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Blue-shifted deep ocean currents in the equatorial

Indian Ocean

P. Amol*! . Vineet Jain® - S. G. Aparna®

Abstract Spectra from two decades of zonal current data at ~4000 m in the
central and western equatorial Indian Ocean show a shift in the dominant fre-
quencies from the west to the east. The 120-180-day period is stronger at 77°E |
the 60-120-day period at 83°E, and the 30-90-day period at 93°E. The weakening
of lower frequencies near the eastern boundary can be explained using theoretical
ray paths of Kelvin waves and reflected Rossby waves. The equatorial Kelvin wave
forced by winds reflects from the eastern boundary as Rossby waves with different
meridional modes. After reflection, the low (high) frequency Rossby beams travel
a larger (shorter) distance before reaching the bottom, thereby creating a shadow
zone, a region with low wave energy, between the ray path and the eastern bound-
ary. The shift in frequency with longitude is not evident in the top 1000 m, where

the current is dominated by the semi-annual cycle.
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1 Introduction

Observations from the equatorial Indian Ocean show energetic current fluctuations
in the deeper waters (Luyten and Swallow 1976; Eriksen 1980; O’Neill and Luyten
1984; Ponte and Luyten 1990; Dengler and Quadfasel 2002). The zonal currents
throughout the water column are characterised by complex vertical structures with
time scales longer than a month and are trapped within few degrees of the equator.
Several attempts were made to explain the energy available for the sustenance of
such deep ocean currents, and one of the possible reasons is the direct transmission
of wind-forced energy into deeper waters.

Numerical solutions have shown that periodic zonal winds generate a well-
defined Kelvin beam that propagates both eastwards and downwards (McCreary
1984; Rothstein et al. 1985). The Kelvin beam reflects from the eastern boundary
as a Rossby beam, which has a steeper ray path that can reach the bottom of the
ocean at seasonal time scales. (We use the term seasonal for 100-400-days periods
and intraseasonal for 30-90-days periods) The signatures of these beams are evi-
dent in the observations from the equatorial Indian Ocean. Luyten and Roemmich
(1982) showed that the mid-depth zonal currents in the western equatorial Indian
ocean were dominated by the semi-annual cycle. They suggested that these fluc-
tuations were caused by equatorially trapped Kelvin waves and first meridional
mode Rossby waves. Huang et al. (2018b) arrived at the same conclusion in the

central and eastern equatorial Indian Ocean using an oceanic reanalysis product.
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They showed the enhancement of the semi-annual cycle and the associated phase
propagation in the intermediate depths (200-1500 m) of the central equatorial
Indian Ocean were caused by reflected first meridional mode Rossby waves. Ver-
tical phase propagation, which is indicative of equatorial beams, is also evident in
in-situ observations in the equatorial Indian Ocean (Nagura and McPhaden 2016;
Huang et al. 2018a; Jain et al. 2021).

The transmission of wind-forced energy into the deeper waters will, however,
be affected by the presence of a strong pycnocline (Philander 1978). Gent and
Luyten (1985) showed that there was considerable reflection of energy from the
pycnocline, which prevented the transmission of wind-forced energy into deeper
waters. Their study only described a single reflection, and a complete picture
involves re-reflections of energy from the surface (Kessler and McCreary 1993).
With each reflection, a small fraction of energy would leak into the deep ocean.
In addition, Rothstein et al. (1985) suggested that the vertical mixing could cause
model solutions to lose their beam-like characteristics, which is probably why the
simulations, like that by Philander and Pacanowski (1981), show strong trapping
of energy near the surface. Some studies have also shown that random fluctuations
in density could cause waves to decay in the direction of energy propagation more
rapidly (Tang and Mysak 1976; Mysak 1978). If the beam weakens with depth
owing to damping and variations in density, can the wind energy flux reach the
bottom of the ocean and impact the deep ocean circulation?

In this study, we use spectra of deep zonal currents (~4000 m) obtained from
the data collected during 2000-2020 to show signatures of wind-driven circulation
in the near-bottom currents. The dominant frequencies blue shift with longitude

— the 120-180-day period is stronger at 77°E , the 60-120-day period at 83°E,
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and the 30-90-day period at 93°E — and this shift in frequency can be explained
using theoretical ray paths of Kelvin and Rossby waves. The signatures of these
waves propagating downwards as equatorial beams are also evident in the current

observations from the near-surface and intermediate depths.

