with a time scale close to 180 days

(Fig. 12). Significant energy levels were found at the

lower frequencies near 20–40-, 50–70-, and 165–180-day

periods. Some energy bursts, at mostly shallower levels

(less than 100m), occurred sporadically throughout the

records near 10-day (200–300h) periods. The intra-

seasonal oscillations (ISO) were further examined by

bandpass filtering of velocity and temperature for the

20–120-day band (Fig. 13). Temperature fluctuations as

large as 638C (Figs. 13a,d) were found in the strongly

stratified thermocline (Figs. 2, 4). The magnitude of

temperature fluctuations became small below 200m but

extended at least up to depths of 500m. Velocity

FIG. 8. Wind speed and direction from RAMA (red) buoys and COAMPS products (blue) at (a),(b) 128N, 908E,
at (c),(d) 48N, 908E, and at (e),(f) 08, 80.58E. RAMA winds were measured at 10m above the sea surface. Here,

oceanographic convention is used for wind direction. The direction indicated is the direction towards which the

wind is blowing (http://www.pmel.noaa.gov/tao/proj_over/refresh.html).
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fluctuations were in excess of 25 cm s21 (Figs. 13b,c,e,f).

Although velocity fluctuations were strongest in the

upper 100m, high-energy bursts also occurred below

200m. The largest current and temperature fluctuations

in the upper 200m at NRL3 were found during the 2014

summer monsoon, when both the SMC and mesoscale

eddies were largest (Fig. 4). Similar ISOs found in the

SSHA in the 68–88N band (Fig. 9f) propagated westward

at speeds of about 21 cm s21, close to the phase speed of

intraseasonal Rossby waves, which have been reported

by Girishkumar et al. (2011) at 88N, 938E in the

southeastern BoB.

FIG. 9. Longitude–time (Hovmöller) diagrams of SSHA (cm) at (left) 58N, (center) 6.58N, and (right) 88N. Thin black lines indicate the

NRL mooring locations. (top) 120-day low-pass filtered SSHA and (bottom) 20–120-day bandpassed-filtered SSHA.
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The energy ratios for currents with periods longer than

8 days to total currents were computed for selected depth

levels at eachmooring and averaged over the deployment

periods. Currents at frequencies lower than the inertial

period (3 to 6 days) accounted for 60%–80% of the total

current energy. Generally, there was a subsurface maxi-

mum in the energy ratio in the upper 50m, and energy

ratios tended to increase with depth below depths of

about 200m, which are consistent with the vertical dis-

tribution ISO and seasonal currents (Figs. 2–7, 13). En-

ergy ratios at NRL2 and NRL3 were larger than at the

other moorings and sometimes exceeded 80%.

7. Description of monthly currents

Monthly averaged current profiles for the u and

y velocity components are shown for each mooring in

Fig. 14. Here, the monthly averaged ADCP velocity

profiles are used to display and describe temporal vari-

ability and vertical structure. These monthly averages

contain both ISO and seasonal currents. The months of

January through August 2014 were repeated in 2015 and

were significantly different between years. The largest

monthly averaged velocity components occurred during

August 2014 when u exceeded 75cms21 and y exceeded

60cms21 in the upper 50m of the water column atNRL3.

During August 2015, both u and y were much smaller at

NRL3. Component velocities were often oppositely di-

rected among the moorings. Averaged current velocities

were mostly westward in the upper 200m during January

through April 2014, but the u components were notice-

ably larger during January through April 2015.

Velocities are typicallymuch larger in theupper 200mand

often reverse direction at depth. For example, in June 2014,

FIG. 10. SSHA (cm) maps for (a) 1 Jul 2014 and (b) 15 Aug 2014 from AVISO. Wind stress curl (color; Nm23)

and wind vectors (arrows; m s21) for (c) 1 Jul 2014 and (d) 15 Aug 2014 fromCOAMPSmodel results. All variables

were averaged over 10 days centered at 1 Jul and 15 Aug. Black circles denote the mooring locations.
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the monthly averaged u components near the surface

at NRL1, NRL2, and NRL6 exceeded 50 cm s21 to-

ward the east, but NRL2 and NRL6 clearly reversed to

westward near 300-m depth with average velocities of

about 10 cm s21, while NRL1 reversed to westward at

about 400-m depth but with smaller average velocities of

only a few centimeters per second. Average u compo-

nents at NRL3, NRL4, and NRL5 were much smaller

near the surface with eastward velocities between about 5

and 25cms21 and rapidly approaching 0 cms21 below

300m. Subsurfacemaximums in velocities were common.

