
Deep–Sea Research II 172 (2020) 104718

Available online 19 January 2020
0967-0645/© 2020 Elsevier Ltd. All rights reserved.

Dynamics of intraseasonal oscillations in the Bay of Bengal during summer 
monsoons captured by mooring observations 

A. Pirro a,*, H.W. Wijesekera b, E. Jarosz b, H.J.S. Fernando a,c 

a University of Notre Dame, Department of Civil Engineering, Environmental and Earth Sciences, Notre Dame, IN, 46556, USA 
b Naval Research Laboratory, Stennis Space Center, MS, 39529, USA 
c University of Notre Dame, Department of Aerospace and Mechanical Engineering, Notre Dame, IN, 46556, USA   

A R T I C L E  I N F O   

Keywords: 
30-60 day intraseasonal oscillations 
Moorings 
Bay of Bengal 
Rossby waves 
Mean flow-eddies interaction 
Heat flux 
Momentum flux 

A B S T R A C T   

The intraseasonal variabilities of current and temperature in the southern Bay of Bengal (BoB) were examined 
using in-situ observations collected in the upper 500 m of the water column for a period of 20 months, between 
December 2013 and August 2015. Data were sampled by six subsurface moorings deployed by the United States 
Naval Research Laboratory as part of an international effort focused on the dynamics of the northern Indian 
Ocean. The moored observations captured motions of multiple time-scales, including seasonal circulations, 
eddies, and planetary waves that underlie intraseasonal variability. This study focuses on 30–60-day intra-
seasonal oscillations (ISOs). Spectral analysis of currents shows enhanced energy and momentum fluxes for the 
period 46–52-days. The ISO velocity fluctuations were coherent in the upper 500 m of the water column, 
strongest near the surface and nearly uniform below 100 m. The ISO kinetic energy appeared at the beginning of 
the 2014 summer monsoon and lasted throughout the summer, but the associated potential energy dropped 
rapidly after it peaked at the beginning of the monsoon season. 

The correlation between the 30–60 day ISOs of local winds and the oceanic variability below 120 m depth was 
fund to be as small as 25% suggesting thus that the local winds were not the main forcing mechanism for ISOs. 
The 30–60-day band-passed sea-surface-height anomalies indicate westward propagating anomalies with phase 
speeds between 0.17 m s� 1 at 8�N and 0.43 m s� 1 at 4�N, within the phase-speed ranges of mode-1 and mode-2 
linear baroclinic Rossby waves, pointing to the role of Rossby waves in 30–60-day ISOs. 

The background mean flow acceleration resulting from the meridional divergence of wave momentum flux in 
the thermocline was about 10� 8 m s� 2. As a result, within a wave period, ISOs can enhance the eastward flow in 
the thermocline by about 25%. The negative shear production computed for the same period is consistent with 
this finding, suggesting that the mean flow has gained kinetic energy at the expense of the ISO band at a rate of 
about 0:5� 10� 8 m2 s� 2. The meridional heat-flux divergence was -10� 7 �C s� 1, and has a tendency for cooling 
the thermocline by about 0.5 �C when the ISOs are active. The ISOs appear to play an important role in the ocean 
dynamics of the southern BoB during the summer monsoon.   

1. Introduction 

The oceanic circulation in the Indian Ocean (IO) is unique, signified 
by seasonal flow reversals, significant freshwater input, basin ex-
changes, variability of local forcing and remote forcing via planetary 
waves. Although previous work (e.g. Lighthill, 1969; Cox, 1970; Luther 
and O’ Brien, 1985) shows that the semiannual reversal of currents in 
the Bay of Bengal (BoB) is closely related to monsoon winds, the details 
are complicated in that numerical experiments demonstrate the influ-
ence of remote forcing from the interior of the equatorial IO, which is 

also related to monsoon winds (Yu et al., 1991; Clarke and Liu, 1993). 
Equatorial Kelvin waves, commonly interpreted as Wyrtki (1973) jets, 
propagate eastward along the equator during April/May and Septem-
ber/October. Upon reflection from the IO eastern boundaries, energy of 
Wyrtki jets is reflected back in part as long Rossby waves that disperse 
slowly and reach the central-eastern BoB during July–August (Han et al., 
1999, 2001; Han, 2005; Nagura and McPhaden, 2010). The remaining 
energy is partitioned into two coastally-trapped Kelvin waves traveling 
poleward (Moore, 1968), which excite long Rossby waves propagating 
westward. Therefore, it is believed that planetary waves driven by 
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remote forcing from the interior of the IO contribute significantly to the 
formation, strength and intensity of BoB circulation (Nagura and 
McPhaden, 2010; Chen et al., 2015). A subset of these planetary waves is 
the mainstay of intraseasonal oscillations (ISOs), a sub-seasonal phe-
nomenon with periods less than 120 days. The genesis of oceanic ISOs 
has been attributed to two mechanisms: external forcing (e.g. atmo-
spheric ISOs and Ekman pumping) and internal processes (e.g. baro-
tropic and baroclinic instabilities). Observations in the IO have captured 
a range of variabilities in the 30–120 days frequency band (e.g. Gir-
ishkumar et al., 2013), and past research has identified roughly three 
distinct ISO bands in the context of the thermocline: 30–60 days, 60–90 
days, and 120 days (Han et al., 2001; Girishkumar et al., 2013). 

ISOs are an important part of upper-ocean dynamics, and they affect 
air-sea interactions, for example, by determining the local sea-surface 
temperature (SST) and horizontal heat transport through non-linear 
mechanisms (Waliser et al., 2003, 2004; Jochum and Murtugudde, 
2005). Oceanic ISOs also influence the atmospheric boundary layer by 
modifying surface heat fluxes and deep convection in the tropical at-
mosphere (Thum et al., 2002; Raymond et al., 2004). Strong ISOs are 
ubiquitous in the equatorial IO, from the far east (off the Indonesian 
Seas) to the central equatorial IO near Gan Island, Maldives (to name a 
few, McPhaden, 1982, Moore and McCreary, 1990; Qiu et al., 1999; 
Reppin et al., 1999; Sengupta et al., 2004; Han, 2005; Iskandar et al., 
2005, 2006; Goswami, 2005; Miyama et al., 2006; Fu, 2007; Gir-
ishkumar et al., 2011). In the far-eastern IO at Benoa (8�420S, 115�120E) 
and Christmas Island (10�240S, 105�420E), a strong 90-day peak in sea 
level has been recorded by tide-gauge measurements while near the 
Timor Passage (11�180S, 122�540E) both 80-90-day and 30-60-day os-
cillations have been found (Qiu et al., 1999). Simulations of Han et al. 
(2001) and Han (2005) suggest that different ISOs within 20-90 days are 
forced by different mechanisms, for example, 30-60 day oscillations by 
the Madden-Julian Oscillations and the second-baroclinic wave modes 
by the 90-day wind (Han, 2005). The baroclinic Rossby wave modes 
play an important role in the thermohaline structure of the BoB (Oliver 
and Thompson, 2010; Vialard et al., 2009; Webber et al., 2010, 2012; 
Girishkumar et al., 2013). 