The rest of the paper is organised as follows. Sec. 2 describes the data used in
this study. The spectra of the ~4000 m zonal currents are shown in Sec. 3. The
effect of ray paths and shadow zones in causing a shift towards higher frequencies in
the eastern Indian Ocean is detailed out in Sec. 4. Sec. 5 summarises and concludes

the study.

2 Data and Methods

We used data from the deep-sea equatorial mooring programme, which is under
Ocean Observation Network (OON) programme of ESSO-Indian National Centre
for Ocean Information Services (INCOIS), India (Jain et al. 2021). The currents
were measured at three locations: 77°E, 83°E, and 93°E (Fig. 1a). The data from
the top 1400 m were obtained from Acoustic Doppler Current Profilers (ADCP),
and the vertical and temporal resolution was 16 m and one hour, respectively.
Recording current meters (RCMs) with the same temporal resolution were used
to measure currents at ~1000, ~2000 m and ~4000 m depths. The depth of the
water column at these three locations vary between 4400 and 4700 m. The data
were collected from 2000-2020 and were discontinuous, with gaps ranging from a
few days to a few years. The data at 93°E were available only till 2014. The details

of mooring configuration and data availability are available in Jain et al. (2021).
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As there were extensive gaps in the ADCP data, we used the Lomb-Scargle
periodogram to compute the spectra (Lomb 1976; Scargle 1982). Unlike the fast
Fourier transform, this approach computes the power spectral density of unevenly
spaced data sets or, in this case, data sets with gaps. The periodogram was nor-
malised using residuals of data around the constant reference model. The signifi-
cance test or the false alarm probability was computed using the bootstrap method
(see VanderPlas (2018) for details related to Lomb-Scargle periodogram and false

alarm probability).

The wind data from 2000-2016 were obtained by merging QuikSCAT and AS-
CAT satellite data products (https://coastwatch.pfeg.noaa.gov/). The tem-
perature and salinity data for computing Brunt-Vaiisila frequency profile were

from the World Ocean Atlas (Boyer et al. 2018).

3 Spectra of the bottom currents

In this section, we show basic statistics and spectra for the near-bottom zonal
currents at ~4000 m. The magnitude of currents at ~4000 m ranges from -12 to 12
cm s~ ! and the mean flow is close to zero at all locations (Fig. 1b-d). The standard
deviation is 4.2 cm s™! at 77°E and drops to 3.2 cm s~ ! at 93°E. In comparison,
the maximum magnitude is greater than 100 cm s~ ! for near-surface currents and
decreases to 30-50 cm s ' at intermediate depths of 200-1000 m (Jain et al. 2021).
Similarly, the mean flow is eastward (15-60 cm s~ ') for the near-surface current
and close to zero for the intermediate current. The near-bottom currents at all

three locations are de-correlated.
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6 P. Amol et al.

The Lomb-periodogram for the bottom currents shows that the dominant fre-
quencies blue-shifts with longitude (Fig. 2a—c). The lower frequencies are stronger
at the western mooring (77°E), while the higher frequencies are stronger at the
eastern mooring (93°E). At 77°E, the seasonal cycles, like the 120-day, 160-day
and 180-day period, dominate (Fig. 2a). The 90-day and 60-day peaks are also
evident, but they are weaker compared to the seasonal cycles. At 83°E, the 60—
130-day band dominates with the strongest peaks observed in the 90-100-day band
(Fig. 2b). The amplitude of these peaks is weaker compared to the seasonal cycle
observed at 77°E. At 93°E, the strongest peaks are observed between 30-70-days
(Fig. 2c). There are no significant peaks evident between 90-140 days. The 150-day
and the semi-annual peaks are weaker but comparable to the intraseasonal peri-
ods. Even though the semi-annual cycle is evident at all locations, the amplitude
weakens eastwards.

The spectra also shows a frequency shift with depth at 93°E (Fig. 2i). The 30—
50-day peak, which is the dominant band at 4000 m, weakens at 2000 m. At this
depth, the 90-day peak is the strongest. The intraseasonal periods further weakens
at 1000 m and the seasonal cycles, like 120-day, become stronger. Between 150-500
m, the semi-annual cycle is the strongest.