8. Currents and eddies

Multiple dynamical features passed through the

mooring array, as shown in Figs. 2–7, 9, and 10. Major

features are cyclonic and anticyclonic eddies, summer

and winter monsoon currents, and subseasonal vari-

ability. For example, the mooring array sampled a large

cyclonic eddy (referred to as the SLD) in July 2014 and

an even larger anticyclonic eddy in August of 2014

(Figs. 10a,b). The SMC just south of the SLD flows

eastward between the cyclonic SLD and the large anti-

cyclonic eddy. Vinayachandran et al. (1999) described

the movement of the SMC into BoB as an intrusion,

where the SMC intrusion east of Sri Lanka is forced by

both Ekman pumping in the BoB and Rossby wave ra-

diation connected with the Wyrtki jet (Wyrtki 1973) in

the equatorial Indian Ocean. They further suggested

that the northward movement of the SMC into the BoB

is due to the Rossby wave radiation from the eastern

boundary. The wind-driven SLD, westward-moving

anticyclonic eddy (perhaps as result of Rossby wave

radiation), and the SMC are evident during the summer

of 2014 (Figs. 3, 4, 5, 10). However, for this flow scenario,

the current flow of the SMC can be difficult to distin-

guish from the similarly eastward-directed flows of the

two large eddies.

The seasonally reversing wind patterns that delineate

the monsoon periods are clearly shown by the wind

patterns during the mooring period (Fig. 8). The SSHA

closely mirrored the depth of the 208C isotherm, where

the correlations between the 208C isotherm and the

SSHA at NRL1, NRL2, NRL3, NRL4, NRL5, and

NRL6 are 0.75, 0.75, 0.84, 0.84, 0.69, and 0.82, re-

spectively. The correlation between the SSHA and the

208C isotherm would be even stronger during June–

September 2014 when the SLD and the large anticy-

clonic eddy with large SSHA (;10–20 cm) passed

through the mooring array. Yu (2003) suggested that the

relationship between the SSHA and the 208C isotherm is

not linear in the BoB due to large variations in the

contributions of salinity. Based on historical expendable

bathythermograph (XBT) measurements along 68N
between 808 and 958E, Yu (2003) reported that the

amplitude of the SSH anomaly (;3 cm) induced by the

salinity is comparable to the amplitude induced by

temperature along the 68N latitude. Our salinity mea-

surements are very limited, and therefore it is difficult to

evaluate the relative contributions of temperature and

salinity in cyclonic and anticyclonic eddies. Nevertheless

the high correlations between SSHA and thermocline

depth as found in the southern BoB suggest that the

temperature contribution is the dominant factor here.

The 120-day low-pass filtered SSHA, the 208C iso-

therm depth, and the depth-averaged currents in the

upper 200m propagated westward at a speed of about

10 cm s21 (Figs. 3–7; Fig. 5 in Wijesekera et al. 2016a).

Our analysis shows that oscillations of the seasonal

thermocline moved westward by a factor of 2 slower

than that of the intraseasonal oscillations. Phase speeds

of these low-frequency motions in the 6.58–88N band are

close to the mode-2 baroclinic Rossby wave phase speed

at 88N (Fig. 1 in Subrahmanyam et al. 2001).

Positive SSHA (anticyclonic circulation) and negative

SSHA (cyclonic circulation) were highly correlated with

downward and upward movement of the thermocline,

respectively. Similar movement of isotherms occurred

throughout the upper 400m (measurement window) of

the water column (Figs. 2–7). Analysis of the current

fields in conjunction with the SSHA maps (not shown

but similar to the maps shown in Figs. 10a,b) that span

the entire mooring period revealed numerous re-

alizations of the SLD, the large anticyclonic eddy, and

smaller cyclonic and anticyclonic eddies. Positive U (V)

values correspond to the north (west) side of the anti-

cyclonic eddy and negative U (V) values correspond to

the south (east) side of the anticyclonic eddy. Similarly,

positiveU (V) values correspond to the south (east) side

of the SLD and negativeU (V) values correspond to the

north (west) side of the SLD. Note thatU andV are 36-h

boxcar-averaged east–west and north–south velocity

components.

The SLD is clearly evident during June–September

2014 at NRL2, NRL3, and NRL4 through the large,

negative SSHA, doming cooler and saltier waters, and

large current velocities in the upper 200m (Figs. 3–5).

