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ABSTRACT: Frequency spectra of in situ meridional velocity measurements in the central equatorial Indian Ocean show
two distinct peaks at “quasi biweekly” periods of 10-30 days. One is near the surface at frequencies of 0.06-0.1 cpd (periods
of 10-17 days) and the other is in the pycnocline (~100-m depth) at lower frequencies of 0.04-0.06 cpd (periods 17-25 days).
Analysis of a wind-forced ocean general circulation model shows that variability in the two frequency bands represents
wind-driven mixed Rossby-gravity waves. The waves share a similar horizontal structure, but the meridional scale of lower-
frequency variability is about one-half of that of higher-frequency variations. Higher-frequency variability has its largest am-
plitude in the eastern basin while the lower-frequency variability has its largest amplitude in the central basin. The vertical
wavelength of lower-frequency variability is smaller by a factor of 3—4 than that of higher-frequency variability. These results
are consistent with expectations from linear mixed Rossby—gravity wave theory. Numerical simulations show that the primary
driver of these waves is surface wind forcing in the central and eastern Indian Ocean and that dynamical instability does not

play a major role in their generation.

SIGNIFICANCE STATEMENT: Spectra of meridional velocity in the central equatorial Indian Ocean from in situ
measurements show two distinct peaks in the biweekly period band with different spatial structures. This study uses an
ocean general circulation model to show that variability in these two bands is driven by surface winds that are them-
selves spatially structured. The variability in both period bands is consistent with linear mixed Rossby—gravity wave
theory, but the spatial structures, including meridional trapping scale, vertical wavelength, and zonal distribution of

energy, are very different.
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1. Introduction

Intraseasonal variability in cross-equatorial meridional
velocity is very prominent in the Indian Ocean (Masumoto
et al. 2005; Nagura et al. 2014; Ogata et al. 2008; Reppin et al.
1999; Pujiana and McPhaden 2021, hereinafter PM21). This
variability has been attributed to mixed Rossby—gravity waves
driven by surface winds (Arzeno et al. 2020; Miyama et al. 2006;
PM21; Sengupta et al. 2004). The atmosphere has variability at
periods from 10 to 30 days (referred to as the quasi-biweekly
mode), which is the manifestation of the first meridional mode
atmospheric Rossby wave (Chen and Chen 1993, 1995; Kikuchi
and Wang 2009; Kiladis and Wheeler 1995; Krishnamurti and
Ardanuy 1980). The first meridional mode of atmospheric
Rossby waves is meridionally antisymmetric owing to the ambi-
ent potential vorticity field (Chatterjee and Goswami 2004),
resulting in cross-equatorial winds and the excitation of oceanic
mixed Rossby—gravity waves. Mixed Rossby—gravity waves
propagate vertically through the pycnocline (Miyama et al.
2006; Ogata et al. 2008) and are of climatic importance because
they generate residual heating and mean upwelling along the
equator (Nagura et al. 2014; Ogata et al. 2017; Smyth et al.
2015), potentially driving abyssal mixing near the ocean bottom
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(Holmes et al. 2016; Delorme and Thomas 2019). Mixed
Rossby-gravity waves with short zonal wavelengths (~1000 km)
also generate mean zonal jets near the equator below the pycno-
cline (Ascani et al. 2010; d’Orgeville et al. 2007; Hua et al. 2008;
Ménesguen et al. 2009).

Previous studies describe the spatial structure, frequency,
zonal wavelength and other wave properties of mixed Rossby—
gravity waves in the central and eastern Indian Ocean using in
situ observations, satellite measurements and model results
(Arzeno et al. 2020; Nagura et al. 2014; Ogata et al. 2008;
PM21; Sengupta et al. 2004; Smyth et al. 2015). The results of
these studies show a typical period of 10-25 days and a typical
zonal wavelength of about 4000 km.

PM21 further pointed out that mixed Rossby—gravity waves
in the equatorial Indian Ocean are not monochromatic but
are energetic in two distinct frequency bands. They analyzed
in situ meridional velocity measurements from an array of
acoustic Doppler current profilers (ADCPs) centered at 0°,
80.5°E and found two spectral peaks, one at periods of
10-15 days with the energy highest in the upper 100 m and
the other at periods of 15-25 days with energy highest in the
thermocline at depths of 100-150 m. Ogata et al. (2008) also
used in situ observations and reported that the peak of the
spectrum of meridional velocity is at periods of 12-18 days at
50-m depth but at 20-40-day periods at 250-m depth. Both
PM21 and Ogata et al. (2008) focused their analyses on the
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higher of the two frequency bands, leaving the examination of
lower-frequency variability for future work. Masumoto et al.
(2005) also reported higher (lower) frequency variability
above (in the lower part of) the thermocline basing their anal-
ysis on in situ observations.