The surface circulation in the equatorial Indian Ocean is known for its strong
semi-annual cycle. The spectra shows that the cycle is the strongest between 500
1500 m (200-500 m) depth at 77°E and 83°E (93°E, Fig. 2d-i). Huang et al.
(2018b) also found a maximum variance for the semi-annual harmonic in this depth
range. Though the semi-annual cycle is strong near the surface at all locations
(Fig. 2d,e), the amplitude of the higher frequencies becomes comparable at 93°E

(Fig. 2f). The relatively weak semi-annual period and strong intraseasonal periods
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at 93°FE at intermediate depths were reported by Chen et al. (2020) using ADCP

data from 2015-2019.

4 Equatorial beams

In this section, we use the ray paths derived from ‘equatorial beam theory’ (Mc-
Creary 1984) along with observations from the equatorial moorings to explain the
shift in dominant frequencies observed in the bottom currents. We first show how
the ray paths and shadow zones (or low wave energy zones) of large-scale waves
vary based on the property of the wave and the medium (Section 4.1). We then
compare the theoretical ray paths with observed spectra and highlight the role of

beams in causing a shift in dominant frequencies along the longitude (Section 4.2).

4.1 The shifting shadow zones

We define shadow zones as regions in the equatorial ocean where large-scale waves
are not detected due to the presence of continental boundaries or topographical
obstructions, like ridges and islands. The area of the shadow zone depends on
the frequency of waves (Fig. 3d), stratification (Fig. 3e), the width of the basin
(Fig. 3f), and in the case of Rossby waves, the meridional mode number (Fig. 3c).

Based on Wentzel-Kramers-Brillouin (WKB) approximation, the slope of the
ray path is given by —w/N(z) for Kelvin waves and (2n + 1)w/Np(z) for Rossby
waves, where w is the frequency and N(z) is the background Brunt-Vaisila fre-
quency profile. The climatological Np(z) profiles are averaged from 45°E-98°E
along the equator. The details regarding the approximations for computing the

ray path can be found in McCreary (1984).
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Fig. 3a shows a schematic of beams generated by 150-210-day band winds at
77°E. The Ny(z) used to calculate the ray path is the annual climatology. The beam
travelling towards the west from the wind source is the incident Rossby wave (only
the first meridional mode shown), and the beam travelling towards the east is the
equatorial Kelvin wave. The Kelvin wave also reflects from the eastern boundary
as a first meridional mode Rossby wave. As the wave propagates downwards along
its ray path, its energy would drop and spread owing to wave damping or vertical
mixing. Numerical simulations by McCreary (1984) show that the reflected Rossby
waves from an eastern boundary can cause more energy to propagate into the deep
ocean compared to the directly forced waves generated in an unbounded solution.

If the wind blows all along the equator, similar ray paths for each wave can
be plotted at all longitudes. For a given basin size, the region occupied by all
these ray paths (Fig. 3b) will be constrained by the ray paths of the Kelvin wave
and the incident Rossby wave generated near the western and eastern boundaries,
respectively (solid lines in Fig. 3b). For example, the Kelvin wave will be trapped
within the top 250 m of the ocean, and the depth of this trapping increases from
west to east based on the slope of the ray path. In this region, the Kelvin wave
does not occur in isolation and can superpose with either the incident or the
reflected Rossby waves. The ray paths of the incident Rossby wave cover a major
fraction of the ocean basin (almost the entire water column in the western Indian
Ocean), whereas the ray paths of the first meridional mode reflected Rossby waves
is confined to the eastern and central Indian Ocean. The grey shaded region is the
shadow zone, which forms below the ray path of the reflected Rossby waves.

Higher meridional modes (Fig. 3c) and higher frequencies (Fig. 3d) have steeper

ray paths and smaller shadow zones. After the Kelvin wave reflects from the eastern
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boundary, only the width of the shadow zone varies with each meridional mode
of the Rossby wave (Fig. 3c). Based on the aforementioned ray path equation,
the shadow zone of the Rossby wave would disappear if the number of meridional
modes tends to infinity. However, the equation is an approximation and holds only
for low-frequency, low-wavenumber, inviscid Rossby waves. At higher meridional
modes, there are fewer baroclinic modes that can strongly couple with winds at
seasonal and intraseasonal time scales, and it would be unreasonable to associate
the higher meridional modes with vertical propagation of energy as several baro-
clinic modes must superpose to form beams (McCreary 1984; Mukherjee et al.
2018).