During the passage of SLD over the mooring array,

isotherms rose up rapidly, thus forming a core of cold

water with temperatures typically less than 258C. At

NRL2 (Fig. 3c), the isotherms rose about 50m within a

couple of weeks, indicating an upwelling speed of about

3–4mday21 between 50 and 100m. NRL3 was located

on the northern side of the SLD during June 2014, and a

westward velocity (2U) component was correspond-

ingly observed in the upper-water column. The SLD
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moved northward, and the east–west velocity compo-

nent at NRL3 switched to eastward (1U) as NRL3 was

then located on the south side of the SLD. During

August–September 2014, the SLD continued drifting

northward, away from NRL3, and an anticyclonic eddy

moved over NRL3, first with a corresponding eastward

velocity component and overall northeastern flow. As

the anticyclonic eddy moved toward the north and

NRL3 became located over the eastern side of the eddy,

the V velocity component switched to southward (2V)

during September through October 2014, and this

southeastern flow is likely due to the eddy. However,

some of the eastward flow may have been due to the

SMC when NRL3 was located between the SLD and

the anticyclonic eddy. A large cyclonic eddy (possibly

the SLD) also impinges on the moorings (NRL3, NRL4,

NRL5, and NRL6) during parts of October and

November 2014.The SSHA maps show that the SLD

ismostly located west of themoorings during the summer

monsoon period of 2015, although there is some im-

pingement of the SLD in July 2015. Glider surveys

conducted in September 2014, along the 88N meridian

between Sri Lanka and the mooring line (NRL1–3),

captured the westward-moving anticyclonic eddy and

the SMC and found geostrophic velocities as large as

1m s21 carrying high-salinity Arabian Sea Water into

the southern BoB (Lee et al. 2016).

COAMPS winds show a positive stress curl over the

cyclonic eddy (i.e., SLD) in July 2014 (Figs. 10a,c), which

is consistent with the formation of the SLD (e.g.,

Vinayachandran and Yamagata 1998). The strong cy-

clonic curl in the wind field east of Sri Lanka peaks

during May–September over the SLD. Over the anti-

cyclonic eddy in August 2014, the modeled wind stress

curl was small (Figs. 10b,d). To evaluate the strength of

vorticity and the associated vertical motions, the vertical

FIG. 11. (a) Compass rose diagrams for 8- and 200-m currents are shown for each ADCP mooring for the summer monsoon (May–

September) period. The current directions are distributed along the 16 compass points (every 22.58) where the length of each bin provides

the percentage of the number of observations in that direction and the color indicates themagnitude of the current. Dashed rings are every

5%, with the outermost ring representing 25%. Note that the diagram shows the direction that currents are flowing toward. (b) Compass

rose diagrams for 8- and 200-m currents are shown for each ADCP moorings for the winter monsoon (November–April) period.
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component of relative vorticity § 5 ›V/›x 2 ›U/›y and

the divergence of horizontal flow= �UH5 ›U/›x1 ›V/›y

were computed from the velocities measured at the

mooring array. Vorticity and divergences were com-

puted for 1.58 and 38 spatial scales. Figures 15a and 15b

illustrate § and = �UH for the 38 spatial scale. Time–depth

structures of § and = �UH are similar for both spatial

scales, but the spatial scale of 1.58 produces relatively

larger § and = �UH. In general, positive and negative

vorticities are closely related to positive (anticyclonic)

and negative (cyclonic) SSHA (Figs. 2a, 3a, 4a, 5a, 6a, 7a).

Vorticity was strongest in the upper 100m with max-

ima near 20–40-m depths. The cyclonic vorticity in the

SLD, based on the 38 spatial scale, is about (0.2–0.3)f6.5N,
indicating that the SLD is nearly in geostrophic bal-

ance, where f6.5N 5 1.65 3 1025 s21 is the inertial fre-

quency at 6.58N. However, the anticyclonic eddy

passing through the mooring array during August 2014

had a vorticity of about (0.5–0.8)f6.5N, indicating the

importance of ageostrophic motions. Vertical velocity

Wwas computed by vertically integrating = �UH from the

surface to a given depth withW5 0 at the surface. The

vertical velocity at 25m (Fig. 15c) indicates that up-

welling in the SLD and downwelling in the anticyclonic

eddy would be as large as 3–4mday21. The SLD is

suggested to be formed by the local wind stress curl, and

therefore strong wind-driven upwelling can be expected.

The Ekman pumping velocity WE was computed from

COAMPS winds and was about 1–2mday21over the

SLD (Fig. 15d), whereWE 5 =3t/rf1 btx/rf
2; =3t is

the wind stress curl, tx is the east–west component of

wind stress, r is the density of seawater, f is the inertial

frequency, and b 5 2.3 3 10211m21 s21. The WE is

smaller than the vertical velocity at 25m based on

ADCP measurements, but both estimates show up-

welling over the SLD. The modeled Ekman pumping

was strong during summer and early fall, May–October

2014 and June–July 2015, respectively. The Ekman

pumping (WE . 0) over the anticyclonic eddy suggests

that the local wind forcing is not related to the dy-

namics of this downwelling feature. Positive/negative

bands of divergence and downwelling/upwelling at

FIG. 11. (Continued)
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30–70-day time scales (Figs. 15c,d) reflect vertical

movements of the ISO.

