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Abstract

The observed variability of the Kelvin waves and their propagation in the
equatorial wave guide of the Indian Ocean and in the coastal wave guides of the Bay of
Bengal (BoB) and the southeastern Arabian Sea (AS) on seasonal to interannual time
scales during the years 1993-2006 is examined utilizing all the available satellite and in-
situ measurements. The Kelvin wave regime inferred from the satellite-derived sea
surface height anomalies (SSHA) shows a distinct annual cycle composed of two pairs of
alternate upwelling (first one occurring during January-March and the second one
occurring during August-September) and downwelling (first one occurring during April-
June and the second one occurring during October-December) Kelvin waves that
propagate eastward along the equator and hit the Sumatra coast and bifurcate. The
northern branches propagate counterclockwise over varied distances along the coastal
waveguide of the BoB. The potential mechanisms that contribute to the mid-way
termination of the first upwelling and the first downwelling Kelvin waves in the wave
guide of the BoB are hypothesized. The second downwelling Kelvin wave alone reaches
the southeastern AS, and it shows large interannual variability caused primarily by
similar variability in the equatorial westerly winds during boreal fall. The westward
propagating downwelling Rossby waves triggered by the second downwelling Kelvin
wave off the eastern rim of the BoB also shows large interannual variability in the near
surface thermal structure derived from SODA analysis. The strength of the equatorial
westerlies driven by the east-west gradient of the heat sources in the troposphere appears
to be a critical factor in determining the observed interannual variability of the second
downwelling Kelvin wave in the wave guides of the equatorial Indian Ocean, the coastal
BoB, and the southeastern AS.



1. Introduction

The observed near-surface circulation in the equatorial Indian Ocean (EIO), the Arabian
Sea (AS) and the Bay of Bengal (BoB) manifests itself primarily through Ekman and

geostrophic adjustments and responds rapidly to the seasonal changes in the monsoonal surface
wind and buoyancy forcings (Duing et al, 1970, Wyrtki, 1973, Cutler and Swallow, 1984,
Luther and O’Brien, 1985, Reverdin 1987, Woodbury et al, 1989, Molinari et al, 1990,
Hastenrath and Greischar, 1991, Schiller et al, 1998, Shetye and Gouveia, 1998, Shenoi et al,
1999, Schott and McCreary, 2001, Shankar et al, 2002, Somayajulu et al, 2003, Sengupta
et al, 2004, Masumoto et al, 2005, Schott et al, 2007, Hase et al, 2008, Nagura and McPhaden,
2008, Ogata et al, 2008, Masumoto et al, 2008, Horii et al, 2008, Iskandar et al, 2009). In
addition, the planetary scale waves - Rossby, Yanai, equatorial and coastal Kelvin waves driven
by the surface wind and buoyancy flux fields -- also influence the near-surface circulation
of these basins through both local and remote effects (Lighthill, 1969, Cane, 1980, Gent et
al, 1983, Kindle and Thompson, 1989, Moore and McCreary, 1990, Potemra et al, 1991,
Yu et al, 1991, Tsai et al, 1992, Periguad and Delecluse, 1992 and 1993, McCreary et al,
1993 and 1996, Bruce et al, 1994 and 1998, Prasannakumar and Unnikrishnan, 1995, Yamagata
et al, 1996, Vinayachandran et al, 1996, Shankar and Shetye, 1997, Vinayachandran and
Yamagata, 1998, Chambers et al, 1999, Murtugudde and Busalacchi, 1999, White, 2000,
Eigenheer and Quadfasel, 2000, Basu et al, 2000, Murtugudde et al, 2000, Sprintall et al,
2000, Gopalan et al, 2000, Le Blanc and Boulanger, 2001, Schott and McCreary, 2001,
Shankar et al, 2002, Haugen et al, 2002, Han and Webster, 2002, Brandt et al, 2002, Yu,
2003, Han, 2005, Miyama et al, 2006, and Yuan and Han, 2006, Schott et al, 2007). With
the availability of high-resolution and accurate satellite altimetry measurements, considerable
interest is evinced in the recent literature on the planetary scale wave propagation and its

potential influence on basin-scale and coastal circulation regimes. The signature of the



westward propagating Rossby waves as seen in altimetry measurements and in the
numerical model simulations for the tropical Indian Ocean is very well documented in the
literature. Polito and Liu (2003) have characterized the spectral nature of the Rossby
waves in the global ocean. They have reported that the clearest and most energetic wave
signals are generally observed for the annual and that the semiannual Rossby waves often
have the largest amplitudes near the tropics. In the EIO, the zonal winds, semiannual in
nature, remotely generate corresponding semiannual sea-level fluctuations near the
eastern equator (Clark and Liu, 1993). The observed interannual sea-level signal along
the eastern and northern Indian Ocean boundary is generated remotely by interannual
equatorial zonal winds (Clark and Liu, 1994). Along the equatorial wave guide in the
Indian Ocean, Yu et al (1991) have shown that the eastward propagating annual Kelvin
wave, on reflection from the eastern boundary, propagates along the coastal wave guide
of the BoB as a coastal Kelvin wave, radiating westward propagating Rossby waves into
the interior BoB and influencing the East India Coastal Current (EICC). McCreary et al
(1993) have further shown that the winds along the eastern rim of the BoB also trigger
similar Kelvin waves, which not only influence the EICC, but also turn around Sri Lanka
to propagate poleward along the west coast of India, influencing West India Coastal
Current (WICC). The observed annual cycle of Lakshadweep High and Low in the
geopotential topography (Wyrtki, 1971, Bruce et al, 1994 and Peter and Mizuno, 2000)
and satellite altimetry (Ali et al, 1998, Gopalan et al, 2000) is attributed to the Rossby
wave radiation by these coastal Kelvin waves off the southwest coast of India (McCreary
et al, 1993, Bruce et al, 1994, and Shankar and Shetye, 1997 and Shankar et al 2002).