If the frequency increases, both the width and the height of the shadow zone
would decrease (Fig. 3d). The decrease in the width of the shadow zone with
frequency explains the observed shift in spectral peaks in the bottom currents (see
Section 4.2 for more details). A similar change in the height of the shadow zone
would cause a shift in the frequency with depth; the lower (higher) frequencies will
be stronger near the surface (bottom). This shift is evident at 93°E mooring, even
though the vertical resolution of the data is very coarse below 500 m (Fig. 2i).

The area of the shadow zone also depends on the size of the basin; as the basin
size increases, the width and the height of the shadow zone decreases. For a given
basin size, there is a cut-off period below which the shadow zone will not form.
This is because at higher frequencies, the Kelvin beam from the western boundary
hits the ocean bottom before reaching the eastern boundary. For 4000 m depth,
the cut-off period is ~135 days for the Pacific Ocean and ~50 days for the Indian
Ocean and the Atlantic Ocean. Fig. 3f shows that there is no shadow zone for the

90-day period in the Pacific Ocean, whose basin width is much larger than that of
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the Indian Ocean. At lower frequencies, like the annual cycle, the beam slope is
so small that it takes more than ~25,000 km for the beam to reach 1000 m depth

(Rothstein et al. 1985).

In general, we can ignore the effect of stratification as they cause only small
changes in the ray path (Fig. 3e). Rossby waves can also reflect from the western
boundary or the bottom of the ocean and can create complex structures (McCreary
1984). In the case of bottom reflection, the phase (energy) would propagate down-

wards (upwards).

4.2 Observational evidence for beams

The observed frequency shift at ~4000 m can be explained using the shadow zones
of the reflected Rossby waves from the eastern boundary. Fig. 4 shows ray paths
for both Kelvin and Rossby waves for four periods: 180, 120, 90, and 30 days. The
shadow zone is marked as hatched lines for the fifth meridional mode. The ray
paths are plotted from the eastern and western boundaries as they represent the
extreme case for the directly forced and reflected waves (similar to Fig. 3b). In
reality, the beam path changes based on the location of the wind forcing, which
varies along the equator (Fig. 5). Strong spectral peaks within the vicinity of the
incident or eastern boundary Rossby wave path (orange and solid red lines in
Fig. 4) suggest that the wind forcing is strong in the eastern Indian Ocean. Simi-
larly, strong peaks near the reflected Rossby wave path (green and purple dashed
line) traced using a western boundary Kelvin wave (solid blue line) suggest that

the winds are strong in the western Indian Ocean. Note that, unless specifically
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mentioned, we discuss only the Kelvin and first meridional mode Rossby ray paths

here, and the fifth meridional mode Rossby ray paths are shown only for reference.

The 180-day ray path in Fig. 4a follows the result obtained by Huang et al.
(2018b). The beam path of the first meridional mode reflected Rossby and Kelvin
waves coincides with enhanced spectral power in the upper 1500 m (Fig. 4). Huang
et al. (2018b) showed that the variance explained in this depth range extended
only till 65°E, west of which the variance is weaker. The significant power observed
below 1500 m could be due to the higher-order meridional modes or vertical mix-
ing, which could weaken and broaden the beam both vertically and meridionally

(McCreary 1984).

The wind spectra show that the semi-annual cycle is strong along the en-
tire basin, and the maximum amplitude is observed between 60°E-80°E (Fig. 5).
Therefore, the peak would be expected somewhere between the reflected Rossby
(dashed curve) and the incident Rossby wave path. The maximum amplitude for

the 180-day signal is observed at ~680 m at 77°E and 200 m at 93°E.

The 120-day ray path is similar to the semi-annual cycle (Fig. 4b). The spectral
power enhances along the Kelvin and first meridional mode reflected Rossby ray
paths. As both Kelvin and Rossby ray paths cross each other between 200-600
m at 83°E, it is difficult to separate them at this depth range. At 77°E, the
maximum amplitude is observed at 2000 m depth and is in the vicinity of the
first meridional mode reflected Rossby wave path. The 120-day wind spectra show
a bimodal structure with power weakening in the central Indian Ocean (Fig. 5).
This weakening of power is also evident between the reflected and incident Rossby

ray paths (Fig. 4b).
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The 90-day power enhances along Rossby ray paths generated by winds near
the eastern (solid line) and the western (dashed line) Indian Ocean (Fig. 4c). The
strongest power is observed at 1000 m at 77°E, which lies within the vicinity of the
incident Rossby ray path. Like the 120 days, the winds in 90-100-day band also
have a bimodal structure: the ~95 day is strong in the eastern Indian Ocean and