9. Depth-averaged velocities and transports

Seasonal currents were strong in the upper 200m,

while seasonal currents were weak below 200m but

intraseasonal oscillations were significant. Therefore,

the temporal variability of currents was further exam-

ined by depth averaging the zonal and meridional ve-

locity components over two separate depth intervals

(8–200 and 200–500m). Progressive vector diagrams

(PVDs) using depth-averaged velocities are plotted on a

geographical map grid for each of the moorings for up-

per (0 to 200m) and lower (200 to 500m) layers to il-

lustrate the current flow over the measurement period

(Fig. 16). The progressive vector diagram simulates the

Lagrangian display of the currents fromADCPEulerian

measurements and shows how a water parcel would

move if the current were the same everywhere along the

track. Here, the PVDs are used to suggest where water

could be transported in and out of the BoB. The PVDs

originate at the mooring locations, marked by squares.

The looping of the PVDs indicates some eddy variability

throughout the measurement period. The PVDs in-

dicate that the cumulative flows into the BoB are

FIG. 12. (top)Wavelet spectrum of combined u and y velocity components of NRL3 at 120m.

Thin black lines represent the semidiurnal tide, diurnal tide, and inertial frequency at 88N.

(bottom) Conventional variance-preserving frequency spectra of combined u and y, averaged

between 120 and 160m for observations from NRL1–6.
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strongest at NRL3 and are toward the northeast

throughout the upper 500m. Note that the PVD at

NRL4 is short due to missing about 150 days of data at

the end of the record in the lower layer. The net dis-

placement for both layers suggests that water move-

ment was greatest at NRL3 and was northeastward. In

the upper layer, water movement was also relatively

large and northward at NRL2, while movement was

generally eastward at NRL4 and NRL5 and westward

at NRL1 and NRL6. With the exception of the PVD

at NRL3, net displacement was much smaller in

the lower layer. Water movement at NRL1 was the

most different between layers, being generally west-

northwestward in the upper layer and northeastward

in the lower layer. Hence, surface flows are only par-

tially indicative of the water movement in the BoB.

Depth-averaged u and y current velocity components

for the upper and lower layers are shown in Fig. 17. The

currents were smoothed over 7 days prior to plotting to

remove inertial and shorter-period variability (the in-

ertial period at NRL1 is 5.7 days). The averaged east–

west (hui) and north–south (hyi) velocities are indicative
of the relative magnitude of the corresponding water

movement. Current magnitudes were significantly larger

in the upper layer during the summer monsoon periods,

especially during 2014. The largest depth-averaged cur-

rents were observed at NRL3 during July–August 2014

and were 65 cms21 for the hui component and 55 cms21

FIG. 13. ISOs representing 20–120-day fluctuations of (top) T (8C), (middle) u, and (bottom) y velocity (cm s21) at

(a)–(c) NRL1 and (d)–(f) NRL3.
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for the hyi component. Positive (negative) hyi is in-

dicative of water movement into (out of) the BoB.

Hence, the largest pulse of water into the BoB occurred

duringAugust. Both velocity components were generally

less than 25 cms21 in the upper layer and 20 cms21 in the

lower layer outside of the monsoon periods. The larger

eastward velocity components are associated with the

southern portion of the SLD eddy, the northern portion

of the large anticyclonic eddy, and the SMC. The larger

westward velocities were associated with the southern

portion of the large anticyclonic eddy and the NMC.

During the mooring recovery cruise in August 2015,

current vectors calculated along the R/V Roger Revelle

tracks using the shipboard ADCP indicated broad cur-

rents that were 100 to 200 km in width within the region

of themoorings (Wijesekera et al. 2016b). Usingmoored

and shipboard ADCP observations south of Sri Lanka,

volume transports of 10 to 12Sv were estimated for the

NMC using observations reported on by Wijesekera

et al. (2016b) and transports of 8 Sv for the SMC were

estimated by Schott et al. (1994) for similar width cur-

rents.Modeled transports (Shankar et al. 2002) for south

of Sri Lanka and for 858E were estimated to range from

8 to 15Sv.

With the large geographical separation in mooring

positions, short-term and eddy current variability in the

velocity data make it difficult to identify long-term

trends in the transport. Cumulative volume transport

(CVT) was used to minimize the short-term current

fluctuations relative to the long-term mean flows. CVTs

per unit width versus time were computed at each of the

moorings; the depth-averaged velocity components

(hui, hyi) were integrated over time andmultiplied by the

thicknesses of the upper and lower layers (0 to 200m and

200 to 500m, respectively). Plots of the CVT series are

shown in Fig. 18. Positive (negative) slopes in CVT for

hyi are due to longer-term trends in the transport of

water into (out of) the BoB. Positive (negative) slopes

in CVT for hui are due to longer term trends in the

transport of water eastward (westward). Net transports

per unit width are the CVT values at the end of the

measurement period.