Shankar et al. (2002) have carried out a detailed study highlighting the relative



importance of both local and remote processes that modulate the sea level and circulation
in the northern Indian Ocean. Their study has clearly revealed that the equatorial zonal
winds and the alongshore winds off the Myanmar coast have a weaker role in modulating
the upwelling and downwelling cycles observed along the southwest coast of India.
Prasad and Ikeda (2001) have shown the westward propagation of both Arabian Sea High
and Lakshadweep High during January-March as the manifestations of Rossby waves.
Basu et al (2000) have shown that the annual signal in the Indian Ocean north of 10°S is
composed of propagating and non-propagating modes. Subrahmanyam et al (2001) have
shown that the downwelling Kelvin waves play an important role by way of reflected and
radiated Rossby waves. They have also shown the propagation of poleward coastal
Kelvin waves along the west coast of India and the associated radiation of Rossby waves.
Han and Webster (2002) have shown that in the BoB, the SSH anomalies near the eastern
and northern boundaries are predominantly caused by equatorial wind variability, which
generates coastal Kelvin waves that propagate into the bay along the eastern boundary.
Hareesh Kumar and Sanilkumar (2004) have reported dominant variability in the SSHA
field with 30-40 day, 3-4, 6 and 12 month periods in the coastal regions of the northern
Indian Ocean. In a 1.5-layer reduced gravity model simulation, Rahul et al (2004) have
shown the occurrence of westward propagating twin gyres on either side of the equator as
the reflected Rossby waves during June-August and November-December in response to
the impinging equatorial jets on the coast of Sumatra. In the southern tropical Indian
Ocean in the latitudinal band of 8°S—20°S, Masumoto and Meyers (1998) have shown the
occurrence of westward propagating annual Rossby wave both in the XBT data and in a

model simulation. Wang et al (2001) have explained the mechanisms that cause the



breakup in the westward propagation of the annual Rossby wave in the mid-ocean
resulting in two local maxima. Thus these modeling studies have shown that in the
northern Indian Ocean the coastal Kelvin waves play an important role in the coupling of
the EICC and the WICC and triggering westward propagating Rossby waves across the
basin. However, the propagation of these boundary waves into the southeastern AS has
not been confirmed by observations (Schott and McCreary, 2001). In this study utilizing
all the available satellite and in-situ measurements the following issues are addressed:

e Identification of pathways of two pairs of alternate upwelling and downwelling
Kelvin waves in the wave guides of the EIO, the coastal BoB, and the
southeastern AS and the possible reasons for their mid-way termination before
reaching the southeastern AS with the lone exception of the second downwelling
Kelvin wave

e Observed interannual variability of the second downwelling Kelvin wave in the
wave guides of the equator, the coastal BoB, and the southeastern AS and its
possible mechanism

e Observed interannual variability of the westward propagation of Rossby waves in
the northern EIO

e Potential mechanism of stronger equatorial westerlies (during boreal fall) when
the second downwelling Kelvin wave and its interannual variability are more

pronounced

It would be interesting to see the propagation signatures of the Kelvin waves in the
waveguides of the EIO, the coastal BoB, and the southeastern AS in the observations.
The recently-blended high-resolution Topex-Poseidon satellite altimetry measurements
provide a unique opportunity to identify and track the propagation of these Kelvin waves
in the wave guides of the equator, the coastal BoB, and the southeastern AS. In Section 2,

all the data sets utilized to address the above issues are described. In Section 3, the



signatures of the Kelvin wave trajectories and the probable governing mechanisms that
terminate the propagation of both the upwelling and first downwelling Kelvin waves are
suggested. The observed interannual variability of the second downwelling Kelvin wave
in the wave guides of the EIO, the coastal BoB, and the southeastern AS is examined.
The potential influence of this interannual variability of these Kelvin waves on the
westward propagation of Rossby waves in the northern EIO is examined. The potential
mechanism of stronger equatorial westerlies observed during strong second downwelling

Kelvin wave regime is examined.

2. Observations

Several types of archived historic satellite and in-situ measurements are assembled and
exploited to describe and understand the observed variability of the Kelvin waves in the
northern Indian Ocean. The AVISO merged and blended SSHA data are utilized to
characterize the signature of the propagating Kelvin and Rossby waves. The QuikSCAT
surface winds (Wentz et al, 2001) are utilized to assess their impact on the observed
equatorial and coastal Kelvin waves. The depth of the 20°C isotherm (D20) derived from
the near-surface temperature climatology of Locarnini et al (2006) is utilized to
characterize Kelvin wave propagation along the equator. The multi-year averages of
TRMM TMI SST (Wentz et al, 2002) are utilized to characterize the background SST at
the head of the BoB during boreal winter when the clockwise eddy circulation is present.
The D20 derived from the data collected by a JAMSTEC mooring at 1.5°S and 90°E is
utilized to seek its relationship with the surface zonal wind speed in the central EIO. The
tide gauge data collected at three representative coastal stations - Visakhapatnam,

Chennai, and Cochin - are utilized to characterize the observed in-situ sea-level



variability along the east and southwest coasts of India. The near-surface thermal
structure derived from SODA analysis (Carton et al, 2000) is utilized to characterize the
westward propagation of Rossby waves in the north EIO during the following six months
(October-March) of the second downwelling Kelvin wave generation. The outgoing long-
wave radiation data of NOAA are utilized as a proxy to atmospheric convection to
explain the observed variability of the strong westerly winds over the equatorial region.
The sources, periods, accuracies and resolutions of the data sets utilized in this study are
shown in Table 1.