Planetary wave dynamics, both locally and remotely forced, and 
their interaction with the background flow (defined here as currents 
with variability > 120 days) clearly generate a repertoire of ISOs that 
contribute to the complexity of the IO circulation. Cheng et al. (2013) 
showed that non-linear Rossby waves propagating from the eastern BOB 
may account for most of the sea-surface-height-anomaly (SSHA) vari-
ance east of Sri Lanka, rather than the local wind-forced variability 
which accounted for only about 20% of the variability, and demon-
strated non-linear energy transfer between different frequency bands. 
According to Sengupta et al. (2001), ISOs in the off-equatorial upper--
ocean zonal currents south and east of Sri Lanka are due to a series of 
vortices generated when the westward propagating Rossby waves 
encounter the eastward-flowing Southwest Monsoon Current (SMC). 
Such vortex structures (eddies) can also be generated by the barotropic 
instability of the SMC (Pirro et al.,2020), have high ‘total (kinetic plus 
potential) energy’ content, and are capable of transferring energy to the 
mean flow (Cheng et al., 2013), with the latter leading to the intensifi-
cation of the SMC Vinayachandran et al. (1999) via an up-gradient 
eddy-potential-vorticity flux (Rath et al., 2017). Eddies and ISOs may 
co-exist, and identification of their roles using observations are a 
challenge. 

This paper describes 30–60-day ISOs in the thermocline of the BoB, 
based on long-term mooring observations, and investigates the forma-
tion and impacts of ISOs on the thermocline variability and background 
flow. This study was motivated by previous work that revealed a cor-
relation between SST variability and 30–60-day summer ISOs in the BoB 
(Webster et al., 1998; Vecchi and Harrison, 2002; Rajendran and Kitoh, 
2006; Roxy and Tanimoto, 2007), wherein improved predictability has 
been noted when such variability is accounted for. Interactions between 
the background flow and ISOs in the IO are fundamentally important, 

yet no observations exist for relevant investigations. Lacking long 
time-series of water column observations, studies of ISOs have relied on 
modeling and satellite observations. To this end, as a part of the Office of 
Naval Research’s ASIRI program (2012–2017) and a companion pro-
gram by the Naval Research Laboratory (NRL) dubbed EBOB (Effects of 
Bay of Bengal Freshwater Flux on Indian Ocean Monsoon), key hydro-
physical variables were sampled between December 2013 and August 
2015 using an array of 6 deep mooring array deployed in the southern 
BoB. The energy, heat, and momentum fluxes, inter alia, were evaluated 
for the depth range of ~100–500 m to address our research goals. It is 
assumed that 30–60 day variability in this depth range is mainly 
contributed by the ISOs, and eddies generated by instabilities are mainly 
confined to the upper 100 m. 

The paper is organized as follows. Instrumentation, moored data sets 
and background flow description are reported in Section 2. Descriptions 
of ISOs using mooring data and satellite SSH anomalies are provided in 
Section 3. The role of the local wind forcing on the 30–60-day ISOs is 
presented in Section 4. The impacts of ISOs on the thermocline based on 
meridional heat-flux and momentum-flux divergence are discussed in 
Section 5. Summary and conclusions are presented in Section 6. Deri-
vations of energetics and Eliassen-Palm flux or “EP-flux” are provided in 
Appendix A. 

2. Instrumentation, moored data sets, and background flow 

2.1. Instrumentation and moored data sets 

Six deep moorings were deployed in a triangular array in the 
southern BoB between December 2013 and August 2015 (Fig. 1). The 
moorings were located about 200 nm (370 km) east of Sri Lanka in the 
international waters at water depths between 3600 m and 3900 m 
(Fig. 1). The moorings contained acoustic Doppler current profilers 
(ADCPs) and a variety of instruments for recording temperature, con-
ductivity, and pressure. Each mooring contained an upward-looking 
300 kHz Teledyne RD Instruments Workhorse ADCP and a downward- 
looking 75 kHz Teledyne RD Instruments Long Ranger ADCP, both 
mounted in a Flotation Technology buoy, 45 inch (114 cm) in diameter, 
at depths between 16 m and 72 m. The moorings are fully described by 
Wijesekera et al. (2016b), and were designed to capture space-time 
scales of the currents and the physical properties in the upper 500 m. 

Each mooring had twelve to fourteen temperature (T) sensors, three 
to four temperature and conductivity (TC) sensors, and four to six T, 
conductivity (C), and pressure (TCP) sensors mounted along the 
mooring cable beneath the ADCP buoy. These instruments consisted of 

Fig. 1. Locations of NRL moorings in the southern Bay of Bengal are marked in 
red circles; NRL1: 85.5�E, 5.0�N, NRL2: 85.5�E, 6.5�N, NRL3: 85.5�E, 8.0�N, 
NRL4: 87.0�E, 8.0�N, NRL5: 88.5�E, 8.0�N, NRL6: 87.0�E, 6.5�N. The color 
image shows the bottom bathymetry in meters. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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MicroCats (by Sea-Bird Electronics®), both with and without P sensors, 
to record the T and C; T data loggers (Vemco®); C, T, and depth (CTD) 
loggers (Aqua TROLL®); and CTD loggers (Star Oddi®, Aqua Troll®). 
Sampling rates were one minute for the Vemco recorders and ten mi-
nutes for others. These sensors were unevenly spaced and were densest 
around ~70 m from the buoy where strong stratification was expected; 
see Table 2 in Wijesekera et al. (2016b) for details. 

Current profiles were measured from ~5 m to depths of ~500 m. 
Currents were sampled either every hour or half hour by the Long 
Ranger ADCP and Workhorse ADCP, respectively. Ping rate was 1 ping 
every 2 min (30 pings per hour) for the Long Ranger ADCP. In order to 
reduce surface-wave contamination in the Workhorse ADCP measure-
ments, 40 pings were collected at 1 Hz at the beginning of each 30-min-
ute sampling period. Vertical depth resolutions for the current 
measurements were 8 m and 2 m, for the Long Ranger and Workhorse, 
respectively. The accuracy of the Workhorse is 0.5% of the water ve-
locity and the accuracy of the Long Ranger is 1% of the water velocity. 

Mostly full data records were retrieved, except from the Long Ranger 
ADCP at NRL 4 which stopped after about 15 months. Thus, we present 
results only from five of the six moorings. The velocity data were grid-
ded using the pressure data, and interpolated to common depth levels to 
compensate for mooring dips. The processing of the ADCP and raw data 
are described in detail in Wijesekera et al. (2016b). The vertical bin 
separation in the processed series is 8 m. Given significant data dropouts 
in the lower bins of the Workhorse records and upper bins of the Long 
Ranger records, some vertical interpolation was required. The data were 
then subsampled at 32 m, starting at 8 m and extending to 480 m, 
resulting in a time series of zonal (U) and meridional (V) velocity profiles 
at each of the mooring sites. 

