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Abstract

In this study, interannual variability and associated dynamics of sea level anomaly (SLA) along the western boundary of
the Bay of Bengal (WBoB) during the summer (June—September) seasons of La Nifia years between 1998-2016 has been
investigated using satellite observations and a linear, continuously stratified (LCS) model. To quantify interannual variability
along WBoB, regions have been divided into three parts, which include northern (NBoB), central (CBoB), and southern
(SBoB). Satellite observation shows negative interannual SLA at all three regions of WBoB during summertime La Nifia years
of 1998, 1999, and 2007, which became positive during summertime La Nifia years of 2010, 2011 and 2016. The LCS model
simulates reasonably well the observed interannual SLA variability along WBoB, depending on the forcing mechanisms and
La Nifia episode. Using dedicated boundary experiments on the LCS model, it has been observed that interannual variability
of SLA during summertime La Nifia events are significantly dominated by remote forcing from Equatorial Indian Ocean
(EIO) and interior BoB. The maximum dominant forcing for negative interannual SLA during summertime La Nifia years
of 1998 and 2007 originates from the EIO. However, negative interannual SLA during summertime La Nifia year of 1999 is
mostly dominated by interannual SLA forced by interior BoB. LCS model also shows that positive interannual SLA during
summertime La Nifia years of 2010, 2011, and 2016 are significantly dominated by remote forcing from both interior BoB
and EIO via constructive interference.

Keywords Satellite altimeter - Interannual sea level anomaly - Western boundary of Bay of Bengal -
Linear wind driven model, La Nifia

1 Introduction

The ongoing global sea level rise, which is mainly forced
by anthropogenic global warming, implies the importance of
knowing the mechanisms behind its interannual variability
since it may exacerbate sea level rise threats (Church and
White 2011; Hu and Bates 2018). Global sea level rise is a
significant concern for the people residing in coastal cities
around the globe. North Indian Ocean (NIO) is divided into
two major basins, known as the Bay of Bengal (BoB) and the
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Arabian Sea AS). Coastal Upwelling or downwelling along
the western boundary of the BoB (WBoB) is mainly domi-
nated by seasonally reversing monsoon winds (Shetye et al.
1991, 1996; Shankar et al. 2002). During summertime (June—
August), sea level variability along WBoB is dominated by
north-eastward propagated winds and are responsible for
coastal upwelling (Shetye et al. 1991). Similarly, wind direc-
tion changes southwestward during winter and is responsible
for coastal downwelling along WBoB (Shetye et al. 1996).
Observed study of interannual variability of sea level
anomaly (SLA) started in the 1990’s. Clarke and Liu (1994)
showed using monthly tide gauge observations that inter-
annual variability of SLA is mostly dominated by remote
propagation of equatorial Kelvin and Rossby waves orig-
inated in the equatorial Indian Ocean. Changes in SLA
interannual variability along WBoB are associated with
changes in equatorial wind forcing, which is attributed to El
Nifio - Southern Oscillation (ENSO) (Rao et al. 2002; Srini-
vas et al. 2005; Jensen 2007; Aparna et al. 2012; Mukherejee

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-023-01557-9&domain=pdf
http://orcid.org/0000-0003-0454-0947

374

Ocean Dynamics (2023) 73:373-386

and Kalita 2019). Apart from ENSO, interannual sea level
variability along WBoB is also influenced by the Indian
Ocean Dipole (IOD) (Saji et al. 1999; Han and Webster 2002;
Rao et al. 2002, 2009). Another study based on a satellite
altimeter observed SLA along selected tracks of WBoB also
showed the dominance of ENSO events on interannual SLA
variability (Durand et al. 2009).

Using a wind-driven linear, continuously stratified (LCS)
model, McCreary (1981); Han and Webster (2002); Aparna
et al. (2012) showed that dynamics of interannual variability
of the sea level along WBoB is linear and mostly dominated
by remotely forced equatorial Indian Ocean (EIO) wind and
interior BoB pumping. Previous studies also showed that
SLA is negative during positive IOD and El Nifio events,
where it is positive during negative IOD and La Nifia events
with significant variations in their seasonal strengths (Srini-
vas et al. 2005; Aparna et al. 2012; Sreenivas et al. 2012;
Mukherejee and Kalita 2019). Also, it has been observed
that there is a distinction in the impact of ENSO and IOD
on interannual SLA variability along WBoB (Aparna et al.
2012).