3. Analysis

3.1 Annual cycle of SSHA in the northern Indian Ocean

The satellite-altimeter-derived SSHA field characterizes dynamic topography that is
related to circulation and density field of the entire water column. The SSHA field in the
ocean contains information of both steric effects and the effects of stationary and
propagating planetary scale waves (Fu, 2001). The monsoon driven northern Indian
Ocean shows a distinct annual cycle in the multi-year averaged SSHA field
(Subrahmanyam and Robinson, 2000) (Figure 1a). During a year, in the EIO, two pairs of
upwelling and downwelling Kelvin waves alternately propagate eastward. In response to
this, the thermocline in the eastern EIO shows large-amplitude vertical excursions with
semi-annual periodicity (Rao and Sivakumar, 2000, Hase et al, 2008). The eastern
equatorial region shows the signatures of these upwelling (downwelling) Kelvin waves
during January-March and August-September (April-June and October-December). Both
these two pairs of Kelvin waves hit the Sumatra coast and bifurcate as northward and

southward propagating coastally trapped waves (Iskandar et al, 2009). The northern



branches propagate over varied distances along the coastal wave guide of the BoB.
These Kelvin waves also trigger Rossby waves from the eastern rim of the BoB that
propagate westward in the northern EIO and in the BoB (McCreary et al, 1993, Iskandar
et al, 2009). The AS is characterized by the westward propagating downwelling
(upwelling) Rossby waves triggered off the southwest coast of India and further
reinforced by the local wind stress curl forcing during December-April (June-October).
These downwelling (upwelling) Rossby waves produce large positive (negative)
anomalies in the SSHA field in the southwestern AS during March-April (December-
January). The AS shows large variability in the SSHA field in response to the summer
monsoonal wind forcing. The associated strong negative (positive) surface wind stress
curl results in strong positive (negative) SSHA in the south-central (coastal) AS. In the
southwestern BoB, strong negative (positive) SSHA occurs in response to strong positive
(negative) surface wind stress curl during September-December (January-April). South of
the equator, in the east, the signature of the westward propagating upwelling
(downwelling) Rossby wave is clearly seen during February-May (August-December)
(Reverdin and Luyten, 1986). The Fourier analysis of mean monthly SSHA clearly shows
the geographic regions where the annual (CPY: 1) and semi-annual (CPY: 2) modes are
most dominant (Figure 1b). The annual mode shows largest amplitude with large percent
variance off the southwest coast of India, in the southern AS, off the Arabia coast, off the
southwestern rim of the BoB and south of the equator in the east due to westward Rossby
wave propagation. The semi-annual mode shows largest amplitude off the Sumatra coast
due to impinging Kelvin waves along the equator from the west and the radiated Rossby

waves towards the west. The western EIO also shows large signals on either side of the



equator caused by the westward-propagating Rossby waves (Peter and Mizuno, 2000,
Rao and Sivakumar, 2000). The coastal wave guide of the BoB also shows large values
due to propagating Kelvin wave activity on both annual and semi-annual modes.

3.2 Kelvin waves in the EIO

The recent modeling studies have clearly revealed that the surface winds over the EIO
play an important role in modulating the circulation features of the northern Indian Ocean
through remote effects (Potemra et al., 1991, Yu et al., 1991, McCreary et al., 1993,
1996, Shankar et al., 2002). Changes in thermocline depth can be directly driven by the
local winds as well as by the remote effects through the propagating baroclinic waves in
the ocean. When westerly (easterly) winds blow over the equator, downwelling-
(upwelling-) favorable equatorially trapped Kelvin waves radiate into the eastern ocean,
deepening (shoaling) the thermocline there. These waves reflect from the eastern
boundary as packets of coastally trapped Kelvin and Rossby waves, spreading the
deepening/shoaling well off the equator. Waves can also be generated in off-equatorial
regions through forcing by a patch of anticyclonic (downwelling) Ekman pumping in the
eastern ocean. Then downwelling-favorable Rossby waves radiate from the forcing
region, deepening the thermocline in the western ocean (Schott et al, 2007). In the Indian
Ocean, the energy imparted by the surface wind field is carried eastward along the
equatorial wave guide as both downwelling and upwelling Kelvin waves and traverse
around the rim of the BoB. In addition, the alongshore winds in the coastal BoB also
trigger and modulate these propagating Kelvin waves. The signature of this wave
propagation along the equator is examined with the satellite-derived altimetry and surface

wind measurements. The observed climatology of the zonal wind stress (Figure 2a)



shows that the zonal winds are mostly westerly throughout the year with stronger
magnitudes over the east-central equatorial region. Strong intraseasonal variability with
pronounced peaks during the monsoon transitions is also noticed when spring and fall
Wiyrtki jets occur (Sengupta et al, 2001, Senan et al, 2003). These westerly wind bursts
produce downwelling Kelvin waves that propagate eastward along the equator (O’Brien
et al, 1974, McPhaden et al, 1982, Visbeck and Schott, 1992, Jensen, 1993, Han et al,
1999, 2001, Miyama et al, 2006). When these westerly wind bursts weaken during July-
August or are replaced by easterlies during boreal winter, the upwelling Kelvin waves are
triggered and propagate eastward along the equator. In a year, two pairs of upwelling and
downwelling Kelvin waves propagate alternately eastward. The signatures of these
upwelling and downwelling Kelvin waves are also very well captured in the longitude-
time fields of D20 extracted from the temperature climatology of Locarnini et al (2006)
(Figure 2b) and SSHA climatology (Figure 2¢). Both these fields show a strong eastward
propagating semi-annual signals along the equator. The deepening (shoaling) of D20 and
increase (decrease) of SSHA during February-May (November-March) and August-
November (May-September) is a clear manifestation of the downwelling (upwelling)
Kelvin waves. In addition, these Kelvin waves also reflect (trigger) Rossby waves that
propagate westward both along and off the equator (Potemra et al, 1991 and Yu et al,
1991).