The depths of T and C sensors were evaluated by interpolating the 

pressure records of the ADCPs and TCP sensors in conjunction with their 
known locations on the mooring lines. The T was gridded at 4-m depth 
intervals within 50 m-400 m in depth, but the S was limited to four to six 
sensors within 50 m-200 m in depth and were not interpolated verti-
cally. The processing of T and S data is described in detail by Wijesekera 
et al. (2016b), and 1-minute T data from the Vemco sensors are 
described in Wijesekera et al. (2019). 

2.2. Mean currents and eddies 

The (U, V) and T fields for each mooring were analyzed as follows. 
The time-depth series of U, V, and T were divided into background flow 
and fluctuating fields, where the first one represents low-frequency 
motions of timescales >120 days, larger or comparable to seasonal 
time scales, and ISOs represent fluctuations of time scales 30–90-days. 
Background velocity (U, V) and temperature (T), were obtained by 
applying a 120-day low-pass filter to the corresponding time-depth se-
ries. The cutoff period of 120 days was chosen since it is well above the 
residence period of mesoscale eddies in the region whereas periods 
>120 days represent seasonal variability (e.g. Rath et al., 2017). In 
subsequent analysis, ISOs were categorized into 30–60-day and 
60-90-day bands. 

Following Wijesekera et al. (2016b), below we briefly describe as-
pects of the seasonal flow and eddies relevant to ISOs. Figs. 2 and 4 
display, respectively, the low-frequency currents (U, V) in the upper 
500 m and T in the thermocline between 90 m and 388 m (except for 
NRL3 which recorded data only down to 310 m). Winds, from the daily 
Coupled ECMWF ReAnalysis (CERA-SAT) dataset provided by the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), with a 
spatial resolution of 1� and for the period of January 2014–August 2015, 

Fig. 2. Zonal and meridional seasonal currents (120-day filtered signals) at mooring locations. Units are in cm s� 1.  
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show that flow reversals follow the seasonal changes of surface winds 
(Fig. 5a). 

The (U, V) and T fields (Figs. 2 and 4) reveal the passage of diverse 
dynamical features through the mooring array, for example, cyclonic 
and anticyclonic eddies, SMC and winter monsoon current (WMC). The 
mooring array captured a large cyclonic eddy, referred to as the Sri 
Lanka Dome (SLD), in July 2014 and an even larger Anticyclonic Eddy 
(AE) in August of 2014 (Fig. 10a and b in Wijesekera et al., 2016b and 
Lozovatsky et al., 2016), with spatial scales 200–300 km. The SMC 
flowed eastward between the SLD and the AE. The velocity at NRL2 
(Fig. 2c and d) and NRL3 (Fig. 2e and f) show currents in excess of 
40 cm s� 1 in the upper 150 m in June–July 2014. Currents at NRL5 
(Fig. 2g and h) and NRL6 (Fig. 2i and j) were weaker than those at NRL2 
and NRL3, and were confined to the upper 80 m. U and V were about 
10 cm s� 1 below 200 m. Reversing currents (Fig. 2) indicate the passage 
of cyclonic and anticyclonic eddies in the upper layer and also wave-like 
signals especially below 200 m (see also Wijesekera et al., 2016c). 
Wijesekera et al. (2016b) suggest that the water exchange 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 SMC, but distinguishing the ve-
locity fields associated with SMC and eddies is not straightforward. 

During the passage of the SLD through the mooring array, isotherms 
rose up rapidly, thus forming a core of cold water with T typically less 
than 25 �C. At NRL3 (Fig. 3c), the isotherms rose about 50 m within a 
couple of weeks, indicating an upwelling speed of about 3.4 to 
4.6 � 10� 3 cm s� 1 (3–4 m d� 1) between 50 and 100 m. The seasonal 

cycle of the SSHA closely followed the thermocline (e.g. 20 �C isotherm) 
displacement (Wijesekera et al., 2016b). The 120-day low-pass-filtered 
SSHA fluctuations, the 20 �C isotherm-depth fluctuations, and the 
depth-averaged-current fluctuations in the upper 200 m propagated 
westward at a speed of about 10 cm s� 1 (see Figs. 5 and 6 in Wijesekera 
et al., 2016c). Similarly, at NRL 1, 2 and 6 (Fig. 2a, c, i), a clear 
upward-phase propagation was evident. It is likely that these westward 
seasonal thermocline fluctuations are related to baroclinic Rossby waves 
as described in Subrahmanyam et al. (2001) and Girishkumar et al. 
(2011). These fluctuations were not visible at higher latitudes (e.g. NRL3 
and 5) since eastward velocity of the SMC passing through 8�N domi-
nated the signal. 

Both the SLD and the AE eddy generate strong vertical velocities, 
about 4.6 to 5.8 � 10� 3 cm s� 1 (4-5 m d� 1) at 25 m, and the estimated 
vertical relative vorticity was 20%-80% of the inertial frequency at 
6.5oN (Wijesekera et al., 2016b). The estimated residence time of eddies 
observed in July–August 2014 was about 38-48 days (for ~200–300 km 
size and 5–6 cm s� 1 speed), indicating that the time-domain filter used 
here to isolate 30–60-day oscillations may contain some eddy variability 
in the upper 100 m (Section 3). 

Fig. 3. Left panels: Seasonal temperature records (120 day filtered signals) at mooring locations. Right panels: Intraseasonal temperature records (30–60 day filtered 
signals) at mooring locations. Units are in �C. 
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3. Detection of ISOs using mooring observations and satellite 
SSHA records 

3.1. Intraseasonal oscillations (ISOs) 

Modeling and analysis of SSHA show two dominant ISO bands in the 
equatorial IO: 30–60-day and 60-90-day (e.g. Han et al., 2001), and both 
30–60-day (Figs. 3 and 4) and 60–90-day (not shown) bands were pre-
sent in our case. In general, 60–90-day velocity fluctuations were limited 
to the upper 100 m, while 30–60-day velocity fluctuations extended to 
500 m at all the mooring sites. T fluctuations as large as � 1 �C were 
found in the thermocline where the vertical temperature gradient was 
strongest (Fig. 3), and they were smaller below 200 m, extending to 
about 400 m (Fig. 3). 