During positive IOD events, a peak of negative interannual
SLA has been observed along WBoB from September to
November (Aparna et al. 2012). However, during El Nifio
events, two peaks of negative SLA have been observed during
both the summer and winter. A previous study also found that
during only IOD events, interannual SLA variability along
WBOoB is significantly dominated by remote forcing from
both EIO and interior BoB. However, during only El Nifio
events, the role of remote forcing from interior BoB is weak
compared to forcing from EIO (Aparna et al. 2012). They
also showed that interannual SLAs are weak and negligible
during both La Nifia and negative IOD years in the summer
and winter seasons. During spring, the interannual variability
of SLA is much weaker compared to both summer and winter
seasons (Aparna et al. 2012; Mukherejee and Kalita 2019).

It is known from previous research that interannual SLA
variability along WBoB is mostly dominated by ENSO and
IOD events, but their study were limited only on the impact of
the above events. No study has been performed on changes of
their impacts during different years and if any other oceanic
process is responsible for the modulation of interannual SLA
variability along WBoB. In this study, a wind-driven LCS
model has been used to study the dynamics of interannual
SLA variability during La Nifia years summertime along
WBoB. Several others have used the LCS model to study the
dynamics of SLA along WBoB at various time scales ranging
from intraseasonal, seasonal, and interannual (Shankar et al.
1996; McCreary et al. 1996; Shankar et al. 2010; Suresh et al.
2013; Chatterjee et al. 2017; Mukherejee et al. 2017).

This manuscript presents a detailed analysis of summer-
time interannual SLA variability in the BoB. It is well known
that during the above season, the strong monsoon winds and
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ENSO onset are expected to be the main SLA drivers along
WBoB (Shankar et al. 2002; Schott et al. 2009). The impact
of local (along WBoB) and remote (eastern boundary, equa-
torial Indian Ocean, and interior BoB) wind are estimated
here. The detailed analysis of the study is restricted based on
summertime La Nifia episodes between 1998-2016.

The manuscript has been organized as follows. In Sec-
tion 2, satellite altimeter observations, ocean model, numer-
ical experiments and validation of the LCS model has been
described. Observed and model simulated interannual vari-
ability of SLA in the BoB are described in Section 3. Linear
dynamics related to interannual variability of SLA along
WBoB has been described in Section 4. Section 5 concludes
the manuscript with an overview and discussion.

2 Datasets and methodology
2.1 satellite datasets

In this study, a satellite altimeter derived gridded SLA data of
daily temporal resolution were used. The horizontal resolution
of the altimeter data is 0.25° X 0.25° in longitude—latitude
directions. The satellite data has been downloaded from
01 January 1993 to April 2018 for detailed analysis in the
manuscript. Recent updated (version 2021) satellite altimeter
data has been downloaded from https://cds.climate.coperni-
cus.eu/cdsapp#!/dataset/satellite-sea-level-global ?tab=form.
Twenty years (1998-2017) long-term mean has been removed
from the data to quantify observed SLA. The altimeter SLA
downloaded from the above reference is based on two satel-
lite products. One satellite works as a reference and ensures
long-term stability of the data. Another satellite product is
used to improve accuracy, mesoscale processes, etc. The
above reference data also have been used previously by sev-
eral others in the Bay of Bengal (Srinivas et al. 2005; Durand
et al. 2009; Aparna et al. 2012).

2.2 Ocean model

A linear, continuously stratified (LCS) model has been used
(McCreary 1980, 1981) in this work to study the main drivers
of interannual SLA along WBoB. A similar long-term mean
has been removed from the sea level data using the LCS
model to quantify observed SLA. LCS is a simple wind-
driven model. The vertical solution of the model is based on
the sum of 10 normal modes. Estimation of normal modes are
based on density profile of Moore and McCreary (1990) and
the detailed formulation of the LCS model related to normal
vertical mode has been discussed in McCreary et al. (1996);
Mukherejee et al. (2017). LCS model domain includes Indian
ocean regions ranging from 30°E-120°E and 30°S-30°N
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Fig. 1 The domain of the LCS model is shown here. A square box in
solid black lines shows the region of interest in the Bay of Bengal (BoB).
Yellow (white) colour shade shows ocean (land) mask with values of 1
(0). The solid red curve lines along the eastern and northern boundary of
the BoB, including Andaman and Nicobar Islands, denotes the stretch
of the coast along which the modified boundary condition (MBC) has

(Fig. 1). The horizontal resolution of the model is set to 0.1°
x 0.1° in longitude-latitude directions. Due to the linearity of
the model, both nonlinear horizontal and vertical advection
terms have been removed from the model equations. Also,
base on previous model studies, it is known that the dynamics
of interannual SLA along WBoB is mostly linear (Shankar
et al. 2010; Aparna et al. 2012). It can be assumed that the
absence of nonlinear terms in the LCS model equations will
not have any major impact on the interannual summertime
SLA along WBoB. The horizontal mixing of the model is
based on the second-order linear Laplacian operator with a
coefficient of 5 x 10° cm? s~!'. No slip-closed boundary con-
dition has been used in the model.