3.3 Annual cycle of the Kelvin wave regime in the coastal wave guides of the BoB
and the southeastern AS

The observed signatures of the Kelvin waves in the coastal wave guides of the BoB and

the southeastern AS over a year are examined utilizing the SSHA climatology. Two pairs
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of the equatorial upwelling (downwelling) Kelvin waves show their counterclockwise
propagation northward from the Sumatra coast over varied distances in the coastal wave
guide of the BoB. In the BoB, the first upwelling (downwelling) Kelvin wave occurs
during January-March (May-August) and the second upwelling (downwelling) Kelvin
wave occurs during August-September (October-December) as shown in Figure 3. All
the four Kelvin waves show distinct life cycles geographically limited to the coastal wave
guide of the BoB with only the exception of the second downwelling Kelvin wave. The
first upwelling Kelvin wave while propagating along the wave guide radiates Rossby
waves off the southeastern rim of the BoB. It attains its peak amplitude at the head of the
bay during mid-February to mid-March. However, it weakens off the western rim of the
BoB and terminates off the southeast coast of India (Figure 3a). This suggests that this
first upwelling Kelvin wave appears to have no significant role in remotely triggering
coastal upwelling observed off the southwest coast of India as early as February/March.
In tune with the modeling study of Shankar et al (2002), the recent observational study of
Gopalakrishna et al (2008) has clearly revealed that the alongshore wind stress off the
southwest coast of India and the remote forcing from south of Sri Lanka are more
important forcings compared to the equatorial forcing influencing the upwelling signal in
the Lakshadweep Sea during the summer monsoon season. The propagation of the first
downwelling Kelvin wave also terminates mid-way in the coastal wave guide off the
head of the BoB (Figure 3b). Large positive values seen off the mouths of major rivers
Ganges-Brahmaputra and Irrawady suggest the influence of fresh water flux on the
observed SSHA. Among all the four Kelvin waves, the second upwelling Kelvin wave is

the least developed and is only limited to southeastern rim of the BoB. Among both the
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pairs of upwelling and downwelling Kelvin waves, only the second downwelling Kelvin
wave is the most pronounced. Among all these four waves, this wave alone propagates all
through the coastal wave guide of the BoB, turns around Sri Lanka, and then propagates
along the west coast of India. The signatures of the propagation trajectories of both the
upwelling and downwelling Kelvin waves along the equator and in the coastal wave
guides of the BoB and the southeastern AS are schematically summarized in Figure 3e.

It is important to understand the reasons for the mid-way termination of both the
upwelling Kelvin waves and the first downwelling Kelvin wave before they reach the
coastal southeastern AS. The probable mechanisms that govern the mid-way termination
of both the upwelling Kelvin waves and the first downwelling Kelvin wave and the entry
of the second downwelling Kelvin wave into the coastal southeastern AS are examined.
A careful examination of the observed climatology of the annual cycle of the surface
zonal winds along the equator shows an oscillatory nature on intraseasonal time scales
(Figure 3f). In general the westerly (easterly) winds occur over relatively longer (shorter)
durations and are relatively stronger (weaker). During December-February along the
equator the easterly winds are stronger than those during August-September, clearly
explaining the difference in the pathways of the upwelling Kelvin waves in the coastal
wave guide of the BoB (Figure 3¢). The patch of westerly winds is stronger and wider in
spatio-temporal extent during the fall transition than during the spring transition (Figure
3f). In view of this differential forcing, the first downwelling Kelvin wave terminates at
the head of the bay while the second downwelling Kelvin wave enters the coastal
southeastern AS. At the head of the BoB, during December-February, a clockwise

rotating eddy (inferred from circulation — Ekman component estimated from QuikSCAT
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winds and geostrophic component estimated from SSHA) spins up (Figure 3g). The
western flank of this eddy moves poleward along the east coast of India opposing the
equatorward propagating first upwelling Kelvin wave. In addition, during April-May, the
EICC also flows pole ward along the east coast of India (Figure 3h). Both these systems
appear to block or weaken the propagation of the first upwelling Kelvin wave in the
coastal wave guide of the western BoB. The EICC appears to continue to have its
influence in arresting the propagation of the first downwelling Kelvin wave (left panel of
Figure 3h). As mentioned earlier, the second upwelling Kelvin wave is least developed
and is limited to the southeastern rim of the BoB. The signature of this wave along the
equator is also weaker, as seen in the SSHA and D20 anomaly fields shown in Figure 2.
On the other hand, during October-December, the EICC flowing towards the equator
along the east coast of India favours the reinforcement of the equatorward propagation of
the second downwelling Kelvin wave (Figure 3h). Thus the prevailing clockwise eddy at
the head of the BoB and the associated circulation along the east coast of India appear to
play a key role in modulating the propagation of the Kelvin waves in the western coastal

wave guide of the BoB.