For all moorings, the 30–60-day ISO velocities (obtained with a 5th 
order Butterworth filter) were as large as 14 cm s� 1 in the upper 100 m, 
and were nearly uniform below 100 m depth (Fig. 4). We suspect that 
the higher velocities in the upper 100 m are due to contributions of the 
SLD and AE, which are strongest in the top 100 m with a residence time 
of ~30–60 days and velocities greater than 40 cm s� 1. In general, the 
30–60-day ISOs appeared at the beginning of the 2014 summer 
monsoon, and lasted throughout the summer with nearly uniform 
magnitudes between ~120 and 500 m (limit of ADCPs measurements). 
The meridional velocity fluctuations below 120 m were about 
�10 cm s� 1, which were larger than the zonal component. After the 
summer 2014, the ISO velocity fluctuations gradually decayed into the 
winter. 

The temporal variability of 30–60-day ISOs was further investigated 
by computing the depth-averaged kinetic energy (KE) in the depth range 

(~120–500 m) where velocity fluctuations were nearly uniform. A 60- 
day running mean was also used to obtain a smooth time series. The 
averaged KE peaked during June–October 2014 when southwesterly 
winds were strongest (Fig. 5b). These oscillations were strongest at the 
southwestern edge of the mooring array (i.e. at NRL1), where KE was 
~100 cm2 s� 2 � 10 J m� 3 and weakest at the eastern mooring NRL5 
where KE was less than 20 cm2 s� 2. For NRL2, NRL3 and NRL6, KE was �
60 cm2 s� 2. The KE averaged over the entire mooring array was about 
20–40 cm2 s� 2 for June–October 2014. The intensification of KE on the 
western side of the mooring array coincided with the onset of the 
summer monsoon (Fig. 5a and b), along with the appearance of the SMC 
and two large mesoscale eddies (Fig. 2). Similarly, the depth-averaged 
temperature variance for the 30–60-day band, hT02i was computed by 
averaging between 90 m and 388 m in depth and applying a 60-day 
running mean in time (Fig. 5c). Like KE, hT02i also peaked during 
June–July 2014 just after the onset of the monsoon. The mean peak hT02i
was ~0.9�C2 and the averaged hT02i was ~0.42�C2 over the mooring 
array. Temperature fluctuations (T’) can dominate density fluctuations 
of ISOs when the salinity contribution to density becomes insignificant, 
which occurs below 100 m, whereby the perturbation potential energy 
per unit volume becomes; α is the thermal expansion coefficient; ρ the 
sea water density; g is the gravitational acceleration; and ∂T=∂z is the 
mean temperature gradient. Note that PE is not the available potential 
energy based on the difference between total potential energy and 
minimum total potential energy (e.g. equation (10) in Oort et al., 1989). 

First for a given depth, T02
�

dT
dz

�� 1 
was evaluated and then was depth 

averaged between 90 m and 388 m to generate a time series of PE as 
shown in Fig. 5d. The time averaged PE for the May–October period is 

Fig. 4. Zonal and meridional intraseasonal currents (30–60 day filtered signals) at mooring locations. Units are in cm s� 1.  
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about 5.3 J m� 3 for T02
�

dT
dz

�� 1 
¼ 3.5 �C m, for ρ ¼ 1020 kg m� 3; and 

α ¼ 3 � 10� 4 oC-1. This rough estimate of PE is comparable with the KE 
for the 30–60-day ISOs (Fig. 5b, d). 

3.2. Spectral properties 

To examine dominant frequency bands in the energy and momentum 
flux distributions, the power spectra of zonal velocity u (ΦUU) and 
meridional velocity v (ΦVV), and co-spectra of u and v (ΦUV), were 
computed for all five moorings. Frequency-depth spectral plots were 
constructed by computing the frequency spectrum for a given depth 
using 20-month-long velocity records. Fig. 6 shows these plots for three 
moorings (NRL1, NRL2, and NRL6) that registered the highest values of 
perturbation KE (Fig. 5b). Compared to the power spectra of zonal ve-
locity (Fig. 6a, b, c), the meridional velocity spectrum (ΦVV) (Fig. 6d, e, 
f) exhibits a narrow-band spectral peak for the period 46–52 days (fre-
quency � 3 to 3.125 � 10� 4 cph) which extends at least to 500 m in 
depth. ΦVV shows high energy levels in the upper 100 m and is nearly 
uniform in the thermocline (120–500 m). The co-spectra ΦUV (Fig. 6g, h, 

i) also shows positive momentum flux for the 46–52-day ISO band in the 
thermocline especially for NRL1 and NRL2. The ISO fluxes peaked at 
200 m depth (Fig. 6 g, h, i). However, the coherence between u and v was 
weak in the upper 100 m. Perhaps band-pass-filtered velocities could 
have been contaminated by eddy contributions as discussed before. For 
NRL6, high momentum fluxes were limited to 50–100 m depths. 

Spectral properties were examined by constructing depth-averaged 
zonal (ΦUUÞ and meridional ðΦVVÞ velocity spectra over 120–500 m 
depth range (Fig. 7b and c). An identifiable spectral peak near 8 � 10� 4 

cph (or 52-day period) can be seen in the ΦVV shown in Fig. 7c for NRL 1, 
NRL2 and NRL6, as was found in Fig. 6. Fig. 7a shows frequency spectra 
of zonal and meridional components of surface wind speed. The spectral 
peaks in wind partially overlap with the ISO velocity peaks. Spectral 
peaks discussed are significant at 95% (Jenkins and Watts, 1969). We 
will discuss correlations between wind and ISO in detail in Section 4. 

Vertical profiles of kinetic energy at NRL1-6 were constructed by 
integrating ΦUU and ΦVV for the 30–60-day band encompassing spectral 
peaks shown in Figs. 6 and 7, where KE ¼ 0:5

Rω2
ω1
ðΦVV þ ΦUUÞdω, and 

ω1 ¼ 1/60 d� 1 and ω2 ¼ 1/30 d� 1. The KE was 80–160 cm2 s� 2 near the 
surface, and decreased rapidly to about 40 cm2 s-2 at 100 m (Fig. 8a). 
The near-surface KE for NRL3 and NRL6 was about 150–160 cm2 s� 2, 
and for NRL1 and NRL5 was about 80–120 cm2 s� 2. No information is 
given for NRL2 in the upper layer since data were available only below 
64 m. Below 100 m, the KE varied between 10 and 40 cm2 s� 2 for all five 
mooring sites. As discussed before, we suspect that 30–60-day velocity 
fluctuations in the upper 100 m are likely to be contaminated by AE and 
SLD, thus registering high KE values in the upper 100 m compared to 
that below 100 m. 

Vertical profiles of momentum flux, uv (Fig. 8b) were computed by 
integrating ΦUV for the 30–60-day band, where uv ¼

Rω2
ω1 ΦUVdω. Posi-

tive values of uv were found for most of the mooring locations. Estimates 
of uv were as large as 30 cm2 s2 at 50 m for NRL6 and at 200 m for NRL2. 
The momentum flux averaged over the mooring array was about 
5–10 cm2 s� 2. 