~90 day is strong in the western Indian Ocean (Fig. 5). Han (2005) showed that
even though the winds are relatively weak, the Indian Ocean selectively responds
to the 90-day forcing, owing to the resonance excitation of second baroclinic mode
waves. The resonance is more concentrated towards the eastern Indian Ocean
because the westward propagating Rossby wave is slower compared to the eastward
propagating Kelvin wave (Han et al. 2011). The strong eastward propagating winds
in the eastern half of the Indian Ocean can also amplify the Kelvin wave and its
reflection into Rossby waves at the eastern boundary (Nagura and McPhaden
2012). Nevertheless, the 90-day period peaks at 4000 m (2000 m) at 83°E (77°E)
along the reflected Rossby ray path, which suggests that the winds in the western
Indian Ocean are also important in driving the currents at deeper depths.

The 30-day period is close to the minimum period of a freely-propagating
Rossby wave and there is no shadow zone for this period (Fig. 4d). The wave decays
exponentially for periods shorter than the minimum period and does not propagate
freely into the ocean interior. The minimum period is an approximation and would
vary based on the first baroclinic mode Kelvin wave speed, which typically lies
between 2-3 ms~*(Reverdin 1987; Han 2005; Nagura and McPhaden 2012). The
beam generation for Rossby waves at higher frequencies (30—40 days), in general,
is unlikely because these waves are dispersive and cannot retain their coherency

as wave packets. The non-dispersive Kelvin waves, however, can reach the bottom
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of the ocean and enhance the power east of 80°E. The presence of the Central
Indian Ridge at 75°E creates a local shadow zone for high-frequency Kelvin waves
generated by winds in the western Indian Ocean. The spectra show that the winds
in the 30-60-day band are stronger between 60-90°E (Fig. 5), and it is the energy
from the wind forcing at ~60°E that reaches the bottom at 93°E (see thin blue
line in Fig. 4d). Though beams generated between 55-58°E can also reach the
bottom, they will be obstructed by the Ninety East Ridge.

In summary, the energy from the spectra is the weakest in the shadow zones
of the reflected Rossby waves, and the blue shift in dominant frequencies of the
bottom currents is linked to the shift in the width of the shadow zone (Fig. 3d).
The dominant frequency also changes with depth because of the change in the

height of the shadow zone and is evident at 93°E (Fig. 2i).

5 Discussion

The surface circulation in the equatorial Indian Ocean is dominated by the semi-
annual cycle. The eastward jets that occur during the boreal spring and autumn
are known as the Wyrtki Jets (Wyrtki 1973). These jets are known to be driven by
zonal winds with current speeds that can peak more than 2 m s~!. The impact of
these winds are stronger in the top 200-300 m below which strong upward phase
propagation is evident (Jain et al. 2021; McPhaden et al. 2015). Our study shows
that the dominance of the semi-annual cycle does not extend till the bottom of
the ocean, particularly in the eastern Indian Ocean. Near the bottom, the lower
frequencies are stronger at 77°E and become weaker towards the east. The shift

in frequencies is caused by the vertical propagation of energy generated by surface
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winds. The wind-forced Kelvin waves reflect from the eastern boundary as Rossby
waves and propagate downwards. The ray path of Rossby waves has a larger slope
compared to Kelvin wave and can reach the bottom of the ocean even at seasonal
time scales. At higher frequencies, there are no Rossby waves, but the ray path of
the Kelvin waves is steeper and can reach the bottom of the ocean.

Based on the linear-wave theory, one may expect weak spectral power in the
shadow zones and anything outside would be a complex superposition of several
meridional modes generated by winds all along the equatorial region. The spectral
analysis shows that the strong spectral power roughly coincides with the beam
path of the first meridonal mode reflected Rossby waves (Fig. 4). This result
is consistent with that shown in earlier studies (Luyten and Roemmich 1982;
Huang et al. 2018b; Zanowski and Johnson 2019). Numerical experiments show
that even for the near-surface currents, the first meridional Rossby mode and
Kelvin mode contribute to most of the observed intraseasonal variability (Nagura
and McPhaden 2012). The observed amplification of wave energy along the first
meridional mode reflected Rossby ray path could be due to the following reasons.
For vertical propagation of energy, several baroclinic modes of a meridional mode
should superpose, but higher meridional modes have only fewer baroclinic modes
that can strongly couple with winds and hence are weaker. The effect of the even
meridional modes would be negligible because the Hermite polynomials are anti-
symmetric and have a zero-crossing at the equator. In addition, higher modes have
shorter wavelengths and can be diffused more easily by friction.