The energy source for these waves has been a matter of
debate. David et al. (2011), for example, computed the baro-
clinic and barotropic energy conversion rate using satellite
observations and compared the result between the years
when low-frequency mixed Rossby—gravity waves are large in
amplitude and those when waves are weak. They proposed a
hypothesis that the dynamical instability of the westward
south equatorial current and the eastward southwest mon-
soon current contributes to the generation of lower-frequency
mixed Rossby—gravity waves energy in the central equatorial
Indian Ocean.

This study examines variability in both the higher- and
lower-frequency quasi-biweekly period bands and describes
the difference between them using an ocean general circula-
tion model (OGCM). Hereinafter, we refer to frequencies of
0.06-0.1 cpd (10-17 days in period) as high frequency (HF)
and those of 0.04-0.06 cpd (17-25 days in period) as low fre-
quency (LF). The paper is organized as follows. We introduce
the observations and the OGCM used in this study in section 2.
Section 3 describes the results of statistical analysis and numeri-
cal experiments. Section 4 summarizes the main results.

2. Data and model
a. Observations

In situ measurements of horizontal velocity were obtained
from an array of upward-looking moored ADCPs centered at
0°, 80.5°E (marked by the star in Fig. 1a) embedded in the Re-
search Moored Array for African—Asian—Australian Mon-
soon Analysis and Prediction (RAMA; McPhaden et al. 2009,
2015). The ADCPs were mounted in subsurface spherical
floats with a nominal target depth of 250-300 m (PM21). Data
are available at daily resolution in time and 5-m resolution in
the vertical direction. The shallowest useful data are typically
found at a depth of 3040 m because of acoustic interference
from backscatter off the ocean surface. We used daily aver-
ages at 0°, 80.5°E and filled data temporal gaps using observa-
tions from ADCP moorings at 0.75°N and 0.75°S along 80.5°E
according to the method of Johnson and McPhaden (1993) as
described in McPhaden et al. (2015) and Wang et al. (2015).
The data period spanned from 16 August 2008 to 6 February
2016.

Surface wind stress data were obtained from the Japanese
55-year atmospheric reanalysis, which is referred to as
JRAS55-do (Tsujino et al. 2018). The JRAS55-do data are
available on a 55-km latitude—longitude grid with a time in-
terval of 3 h. Monthly averages of temperature and salinity
data were obtained from a dataset provided by Roemmich
and Gilson (2009), which was constructed by objectively
gridding Argo float observations on a 1° X 1° grid at 58 lev-
els in the upper 2000 m.
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FIG. 1. (a) The depth of the ocean bottom of our OGCM (color
shades). The central and eastern Indian Ocean region (10°S-10°N,
60°~110°E) is shown by the black-outlined box. The western Indian
Ocean region (10°S-10°N, 35°-60°E) is shown by the red-outlined
box. The location of the RAMA mooring buoy (0°, 80.5°E) is
shown by the black star. (b) Variance-preserving spectra of meridi-
onal wind stress in 2°S-2°N averaged over the HF (solid line) and
LF (dashed line) bands as a function of longitude. The HF and LF
bands are defined as frequencies of 0.06-0.1 cpd (10-17 days in
period) and those of 0.04-0.06 cpd (17-25 days in period), respec-
tively. The vertical dotted line marks the boundary between the
two regions.

b. Model
1) MODEL CONFIGURATION

The model used in this study is the OGCM for the Earth
Simulator (OFES; Masumoto et al. 2004; Sasaki et al. 2020),
which is constructed from the Modular Ocean Model, version
3 (Pacanowski and Griffies 2000). We set our model domain
to be 20°S-20°N and 35°-115°E, which is bounded by solid
walls (Fig. 1a). The horizontal grid is 0.1° in longitude and lati-
tude. The model has 105 vertical levels. The vertical grid in-
tervals are less than 10 m in the upper 205 m and less than
20 m in the upper 600 m, which are small enough to resolve
variability examined in this study. The bottom topography
(Fig. 1a) is generated from ETOPO1 (Amante and Eakins
2009) using the method of partial bottom cells (Adcroft et al.
1997). Vertical mixing is parameterized following Noh and Kim
(1999). Biharmonic horizontal mixing is adopted with coefficients
for momentum and tracers of 27 X 10° and 9 X 10° m* s7!,
respectively.