Land-sea masking of the model is estimated using the
topography of modified Etopo2 (Sindhu et al. 2007) for
Indian Ocean. Continental shelf regions have been removed
from the model by removing regions with a water depth of
less than 200m (Fig. 1). Narrow passages between Indian
and Sri Lanka have been removed due to their shallow water
depth. Also, Pacific Ocean masks have been removed from
the model domain.

The model is forced using daily Tropflux (Praveen et al.
2013) wind stress from 01 January 1990 with an integration

been applied for LCSgg. The black curve along the western boundary
of the BoB (WBo0B) denotes the stretch of the coast, in which MBC has
been applied for LCSwpg. Dash rectangular boxes (P1, P2 and P3) inred,
green, and blue color regions represents Northern BoB (NBoB; 85°E—
90°EE, 17°N-21°N), Central BoB (CBoB; 80°E-85°E, 14°N-16°N)
and Southern BoB (SBoB; 80°E-85°E, 10°N-13°N) respectively

time of 15seconds. Tropflux wind stress is available from
January 1979 with a horizontal resolution of 1° x 1° in X-Y
directions. The model has been initialized from the state of
rest. The wind forcing switches to daily satellite observed
scatterometer derived QuikSCAT (horizontal resolution of
0.5°x 0.5 ° in X-Y directions) and ASCAT (horizontal reso-
lution of 0.25° x 0.25° in X-Y directions) from January 2000
and 2009 year respectively. LCS model simulation was per-
formed from 01 January 1990 to 30 April 2018. This study
uses model outputs from January 1998 to December 2016
for detailed analysis, including six La Nifia summer seasons
of 1998, 1999, 2007, 2010, 2011, and 2016.

2.3 Numerical experiments

The control run simulations using LCS are named LCSCR,
based on wind forcing, as discussed above. Three additional
numerical simulations have been performed using special
boundary conditions and linear damper as discussed in
McCreary et al. (1996); Chatterjee et al. (2017); Mukherejee
et al. (2017); Mukherejee and Kalita (2019). One numer-
ical experiment is related to the absence of WBoB local
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Table 1 Detailed list of numerical experiments used in the manuscript
to understand linear wind driven forcing mechanism using LCS model.
Detailed configuration of the LCS model has been discussed in section 2

Experiment Detailed description of experiments

name model

LCSwg LCSCR-LCSCR with MBC along WBoB
LCSgi0 LCSCR-LCSCR with linear damper along EIO
LCSgB LCSCR-LCSCR model with MBC along EBoB
LCSg1 LCSCR- LCSwg - LCSgi0 - LCSEB

wind stress, which has been performed by allowing coastal
Ekman flow to pass through the boundary. To achieve the
above numerical experiments, no-slip boundary condition
(u,=v,=0) has been modified. The modified boundary con-
dition (MBC) is below as per McCreary et al. (1993).

U, =n.vp = —n.k x E; (1a)

f

U, =k xnv, =0. (1b)

In Equation (la) and Equation (1b), n is the unit vector
normal to the boundary, F,, is the wind-stress vector, k is
the unit vector directed upward, f is the Coriolis frequency,
iy and v, are velocity components perpendicular and paral-
lel to the boundary. In one experiment, the above MBC has
been applied along WBoB with ranging from 6.5°N to 20°N.
First special boundary simulation has been named as LCSwpg
after subtracting the above special experiment solutions with
LCSCR toisolate the forcing response only due to local wind
along WBoB (Fig. 1). Similarly, for the second simulation,
MBC has been applied along the eastern and northern bound-
aries of the BoB including Andaman and Nicobar islands
(EBoB) and named it as LCSgp, which represents the forcing
response only due to the above remote coastal winds (Fig. 1).
Above two numerical experiments related to the model also
has been described in Table 1.

For another set of experiments, a linear damper between
6.5°N to 6.5°S has been used in the eastern EIO (east of
90°E) to stop equatorial wave response to BoB. The damp-
ing coefficient values have fixed to 1 at 6.5°N and 6.5°S.
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Fig.2 The first row of the top panel shows standard deviations (STD in
cm) of SLA at BoB using altimeter observations, the second row shows
STD (in cm) of SLA using LCSCR, the third row shows the difference
of STD (in cm) between the altimeter and LCSCR, and the last row
shows the correlation (R) of SLA between altimeter and LCSCR. The

@ Springer

80°E 84°E 88°E 92°E 96°E 80°E 84°E 88°E 92°E 96°E

@RI T T T T T T
-0.8-0.4 0 0.4 0.8

@R T T T T T T
-5 -3 -1 1 3 5

bottom panel shows a similar analysis as the top panel, but for the inter-
annual variability of the SLA by applying 400 days low-pass time series
filter as discussed in section 2. Detailed statistics have been performed
using data from 01 January 1998 to December 2016 for both altimeter
and LCSCR
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Table 2 Classification of La Nifla years based on https://ggweather.
com/enso/oni.htmbetween 1998 to 2016