3.4 Interannual variability of the Kelvin waves in the EIO

Along the equator, the observed SSHA field shows considerable interannual variability in
the eastward propagation of both the upwelling and the downwelling Kelvin waves
(Figure 4a). As the second downwelling Kelvin wave only reaches the southwest coast of
India, the interannual variability of this wave is of greater interest and significance for
this study. The maxima in the SSHA manifested by this downwelling Kelvin wave in the

eastern EIO also show large interannual variability. The SSHA in the eastern EIO
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averaged for October-December representing the period of second downwelling wave are
stratified into ‘strong’ (>10 cm), ‘weak’ (0-10cm) and ‘Indian Ocean Dipole (IOD)’ (<0
cm) regimes. During the period 1993-2006, the second downwelling Kelvin wave is
stronger (weaker) during the years 1995, 1996, 1998, 2001 and 2005 (1993, 1999, 2000,
2002, 2003 and 2004). On the other hand the signature of this downwelling Kelvin wave
is completely absent during the IOD years 1994, 1997 and 2006. The composites of the
‘strong’, the ‘weak’ and the ‘IOD’ regimes show significant differences in the signatures
of the second downwelling Kelvin wave (Figure 4b). During the 10D years, the first
downwelling Kelvin wave is much weaker and the second downwelling Kelvin wave is
completely absent as the upwelling signal in the eastern EIO is most pronounced (Saji et
al, 1999, Webster et al, 1999, Vinayachandran et al, 2002, Rao et al, 2002, Feng and
Meyers, 2003, Gnanaseelan et al, 2003, and Prasad and McClean, 2004). The zonal winds
along the equator also show strong intraseasonal and interannual variability that is more
pronounced during boreal fall (Figure 3f). The composites of zonal winds along the
equator for all three regimes also show striking differences during boreal fall (Figure 4b).
The zonal winds are stronger along the eastern equator during the ‘strong’ regime
compared to the ‘weak’ regime. These stronger winds have resulted in stronger
downwelling Kelvin waves as seen in the larger positive values of SSHA in the eastern
EIO during October-December. However, during the IOD regime, the equatorial
westerlies are replaced by strong easterlies resulting in large negative SSHA in the
eastern EIO. Thus it is clear that the observed interannual variability seen in the
equatorial zonal winds distinctly shows its signature in the SSHA field through eastward

propagating Kelvin waves.
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Changes in thermocline depth can be directly driven by the local winds as well as by
remote effects through the propagating waves in the equatorial ocean. The continuous
time series measurements of near-surface thermal structure made from a mooring
deployed in the eastern EIO by JAMSTEC have provided a unique data set to examine
the observed interannual variability of D20 forced by the local winds and the propagating
Kelvin waves (Figure 4c). The time series of both the temporally smoothed QuikSCAT
surface zonal wind speed averaged over a rectangular box in the central EIO and D20 at a
station located in the eastern EIO show strong semi-annual periodicity with maxima
coinciding with the monsoon transitions during the observational record of 2001-2006. In
general the surface zonal wind speed and D20 are phase locked with a correlation
coefficient of 0.83, when the D20 lags the surface zonal wind speed by three weeks in
close agreement with Hase et al (2008). Large year-to-year variability is also seen in the
surface zonal wind speed and D20 maxima during the fall transition. Clearly the surface
zonal wind speed and D20 during the fall transition are higher (lower) during 2001 and
2005 (2002, 2003 and 2004) years of ‘strong’ (‘weak’) second downwelling Kelvin wave
activity. However, during 2006 the observed pattern of surface zonal wind speed and D20
is anomalous because of active IOD.

3.5 Interannual variability of the Kelvin waves in the coastal wave guides of the BoB
and the southeastern AS

Numerical experiments (McCreary et al, 1996, Shankar et al, 1996) have suggested that
the coastal Kelvin waves can also have significant impact on the EICC in the BoB. As
large interannual variability is noticed in the second downwelling Kelvin wave activity

along the eastern EIO, a corresponding variability is also expected in the coastal wave
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guides of the BoB and the coastal southeastern AS. The observed SSHA data extracted
for 129 boxes (starting from the box located on the easternmost equator) closest to the
coast well within the Rossby radius of deformation in the BoB and the southeastern AS
(wave track shown in Figure 5a) are utilized to construct the wave track-time fields for
the individual years. The observed annual cycle of SSHA clearly depicts the signature of
the two pairs of propagating upwelling and downwelling Kelvin waves along the coastal
waveguide of the BoB (Figure 5b). The observed negative (positive) values of SSHA
along the eastern and the northern rims of the BoB depict the signatures of the upwelling
(downwelling) Kelvin waves during January-March and August-September (April-June
and October-December) propagating counterclockwise. As seen over the equator, large
interannual variability in the Kelvin wave activity is also noticed in the coastal wave
guides of the BoB and the southeastern AS (Figure 5b).