In the upper layer, CVT(u) was westward (Fig. 18a) at

all of the moorings at the beginning of the measurement

FIG. 14. (a) Monthly averaged east–west currents (u) for NRL1–6. (b) Monthly averaged north–south currents (y) for NRL1–6.
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period during the northwest monsoon prior to the onset

of the southwest monsoon. Then the CVT(u) switched

to eastward at all of the moorings. CVT(u) remained

eastward until December 2014 at NRL3, NRL4, and

NRL5 but only until about September 2014 at NRL1,

NRL2, and NRL6, before switching westward (north-

west monsoon). The SLD and an anticyclonic eddy

likely affected the currents at NRL3, 4, and 5. Generally,

similar but less pronounced tendencies were observed

for the southwest monsoon in 2015 at the end of the

measurement period.

CVT(u) over the measurement period in the upper

layer was eastward at NRL3, NRL4, and NRL5 with

magnitudes of about 503 107, 473 107, and 123 107m3,

respectively. The average volume transport over the

measurement period of approximately 600 days

(51.843 106 s) can be estimated by dividing CVT by the

measurement period and then multiplying by the width

of the current. Average eastward volume transports at

NRL3, NRL4, and NRL5 for a typical current width of

100km are then about 1, 0.9, and 0.2 Sv, respectively.

Correspondingly, CVT(u) was westward at NRL1,

NRL2, and NRL6 with magnitudes of about 50 3 107,

103 107, and 503 107m3, respectively. Average volume

transports in the upper layer are then about 1, 0.2, and

1Sv, respectively. Hence, the average eastward and

westward volume transports were both about 1Sv.

In the lower layer, CVT(u) over the measurement pe-

riod is eastward at all moorings except for at NRL6, and

the record was short at NRL4. However, CVT(u) fre-

quently switched direction throughout the record on time

scales of about 30 to 100 days. CVT(u) at NRL1, NRL2,

NRL3, and NRL5 were 353 107, 103 107, 353 107, and

32 3 107m3, respectively. CVT(u) was about 9 3 107m3

and westward at NRL6. The corresponding average

eastward volume transports for NRL1, NRL2, NRL3,

and NRL5 are about 0.7, 0.2, 0.7, and 0.5Sv, respectively,

and the average westward volume transport at NRL6 is

about 0.2Sv. The total average eastward volume trans-

port in the lower layer across the north–south mooring

line (NRL1–3) is then about 1.6Sv and is larger than the

westward volume transport at NRL6. Total average

eastward transport in the upper 500m across the north–

south mooring line (NRL1–3) is then about 2.6Sv.

FIG. 14. (Continued)
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Perhaps most interesting in the upper layer is the

north–south CVT(y) (Fig. 18b). CVT(y) was very small

until July 2014, during the southwest monsoon. Then the

CVT(y) exhibited northward transport at all of the

moorings and was most extreme at NRL2 and NRL3.

Then the CVT switched toward the south at all the

moorings in September 2014 at the end of the southwest

monsoon. CVT(y) remained small from December 2014

until May 2015 and then a similar pattern emerged for

the southwest monsoon during 2015. The rapid increase

in northward transport was likely associated with cur-

rents from the SLD, anticyclonic eddy, and SMC. The

large pulses inCVT toward the north occurred over just a

few months during the southwest monsoon periods.

At NRL3, net CVT(y) (value at the end of the mea-

surement period) into the BoB in the upper layer was

approximately 43 3 107m3. Therefore, the northward

volume transport for the upper layer is about 8m3 s21. If

this transport were typical for a realistic current that is

100 km wide in the BoB, then the average transport into

the BoB over the 600 days is about 0.8 Sv. However, a

northward CVT of about 35 3 107m3 occurred over a

time period of about 50 days during the 2014 summer

monsoon and the corresponding average volume trans-

port for this period is 8 Sv for a current 100 km in width.

For currents 200 km in width, the transports would

double, and would be 1.6 and 16Sv, respectively, at

NRL3. Hence, the northward volume transport in the

upper layer occurred in pulses and was small or negli-

gible outside of the relatively short pulse periods. CVT(u)

was similar in order of magnitude but was more gradual

in buildup.

Net CVT(y) in the lower layer was also greatest at

NRL3 and had a magnitude of about 573 107m3, which

FIG. 15. (a). Normalized vertical component of relative vorticity by inertial frequency at

6.58N, based on 20-day low-pass filtered ADCP velocities from NRL1, NRL3, and NRL5.

