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Abstract: During the southwest monsoon, a cold dome
referred to as the Sri Lanka Dome (SLD) appears east of
Sri Lanka in response to the cyclonic curl in the local wind
field. In general, SLD forms around May/June and decays
during September. However, satellite altimetry data revealed
an anomalous propagation pattern of the SLD with a lifetime
of more than six months in the southwestern region of the
Bay of Bengal (BoB) during 2014. This study is carried out
to explain the plausible forcing factors which produced this
anomalous event using satellite altimetry, surface currents, and
wind data. Previous studies have shown that in general, the
SLD propagates westward and then northward from its initial
centre. In 2014, the SLD first appeared east of Sri Lanka around
6.5-7.5° N, 83-84° E and propagated eastward/northeastward
from its initial centre (7.1018° N, 83.7111° E) with forcing
from wind-stress and the Summer Monsoon Current (SMC).
During early August it started to propagate westward until mid-
October with the support of westward geostrophic flow and
upwelling Rossby waves, noted between 10-12° N latitudes.
Then the western boundary currents (WBC) in the BoB further
facilitated the trajectory of the SLD and guided it towards
the Arabian Sea (AS), where it disappeared in late December
2014, south of India (4.5474° N, 78.0223° E). Thus, we show
that the stronger winds and SMC existed during 2014 in the
BoB, guided the SLD eastward/northeastward compared to its
general trajectory, and that allowed the SLD to undergo the
forcing from westward geostrophic flow, upwelling Rossby
waves and WBC.

Keywords: Rossby waves, Sri Lanka Dome, summer monsoon
current, western boundary currents, wind-stress.

INTRODUCTION

The Bay of Bengal (BoB) is a unique oceanic basin
due to seasonally reversing currents associated with the
Asian Monsoon (Schott & McCreary, 2001; Jinadasa
et al., 2020) and forced remotely by seasonal winds
in the equatorial Indian ocean (Han & Webster, 2002),
propagating waves (Poterma et al., 1991; Yu et al., 1991)
and freshwater discharges (Harenduprakash & Mitra,
1988; Thadathil et al., 2002). The upper circulation
in the BoB is characterized by a cyclonic flow during
November and an anti-cyclonic gyre during most of the
months (Somayajulu et al., 2003). Previous studies have
revealed the presence of the eastward flowing Southwest
Monsoon Current (SMC) during summer (June -
September) and westward flowing Northeast Monsoon
Current (NMC) during winter (December — February)
in the BoB (Schott ef al., 1994; Vinayachandran &
Yamagata, 1998; Jensen, 2001). Vinayachandran et
al. (1999) pointed out the intrusion of the SMC into
the BoB with a mean seasonal transport during May —
September. The East Indian Coastal Current (EICC),
which flows along the western boundary of the BoB
reverses its direction twice a year as a response to the
local and remote alongshore winds (McCreary et al.,
1993; Shankar et al., 1996). EICC flows poleward during
February — September with a strong peak during March
— April and starts to reverse its direction with the onset of
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post-summer monsoon (October) and flows equatorward
until February with a strong peak in November (Shetye
et al., 1993; Eigenheer & Quadfasel, 2000).

Mesoscale eddies, which could transport heat, salt,
and nutrient-rich waters are an important phenomenon
in the world’s oceans (Dong ef al., 2014). Energetic deep
ocean eddies are capable of transporting water that wraps
around it (Cherion & Brink, 2016). Previous studies were
carried out on the existence of mesoscale eddies and their
importance in the BoB based on observations (Cheng
et al., 2013; Patnaik ef al., 2014) and model simulations
(Chen et al., 2012). Cui et al. (2016) showed that the
mesoscale eddies are prominent in the western region of
the BoB, and Chen et al. (2012) concluded that baroclinic
instability at the interface of two opposing boundary
currents supports eddy generation in the western BoB.
The presence of the SMC, strong positive wind stress
curl, and the Ekman pumping associated with the curl are
considered as the dominant processes that contribute to
the formation of cyclonic eddies (CEs) to the east of Sri
Lanka (the southwestern region of the BoB) (Dandapat
& Chakraborty, 2016). Based on theoretical and
observational analyses, Dong et al. (2014) suggested that
CEs and anticyclonic eddies (ACEs) propagate westward
and move pole-ward and equatorward, owing to the 8
of the Earth’s rotation (i.e.  represents the meridional
gradient of the Coriolis parameter at a fixed latitude).
In addition, Chen ef al. (2012), showed that the eddy
propagation south of 10° N in the BoB is westward at
first and then northwestward with velocities of 2.0 — 11.0
cm/s.