3.3. Propagation of ISO signals from satellite SSHA 

Here we used the 0.25� spatial-resolution AVISO (Archiving, Vali-
dation and Interpretation of Satellite Oceanographic) data set https 
://www.aviso.altimetry.fr/en/data/products/sea-surface-height prod-
ucts/global/ssha.html). Time-longitude (Hovm€oller) diagrams of 
30–60-day band-pass-filtered SSHA along different latitudes (4�–8�N) 
for January 2013 to August 2015, are shown in Fig. 9. The slope of the 
Hovm€oller diagram provides the phase speed of the propagating signal. 
Unlike the 120-day low passed SSHA (see Fig. 9 of Wijesekera et al., 
2016b), the 30–60-day ISO signal was patchy in both space and time. At 
low latitudes (4� - 5�N) and away from Sri Lankan land mass, waves 
propagated westward from the eastern boundary of the BoB. Between 
May and October 2013, at 6.5�N, SSHAs of magnitudes ~ � 4 cm 
propagated westward, but close to the Sri Lanka coast near 82�E, slopes 
of Hovm€oller plots changed with no clearly defined slopes. At 8�N, en-
ergy associated with the incoming wave was likely focused/reflected 
near the coast of Sri Lanka (~82�E). In July–August 2013, high values of 
SSHA ~ � 8 cm occupied the region over the mooring array 
(85.5�–87�E). 

During 2014, weak signals of �2 cm propagated from the eastern 
side of the BoB at latitudes 4�–5�N, and then intensified up to �6 cm 
during July–August. SSHAs with a quasi-linear longitude-time slopes 
intensified at 6.5�N and 8�N over the mooring array in July–August and 
July–September, respectively. At 8�N and to the west of 86�E, the ISOs 
started moving westward in October 2014 (Fig. 9). 

Two statistical analyses were conducted to evaluate the phase ve-
locity of the westward propagating SSHAs. In the first, phase speeds 
were based on the slopes of time – longitude diagrams presented in 
Fig. 9. At each latitude, several sloping SSHAs were identified, and phase 

Fig. 5. (a) Direction (blue) and magnitude (red) of ECMWF reanalysis winds 
averaged over the six moorings location. (b) Depth averaged (120–500 m) 
oceanic kinetic energy for the 30–60 band at NRL1-6 along with the mean (back 
dots). (c) Depth averaged (90–388 m) oceanic temperature variance for the 
30–60 day at NRL1-6 band along with the mean (back dots). (d) Depth- 
averaged (90–388 m) perturbation potential energy (PE) averaged for NRL1-6 
in J m� 3. Right axis has units in cm2 s� 2 for comparison with KE. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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speeds were calculated and averaged over selected latitudinal intervals. 
The mean phase velocities (Fig. 10a) varied with latitude: from 
0.43 m s� 1 at 4�N to 0.17 m s� 1 at 8�N. These values are consistent with 
the characteristics of Rossby waves, and are in agreement with the 
Rossby wave phase speeds described by Girishkumar et al. (2011). 
Specifically, they found that westward phase speeds of 40-100 day 
band-pass filtered SSHA signals at 8�N were between 0.21 and 
0.23 m s� 1. The second method is an autocorrelation-function approach 
that utilizes two time series from 1/1/2013 to 08/15/2015. The first 
time series was taken at the starting point of a westward propagating 
SSHA and the second time series was taken at the end point of the SSHA. 
In general, both methods produced similar results (Table 1). At 4�N, 
both methods provided similar mean phase speeds, while at 5�N, the 
phase-velocity difference was ~0.1 m s� 1. At 6.5� – 8�N the difference 
between the two methods was as small as 0.02 m s� 1. 

The estimated phase speeds from both methods are plotted as a 
function of latitude along with the previously published observations 
and the theoretical first-mode baroclinic Rossby-wave speeds from 
Chelton and Schlax (1996) (Fig. 10b). They reported that the phase 
speed of baroclinic Rossby waves above 10�N and below 10�S are sys-
tematically greater than those predicted by the standard theory for 
freely propagating linear, first-mode baroclinic Rossby waves. For the 
equatorial band between 10�N and 10�S it also departs from the stan-
dard theory (Fig. 10b). The estimated phase speeds are within the phase 
speeds of 1st and 2nd modes of baroclinic Rossby Waves (e.g. between 
25 and 40 m s� 1 and between 10 and 20 m s� 1 for 1st and 2nd mode, 
respectively; see Fig. 1 of Subrahmanyam et al., 2001) but they are 

slightly larger than the mode 2 wave speeds. 
In summary, the combined moored velocity measurements and SSHA 

records indicate westward propagating waves of period ~46–52 days 
and phase speeds that are slightly above the mode-2 baroclinic Rossby 
waves. For a wave period of 49 days (Fig. 7c) and a westward zonal 
phase speed of c ¼ 0.17–0.43 m s� 1 (Fig. 10a), the zonal wavelength (λx) 
varies between 700 and 1200 km. The moored velocity records showed 
that the KE of the 30–60- day ISO band was strongest in the upper 100 m 
and was nearly uniform below 100 m. Furthermore, the moored records 
showed the existence of near-uniform, positive momentum flux below 
100 m when the ISO signal was strong. On the average, these waves 
carried westward momentum flux of Fuv~8 cm2 s� 2 and wave energy of 
EH ~20 cm2 s� 2 in the thermocline (Fig. 8). 

4. Local winds role on the ISOs formation 

The power spectra of surface winds, and currents in the thermocline 
over the mooring array (Fig. 7 a, b, c) revealed several intraseasonal 
peaks, including a well-defined peak in the frequency spectra of winds 
between 23 and 26 days (~1.6–1.8 � 10� 3 cph; Fig. 7a), and a less 
pronounced peak in the zonal wind spectrum at a 52–59-day period 
(black rectangle in Fig. 7a) that marginally coincides with the spectral 
peak in the ISO velocity spectra at a 48-52-day period (Fig. 7b and c). A 
recent study by Cheng et al. (2013) suggests that the local wind 
contribution to 30–60-day SSH variability east of Sri Lanka is about 
20%. Girishkumar et al. (2013) reports that a 30–70-day thermocline 
variability is affected by interior Ekman pumping over the BoB, remote 

Fig. 6. Power spectra of zonal velocity (U), ΦUU(top panels) and meridional velocity (V), ΦVV (middle panels), and co-spectra of U and V, ΦUV (bottom panels) at 
NRL1, NR2, and NRL6. Units are in cm2s2. The frequency ω is in cycles per hour (cph). 
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forcing of zonal winds at the equatorial IO, and alongshore winds in the 
eastern boundary of the BoB. To examine impacts of local winds on ISO 
variability, the coherence, γ; between ocean currents and the surface 
wind field was calculated using in-situ velocity and ECMWF wind fields, 
where 

γ2¼

�
�Sτq
�
�2

Sττ Sqq
: (1)  