Name of years

climate modes (June — August)

Strong La Nifa (SL) 1998, 1999, 2007 and 2010
Moderate La Nifia (ML) 2011
Weak La Nifia (WL) 2000, 2005, 2008 and 2016

Third simulation, named as LCSgjo, has been estimated after
subtracting the above experiment solutions with LCSCR to

isolate the forcing response only due to EIO. In the end, after
subtracting all three numerical simulations (LCSwpg, LCSgp
and LCSgjo) with LCSCR, the response from the interior,
BoB is quantified and named as LCSp;. Please see Table 1
for a detailed list of numerical experiments using the LCS
model.

2.4 Validation

A detailed validation of the LCS model from seasonal to
interannual timescale was discussed in Shankar et al. (2010);
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Fig. 3 The first and second column of the figure shows the altimeter
observed interannual SLA (cm) at BoB during summer seasons La Nifia
years of 1998, 1999, 2007, 2010, 2011, and 2016 respectively. The third
and fourth column of the figure shows LCSCR simulated interannual
SLA (cm) at BoB during summertime of the above years. Values written
in each box using red, green, and blue colours represent average val-
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ues of interannual SLA for NBoB, CBoB, and SBoB regions as shown
in Fig. 1. The difference in interannual SLA between the altimeter and
LCSCR for the above six years is shown in Figure S1. The values of
Oceanic Nifo Index (ONI) written in each box has taken from https://
ggweather.com/enso/oni.htm
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Fig.4 The top panel of the figure shows the average interannual SLA
for NBoB. The middle and bottom panel of the figure shows the aver-
age interannual SLA for CBoB and SBoB, respectively. In each panel,
black, red, green, blue, and grey denote the altimeter, LCSCR, mode
1 of LCSCR, mode 2 of LCSCR, and the sum of LCSCR’s first two
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modes, respectively. Summer seasons (June—August) of 1998, 1999,
2007, 2010, 2011, and 2016 have been shown in each panel using black
boxes. Regions of averaging for NBoB, CBoB, and SBoB have been
shown in Fig. 1. The structure of the vertical mode and density profile
used in the LCSCR is shown in Figure S2
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Aparna et al. (2012); Mukherejee et al. (2017); Mukherejee
and Kalita (2019). For brevity, in this manuscript, statistical
validation of LCSCR in the simulation of altimeter-observed
interannual SLA in the BoB has been described (Fig.2). To
quantify the interannual variability of SLA, the seasonal vari-
ability has been removed using ~400 days low-pass time
series 4'th order Butterworth filter (Duchon 1979). So, vari-
ability associated with less than annual time scale (~400
days) has been removed by applying the above filter. Also,
during the estimation of statistical validation, SLA using
LCSCR has been changed from the model grid to the altime-
ter grid.

It has been observed that the performance of LCSCR has
improved in the simulation of the altimeter observed interan-
nual SLA along WBoB compared to unfiltered SLA, which
includes variability from intraseasonal to the seasonal and
interannual time scale (Fig.2). LCSCR shows a weak stan-
dard deviations (STD) compared to the altimeter for both
unfiltered and interannual SLA in the BoB. As an example,
high difference values (more than 6 cm) have been observed
for the comparison of STD between SLA values of unfil-
tered altimeter and LCSCR. However, for interannual SLA,
the difference in STD has been reduced to 2—3 cm. Similarly,
an improved correlation (R) has been observed in the perfor-
mance of LCSCR in the simulation of the altimeter observed
interannual SLA in the entire BoB compared to unfiltered
SLA (Fig.2). Along WBoB, high values of R (more than
0.5) has been observed for interannual SLA using LCSCR
with more than 90% statistical significance.

Observed data also show strong interannual variability
of SLA with higher values of STD along WBoB compared
to other parts of BoB, which includes central and eastern
(Fig.2). Substantial interannual variability of SLA along
WBoB also has been observed using LCSCR. This further
implies the strong dominance of Ekman Pumping-induced
coastal upwelling/downwelling in the BoB.

2.5 Error range estimation

To estimate the Range of Errors (RE) associated with mean
values of SLA, error values have been calculated for both
model and observations using the equations below

N —
RE = M (1c)
V- NN -1

in Eq. 1¢, X, is the n’ h reading in the data sets, X is the mean
of the data sets, and N is the number of elements in the data
sets. For this study, N values have been fixed to 7305 (20
years of data from 01 January 1997 to 31 December 2016).