The Sri Lanka Dome (SLD) is an upwelling dome
that forms in a region of strong wind stress curl within
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the SMC system (Vinayachandran & Yamagata, 1998;
Cullen & Shroyer, 2019). In general, the SLD appears
in May, matures in July, and decays around September
(Burns et al., 2017). The presence of the SMC, strong
positive wind stress curl, and Ekman pumping associated
with the curl are considered to be the dominant processes
which contribute to the formation of the SLD east of Sri
Lanka (Burns et al., 2017). In general, the cyclonic and
anti-cyclonic eddies formed in the southwestern region
of the BoB propagate westward from the initial centre.
However, in 2014, satellite altimetry data revealed an
anomalous propagation pattern of the SLD, with a lifetime
of more than six months in the southwestern region
of the BoB, east of Sri Lanka. Therefore, this study is
carried out to explain the plausible forcing factors which
produced this anomalous event using satellite altimetry,
surface currents, and wind data.

MATERIALS AND METHODS

The anomalous trajectory of the SLD during 2014 and the
forcing mechanisms are examined utilizing gridded sea
level anomaly (SLA) data from Physical Oceanography
Active Archive Data Centre (PODAAC), wind-stress
data from the Advanced Scatterometer (ASCAT), ocean
surface currents data from Ocean Surface Current
Analysis Real-time (OSCAR) and drifter observations.
The drifter observation was conducted under the ASIRI
program by National Aquatic Resources Research
and Development Agency (NARA) of Sri Lanka
collaboratively with Scripps Institution of Oceanography
(S10), USA (Wijesekera et al., 2016). Details of the
utilized datasets are given in Table 1.

Table 1: Summary of the datasets used in the study
Parameter Source Resolution Time period
SLA (m) https://podaac.jpl.nasa.gov/ 1/6° x 1/6° (5-day) 1993 — 2018
ASCAT wind-stress (pa)  http://apdrc.soest.hawaii.edu/  0.25° x 0.25° (monthly) 2008 —2017
OSCAR currents (m/s)  http://apdrc.soest.hawaii.edu/  1/3° x 1/3° (5-day) 2005 —-2015

Further, we estimate the geostrophic currents based on
the equations given in Yu et al. (2014).
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In which, u and v are the zonal and meridional
components of the geostrophic velocities, g is the
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Pathway of Sri Lanka Dome in 2014

gravitational constant, f is the Coriolis parameter
(f = 2Qsing, where @ is the latitude) and /% is the sea
surface height.

Eddy detection and tracking procedure

Aside from the observed trajectory of the SLD through
SSHA, we have estimated the trajectory of the SLD
using the winding-angle method (Chen et al., 2012).
Considering the SLD as a cyclonic eddy with a cold-
water upwelling region, the winding-angle method is
used as the eddy identification procedure in this study
(Sadarjoen & Post, 2000; Chaigneau et al., 2008; Chen
et al., 2012). OSCAR currents and SSHA data are
interpolated to a resolution of 1/4° x 1/4° to facilitate
the analysis. Then an algorithm specifically developed
for the BoB region by Chen ef al. (2012) is used to track
eddies in the region.

Initially, possible anti-cyclonic eddy (cyclonic eddy)
centres were identified through searching for local SSHA
maxima (minima) in a moving window of 4°x4° grid
points (Chen et al., 2012; Dong et al., 2014). Then
streamlines were computed for each possible eddy centre,
following the trajectories of virtual particles release in
the geostrophic current field. The closed streamlines
are then selected by computing the winding angle, and
clustered into different eddies. The detailed description
of the eddy tracking procedure is explained by Chen
et al. (2012). Then using the detected eddy information,
eddy centre location, time, eddy polarity, eddy size, and
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eddy movement velocity are calculated. The eddy kinetic
energy (EKE) was computed following Chen et al.
(2012) (equation 3).