Sτq is the covariance between rotary velocity component q and the rotary 
shear stress τ as a function of frequency (Mooers, 1973), and Sqq and Sττ 
are the autospectral power density function of q and τ, respectively. One 
can interpret γ2 as the percentage of variance of q that is ascribable to 
linear forcing by τ (Elipot, 2006). The coherence squared (Fig. 7d) was 
computed between the ECMWF wind stress and the depth-averaged 
velocity vectors between 120 and 500 m. The squared coherence is 
0.25 � 0.09 for the 52-day period (green rectangular in Fig. 7d). The 
95% confidence limit for the γ2 estimate is 0.09 (Thomson and Emery, 
2014). Since γ2 measures the fraction of the currents directly related to 
local wind forcing, these results imply that winds having 52–59-day 
periods could account for roughly 25% of the ISO variability. The esti-
mated γ2 for the summer of 2014 is consistent with the earlier findings of 
Cheng et al. (2013) that local wind forcing is not the main mechanism 
for generating ISOs in the southern BoB. The SSHA analysis (Fig. 9) 
indicates that the westward propagating ISOs are likely generated at the 
eastern boundary (e.g. Girishkumar et al., 2013). 

Fig. 7. Zonal (solid line) and meridional (dashed line) spectra 
for ECMWF wind in m2s� 2 cph� 1 averaged for the six moor-
ings location. Significant peak (at 95%) is indicated by black 
rectangular (a). Depth-averaged zonal velocity spectra in 
cm2s� 2 cph� 1 computed for NRL1 (black line), NRL2 (blue 
line), NRL6 (red line). Spectra were averaged between 120 m 
and 500 m (b). Depth-averaged meridional velocity spectra in 
cm2s� 2 cph� 1 computed for NRL1 (black line), NRL2 (blue 
line), NRL6 (red line). Spectra were averaged between 120 m 
and 500 m. Significant peak (at 95%) is indicated by magenta 
rectangular (c). Coherence squared between wind stress and 
moored velocities (NRL 1,2,6) averaged between 120 and 
500 m. Green box indicates coherence squared at 52-day 
period. The 95% confidence limit for γ2 is ~0.09. Frequency 
ω is in cph (d). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of 
this article.)   

Fig. 8. Time averaged kinetic energy (left) and momentum flux <uv> (right) 
for 30–60 day band estimated from moored velocities and momentum flux 
spectra, respectively. 
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5. Impacts of ISOs on the background flow and thermocline 

In the following we examine the impact of ISOs on energetics, wave 
momentum and heat fluxes in the thermocline by combining in-situ 
current velocity and temperature records, thus complementing previ-
ous studies of Rossby-wave and mean (background) flow interactions in 

the southern BoB based on XBT/CTD observations, model simulations 
and satellite products (e.g. Vinayachandran et al., 1999; Cheng et al., 
2013; Girishkumar et al., 2013; Rath et al., 2017). We follow the analysis 
of Weisberg and Weingartner (1988), which used temperature and ve-
locity time series from current meter moorings to examine instability 
waves and their role in the near-surface circulation of the equatorial 

Fig. 9. Longitude-Time plots of 30-60 day band-passed filtered SSH anomalies at 4 �N (left), 5 �N, 6.5 �N and 8 �N (right). SSHA is from AVISO data products (2013/ 
1/1–2015/8/15). Dash lines indicate location of moorings. Units of SSHA are in cm. 

Fig. 10. Left: Mean phase speeds based on the slope of the 
Hovm€oller diagrams for the 30–60 day band pass filter SSHA 
dataset from 12/1/2013 to 8/15/2015 (blue circles). Magenta 
circles: same as blue circles, but based on the autocorrelation 
function. Standard mean errors for each mean phase speed are 
identified by colored bars Right: Westward propagating sea 
level signals estimated from TOPEX/POSEIDON altimeter 
observations from Chelton and Schlax (1996). Solid (open) 
circles correspond to Pacific (Atlantic and Indian) ocean es-
timates. Solid lines represent the global average latitudinal 
variation of the phase speed predicted by the standard theory 
for extratropical freely propagating, nondispersive, linear, 
first-mode baroclinic Rossby waves. Blue and magenta circles 
are the velocities represented in Fig. 10a. (For interpretation 
of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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Atlantic Ocean. Our data sets were first averaged every 24 h and then a 
30–60-day band-pass filter was applied before computing energetics and 
fluxes for 60-day subsampled data sets. 

5.1. Horizontal wave momentum flux 

Power spectra of the meridional velocity component showed a well- 
defined peak in the thermocline centered upon a 52-day period (Fig. 7c). 
The time series of KE of the 30–60-day band shows the ISO appeared in 

July 2014 and lasted throughout the summer of 2014 (Fig. 5b). 
Time-depth series of horizontal momentum flux uv were estimated 

by computing covariances between u and v components for 60-day 
subsampled data records for each mooring site. The horizontal mo-
mentum flux, � uv; computed at NRL2 is shown in Fig. 11a. uv was about 
~50 � 10� 4 m2 s� 2 between 100 m and 500 m, and had a similar sea-
sonal modulation as the perturbation kinetic energy. As we discussed 
above, the time-domain band-passed filter does not always remove 
eddies of resident time scales ~30 days, and therefore the upper 100-m 

Table 1 
Phase speed calculated from Hovm€oller diagrams (slope) and from autocorrelation function (correlation) for 
30–60 day SSHA data. 

Fig. 11. Time-depth plot of momentum flux (a). Production/destruction term (b), and momentum flux divergence (c). Moored velocities are 30-60 day band 
pass filtered. 
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ISO velocities are contaminated by eddies. In the upper 100 m, uv was 
negative ~ � (70–100) x 10� 4 m2 s� 2 from August through the middle 
part of October 2014, when a large anticyclonic eddy occupied in the 
mooring array (see Fig. 10b of Wijesekera et al., 2016b). 

5.2. Deformation work/production term 

The processes that control the growth and decay of the perturbation 
kinetic energy can be studied by examining the terms in the perturbation 
kinetic-energy equation, for example, using the form used in studies of 
ocean energetics (e.g. Brooks and Niiler, 1977; Szabo and Weatherly, 
1978; Rossby, 1987; Weisberg and Weingartner, 1988). We were unable 
to compute all relevant terms due to limitations of our moored obser-
vations, and therefore focus on the deformation work (also called the 
barotropic production term) that represents the energy conversion by 
Reynolds stresses acting on the mean flow. Both, zonal and meridional 
terms, uv dU

dy and uv dV
dx , were computed, but uv dV

dx was found to be small. 