The model was forced by 3-hourly averages of meteorological
variables (surface winds, air temperature and humidity at 10-m
height, air pressure at the sea level, rainfall, and downward
shortwave and longwave radiation) obtained from JRAS55-do.
Momentum, heat, and freshwater fluxes were computed with
the bulk formulas of Large and Yeager (2004). Monthly clima-
tological freshwater flux due to river runoff was obtained from
Coordinated Ocean-Ice Reference Experiments version 2 (Dai
et al. 2009) and added to the freshwater forcing. In addition, the
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FIG. 2. Variance-preserving spectra of meridional velocity at 0°, 80.5°E as a function of frequency and depth ob-
tained from (a) ADCP observations and (b) the control run of the model. Also shown are spectra of meridional veloc-
ity at (c) 50- and (d) 100-m depth for ADCP observations (black line) and the control run of the model (red line).
The error bar is for the 95% confidence level. Frequencies of 0.04, 0.06, and 0.1 cpd (periods of 25, 17, and 10 days)

are marked by the vertical dotted lines.

model sea surface salinity was restored to the World Ocean
Atlas 2013 (WOAI3; Locarnini et al. 2013; Zweng et al. 2013)
with a damping time scale of 15 days. The model temperature
and salinity near the northern and southern walls were restored
toward WOAI3 with a time scale of 1 day to prevent waves
from propagating along the artificial boundaries.

We first spun up the model for 10 years using repeated 1999
surface meteorological forcing and then ran the model from
2000 to 2016. Initial conditions were obtained from WOAI3.
This model run is referred to as the control run. We used daily
averages of the model output for the period from 16 August
2008 to 6 February 2016 for our analysis. During this period,
the model solution was validated by comparing with ADCP
observations (next section).
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2) COMPARISON WITH OBSERVATIONS

As PM21 pointed out, the spectra of meridional velocity
observed at 0°, 80.5°E peak in two distinct frequency bands.
In the HF band, the spectral power is elevated in the upper
100 m, whereas it is largest at depths from 80 to 170 m in the
LF band (Fig. 2a). Our study was motivated by the desire to
understand this unusual structure.

The spectra of simulated meridional velocity also show
distinct energy peaks, one of which is in the HF band in the
upper 100 m and the other in the LF band in 70-150-m
depths (Fig. 2b). Qualitatively, the model and observations
agree well in magnitude and spatial structure, with only mi-
nor discrepancies. For example, energy in the HF band at
50-m depth is slightly higher in observations than in the
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FI1G. 3. (a) Coherence and (b) phase between meridional velocity at 0°, 80.5°E obtained from ADCP observations
and the control run of the model as a function of frequency and depth. The solid lines in (a) illustrate the area
where coherence exceeds the 95% confidence level. Also shown are coherence (black line) and phase (red line) at
(c) 50- and (d) 100-m depth. The black horizontal line shows the 95% confidence level for coherence. The red hori-
zontal line is for a phase of 0°. The vertical dotted lines mark frequencies of 0.04, 0.06, and 0.1 cpd (periods of 25, 17,

and 10 days).

model (Fig. 2c¢). Energy in the LF band peaks at about
100-m depth, which is higher in the model than in observations
(Fig. 2d). These differences are statistically insignificant and
may be due to minor differences in mean stratification be-
tween the observations and model and/or detailed differences
in wind forcing.

Observed and simulated meridional velocity is highly coherent
in the upper 200 m in both the HF and LF bands where spectral
energy is high (Figs. 3a,c,d). Coherence in the HF and LF bands
is significant at the 95% confidence level and the phase difference
is close to zero. Coherence is not significant outside of the HF
and LF bands, possibly because spectral energy is low and the
signal-to-noise ratio is small. The result shows that the model is
well validated in comparison with the in situ observations.