EKE =3 (u + v'?) -.(3)

RESULTS AND DISCUSSION
SLD climatology

The monthly climatology of sea level anomalies (SLA)
is presented in Figure 1. In agreement with previous
studies (Vinayachandran & Yamagata, 1998), a negative
SLA appears east of Sri Lanka in June, which has been
referred as the SLD. The mechanism of formation and
propagation of the SLD has been verified by Burns
et al. (2017), and their study confirms the importance
of strong cyclonic curl in wind stress which starts in
May and continues up to October, facilitating the SLD.
The SLD decays during September in response to the
downwelling Rossby waves that reach the SLD region
(Vinayachandran & Yamagata, 1998). The westward
propagating Rossby waves push the thermocline down
and prevents cold water upwelling to the surface, and
act as a negative feedback for sustaining SLD during
September (Vinayachandran & Yamagata, 1998). Even
though the mechanism for the formation and decay of the
SLD is well-known (Burns et al., 2017), the anomalous
propagation pathway of the SLD identified in 2014
raised the importance of understanding the responsible
forcing factors.
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Figure 1:

Monthly climatology of sea level anomalies in the southwestern Bay of Bengal
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Figure 2:
of Bengal. The centre of the anomalous

Snapshots of sea level anomalies from June 2014 to December 2014 in the southwestern Bay

Sri Lanka Dome (SLD) (tracked using winding-angle

method) is marked with a black triangle in each time-step.

Trajectory of SLD during 2014

Time series (1995 - 2015) of SLAs have been examined
to identify the propagation pathways of CEs and ACEs
in the BoB region. The presence of a negative sea level
anomaly east of Sri Lanka, referred to as the SLD, was
observed during 2014 with an exceptional lifetime of
nearly six months. This observed anomalous feature

during 2014 follows a different propagation trajectory
compared to the general pattern described in earlier
studies (Burns et al., 2017). The snapshots of SLAs from
June to December in 2014 is presented in Figure 2 to
illustrates the propagation pathway of the SLD. Using the
winding-angle method with SLA and OSCAR currents,
the anomalous propagation of the SLD has been tracked
and the results are presented in Figure 3.
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Figure 3: Anomalous propagation pathway of the Sri Lanka Dome (SLD) in 2014. Yellow circles illustrate the anomalous trajectory of

the SLD observed in 2014, and the associated colour lines indicate the calendar months. The arrow denotes the initial centre

of the anomalous SLD. Black circles indicate the general trajectories of the SLD in selected years. The red triangles denote

the initial centre of the SLD in each year.

Based on the SLA observations, the SLD first appeared
east of Sri Lanka around 6.5-7.5° N, 83-84° E in early June
and propagated eastward from its initial centre (7.1018°
N, 83.7111° E) until the end of June. Then it turned north/
northeastward and continued until the end of July. During
early August it started to propagate westward until mid-
October. From mid-October, it propagated equatorward
along the eastern and southern coast of Sri Lanka and
disappeared in the Arabian Sea in late December 2014,
south of India (4.5474° N, 78.0223° E). Thus, the data
revealed the existence of the SLD with a lifetime of
more than six months during 2014, and its anomalous
propagation pathway. As the eddies which form in the
southwestern region of the BoB generally propagate
westward, the observed anomalous feature highlighted
the importance of influence from other forcing factors in
the BoB on eddy formation and propagation. Therefore,
to decipher the anomalous propagation of the SLD and
the forcing mechanisms, monthly wind stress and curl,
surface currents, geostrophic currents, Rossby wave
forcing, and kinetic energy has been examined from June
— December 2014 in the region.

Forcing mechanism
Wind-stress and SMC

With the onset of the summer monsoon (June), wind
stress over the BoB is directed northeastward and it is
sustained until the end of the summer monsoon (August).
Relaxation of winds over the bay is identical during the
post-summer monsoon (October — November). A strong
positive wind stress curl is a prominent feature which
appears east of Sri Lanka and points out the Ekman
divergence in the region. The presence of positive wind
stress curl associated with Ekman divergence supports
the formation of cyclonic eddies in the region (Burns
et al., 2017). Relatively strong surface wind stress
directed northeastward is observed during May-June in
2014, which weakens with the progress of the season
(Figure 4). The SMC triggered by the seasonal winds
starts to flow into the BoB from the Arabian Sea south
of Sri Lanka with the onset of the summer monsoon
(Figure 4). The SMC strengthens with the progression
of the summer monsoon and weakens during the
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post-summer period. Results revealed that the SMC was
stronger during July 2014 and occupied a larger area in
the southwestern BoB.