(b) Horizontal divergence (day21) based on 20-day low-pass filtered U and V velocities from

NRL1, NRL3, and NRL5. (c) Vertical velocity estimated from horizontal divergence and

(d) Ekman pumping velocity based on COAMPS wind products.
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was greater than the net CVT(y) in the upper layer.

Similarly, this net CVT would correspond to an average

northward transport of about 1.1 Sv over the measure-

ment period. However, the CVT increase in the lower

layer at NRL3 was much more gradual than the pulse-

like increases in the upper layer. The combined, net-

averaged, northward transport from both layers over the

measurement period was about 1.9 Sv at NRL3.

In the upper layer, net northward CVT(y) also oc-

curred at NRL2 andNRL5with values of about 303 107

and 113 107m3and corresponding volume transports of

about 0.6 and 0.2 Sv, respectively. Net CVT(y) was near

0 at NRL1. Net southward CVT(y) at NRL4 and NRL6

with values of 16 3 107 and 29 3 107m3 occurred in the

upper layer and corresponded to average volume

transports of about 0.3 and 0.6 Sv, respectively. In the

lower layer, net northward CVT(y) occurred at NRL1

and NRL5, each with values of about 12 3 107m3 and

corresponding average volume transports of about

0.2 Sv. CVT(y) was southward (negative) in the lower

layer at NRL4 through day 800 (short record). Small

CVT(y) was observed at NRL2 and NRL6 except for a

southward pulse at NRL2 during May–June 2015. The

average northward volume transport for the upper

500m for NRL5 is about 0.4 Sv. Southward average

volume transport of about 0.3 Sv was observed for the

upper layer at NRL4, but corresponding transport for

the lower layer could not be calculated. Therefore, av-

erage northward volume transport for the east–west

mooring line (NRL3, NRL4, and NRL5) is approxi-

mately 2.3 Sv.

Note that the estimated average volume transports

assumed horizontal currents with a nominal width of

100km. In addition, the transports are averaged over the

entire mooring deployment period of about 600 days.

Instantaneous transports can be much larger. The vari-

ability of CTV(u) and CTV(y) in each layer clearly in-

dicates the horizontal inhomogeneity of the current over

100–1000-km scales and can impact the hydrologic bal-

ances of the BOB.

10. Discussion

The circulation in the BoB has a dramatic seasonal

variation in response to the monsoon winds. The

basinwide circulation is cyclonic at the onset of the

northeast monsoon and anticyclonic during the onset of

the southwest monsoon (Cheng et al. 2013; Somayajulu

et al. 2003; Eigenheer and Quadfasel 2000; Shetye et al.

1993). The monsoon currents in the southern BoB are

eastward during the summer (SMC) and westward

during the winter (WMC). During summer, the SMC

interacts with a Rossby wave propagating across the

BoB from the western boundary (Schott et al. 1994;

Vinayachandran et al. 1999). The East India Coastal

Current flows northward off the coast of India and

southward off the coast of Sri Lanka during summer,

southward along both coasts during winter (Mukherjee

et al. 2014; McCreary et al. 1996; Shankar et al. 1996).

Hydrographic observations have described the seasonal

variability well in the western BoB (Vinayachandran

and Yamagata 1998). The circulation patterns in the

interior of the bay are affected by numerous cyclonic

and anticyclonic eddies. During the 2002 fall and 2003

spring intermonsoon seasons, nine cold-core eddies

were identified byKumar et al. (2007) in the western and

central BoB using satellite and hydrographic data. From

satellite altimetry data, Cheng et al. (2013) found two

FIG. 16. PVDs for all moorings. Lines represent PVDs for depth-averaged velocities for the depths of (a) 0–200m

and for (b) 200–504m.
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distinct bands of eddy activity consisting of both cyclonic

and anticyclonic eddies in the western and central BoB.

The circulation is further complicated by Kelvin and

Rossby wave radiation (Potemra et al. 1991; Rao et al.

2010; Suresh et al. 2013).

The westward-moving baroclinic Rossby waves likely

produce the ISO signal found in SSHA, thermocline

temperature, and velocities in the water column. The

dominant periods of ISO were 20–40 and 50–70 days.

Girishkumar et al. (2011) suggested that the remote

equatorial winds could force the ISO in the thermo-

cline in the southern BoB. The subseasonal (periods

;30–60 days) westerly wind fluctuations at the equator

can generate Rossby waves with multiple time scales

(30–90 days) as a result of the equatorial Kelvin wave

reflections from the Sumatra coast (Han 2005; Vialard

et al. 2009; Iskandar and McPhaden 2011).

There are few, if any, measurements that describe the

subsurface structure of the monsoon currents and eddies

east of Sri Lanka in the south-central BoB and hence the

currents have been a mystery. Therefore, six moorings

were deployed in the south-central BoB in international

waters, approximately 200nm east of Sri Lanka. The

major current features impacting the moorings were

the SLD, WMC, SMC, and a large anticyclonic eddy.