3 Interannual SLA variability along WBoB
during La Nifa summer seasons

This section discusses the altimeter observed, and the
LCSCR model simulated interannual SLA variability dur-
ing summertime La Nifia years between 1998-2016 along
WBoB. Also, the estimation of the summer season is based
on its average between June—August.

To describe the interannual variability of SLA along
WBoB, regions have been divided into three boxes, which
includes northern BoB (NBoB; 85°E-90°E, 17°N-21°N),
central BoB (CBoB, 80°E-85°E, 14°N-16°N) and south-
ern BoB (SBoB, 80°E-85°E, 10°N—-13°N). All three above
regions are shown in Fig. 1. La Nifia events between 1998—
2016 has been classified into three categories; Strong La Nifia
(SL), Moderate La Nifia (ML) and Weak La Nifia (WL) and
years associated with the above events are shown in Table 2.
Six summer seasons La Nifia years of 1998 (SL), 1999 (SL),
2007 (SL), 2010 (SL), 2011 (ML) and 2016 (WL) has been
used in this study which covers four strong, one moderate,
and one weak La Nifia events.

Observed data shows a strong presence of interannual vari-
ability during summertime La Nifia years of 1998, 1999,
2007, 2010, 2011, and 2016 in the entire BoB (Fig.3 and
Fig.4). Negative interannual SLA has been observed along
WBoB during summertime La Nifia years of 1998, 1999,
and 2007. However, observed SLA shows positive interan-
nual SLA along WBoB during the summer season La Nifia
year of 2010, 2011, and 2016 respectively. This later result
implies that there is a strong presence of interannual variabil-
ity associated with the impact of La Nifia along WBoB. Also,
it has been observed that there is a dominance of negative
interannual SLA during La Nifia years between 1998-2007
and positive interannual SLA between 2008-2016.

Model LCSCR reasonably well simulates above observed
interannual variability of SLA along WBoB during summer
seasons La Nifia years between 1998-2016 (Fig.3). As an
example, an altimeter shows average interannual SLA val-
ues of —0.954+0.07 cm, —5.98+0.07 cm, —5.06+0.07 cm,
0.58+0.07 cm, 1.0840.07 cm and 3.8740.07 cm for NBoB
summer season La Nifia years of 1998, 1999, 2007, 2010,
2011 and 2016 respectively. LCSCR model also shows simi-
lar interannual SLA values of —2.55+0.04 cm, —1.324+0.04
cm, —4.36+0.04 cm, 0.69+£0.04 cm, 2.50+0.04 cm and
2.2440.04 cm for NBoB summer season La Nifia years of
1998, 1999, 2007, 2010, 2011 and 2016, respectively. Sim-
ilar good performance of the LCSCR model also has been
observed for CBoB and SBoB regions (Fig. 3). For example,
observed data shows average positive interannual SLA val-
ues of 7.07£0.07 cm and 2.36£0.05 cm for CBoB and SBoB
regions during the summer season La Nifia year of 2010.
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However, LCSCR shows negative interannual SLA values
of —0.59 £0.03 cm and —2.25+0.03 cm for the above two
regions during the 2010 summer seasons.

The maximum mean absolute deviation of LCSCR in
the simulation of the altimeter observed interannual SLA
was found during summertime La Nifia year of 1999 com-
pared to the other five years (Figure S1). During summertime
1999, the strength of interannual SLA using LCSCR was
very weak compared to the altimeter for all three regions
(NBoB, CBoB, and SBoB). As an example, the altimeter
shows average interannual SLA values of —5.98+0.07 cm,
—4.8640.07 cm and —6.19+0.05 cm for NBoB, CBoB, and
SBoB regions, respectively (Fig. 3). However, LCSCR shows
average similar negative interannual values of SLA, but with
weaker strengths of —1.32+£0.04 cm, —0.16£0.03 cm and
—2.5140.03 cm respectively for NBoB, CBoB, and SBoB
regions respectively.

It is known from previous research that sea-level variabil-
ity in the BoB is dominated by the first two modes but for
surface current, the role of higher-order modes is prominent
(Mukherejee et al. 2017). Similarly, in this article, we found
that the two first modes drive sea-level variability in the BoB
(Fig.4). However, the dominance of the vertical mode for
interannual SLA variability depends on the density profile
used in the LCSCR. The role of the vertical modes on sea-
level and surface current variability has been discussed in
Mukherejee et al. (2017).

LCSCR model also reasonably well simulates observed
interannual variability of SLA along EBoB during the above
six summer seasons La Nina years (Fig.3). As an exam-
ple, observed strong negative and positive interannual SLA
along EBoB during summer season La Nifia years of 1999
and 2016 successfully simulated by the LCSCR model. Only
during summertime year 1998, LCSCR showed weak pos-
itive interannual SLA along EBoB compared to altimeter
observed weak negative SLA.