The composites of these three categories of years have also correspondingly shown
significant differences in the second downwelling Kelvin wave signatures and in some
measure for the first downwelling Kelvin wave during May-June (Figure 5c). During the
‘strong’ regime the amplitude of the second downwelling Kelvin wave is greater in the
coastal BoB, clearly indicating the importance of local alongshore wind stress as
suggested by the modeling study of McCreary et al (1993). But it is also interesting to
note the weakening amplitude of this wave as it approaches the wave guide of the
southeastern AS. During the IOD years, the first downwelling Kelvin wave is also much
weaker and the second downwelling Kelvin wave is completely absent as the upwelling
signal in the eastern EIO is more pronounced. As these Kelvin waves are driven by the

equatorial zonal winds, it would be appropriate to examine their corresponding
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composites for all three regimes. The observed anomalies of the zonal wind speed for
these three categories of years also show large differences during the second half of the
year over the eastern EIO (Figure 4b). During the ‘strong’ regime, the anomalies are
positive and stronger during September-November in the eastern region. During the
‘weak’ regime, the anomalies are positive but are much weaker during September-
November. During the ‘IOD’ regime, the anomalies are negative and stronger from May-
June onwards, peaking during October-November. Thus it is clear that the zonal winds in
the eastern EIO play a very important role in determining the strength of both the
upwelling and downwelling Kelvin waves that propagate into the wave guides of the

coastal BoB in accordance with Han and Webster (2002).

In general, in close agreement with the observed interannual variability in the eastern
EIO, the ‘strong’ and the ‘weak’ regimes of the second downwelling Kelvin wave are
also seen during October-December in the coastal wave guides of the BoB and the
southeastern AS with a very high degree of correspondence (Figure 5d). The correlation
between the SSHA in the eastern EIO and the SSHA along the eastern rim of the BoB is
0.97, and the corresponding correlation between SSHA in the eastern EIO and the SSHA
along the western rim of the BoB and along the southwest coast of India is 0.84. There is
also a close resemblance in the second downwelling Kelvin wave activity along the
equator and along the eastern rim of the BoB during the ‘IOD’ years. However, a big
reduction in the amplitude of SSHA is seen along the western rim of the BoB and along
the southwest coast of India during the IOD years. The increase in the positive values
during the non-IOD years along the eastern rim of the BoB is clearly consistent with the

role of alongshore wind stress in the BoB (McCreary et al, 1993).
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The observed sea-level data as recorded by tide gauge stations on the east coast of India
(Visakhapatnam and Chennai) composited for ‘strong, ‘weak’ and ‘IOD’ regimes during
October-December also show significant differences (Figure 5f). During September-
November, the sea level is highest during the ‘strong’ regime and lowest during the
‘10D’ regime. Interestingly, the observed differences between the ‘strong’ and the ‘weak’
regimes at a station on the southwest coast of India (Cochin) are negligible, although the
observed sea level is lowest during the ‘IOD’ regime.

3.6 Interannual variability of the westward propagating Rossby waves in the
northern EIO

It is well known that the poleward propagating upwelling (downwelling) Kelvin waves
along the eastern rim of the BoB also trigger upwelling (downwelling) Rossby waves that
propagate westward with latitude-dependent phase speed (Chelton et al, 1998). In
response to the triggering of the Kelvin waves, two pairs of upwelling and downwelling
Rossby waves propagate westward alternately in a year. Among the two upwelling and
two downwelling Rossby waves it is shown that the second downwelling Rossby wave is
the most pronounced. In the latitude band 2°N-6°N, the westward propagation of Rossby
wave triggered by the northward propagating second downwelling wave is therefore
examined in the SSHA field (Figure 6a). The composites for all the three regimes show
large differences in the amplitude of this wave. Clearly the westward propagating Rossby
wave is more pronounced during the ‘strong’ regime than during the ‘weak’ regime. On
the other hand, the westward propagation during the ‘IOD’ regime is not seen from the
eastern rim of the BoB, as the upwelling off the Sumatra coast overwhelms the regular

second downwelling Kelvin wave, as shown in Figure 4b and Figure 5b. Yu (2003) has
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also shown how the observed interannual variability of the 20°C isotherm topography
along 6°N in the BoB is most sensitive to remote interannual wind variability along the
equator. Thus it is clear that the interannual variability of the westward propagating
Rossby wave is determined by the corresponding interannual variability of the second
downwelling Kelvin wave that propagates along the equator and along the southeastern
rim of the BoB, in close agreement with Yu (2003). As the signatures of the Rossby
waves can be clearly seen in the subsurface thermal structure, the composites of monthly
anomalies of near-surface thermal structure (annual mean removed) derived from SODA
analysis (Carton et al, 2000) for the same latitude band during October-March,
corresponding to all the three regimes is examined (Figure 6b). Large differences are
clearly seen among the three regimes. It is clearly evident that the positive anomaly in the
thermal field and its westward propagation from the eastern boundary is more
pronounced during the ‘strong’ regime compared to that of the ‘weak’ regime. However,
during the ‘IOD’ regime the anomaly is negative with large amplitude in the eastern
region because of intense upwelling.

3.7 Interannual variability of equatorial westerlies in relation to moist atmospheric
convection

A warm ocean surface has the potential to trigger organized moist convection under
favorable meteorological conditions that generate heat in the troposphere. The zonal wind
field over the EIO responds to such a heat source over the warm pool in the eastern EIO
and the western equatorial Pacific Ocean. The strength of the westerlies and the
magnitude of the OLR anomalies are dynamically coupled over this equatorial region

(Saji et al, 1999). The composites of OLR anomalies for all the three regimes over the
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eastern EIO show distinct differences (Figure 7). Over the eastern EIO, during the
‘strong’ regime the intraseasonal moist convection signals are more pronounced during
July-October than they are during the ‘weak’ regime. During the ‘IOD’ regime, the east-
west reversal of convection maxima during the second half of the year is also distinctly
seen in tune with the reversal of SST maxima. Thus it is clear that during the boreal fall
the strength of the zonal winds over the equator driven by the east-west gradient of the
heat sources in the troposphere is a critical factor in determining the observed interannual
variability of the second downwelling Kelvin wave in the eastern EIO, the coastal BoB,

and the southeastern AS.