The deformation term, � uv dU
dy, at NRL2 was computed by combining 

NRL1, 2, and 3 for 60 day subsamples, similar to the momentum-flux 
estimates (Fig. 11b). Here U was obtained by applying a 60-day 
running mean to daily-averaged moored velocity records after 
applying a 120-day low-pass filter, and dU

dy was estimated by finite dif-
ferencing U currents at NRL1 and NRL3. The deformation term shows 
negative shear production, i.e., � uv dU

dy < 0 (Fig. 11b), in the thermocline 
below 100 m during July–October 2014, when the ISOs were strong 
(Fig. 4), suggesting that the mean kinetic energy was increased at the 
expense of the ISO band at a rate of about 0:5� 10� 8 m2 s� 2. Therefore, 
it is unlikely that barotropic instabilities lead to generation of ISOs. 

In the upper 100 m, however, during August through mid-October 
2014, the production term was positive, ~0.3–1 � 10� 8 m2 s� 3, which 
partly coincided with the presence of the large AE eddy in the mooring 
area (Wijesekera et al., 2016a; Pirro et al.,2020). Positive values of �
uv dU

dy suggest that the anticyclonic eddy may gain energy by at the 
expense of the SMC through barotropic instability. For example, the 
mean kinetic-energy loss at a rate of 1 � 10� 8 m2 s� 3 for a period of 60 
days could enable the anticyclonic eddy to gain eddy kinetic energy of 
about 5 � 10� 2 m2 s� 2, corresponding to a gain of velocity ~15 cm s� 1. 

5.3. Wave momentum flux divergence and acceleration of the background 
flow 

Waves propagating across meridionally and vertically sheared zonal 
currents may alter the momentum balance of the mean zonal flow 
(Weisberg and Weingartner, 1988), the conditions for the occurrence of 
which were first addressed by Elliasen and Palm (EP) (1960) in the 
context of two-dimensional nonrotating internal gravity waves inter-
acting with vertically-sheared mean currents. Subsequently, Charney 
and Drazin (1961) extended these techniques for eddy transports asso-
ciated with vertically-propagating mid-latitude atmospheric planetary 
waves, and McPhaden et al. (1986) to examine the interaction of baro-
clinic equatorial Kelvin waves with sheared zonal currents in the ocean. 
The zonal momentum equation as a function of the EP-flux vector can be 
summarized in the following equation: 

Ut ¼ � uvy þ fvρ0z
�

ρz ¼ r⋅F; (2)  

where U is the mean zonal current, ρ the mean density; f the inertial 
frequency; u, and v the perturbation zonal and meridional velocities, 
respectively, and ρ0 the perturbation density. Subscripts y and z denote 
partial derivatives of y and z, respectively (see Appendix A for details). 

To evaluate the density flux vρ0 in eq [2], a time-depth series of 
density is needed, but the conductivity (salinity) measurements were 
sparse on the mooring lines due to the limited CTD sensor coverage. 
Therefore, we used temperature measurements, considering the fact that 

density in the thermocline was dominated by the temperature. As a 
result, the meridional flux of density in eq [2] could be expressed in 
terms of meridional heat flux and background temperature gradient: 

Ut ¼ � uvy þ fvT
0

z

�
Tz ¼ r⋅F: (3) 

The meridional fluxes of zonal momentum � uv and heat flux vT0

were estimated for each 60-day subsampled data record by computing 
covariance of u and v, and v and T’, respectively. The baroclinic term, 
fvT0z=Tz, was estimated at NRL1, NRL2, NRL3. We noted that the 
meridional momentum-flux divergence is significantly larger than the 
baroclinic flux term, fvT0z=Tz. As a result, eq [3] can be written as 

∂U
∂t
� �

∂uv
∂y
¼ vξ; (4)  

where vξ is the meridional vorticity flux (Pedlosky, 1987). As for the 
deformation term, the wave-momentum flux divergence was computed 
by combining NRL1, 2, and 3 (Fig. 11c). The momentum-flux diver-
gence, � ∂uv

∂y , was positive in the thermocline below 100 m, during 
May–August whence the ISO was strongest. Below 100 m, � ∂<uv>

∂y is of 
order 10� 8 m s� 2. For a period of 60 days, the meridional wave-flux 
divergence can increase the background current as much as 5 cm s� 1, 
which is about 25% of the background flow. Note that the zonal current 
below 100 m was ~15–20 cm s� 1 (Fig. 2). The analysis suggests that 
� ∂<uv>

∂y is significant for transferring wave momentum to the currents in 
the thermocline. 

5.4. Heat flux divergence and cooling of the thermocline 

Zonal and meridional heat-flux divergences were estimated by 
computing covariance of u and T0, and v and T’ at the mooring sites for 
every 60-day time period. The meridional divergence was computed for 
NRL1 and NRL3 using the same procedure as the wave momentum-flux 
divergence, which was stronger than the zonal heat-flux divergence. The 
estimated heat fluxes at NRL1, 2, and 3 along with the meridional 
divergence of heat fluxes are shown in Fig. 12. The meridional heat-flux 
divergence, � ∂<vT>

∂y , was negative in the thermocline and penetrated deep 
during May–October when summertime ISOs were the strongest 
(Fig. 12). During the passage of ISOs, the thermocline cools at a rate of 
about -10� 7 �C s� 1 (Fig. 12d), which can generate cooling of about 0.5 �C 
for a period of 60 days. This substantial amount of cooling in the ther-
mocline can alter the upper-ocean heat budget and sea-surface tem-
perature, which impacts the monsoon variability over the BoB (e.g. 
Vecchi and Harrison, 2004; Izumo et al., 2008). 

6. Summary and conclusions 

Temperature and current time series from five long-term moorings 
deployed in the southern BoB during Air–Sea Interactions in Northern 
Indian Ocean (ASIRI) field campaigns were used to present evidence of 
30–60-day ISOs in the thermocline and to quantify the impact of the 
intraseasonal oscillations (ISOs) on the eastward background flow of the 
SMC and on the thermocline. To our knowledge, this is the first time that 
such long-term multiple mooring records have been taken in the 
southern BoB. The methodology followed the previous work of Weisberg 
and Weingartner (1988) on instability waves and their role in 
near-surface circulation of the equatorial Atlantic. 

Currents and hydrographic measurements collected from December 
2013 to August 2015 over the upper 500 m in the region of 
(85.5�–88.5�E) and (5�–8�N) detected 30–60- day ISOs at the beginning 
of the 2014 summer monsoon. The u and v fluctuations near the surface 
(less than 100 m in depth) reached strong velocities of ~ � 14 cm s� 1 

and were strikingly nearly uniform between ~ 120 m and 500 m (ADCP- 
measurements limit) with a magnitude of 4-14 cm s� 1 (Fig. 4). Stronger 
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oscillations in the mixed layer (less than 100 m in depth) may be due to 
eddies (e.g. an AE and the SLD) that have residence periods of 38–48 
days and penetrate up to ~100 m of depth (Pirro et al.,2020). In general, 
at lower latitudes (NRL1, NRL2 and NRL6), the meridional v fluctuations 
in the thermocline were stronger than the zonal ones. 