The spectral analysis shows that there is significant energy evident in the
shadow zone of the first meridional mode ray path. For example, the 180-day peak

is one of the dominant peaks for the bottom currents at 93°E (Fig. 2¢). It is
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difficult to attribute the energy observed in the shadow zone to higher meridional
modes because it is possible that the wave energy could spread out along the ray
path due to vertical mixing (McCreary 1984; Rothstein et al. 1985). Also, the
180-day period is the strongest period in the equatorial Indian Ocean, and the
energy would penetrate deeper compared to that from other periods before it is
completely dissipated.

The analysis presented here is not without caveats. The ray path is calculated
based on the WKB approximation, which is not valid in the upper few hundred
meters because of the sharp changes in the density profile. For the beam to pene-
trate the thermocline, the vertical scale of the oscillations should be much smaller
than the background variations of NZ. A typical vertical wavelength for the first
baroclinic mode is 4900 m (60 cm equivalent depth), and this wavelength is al-
most seven times more than the wavelength of waves that can freely pass through
the thermocline (Moore and Philander 1977; Boyd 2018). In addition, Gent and
Luyten (1985) showed that for an equivalent depth between 1 cm and 1 m only
10-20% of the energy could pass through the thermocline. As the ocean surface
acts like a rigid lid, one must also consider the effects of re-reflection; with each re-
flection, more fraction of energy would penetrate the thermocline. In addition, the
wind-forcing extends deep into the mixed layer, and its impact on energy transfer
through turbulent processes is not well understood. Other uncertainties include
refraction of rays and absorption of wave energy near the critical layers by the
mean flow (McPhaden et al. 1986; Chang and Philander 1989; Rothstein et al.
1988). Critical layers are depths at which the mean zonal velocity matches the
phase speed of the wave. They can prevent the waves from reaching the bottom

of the ocean and confine the wave energy to the region between the surface and
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the critical layer. Though wave-current interactions are more important in the Pa-
cific and the Atlantic Ocean, where mean currents are stronger and well-defined,
they could impact the higher baroclinic or meridional modes at certain times or
locations in the Indian Ocean.

The downward propagation of energy can also be modified by the presence
of mid-oceanic ridges and islands. They can create a local shadow zone, cause
re-reflections or scattering, and affect the amplitude of the baroclinic modes. For
islands whose north-south extent is small compared to the equatorial radius of de-
formation, the waves would mostly pass the islands undisturbed (Rowlands 1982;
Cane and Du Penhoat 1982). In the Indian Ocean, Chen et al. (2020) using a
numerical model showed that Maldives islands could cause abrupt changes in the
amplitude of the equatorial intermediate current, which is in contrast to results
obtained by Cane and Du Penhoat (1982). Similarly, the mid-oceanic ridges can
also cause the waves to scatter, and the degree of scattering would depend on
the height of the ridge, stratification, and distribution of wave energy in the wa-
ter column (McPhaden and Gill 1987). In other words, deep-sea ridges have a
weaker (stronger) effect on the low (high) baroclinic mode Kelvin waves. As the
wave passes, eddies and meandering current systems are also generated around
the islands and ridges.

In spite of the above-mentioned limitations, the spectra of the zonal currents
show an enhancement of energy along the Kelvin and Rossby ray paths, suggest-
ing that the surface forcing from the winds reaches the bottom of the ocean. The
transmission of energy is evident for both seasonal and intraseasonal time scales,
which explains the observed frequency shift near the bottom of the ocean. Simu-

lating these beams in numerical models will be challenging as both damping and
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stratification depend on vertical diffusivity, which is represented by different model
parameterisation schemes. The vertical resolution of the models should be high to
resolve the higher baroclinic modes that must superpose to exhibit vertical prop-
agation of energy (McCreary 1984). The ocean reanalysis products may capture
some of these features as the data are corrected using observations. However, near
the bottom of the ocean, they suffer the same uncertainty because of the lack of

similar observing platforms.