4 Forcing mechanism

In this section, details of linear dynamics related to inter-
annual variability of SLA along WBoB has been discussed
using special boundary experiments as described in section 2.

4.1 Role of local and remote forcing

Special boundary experiments on the LCS model showed
that observed negative interannual SLA along WBoB during
summertime La Nifia years of 1998 and 2007 were signifi-
cantly dominated by remote forcing from EIO (Fig.5). As
an example of the CBoB, LCSCR showed average inter-
annual summertime SLA values of —3.18+0.07 cm and
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—6.064+0.07 cm for the years 1998 and 2007, respectively.
Four special boundary solutions of the LCS model showed
average interannual summertime SLA values of —3.69+0.02
cm, —1.604+0.03 cm, 2.10£0.01 cm and 0.01£0.01 cm
using LCSgr0, LCSp1, LCSwp and LCSgp for CBoB regions
during La Nifia year of 1998 (Fig.4). Similarly, for the
year of 2007, LCSElo, LCSBI, LCSWB and LCSEB showed
average summer interannual SLA values of —5.33+0.02
cm, 0.32+0.03 cm, —0.494+0.01 cm and —0.56+0.01 cm
respectively. The dominance of remote EIO forcing was also
observed for the NBoB and SBoB regions of WBoB during
the summer season for years of 1998 and 2007 (Fig.5).

Observed negative interannual SLA during summertime
La Nifia year of 1999 is significantly dominated by destruc-
tive interference between remote forcing from EIO and
interior BoB (Fig.5). However, the impact of remote EIO
on interannual SLA along WBoB during summertime 1999
is much higher compared to the remote response from inte-
rior BoB. As an example along SBoB during summertime
1999, LCSCR showed an average interannual SLA value of
—2.5140.03 cm. Four special boundary solutions of the LCS
model showed average interannual SLA values of 2.8240.02
cm, —7.4240.03 cm, 1.98+0.01 cm and 0.10+£0.01 c¢m for
the LCSg10, LCSp1, LCSwp and LCSgp respectively for
SBoB regions during above summer season year. Similar
above dominance of remote interior BoB response has also
been observed for the NBoB and CBoB regions during sum-
mer of 1999 (Fig.5).

Using LCS model special boundary experiments, it has
been found that positive interannual SLA during the sum-
mer season La Nifia years of 2010, 2011, and 2016 are
significantly dominated by constructive interference between
remote forcing from interior BoB and EIO (Fig. 6). Also it
has been discussed in section 3 that the best performance of
the LCSCR model is restricted in the simulation of observed
interannual variability of SLA during summertime years of
2011 and 2016 compared to 2010 (Fig.3 and section 3). As
an example for the NBoB regions during summer seasons,
LCSCR shows average interannual values of 0.69+0.03 cm,
2.5040.03 cm and 2.24£0.03 cm for summertime years of
2010, 2011, and 2016 respectively. LCSgro shows average
interannual SLA values of —1.154+0.03 cm, 1.41+0.03 cm
and 0.8040.03 cm for the NBoB summertime years of 2010,
2011 and 2016 respectively. However, LCSg1 shows aver-
age interannual SLA values of 2.61£0.03 cm, 1.2140.03
cm and 1.36£0.03 cm for the summertime years of 2010,
2011 and 2016, respectively. So, constructive interference
between remote SLA response from interior BoB and EIO
has been observed for the summer seasons of 2011 and 2016
compared to 2010. The contribution of local WBoB wind and
remote wind for EBoB is weak and negligible for the above
years similar with other La Nifia summertime years between
1998-2007.
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4.2 Role of equatorial wind

The dominance of EIO remote forcing using LCSgjo has
been linked with interannual variability of zonal wind stress
along EIO. From January to May of 1998 and 2007, nega-
tive zonal wind stress has been observed along EIO, which
implies propagation of westward wind direction along EIO
(Fig. 7). Westward wind stress along eastern EIO is responsi-
ble for generating and propagating upwelling (negative SLA)
Kelvin waves along EIO. Equatorial upwelling Kelvin waves
generated between January and May of 1998 and 2007 propa-
gated along the eastern boundary of BoB as upwelling Kelvin
waves and formed upwelling westward propagating Rossby
waves. Above Rossby waves may reach WBoB from the east-
ern boundary of BoB via central BoB within 3—4 months.
In this study, it has been discussed that interannual vari-
ability of SLA are dominated mainly by the first two vertical

modes. As per mode estimation using the LCS model, the
speed of the equatorial Kelvin waves for the first mode
is 264cm s~!. So, the equatorial Kelvin waves may reach
the WBoB from eastern EIO within 14-15 days via eastern
boundary and northern boundary of the BoB (Mukherejee
and Kalita 2019). For the second mode, mode speed reduces
to 166cm s~! and will take 25-28 days to reach WBoB from
eastern EIO.