The mean current flows in the upper layer were steered

by the southwest and northeast monsoons and were

eastward (SMC) and westward (WMC) flowing, re-

spectively. A large cyclonic eddy, the SLD develops

during the southwest monsoon in response to the local

cyclonic wind curl (Vinayachandran andYamagata 1998)

and decays at the end of this monsoon period. A large

anticyclonic eddy is commonly found east-southeast of

the SLD. From the NRL mooring observations during

June and July 2014, the SLD is clearly indicated at NRL3

by the low in SSHA (Figs. 4a, 10a), doming of the iso-

therms in the upper layer (Fig. 4c) and higher salinity

(Fig. 4b), large northeastward currents (Figs. 4d,e), and

positive vorticity and upwelling in the cold dome (Fig. 15)

along with positive wind stress curl (Fig. 10c) and Ekman

pumping (Fig. 15d). Similar but less pronounced signa-

tures are also found at NRL2 and NRL4.

From analyses of SSHA data coincident with the

mooring period (e.g., Figs. 10a,b), the SLD and

FIG. 17. Depth-averaged currents in the upper 200-m layer (a) hui and (b) hyi for all six
moorings, and depth-averaged currents in the 200–500-m layer (c) hui and (d) hyi.
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anticyclonic eddy are commonly present during summer

and can coexist. They are often located so that they can

impact the generally eastward flow of the SMC and can

steer current flow northward into the southern BoB. The

positioning of these two eddies can play a significant role

in pumping warmer higher-salinity water into the BoB.

Northward average current transports estimated from

the mooring current observations are about 2 Sv over

the 20-month period and were approximately equally

split between the lower and upper layers. However,

much of the northward transport in the upper layer oc-

curred in pulses that were likely related to the SLD and

anticyclonic eddy. In the lower layer, transport into the

BoB seemed to occur more uniformly, spread over the

entire observation period. The net volume transports for

moving water into the BoB were positive at NRL2,

NRL3, and NRL5 in the upper layer and at NRL1,

NRL3, and NRL5 in the lower layer. Net transports in

the lower layer were about 0 Sv at NRL2 and 6Sv (short

record) at NRL4. Transport at NRL1 is not likely to be

steered into the BoB by the SLD or large anticyclonic

eddy. The current flows in the lower layer are not nec-

essarily reflective of flows in the upper layer.

The current observations presented here suggest that

upper-layer water from the southeastern Arabian Sea

can enter the south-central BoB through steering of

portions of the SMC by the SLD and large anticyclonic

eddy during the summer monsoon. Water in the lower

layer moves into the BoB throughout the year and ap-

pears to be less influenced by eddies and local winds.

FIG. 18. CVT in the upper 200-m layer for (a) u velocity and (b) y velocity for all sixmoorings. CVTs in the 200–500-m

layer for (c) u velocity and (d) y velocity.
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Northward transport into the BoB appeared to be con-

centrated in the vicinity of NRL3.

Another reported route for water to move from the

BoB to the Arabian Sea is through the EICC off Sri

Lanka (e.g., Shetye et al. 1996; Wijesekera et al. 2015).

Transports for the EICC have been estimated to be

about 6.7 Sv from an ocean model (Shankar et al. 1996)

and 7.7 Sv from hydrography (Shetye et al. 1996). These

transports were estimated over a period of about

3 months during the northeast monsoon. Hence, the

average outgoing transport over the entire year could be

about 2 Sv, which is comparable to the average incoming

transport computed at the moorings in the south-

central BoB.

Gordon et al. (2016) described regional-scale water

mass structures fromCTDobservations collected during

November–December 2013 cruises, satellite sea surface

temperature and salinity, and Argo temperature and

salinity profiles. They reported that thermocline meso-

scale features spread salty Arabian SeaWater under the

highly stratified low-salinity upper layer. The mooring

observations showed that the high-salinity water was

carried by both mesoscale eddies and northward-

moving currents. The mooring observations further

showed that the warm, high-salinity, subsurface water

entered the southern BoB during both winter and

summer. Similar temperature–salinity features were

found from CTD profiles (not shown), collected during

December 2013, June 2014, and August 2015. The

temperature–salinity properties of these water masses,

with salinities larger than 35 psu, are consistent with

Arabian Sea Water (e.g., Gordon et al. 2016). During

summer months, Arabian Sea Water was found at all

mooring sites and was associated with the SMC and

SLD, while in winter the Arabian Sea Water was found

at the western side of the mooring array. Wijesekera

et al. (2015) reported that an approximately 100-km-wide,

1m s21, northward-moving, subsurface-intensified cur-

rent, located east of the EICC, carried Arabian Sea

Water into the southern BoB during winter of 2013. The

SMC transports Arabian Sea Water into the BoB, while

the equatorial dynamics plays a role in wintertime

transports. These observations are qualitatively consis-

tent with numerical studies reported by Jensen et al.