4 Conclusions

The satellite-altimeter-derived SSHA fields in the tropical Indian Ocean show a distinct
annual cycle in response to local Ekman pumping and the propagating waves that are
remotely forced with differential importance in the spatio-temporal domain. Along the
equator, during a year, two pairs of upwelling and downwelling Kelvin waves propagate
alternately eastward. After hitting the Sumatra coast, they bifurcate and propagate as two
coastally-trapped Kelvin waves, one northward and the other southward. The northern
branches propagate over varied distances along the coastal wave guide of the BoB. In the
BoB, the first upwelling (downwelling) Kelvin wave occurs during January-March (May-
August) and the second upwelling (downwelling) Kelvin wave occurs during August-
September (October-December). All four Kelvin waves show distinct life cycles limited
to the coastal wave guide of the BoB, the only exception being the second downwelling

Kelvin wave. The first upwelling Kelvin while propagating along the wave guide
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weakens off the western rim of the BoB and terminates off the southeast coast of India.
This suggests that this first upwelling Kelvin wave has a limited role in remotely
triggering coastal upwelling observed off the southwest coast of India as early as
February/March. The propagation of the first downwelling Kelvin wave also terminates
mid-way in the coastal wave guide of the head of the BoB. Among the two the pairs of
upwelling and downwelling Kelvin waves, the second downwelling Kelvin wave is the
most pronounced. It propagates all through the coastal wave guide of the BoB, turns
around Sri Lanka, and enters the southeastern AS.

The westerly winds in the equatorial region are stronger and wider in spatio-temporal
extent during the boreal fall transition than during the boreal spring transition. This
differential forcing partially accounts for the differences in the pathways of the first and
second downwelling Kelvin waves in the coastal wave guide of the BoB. At the head of
the BoB, during December-February, the western flank of a clockwise rotating eddy
circulation opposes the equatorward propagating first upwelling Kelvin wave. In
addition, during April-May, the EICC also flows poleward along the east coast of India.
Thus both these systems appear to arrest or weaken the propagation of the first upwelling
and first downwelling Kelvin waves in the coastal wave guide of the western BoB. On
the other hand, the equatorward flowing EICC during October-December favours the
propagation of the second downwelling Kelvin wave into the southeastern AS.

The SSHA in both the equatorial and coastal wave guides show significant differences in
the signatures of the second downwelling Kelvin wave for all the three regimes, ‘strong’,
‘weak’ and ‘IOD’. The maxima in the SSHA manifested by the second downwelling

Kelvin wave in the eastern EIO show large interannual variability. The zonal winds along
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the equator also show strong intraseasonal and interannual variability. These winds are
stronger along the eastern EIO during the ‘strong’ regime than during the ‘weak’ regime.
Thus it is clear that the observed interannual variability seen in the equatorial zonal winds
distinctly shows its influence on the SSHA field through eastward propagating Kelvin
waves. The D20 derived from the east central EIO mooring has also shown an excellent
correspondence with the surface zonal wind speed in the central EIO during the boreal
fall transition on an interannual time scale suggesting the important role of the eastward
propagating second downwelling Kelvin wave. As seen along the equator, large
interannual variability in the Kelvin wave activity is also noticed in the coastal wave
guides of the BoB and the southeastern AS. The observed anomalies of the zonal wind
speed for these three categories of years also show large differences during the second
half of the year over the eastern EIO. The sea-level data recorded by tide gauge stations
on the east coast of India (Visakhapatnam and Chennai), composited for all the three
regimes during October-December, also show significant differences.

These Kelvin waves also trigger Rossby waves from the eastern rim of the BoB that
propagate westward in the BoB and in the northern EIO. It is also clear that the
interannual variability of the westward propagating Rossby wave is determined by the
corresponding interannual variability of the second downwelling Kelvin wave that
propagates along the equator and off the southeastern rim of the BoB. The composites of
anomalies of near-surface thermal structure derived from SODA analysis for the northern
EIO during October-March also show large differences for all three regimes in both the
sign and the amplitude of the westward propagating Rossby wave. The composites of

OLR anomalies for all three regimes over the eastern EIO also show distinct differences.
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During July-October, over the eastern EIO, greater moist convection is noticed during the
‘strong’ regime than during the ‘weak’ regime. During the ‘IOD’ regime, the east-west
reversal of convection maxima during the second half of the year is also distinctly seen in
tune with the reversal of SST maxima. Thus it is clear that the strength of the zonal winds
over the equator driven by the east-west gradient of the tropospheric heat sources is a
critical factor in determining the observed interannual variability of the second
downwelling Kelvin wave in the eastern EIO and in the coastal wave guides of the BoB
and the southeastern AS.
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Legends of figure

Figure la: Observed annual cycle of multi-year (1993-2006) averaged SSHA in the north
Indian Ocean.

Figure 1b: Fourier fields of amplitude (cm), percent variance (%) and phase (degrees) for
CPY: 1 (upper panel) and CPY: 2 (lower panel) of SSHA in the north Indian Ocean

Figure 2: Longitude-time sections of multi-year averages of (a) surface zonal wind stress
(N/m**2), (b) D20 (m) and (c) SSHA (cm) along the equator (1°N-1°S averages) in the
Indian Ocean (zero contour is shown with thick black line)

Figure 3a: Evolution of the observed life cycle of the first upwelling Kelvin wave as seen
from the multi-year averages of SSHA (cm) (only negative values are mapped) in the
BoB at 10-day interval during 5 January - 25 April.