As the strong wind-stress curl and SMC are well-
known initial forcing factors for the SLD (Cullen &
Shroyer, 2019), we show the monthly anomalies of
wind-stress (Figure 5a) and surface currents (Figure 5b)
to explain the initial forcing that facilitated the SLD in

G Pathirana et al.

2014. The results indicate the presence of an eastward
wind stress and surface currents in the southern BoB
during June 2014, which has further strengthened towards
the east/northeast during July 2014. Based on the quasi-
geostrophic theory, Chen et al. (2012) reported that eddies
on a B-plane should propagate westward. However, the
anomalous trajectory of the SLD, observed in 2014,
indicated an eastward/northeastward propagation.
Therefore, here we suggest that the existence of weaker
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Figure 4:

Monthly average wind-stress (upper panel) and surface currents (lower panel) in the Bay of Bengal during May — August 2014.

RN
PECN NN S

5°N

o

15°N

10°N

0
75°E

95°E

80°E

0
75°E

95°E B0°E 85°E 90°E 95°E

Figure 5:

Anomalies of wind-stress (a), and surface currents (b) in the Bay of Bengal during May—August 2014.
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upwelling Rossby waves in the 6 — 8° N latitudinal band
(Figure 6a) and the presence of strong eastward winds
and SMC during June — July 2014 may have facilitated
the eastward/northeastward propagation of the SLD. The
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eastward/northeastward propagation may have allowed
the SLD to undergo the forcing of upwelling Rossby
waves and the western boundary currents during August
to December in 2014.
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Rossby waves

The Kelvin and Rossby waves are important dynamic
features of the ocean, as they are capable of transferring
wind energy in the basin due to their non-dispersive
character (Kumar et al., 2000; Rao et al., 2013). Chelton
et al. (2007) reported that in the oceans, westward
propagating eddies and Rossby waves are intrinsically
related to each other and sometimes it is difficult to
differentiate these two phenomena. A Hovmoller diagram
for the BoB at three different latitudinal bands (6-8° N,
10-12° N, 14-16° N) shows the westward propagation
of positive and negative of SLAs during the study
period implying the existence of westward propagating
Rossby waves (Figure 6). The existence of downwelling
Rossby waves is thought to inhibit the CEs, while
upwelling Rossby waves facilitate the CEs in the ocean.
However, the observed Rossby waves were weaker in the
6-8° N latitudinal band and hence had less influence on
the propagation of the SLD in 2014 (Figure 6a). Further,
a negative SLA signal was observed between 10—12° N
latitudes during June — October 2014 which propagated
westward in the BoB (Figure 6b). This is in agreement

Hovmoller diagram (time versus longitude) of monthly average sea level anomalies (a) 6-8° N, 80-92° E; (b) 10-12°
N, 80-92° E, and (c) 14-16° N, 80-92° E, during 2014.

with earlier findings (Kumar et al., 2000), that reported
the movement of low SLAs from the eastern boundary
in March and ended up in the western boundary
during October, along the 12° N latitude in the BoB.
Therefore, the upper ocean variability of the BoB, to a
larger extent is controlled by the westward propagating
Rossby waves. Also, Chen et al. (2012) have pointed out
that, in the central BoB (10° N—15° N) eddies tend to
move quasiwestward with velocities of 2.0-11.0 cm/s.
Thus, in agreement with the earlier findings, the SLD
after crossing the 10° N latitude turned and propagated
westward until mid-October with the forcing of upwelling
Rossby waves. Further, it has been identified that the
northeastward propagating SLD merged with another
westward propagating CE around 10° N latitude in mid-
July 2014, and the combination propagated westward
until mid-October (Figure 2). Generally, the SLD does
not undergo forcing from westward propagating waves
during the late summer monsoon, as it decays at the
western boundary of the BoB. However, the initial
eastward propagation has allowed the SLD to undergo
the forcing of upwelling Rossby waves in the region.
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Western boundary currents (WBC)

With the onset of the post-summer monsoon, winds over
the BoB weaken and reverse direction towards southwest.
The seasonally reversing East Indian Coastal Current
(EICC) starts to flow equatorward along the western
boundary of the BoB as a response to the seasonally
reversing winds during October. The seasonal changes
in the western boundary currents of the BoB are evident
in the SVP drifter observations (Jinadasa et al., 2020)
and they are presented in Figure 7. During mid-October,

G Pathirana et al.