(2016), who found a persistent flow of high-salinity wa-

ter from the equatorial Indian Ocean into the BoB

during the northeast monsoon, although the salt trans-

port is weaker than during the southwest monsoon.

11. Summary and conclusions

Long-term measurements of currents were made in

the deep water in the south-central BoB, encompassing

a region 58–88N, 858–898E for the first time. Seasonal,

intraseasonal, inertial, and tidal bands of currents and

cyclonic and anticyclonic mesoscale eddies were found

in the long-term record. Seasonal flow in the upper

200m reversed with SW and NE monsoons. Currents

were strongest during the SWmonsoon with amaximum

observed speed of 198 cm s21. The maximum observed

speed during the NE monsoon was 132 cm s21. Aver-

aged currents with periods longer than a month often

exceeded 50 cm s21. During August 2014, the average

velocity exceeded 70 cm s21 at NRL3 (88N, 86.58E) in

the upper 50m of the water column. Velocities were

typically much larger in the upper 200m and often re-

versed directions at depth. Surface currents were not

indicative of water movement at depth. Subsurface

maximums in currents were common.

The seasonal cycle of SSHA closely followed the

thermocline (208C isotherm) displacement. Both

120-day, low-pass filtered SSHA and the 208C isotherm

moved westward at a speed of about 10 cm s21. Similar

westward propagation was observed in the 20–120-day,

bandpass-filtered SSHA, but the speed was about

21 cm s21, which is a factor of 2 bigger than that of the

seasonal scale. It is likely that these westward-moving

seasonal and intraseasonal fluctuations are related to

Rossby waves as described in Subrahmanyam al. (2001)

and Girishkumar et al. (2011).

Multiple frequency bands of intraseasonal currents

ranging from 10, 30, 50, and 60–70 days were found in

the water column (within the 500-m observational win-

dow), and currents in excess of 25 cm s21 were common

in the upper 100m. Currents below 200m were weaker,

but bursts of currents occurred somewhat intermittently

throughout the record. Temperature fluctuations of ISO

were also found in the water column, but fluctuations

as large as 638C were limited to the main thermocline

(50–150m).

The major semidiurnal tidal constituent was M2,

which had an amplitude of about 3 cm s21. Diurnal tides

were weaker with maximum amplitudes of about

1 cm s21. Currents at frequencies lower than the inertial

frequency (periods . 6 days) contributed over 60% of

the total current energy in the upper 500m, reaching a

maximum contribution near 50-m depth and then in-

creasing contribution with depth below 200m.

Multiple mesoscale features including the SLD and an

anticyclonic eddy were observed by the mooring array.

In general, both eddies were similar in size and had

similar magnitudes of SSHA. The SLD was found when

the wind stress curl east of Sri Lanka was positive. The

SLD had a negative 20-cm SSHA and was about

200–300km in size with a cold temperature core of about

258C. The relative vorticity of the SLDwas (0.2–0.3)f6.5N,
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and the associated upwelling velocity was 3–4mday21 at

25m. The anticyclonic eddy found south and southwest of

the SLD had a positive 20-cm SSHA with a relative

vorticity of about 2(0.5–0.8)f6.5N and a downwelling ve-

locity of 3–4mday21 at 25m. Unlike the SLD, the anti-

cyclonic eddy had high relative vorticity.

Currents from the SLD and an anticyclonic eddy

during the summer monsoon appeared to facilitate wa-

ter transport into the BoB though interactions with the

summer and winter monsoon currents. An estimate of

the average northward transport of water into the BoB

over the measurement period is about 2Sv. During

summer 2014, the northward average transport into the

BoB is estimated as 8 Sv over a 50-day period. These

transport estimates assumed a current width of 100km

and could be larger for wider currents, which have been

observed in the BoB. The transports in the upper layer

appear to be steered by the SLD and large anticyclonic

eddy. Northward transports in the lower layer appear to

be less affected by the eddies. Much of the northward

transport into the BoB in the upper layer appeared to be

associated with the summer monsoon while northward

transport in the lower layer occurred throughout the

year at amagnitude comparable to the transport into the

upper layer. Hence, the south-central BoB provides a

pathway for transport of heat and salt into the interior

BoB throughout the entire year. These may be the first

set of observations, and certainly the first long-term

observations, of the pathway for water transport into the

south-central BoB through both a near-surface layer

(0 to 200m) and a deep, subsurface layer (200 to 500m).
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