Figure 3b: Evolution of the observed life cycle of the first downwelling Kelvin wave as
seen from the multi-year averages of SSHA (cm) (only positive values are mapped) in the
BoB at 10-day interval during 25 Apr - 13 August

Figure 3c: Evolution of the observed life cycle of the second upwelling Kelvin wave as
seen from the multi-year averages of SSHA (cm) (only negative values are mapped) in
the BoB at 10-day interval during 23 August - 22 September

Figure 3d: Evolution of the observed life cycle of the second downwelling Kelvin wave
as seen from the multi-year averages of SSHA (cm) (only positive values are mapped) in
the BoB and the southeastern AS at 10 day interval during 2 October - 29 December

Figure 3e: Schematic of the observed annual cycle of the propagating upwelling (blue
wriggled arrows) and downwelling (red wriggled arrows) Kelvin waves along the wave
guides of the equator, coastal BoB and coastal southeastern AS

Figure 3f: Longitude-time sections of observed multi-year averaged annual cycle of
surface zonal wind speed (m/s) (left panel) and its interannual variance (m**2/s**2)
(right panel) along the equator in the Indian Ocean

Figure 3g: Evolution of the clockwise eddy over the head of the BoB in the multi-year
averaged near-surface circulation (Ekman + geostrophic) and the TMI SST (°C) during
December-March

Figure 3h: Evolution of the multi-year averaged East India Coastal Current (Ekman +
geostrophic) off the east coast of India during April-June and October-December (arrow
head shows the direction of the current and the arrow length and the background colour
show the current speed in cm/s)
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Figure 4a: Longitude-time plots of the interannual variability of SSHA (cm) along the
equator in the Indian Ocean during January-December for the years 1993-2006

Figure 4b: Composite longitude-time plots of SSHA (cm) (top panel) and zonal wind
speed anomalies (m/s) (bottom panel) along the equator in the Indian Ocean during
January-December for the years when the second downwelling Kelvin wave is (a) strong
(b) weak and (c) absent during the IOD years

Figure 4c: Time series of QuikSCAT surface wind speed (m/s) (averaged over the red
box bounded by 70°E, 90°E, 1°N and 1°S shown in the map) and D20 (m) from
JAMSTEC mooring located at 1.5°S and 90°E (blue dot shown in the map) during 2001-
2006

Figure 5a: Distribution of one degree boxes along the coastal wave guides of the BoB and
southeastern AS (station 1 starts at the eastern edge of the equator and the numbers are
shown at an interval of 30) where SSHA data are utilized to track the propagation of the
coastal Kelvin waves

Figure 5b: Wave track-time plots of the interannual variability of SSHA (cm) off the
coasts of the BoB and southeastern AS during 1993-2006 (wave track shown in Figure
Sa)

Figure 5c: Composite wave track-time plots of SSHA (cm) from the eastern equator to
the southwest coast of India (wave track shown in Figure 5a) during the years when the
second downwelling Kelvin wave is (a) strong (b) weak and (c) absent during the IOD
years

Figure 5d: Interannual variability of October-December averaged SSHA (cm) in the
eastern equatorial region (average of the green boxes shown in the inset map of the
bottom panel) and along the coastal wave guides of the BoB and the southeastern AS
(average of the green boxes shown in the inset map of the upper panels)

Figure 5e: Observed monthly composites of sea level data (mm) recorded by tide gauges
at Visakhapatnam, Chennai, and Cochin (station locations shown in Figure 3e)

Figure 6a: Composite longitude-time fields of SSHA (cm) along the latitudinal band 2°N-
6°N in the north EIO (shown as blue band in the top inset map) during the following year
from October when the second downwelling Kelvin wave is (a) strong (b) weak and (c)
absent during the IOD years

Figure 6b: Composite of vertical thermal structure anomaly (°C) in the topmost 150 m of
the water column along 2°N-6°N in the north Indian Ocean (shown as blue band in the
top map) during October-March (in the following years) when the second downwelling
Kelvin wave is (a) strong (b) weak and (c) absent during the IOD years
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Figure 7: Composites of longitude-time plots of OLR anomalies (W/m**2) along the
equator in the Indian Ocean (shown as the blue band in the map) during January-
December when the second downwelling Kelvin wave is (a) strong (b) weak and (c)
absent during the IOD years
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Table -1

Parameter Source Period | Accuracy | Spatial
Resolution

ERS1/2 Winds www.cersat.ifremer.fr | 1993- |1 m/s & | 1.0°
1999 14°

QuikSCAT Winds WWW.SSmi.com 2000- 2 m/s 0.25°
2006

AVISO Blended | www.aviso.oceanobs. | 1993- (2.5 — 40.33°

SSHA com 2006 cm

TMI SST WWW.Ssmi.com 1998- | ~0.5°C 0.25°
2006

Depth of 20°C | www.jamstec.gojp | 2001- | unknown | ---

1sotherm 2006

Tide gauge sea level | www.pol.ac.uk 1993- 1.0cm ---
2004

Near-surface vertical | www.dsrs.atmos.umd. | 1993- | ~0.5°C ---

thermal structure | €du 2005

(SODA V14.2 for

the period 1993-

2001 and V2.0.4 for

the period 2002-

2006)

Outgoing Long | www.cdc.noaa.gov/ed | 1993- 10 2.5°

wave Radiation c/data.interp OLR.ht | 7006 W/m#**2

ml
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