Deep ocean currents are known to be driven by differences in water density.
They play an important role in the transport of water masses across the ocean
basin and significantly impact climate scale processes. Earlier studies have shown
signatures of Madden-Julian Oscillations in the deeper oceans (Matthews et al.
2007; Webber et al. 2014). Unlike the surface circulation, the spatial distribution
of the intraseasonal frequencies and climate modes, such as El Nino and Indian
Ocean Dipole, near the bottom would be determined by the ray path of these
large-scale waves. The downward propagation of energy by surface winds would

also play an important role in the deep ocean biogeochemistry.
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Figure captions

Fig. 1: (a) Map showing the mooring locations. The background is the bathymetry
from Sindhu et al. (2007). The inset shows map of north Indian Ocean. The red
dashed line is the region of interest. Zonal currents at 4000 m at (b) 77°E, (c)

83°E, and (d) 93°E. The currents are shown at daily temporal resolution.

Fig. 2 Normalized Lomb periodogram of zonal currents at 4000 m depth: (a)
77°E, (b) 83°E, and (c) 93°E. The dashed horizontal line shows the 1% false alarm
probability. The gray shaded region highlights the shift in dominant frequencies
from west to east. (d)—(f) Same as (a)—(c) but for currents at 60 m (black) and 150
500 m (red). The spectra for the 150-500 m current is computed after averaging
the current over this depth range. Note that the ordinate does not have the same
limits. (g)—(i) Normalized Lomb periodogram of zonal currents with depth. As
the difference in power is large between the surface and bottom currents, the
periodogram is smoothed and plotted in log scale to highlight the shift in dominant
frequency with depth. The hatched area is equivalent to the gray shaded region in
panels (a)—(c).

Fig. 3 Schematic of the ray paths in the equatorial Indian Ocean. (a) The shaded
regions depict beams generated by 150-210-day zonal wind at 77°E: Kelvin wave
(blue), incident Rossby wave (red), and reflected Rossby wave (green). The thick
solid lines show the corresponding 180-day ray path. (b) The region occupied
by all the ray paths of a 180-day wave when the wind blows along the entire
equatorial Indian Ocean. The incident (reflected) Rossby wave occupies the blue
(green) shaded region. Both Kelvin wave and incident (reflected) Rossby wave

occupy the purple (blue) region. The solid lines show the ray paths generated at
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the boundaries. As waves cannot be generated by winds beyond these boundaries,
the ray paths act as the lower limit below which the wave cannot be detected.
The grey shaded region is the shadow zone where no ray paths reach. (c) Ray
paths of reflected Rossby waves for different meridional modes generated by a
180-day Kelvin wave from the western boundary. Higher meridional modes have
steeper slopes and smaller shadow zones. (d) Ray paths of reflected Rossby waves
generated by Kelvin waves with different frequencies. The area of the shadow zone
decreases with increasing frequency. (e) Ray paths of 180-day Kelvin waves and
reflected Rossby waves with different N7 profiles to show the effect of stratification
on the shadow zone. The differences are negligible between the summer (red) and
the winter (blue) profiles. (f) The 90-day Kelvin wave ray paths from the western
boundary of the Indian Ocean and the maritime continent. The reflected Rossby
wave is evident only in the Indian Ocean. In the Pacific Ocean, the Kelvin wave
reaches 4000 m without generating reflected Rossby waves because of the larger
basin size. The arrowheads in all panels indicate the direction of the ray paths,
and the ray paths are shown only for the first meridional mode except in panel
(©)-

Fig 4 The panels show ray paths for Kelvin and Rossby waves for four different
periods: a) 180 day, b) 120 day, ¢) 90 day, and d) 30 day. The shaded color represent
the log of the normalized periodogram of the zonal currents. Blue solid (thin)
line is the Kelvin ray path generated from the western boundary (59.5°E). The
orange and red solid lines are Rossby beams generated at the eastern boundary for
meridional modes 1 and 5, respectively. The green and purple dashed lines are the
Rossby beams generated after the Kelvin wave (blue solid) reflects from the eastern

boundary. The dark brown region is the bathymetry and the hatched region is the
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shadow zone for the mode 5 reflected Rossby waves. The white vertical line/circles
show data availability. The lines represent ADCP data and the circles represent
data from current meters. The ray paths are calculated based on the WKB theory.
The colour levels for the periodogram are not the same for all panels.