Figure 4 compares the stratification between Argo float ob-
servations and the control run of our model. The observed
mean buoyancy frequency squared (N?) at 0°, 80°E is largest
at about 100 m (Fig. 4a, black line), which is the pycnocline.
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The observed pycnocline is centered at about 100-m depth
along the equator (Fig. 4b) between 3°N and 3°S (Fig. 4d). It
shoals to about 50-m depth south of 3°S. The N? in the pycnocline
is largest in the east (Fig. 4b) and near the equator (Fig. 4d).
The pycnocline deepens in May-July and November—January
(Fig. 4f), which is roughly in phase with sea surface height
variability related to the semiannual Wyrtki jet (Nagura and
McPhaden 2010), i.e., the deep pycnocline coincides with el-
evated sea surface and vice versa. The N? in the pycnocline
is large from May to August and relatively small in other
months. The model is able to simulate the depth of the peak
(Fig. 4a, red line), the zonal and (Fig. 4c) meridional (Fig. 4¢)
structures, and seasonal variability (Fig. 4g) of N?, although it
tends to overestimate the peak magnitude of N°. The model is
also able to roughly simulate the structure of the stratification
in the sensitivity experiments (figure not shown). Thus, except
for minor, quantitative differences, the model simulates the
stratification very well for our purposes.
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FIG. 4. Comparison of buoyancy frequency squared (N?) between (left) Roemmich and Gilson’s (2009) Argo float
observations and (right) the control run of the model: The mean N (a) at 0°, 80°E as a function of depth, (b),(c) along
the equator as a function of longitude and depth, and (d),(e) along 80°E as a function of latitude and depth.
(f),(2) Monthly climatologies of N* at 0°, 80°E as a function of month and depth. The black and red lines in (a) are for
observations and model results, respectively. The mean and monthly climatologies were calculated for the period
from August 2008 to February 2016. Model results are averaged over 1° X 1° boxes for consistency with Roemmich
and Gilson’s dataset.

3) SENSITIVITY EXPERIMENTS wind stress data were obtained from JRAS55-do using Large

To check the response of the ocean to surface wind forcing ~and Yeager’s (2004) bulk formula. The initial conditions for
in the HF and LF bands, we conducted sensitivity experi- the sensitivity experiments were obtained from the control
ments using temporally filtered surface wind stress. Surface  run at the end of 2007. The model was then run from 2008 to
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2016, with results examined from 16 August 2008 to 6 February
2016. Surface buoyancy fluxes were computed from 3-hourly
averages of JRAS55-do surface meteorological variables as in
the control run.

In the sensitivity experiments, the model was driven by the
sum of band passed intraseasonal (referred to as Ty,) and
background (7,ck) surface wind stress. The i, represents
variability in surface wind stress in the HF or LF band ob-
tained from a Butterworth bandpass filter. The T,,cc Was com-
puted using a low-pass Butterworth filter with the cutoff
frequency at 0.01 cpd (100 days in period). The Ty, includes
the temporal mean, which is necessary to maintain the mean
pycnocline. Intraseasonal variability in surface meridional
wind stress shows spectral peaks in two distinct regions along
the equator, that is, the central and eastern regions between
80° and 90°E and the region near the western boundary west
of about 60°E (Fig. 1b). The former will act as regional wind
forcing on waves in the central equatorial Indian Ocean and
the latter as a remote forcing. In the first set of experiments,
we set Ty, to zero outside of the central and eastern equato-
rial Indian Ocean (10°S-10°N and 60°-110°E; black-outlined
box in Fig. 1a) to check the impact of Ty, + Tpack regional
wind forcing and Ty, elsewhere. We refer to the experiment
in which HF (LF) variability is used for 7, as HF-TAU-CE
(LF-TAU-CE), where “CE” denotes “central and eastern.”
In the second set of experiments, we set Tiy to zero outside
of the western equatorial Indian Ocean (10°S-10°N, 35°-60°E;
red-outlined box in Fig. 1a) to determine the impact of wind
forcing in the western basin. These experiments are referred
to as HF-TAU-W and LF-TAU-W experiments (“W” is for
“western”). The structure and zonal phase speed of surface
wind stress in the sensitivity experiments are essentially the
same as those in the control run which indicates that our fil-
tering method does not significantly distort the surface wind
field. In this study, zonal phase speed and its uncertainty are
estimated by the method of Barron et al. (2009), which calcu-
lates the standard deviation of the target variable along straight
lines in the longitude-time section with various slopes and
selects the one for which the standard deviation is minimized.

Previous studies pointed out that the mean currents in the
central equatorial Indian Ocean (David et al. 2011) and those
in the western Indian Ocean (Chatterjee et al. 2013; Kindle
and Thompson 1989; Woodberry et al. 1989) are dynamically
unstable and possibly contribute to the generation of mixed
Rossby—gravity waves in the central and eastern Indian Ocean
in a period band similar to that for wind forced mixed Rossby—
gravity waves. To check these possibilities, we forced the
model with only Tpack, Which is referred to as BACK-TAU
experiment.

3. Results
a. Statistical analysis

In this section, we first describe horizontal and vertical
structures of the wave variability. Second, we compare zonal
and vertical wavenumbers estimated from model results with
the dispersion relation of free, mixed Rossby—gravity waves in
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an ocean with a mean state at rest. Third, we describe the sur-
face wind forcing on intraseasonal time scales.