Power spectra of meridional velocity, ΦVV, computed at NRL1, NRL2 
and NR6 at different depths exhibited a clear narrow-band spectral peak 
with a period of 46-52 days (Fig. 6d, e, f), and the results were similar for 
the depth-averaged (120–500 m) meridional spectra (Fig. 7c). Even 
though 30–60-day kinetic energy, temperature variance, and perturba-
tion potential energy averaged over the thermocline peaked during 
June–October 2014 (Fig. 5b, c, d) when southwesterly winds were 
strongest (Fig. 5a), local wind accounted for only ~25% of the oceanic 
variability observed at the mooring locations, which is consistent with 
Cheng et al. (2013). Therefore, a different formation mechanism, 
possibly the westward-propagating Rossby waves generated at the 
eastern boundary of the BoB due to reflection of equatorial Kelvin waves 
(Wyrtki, 1973), is responsible for the observed 30–60-day ISOs during 
the 2014 summer. Previous studies (Vinayachandran and Yamagata, 
1998; Nagura and McPhaden, 2010; Chen, 2015; among others) show 
that reflected Rossby waves reach the central-eastern BoB during July-
–August, thus impacting the ocean circulation in that region. Hovm€oller 
diagrams indeed confirm that in general 30–60-day signals propagate 
westward from the eastern boundary. The 30–60-day band-passed 
sea-surface-height anomalies propagated westward with phase speeds 
of 0.17 m s� 1 at 8�N and 0.43 m s� 1 at 4�N, which are between the 
calculated phase-speed ranges of mode-1 and mode-2 linear baroclinic 
Rossby waves. 

The non-local generation of the ISOs is also supported by negative 

values of the deformation/production term, - uv dU
dy (~-0.5 � 10� 8 m2 s� 2, 

Fig. 11b) at NRL2 during July–October 2014. Inspection of the phase 
speed, period, wavelength, propagation direction, and lack of correla-
tion with local winds lead us to suggest that 30–60 days ISOs are radi-
ating from the eastern boundary. 

It is known that the mass of water built up at the Sumatra coast upon 
the impinging of equatorial Kelvin waves (typically in May) slowly 
disperses over the following two months via Rossby waves (Wyrtki, 
1973). Vinayachandran et al. (1999) used an ocean general circulation 
model and geostrophic currents derived from altimeter data to show that 
the eastward branch of the SMC intensifies when a westward propa-
gating Rossby wave radiating from the Sumatra coast reaches 85�E south 
of Sri Lanka. Energetics based on satellite QSCAT data by Cheng et al. 
(2013) indicated that during the summer (June–August) the barotropic 
instability plays an important role in the western BoB. Accordingly, in 
June, eddy energy transfers to the SMC and accelerates the mean cur-
rent, and during July–August the instability of the SMC converts mean 
energy to eddy energy. Modeling studies of Rath et al. (2017) show that 
the intensification of the SMC occurs in mid-June. Our analysis suggests 
that the background flow acceleration/deceleration may occur due to 
the divergence of the wave-momentum-flux, � ∂<uv>

∂y , associated with 
30–60-day ISOs (Fig. 11c). In the upper layer, the strongest barotropic 
instability occurred in August (when the AE was strong), which is 
qualitatively consistent with the numerical simulations of Cheng et al. 
(2013). In the thermocline, positive values of momentum-flux diver-
gence (~10� 8 m s� 2) registered from June to August 2014 suggest an 
increment of the background flow equal to ~ 5 cm s� 1 for a period of 60 
days. This corresponds to about 25% of the averaged velocity magnitude 

Fig. 12. Time-depth sections of meridional heat flux for the 30–60 day band, NRL1(a), NRL2(b), and NRL3(c). Flux divergence computed by combining NRL1-3 (d).  
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observed over the same period below 100 m depth by Wijesekera et al. 
(2016b). 

Negative values of the meridional-heat-flux divergence (Fig. 12d) 
evaluated for June–August 2014 suggest cooling of the thermocline by 
~0.5 �C during the passage of 30–60-day ISOs. This might impact the 
upper-ocean heat content, entrainment flux at the base of the mixed 
layer, and the sea-surface temperature associated with ISO time scales, 
which in turn may impact monsoon variability over the BoB (Vecchi and 
Harrison, 2004; Izumo et al., 2008). The observations and inferences 
made during this study are expected to provide guidance for future 
long-term mooring deployments and science planning for ISO studies. 
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APPENDIX A 

The conditions under which waves interact with a zonal current were first addressed by Elliesen and Palm, (1960) for the case of two-dimensional, 
nonrotating, internal gravity waves in a vertically-sheared current. Charney and Drazin (1961) extended this work to quantify eddy transports of heat 
and momentum in vertically propagating atmospheric waves in mid-latitudes, and derived the so called “nonacceleration” or “Charney-Drazin” 
theorem. Holton (1974) and Andrews and McIntyre (1976) extended Charney and Drazin’s results to the equatorial β - plane. McPhaden et al. (1986) 
applied similar concepts to the ocean to study the interaction of baroclinic equatorial Kelvin waves with sheared zonal currents. Weisberg and 
Weingartner (1988) applied methods of Elliesen and Palm, (1960) and Charney and Drazin (1961) to study instability waves in the equatorial Atlantic 
Ocean, and in Section 5 we adopted Weisberg and Weingartner methodology, a brief summary of which is given below. 

The sheared zonal flow, U, is in thermal wind balance and the meridional flow, V, is in geostrophic balance. Zonal averages are taken over a 
latitude circle, over a zonally-bounded basin with cyclic boundary conditions or over an unbounded domain in which the disturbances are evanescent. 
Under these conditions, terms differentiable with respect to longitude vanish as does the zonally-averaged V. Then the zonally-averaged zonal mo-
mentum, heat, and continuity equations become: 

Ut ¼ � f~v¼ � ðuvÞy; (A1)  

ρt þ ~wρy¼ � ðuρ’Þy (A2)  

~vy þ ~wz ¼ 0; (A3)  

where ρ0 , u, and v are departures from zonal averages, f the Coriolis parameter, and the derivatives are indicated by subscripts. If Ut ¼ 0, and ρt ¼ 0, 
continuity is satisfied with ~v ¼ ½ðvρ0 Þz =ρz� and ~w ¼ � ½ðvρ0 Þy =ρz�. Substituting the expression for ~v obtained from continuity equation, [A1] can be 
rewritten as: 

Ut ¼ � ðuvÞy þ f ðvρ0 Þz
�

ρz ¼r⋅F; (A4)  

where F is the vector, � uvjþ fðvρ0 Þ=ρz k, which lies in the meridional plane, and is defined as the Eliassen-Palm or EP-flux vector. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.dsr2.2019.104718. 
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