Fig. 5 Figure showing periodogram of winds at the equator. The power is plot-
ted in log scale after detrending and applying a Hamming window. The ordinate
is periods and the abscissa is the longitude. The wind data used to calculate the

periodogram extends from 2000-2016.
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Fig. 1 (a) Map showing the mooring locations. The background is the bathymetry from
Sindhu et al. (2007). The inset shows map of north Indian Ocean. The red dashed line is the
region of interest. Zonal currents at 4000 m at (b) 77°E, (c) 83°E, and (d) 93°E. The currents

are shown at daily temporal resolution.
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Fig. 2 Normalized Lomb periodogram of zonal currents at 4000 m depth: (a) 77°E, (b) 83°E,

and (c) 93°E. The dashed horizontal line shows the 1% false alarm probability. The gray shaded

region highlights the shift in dominant frequencies from west to east. (d)—(f) Same as (a)—(c)

but for currents at 60 m (black) and 150-500 m (red). The spectra for the 150-500 m current

is computed after averaging the current over this depth range. Note that the ordinate does

not have the same limits. (g)—(i) Normalized Lomb periodogram of zonal currents with depth.

As the difference in power is large between the surface and bottom currents, the periodogram

is smoothed and plotted in log scale to highlight the shift in dominant frequency with depth.

The hatched area is equivalent to the gray shaded region in panels (a)—(c).
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Fig. 3 Schematic of the ray paths in the equatorial Indian Ocean. (a) The shaded regions de-
pict beams generated by 150-210-day zonal wind at 77°E: Kelvin wave (blue), incident Rossby
wave (red), and reflected Rossby wave (green). The thick solid lines show the corresponding
180-day ray path. (b) The region occupied by all the ray paths of a 180-day wave when the
wind blows along the entire equatorial Indian Ocean. The incident (reflected) Rossby wave
occupies the blue (green) shaded region. Both Kelvin wave and incident (reflected) Rossby
wave occupy the purple (blue) region. The solid lines show the ray paths generated at the
boundaries. As waves cannot be generated by winds beyond these boundaries, the ray paths
act as the lower limit below which the wave cannot be detected. The grey shaded region is the
shadow zone where no ray paths reach. (c¢) Ray paths of reflected Rossby waves for different
meridional modes generated by a 180-day Kelvin wave from the western boundary. Higher
meridional modes have steeper slopes and smaller shadow zones. (d) Ray paths of reflected
Rossby waves generated by Kelvin waves with different frequencies. The area of the shadow
zone decreases with increasing frequency. (e) Ray paths of 180-day Kelvin waves and reflected
Rossby waves with different IV, E profiles to show the effect of stratification on the shadow zone.
The differences are negligible between the summer (red) and the winter (blue) profiles. (f) The
90-day Kelvin wave ray paths from the western boundary of the Indian Ocean and the mar-
itime continent. The reflected Rossby wave is evident only in the Indian Ocean. In the Pacific
Ocean, the Kelvin wave reaches 4000 m without generating reflected Rossby waves because of
the larger basin size. The arrowheads in all panels indicate the direction of the ray paths, and

the ray paths are shown only for the first meridional mode except in panel (c).
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Fig. 4 The panels show ray paths for Kelvin and Rossby waves for four different periods:
a) 180 day, b) 120 day, c) 90 day, and d) 30 day. The shaded color represent the log of the
normalized periodogram of the zonal currents. Blue solid (thin) line is the Kelvin ray path
generated from the western boundary (59.5°E). The orange and red solid lines are Rossby
beams generated at the eastern boundary for meridional modes 1 and 5, respectively. The
green and purple dashed lines are the Rossby beams generated after the Kelvin wave (blue
solid) reflects from the eastern boundary. The dark brown region is the bathymetry and the
hatched region is the shadow zone for the mode 5 reflected Rossby waves. The white vertical
line/circles show data availability. The lines represent ADCP data and the circles represent
data from current meters. The ray paths are calculated based on the WKB theory. The colour

levels for the periodogram are not the same for all panels.
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Fig. 5 Figure showing periodogram of winds at the equator. The power is plotted in log scale
after detrending and applying a Hamming window. The ordinate is periods and the abscissa

is the longitude. The wind data used to calculate the periodogram extends from 2000-2016.
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