The speed of the Rossby waves decreases with an increase
in latitude. At 15°N, the speed of the Rossby waves will be
~6.2cm s ™! for the first mode using LCS model (Mukherejee
and Kalita 2019). From 100°E of the eastern boundary to
85°E of the western edge of the BoB, the Rossby waves may
take ~3—4 months of time duration to reach. So, the impact of
negative zonal wind stress during April in the eastern EIO is
expected to be observed during July—August along WBoB.
For the second mode, the theoretical speed of the Rossby
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Fig.5 Forcing mechanism of interannual SLA (cm) for the BoB based
on special boundary experiments using LCSCR (as described in Table 1)
have been shown here for summertime La Nifia years of 1998 (top
panel), 1999 (middle panel) and 2007 (bottom panel). Values written in
each box using, the red, green, and blue colour represents average val-

ues of interannual SLA for NBoB, CBoB, and SBoB regions as showed
in Fig. 1. Similar ~400 days low-pass filter has been applied to esti-
mate interannual variability of SLA using LCSgj0,LCSp1, LCSwp and
LCSgp
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waves will be ~2.5 cm s~! and may take ~6—7 months to
reach from the eastern boundary of BoB to WBoB.

So, based on the speed of the Rossy waves, it has been
observed that strong positive interannual SLA along WBoB
during summer season year of 2011 is linked with solid dom-
inance of positive zonal wind stress between January—May
of 2011 in the eastern EIO. Positive zonal wind stress in east
EIO forms downwelling (positive SLA) Kelvin waves and
propagate along the eastern boundary of the BoB. During
propagation of downwelling Kelvin waves along the east-
ern edge of the BoB, Rossby wave formed as a part of the
reflected wave. Then, Rossby waves propagate westward via
the central part of BoB and reaches to WBoB within 3-4
months for the first mode and 6-7 months for second mode
from the eastern boundary of the BoB as discussed above.
So, the impact of positive zonal wind in east EIO during
April will be observed during July—August along WBoB for
the first mode. Similarly, for the second mode, the impact of
favorable zonal wind in the eastern EIO during January will
be observed along WBoB during the month of June—August.

4.3 Role of Bay of Bengal wind stress curl

The formation of strong negative interannual SLA along
WBoB using LCSg; can be linked with interannual vari-
ability of wind stress curl in the BoB (Fig.8). A statistical
correlation has been performed between the interannual vari-
ability of wind stress curl in the BoB and interannual SLA
(Figure S3). High values of negative correlation have been
observed between interannual variability of wind stress curl
and interannual SLA using LCSg;. A negative correlation is
expected because positive (negative) values of wind stress
curl in the northern hemisphere will form an upwelling
(downwelling) Rossby wave.

The dominance of positive wind stress curl that has been
observed during May 1999, in contrast to May 1998 and
May 2007, implies the formation of upwelling Rossby waves
(negative SLA) in the central BoB (90°E-95°E) due to the
counterclockwise rotation of the wind vector. Upwelling
Rossby wave formed at the central part of BoB may take
1-2 months to reach WBoB (as per speed of 6.2 cm s~! for
the first mode Rossby wave at 15°N using LCS model). Sim-
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Fig.7 Interannual variability of equatorial zonal wind stress during La
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stress (dyne cm~2) data has been averaged between 6.5°N-—6.5°S for
estimating equatorial zonal wind stress. The estimation of wind stress
using Tropflux (1993-1999), QuikSCAT (2000-2008) and ASCAT

ilarly, for the second mode, speed of Rossby wave reduces to
~2.5 cm s~ ! and may take 2—3 months to reach from central
BoB to WBoB. So, the impact of the Rossby wave formed
at the central part of the BoB (90°E-95°E) during May will
be observed during June—July for the first mode and during
July-August for the second mode along WBoB.

Positive interannual SLA along WBoB using LCSgy dur-
ing summer season years of 2010, 2011, and 2016 have been
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(2009-2016) are based on a bulk formula with a drag coefficient from
Han and Webster (2002). A similar ~400 days low-pass time series
filter has been applied to equatorial zonal wind stress to quantify the
interannual variability of zonal wind stress

linked with increased negative interannual wind stress curl
during the month of May of the above years in the central
part of BoB (Fig. 8). As discussed above, increased negative
interannual wind stress curl is responsible for the formation
of downwelling Rossby (positive SLA) wave via clockwise
rotation of wind vector, which may take 1-2 months for the
first mode and 2-3 months for second mode to reach WBoB
from the central part of the BoB.