the westward propagating SLD interacts with the
equatorward flowing EICC at the northeast of Sri Lanka
(Figure 2) and starts to flow equatorward (Figure 3). The
SLD is located about 100 km away from the east coast
of Sri Lanka during late October, it interacts with the
WBC of the BoB, and it is evident in the surface current
observations (Figure 7). In general, the SLD does not
prevail till post-summer monsoon to undergo the forcing
of the WBC. Thus, with the forcing of WBC the SLD
propagated along the east coast of Sri Lanka towards AS
during late October — December, in 2014.
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Figure 7:

Surface currents in the southwestern Bay of Bengal, (a) October, (b) November, and (c) December 2014. And (d) surface

currents estimated from SVP drifter trajectories in the southwestern region of the Bay of Bengal during 2013-2014.

Variability of eddy properties

The variability of eddy kinetic energy (EKE), eddy
radius, and eddy velocity of the anomalous SLD have
been examined and the results are presented in Figure 8.
From mid-June to mid-October 2014 EKE remained in
between 0 — 0.05 cm?s? and peaked to a maximum of
0.25 cm?s? in early November. From late-October to mid-
December the EKE was comparatively high and varied
between 0.05 and 0.25 cm?s?. Further, the calculated
eddy velocity along the trajectory clearly indicates that
it was increasing during November — December and

peaked to a maximum of 8.76 cm/s in end of November
2014 (Figure 8). The identified peaks in EKE and eddy
velocity during late-October to mid-December clearly
emphasize the influence of the WBC on the anomalous
SLD. Rao et al. (2013), pointed out that the kinetic
energy is higher along the coastally trapped waves
during December-January, and in January the energy
is much higher (10,000 cm? s?) in the western BoB.
Using 17 years (Oct. 1992 to Oct. 2009) of altimetry
data, Chen ef al. (2012) have explained the mean eddy
properties and their temporal and spatial variations in the
BoB. Further, they pointed out that the total eddy energy

December 2022
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Pathway of Sri Lanka Dome in 2014

observed at the western boundary is higher than in the
east, while the baroclinic and barotropic conversions
are both active at the western boundary but the former
is stronger. The growth of the perturbation through
baroclinic instability is more important to the formation
and existence of eddies in the west, hence strong EICC
should be the key factor. This could be the reason that
the detected SLD has a higher EKE and velocity after
reaching the western boundary of the BoB. Further it
highlights that the forcing from the boundary current
on the SLD is higher compared to that of forcing from
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westward propagating Rossby waves and seasonal
winds. The eddy radius varies in between about 75 and
400 km and the maximum radius, ~ 375 km, is observed
during mid-August. Merging with another eddy during
this period and the weakening of external forcing may
be one of the reasons for the noted increase in the radius
(Figure 2). Theoretically when an eddy is more energetic,
the radius remains small. It is evident in Figure 8, and
it clearly indicates that, during November, the radius of
the anomalous CE is reducing when the EKE reaches a
maximum.
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Figure 8: Variability of EKE, eddy radius and velocity along the trajectory of the Sri Lanka Dome (SLD) during 2014.
mid-October, with the forcing of Rossby waves. Finall
CONCLUSION & Y Y

The SLD is a feature that appears off the east of Sri Lanka
during May-September. The formation of the SLD seems
to be linked with the strong cyclonic curl in wind stress
and SMC, while the decay is linked with the westward
propagating downwelling Rossby waves in the region.
However, an anomalous propagation pathway of the
SLD has been identified during 2014, and this study is
carried out to understand the influencing factors behind
this anomalous propagation. The trajectory, radius,
EKE, and velocity of the SLD are identified using the
winding-angle method with SLA and OSCAR currents.
The SLD propagated eastward/northeastward from its
initial centre with the forcing of strong wind and SMC
which dominates over the westward propagating Rossby
waves during June — July 2014. After crossing the 10° N
latitude, the SLD tended to propagate westward until

the SLD was carried towards the AS along the east coast
of Sri Lanka by the WBC that exists in the BoB. The
detected SLD existed for a longer time in the ocean
while propagating over longer distances compared to
its behaviour in the previous years. The initial eastward
shift facilitated by the SMC may have supported the
observed anomalous trajectory of the SLD. As the
processes involved in SLD are conceived to influence
the formation and frequency of monsoon depressions in
the northern BoB (Burns ef al., 2017), further studies are
recommended to understand inter-annual variability of
the dome dynamics.
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