@ Springer



384

Ocean Dynamics (2023) 73:373-386

Fig.8 The figure shows BoB
interannual wind stress curl
(dyne cm™?)) during May for
the La Nifia years of 1998, 1999,
2007, 2010, 2011, and 2016
respectively. The estimation of
wind stress using Tropflux
(1993-1999), QuikSCAT
(2000-2008) and ASCAT
(2009-2016) are based bulk
formula with drag coefficient
from Han and Webster (2002).
For estimating interannual
variability of wind stress curl,
similar ~400 days low-pass time
series filter has been applied for
both zonal and meridional wind
stress. Correlation between
interannual variability of wind
stress curl and interannual
variability of SLA (using an
altimeter, LCSCR and LCSgp)
is shown in Figure S3
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5 Summary and discussions

In this manuscript, interannual changes during the summer
seasons along WBoB associated with La Nifia events have
been discussed using satellite observations and the LCS
model. Based on previous research, it was known that during
the summer season La Nifia years, interannual variability of
SLA is weak compared to El Nifio year along WBoB (Srini-
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vas et al. 2005; Aparna et al. 2012; Sreenivas et al. 2012).
They also showed that during El Nifio years, interannual vari-
ability of SLA was negative and became positive during La
Nifia years along WBoB. No study has been performed to
know the presence of any dominant interannual variability
of SLA associated with La Nifia events along WBoB? In
this study, using satellite altimeter observations, it has been
observed that interannual variability of SLA along WBoB is
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not uniform during La Nifia years, and it depends on interan-
nual variability associated with remote forcing impact from
interior BoB and EIO.

Satellite observations showed negative interannual SLA
along WBoB during the summer season La Nifia years 1998,
1999, and 2007. However, positive interannual SLA has been
observed along WBoB during the summer season La Nifia
years of 2010, 2011, and 2016. A simple LCS model reason-
ably well simulates the above observed interannual changes
along WBoB during summer seasons La Nifia years, but with
a slightly weaker magnitude. Using the LCS model special
boundary experiments, it has been observed that interan-
nual variability associated with remote forcing from EIO and
interior BoB significantly dominates the above interannual
changes during summertime La Nifia years along WBoB.

Using LCS model special boundary experiments, it has
been found that the impact of remote forcing from EIO and
interior BoB are not uniform during summertime La Nifia
years along WBoB. During the summer season La Nifa years
of 1998 and 2007, interannual SLA along WBoB is negative
due to the strong dominance of negative interannual SLA
forced by remote EIO wind. However, negative interannual
SLA during the summer season La Nifia year of 1999 are
dominated mainly by negative interannual SLA forced by
remote forcing from interior BoB. This implies that negative
interannual SLA during the summer season La Nifia years
of 1998, 1999, and 2007 cannot be explained using remote
forcing from EIO only. During the summer season of 1999,
positive interannual SLA was observed using remote forc-
ing response from EIO, which was the opposite compared
to the summer season of 1998 and 2007. The strong domi-
nance of negative interannual SLA from remote interior BoB
compared to positive interannual SLA by remote EIO wind
are mainly responsible for negative interannual SLA along
WBoB during the summer of 1999.

Negative interannual SLA along WBoB forced by remote
EIO wind during summer season La Nifia year of 1998 are
linked with the dominance of negative zonal wind stress
along eastern EIO between January—May of the above years.
Similarly, negative interannual SLA along WBoB forced by
remote interior BoB during the summer season the year 2007
is linked with a dominance of positive wind stress curl in the
central part of BoB compared to other years. So, interannual
changes associated with wind stress in the interior BoB and
EIO during La Nifa years play a major role in interannual
changes of SLA along WBoB during the summer seasons.

Using LCS model simulations, it has been observed that
positive interannual SLA during recent decade summertime
LaNifia years of 2010, 2011, and 2016 are dominated mainly
by constructive interference between remote response from
EIO and interior BoB. Also, during summer seasons of above
three years, not much significant changes have been observed
associated with interannual variability of zonal wind stress

along eastern EIO and wind stress curl in the interior BoB
compared to summer seasons La Nifia years of 1998, 1999,
and 2007.

This manuscript has restricted the detailed discussion of
SLA along WBoB during the summer seasons. The changes
in La Nifia induced interannual variability of SLA during
other seasons along WBoB also need to be studied in detail
and out of the scope for this manuscript. From this work, it is
interesting to note that interannual changes in SLA associated
with La Nifia events along WBoB need to be studied individu-
ally and cannot be predicted based on previous records. More
research needs to be performed at BoB to understand inter-
annual changes associated with ENSO events in the coming
years. The results also suggest that non-linear effects some-
times become relevant and a more complex model is required
to simulate better interannual variability.
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