1) SPATIAL STRUCTURES

Spectral power along 80.5°E shows that HF variability in
meridional velocity is largest in magnitude in the upper 30 m
between 3°N and 3°S and that energy higher than 100 cm? s ™2
penetrates into ~120-m depth (Fig. 5a). The off-equatorial
peaks near the surface suggest the contribution from wave
modes other than mixed Rossby—gravity waves, as mixed
Rossby—gravity waves have the largest variance in meridional
velocity on the equator (e.g., PM21). The longitude-depth
section along the equator shows elevated HF variability in the
upper 120 m with peak magnitudes between 48°-54°E and
82°-96°E (Fig. 5b). In contrast, the spectral power of meridio-
nal velocity averaged over the LF band shows a different spa-
tial distribution. In latitude and depth, variance peaks near
the equator and at about 100-m depth (Fig. 5c). Elevated en-
ergy is meridionally narrower in the LF band than in the HF
band. Power averaged over the LF band shows a zonally elon-
gated peak at about 100-m depth from 60° to 95°E (Fig. 5d).
Power in this frequency band is also large in the upper 30 m
between 60° and 70°E and in the upper 130 m between the
western boundary and about 60°E. The variance west of 70°E
exceeds 300 cm® s~ 2 with a maximum of about 770 cm® s>
near 50°E. A kink at about 73°E is likely a result of a pertur-
bation caused by the Maldive Islands as reported in other
studies of equatorial wave propagation in the Indian Ocean
(Chen et al. 2020; Han et al. 1999; Miyama et al. 2006; Nagura
and Masumoto 2015; Strutton et al. 2015; Yoon 1981).

Horizontal and vertical structures were estimated by re-
gressing horizontal velocity onto HF and LF bandpassed me-
ridional velocity at 0°, 80.5°E. Considering that meridional
velocity peaks in magnitude at different depths depending on
frequency (Fig. 2), we used index time series at 52.5-m depth
for HF variability and at 102.5-m depth for LF variability. De-
tails of the regression analysis are described in the appendix.
As described there, essentially the same results are obtained
if we use index time series of meridional velocity at slightly
different longitudes or depths as those specified above.

The horizontal maps of regressed velocity show that HF
variability is characterized by cross-equatorial velocity and
circulating pattern between 6°N and 6°S (Figs. 6a,c,e), which
resembles the theoretical structure of mixed Rossby—gravity
waves as pointed out by Sengupta et al. (2004), Ogata et al.
(2008), and PM21. The pattern propagates to the west (Fig. 7a)
with a phase speed of —3.8 m s~ ' (the range of uncertainty is
from —3.6 to —3.9 m s™'; parameter values are summarized in
Table 1). Our estimate roughly agrees with those obtained from
previous observational studies but is slightly larger than theirs.
PM21 examined in situ velocity measurements at several points
along the equator and estimated the zonal phase speed for HF
variability as —2.9 + 03 m s~ '. Arzeno et al. (2020) examined
HF variability in satellite altimetry and obtained results from
—233to —2.79 ms™ ! and from —2.48 to —3.8 m s~ ! using auto-
correlations and cross-spectral analysis, respectively.
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FIG. 5. Spectral power of meridional velocity averaged over the HF band (0.06-0.1 cpd; 10-17 days in period)
(a) along 80.5°E and (b) along the equator. (c),(d) As in (a) and (b), but for the LF band (0.04-0.06 cpd; 17-25 days in

period). Note that the color scale, which is the same as that in Figs. 2a and 2b, saturates above 300 cm® s~ 2.

LF variability also shows a similar circulation pattern, but it is
meridionally confined to 3°N and 3°S (Figs. 6b,d,f). LF variabil-
ity propagates to the west with a phase speed of —2.7 m s !
(the range of uncertainty is from —2.6 to —2.9 m s ; Fig. 7b).
The results show both HF and LF variability has a spatial pat-
tern that is similar to mixed Rossby—gravity waves but that the
LF variability is meridionally narrower than HF variability.

Regressed meridional velocity shows that HF variability is
trapped near the surface where it tends to be uniform verti-
cally in the upper 100 m (Figs. 8a,c,e). Below that, as shown
by PM21, the phase propagates upward (Fig. 8g), indicating
downward energy propagation (McCreary 1984). In the LF
band, northward and southward velocity is vertically stacked
(Figs. 8b,d,f) with shorter vertical wavelengths relative to HF
variability. Regressed meridional velocity in the LF band also
tends to tilt upward to the east, but its inclination is larger rel-
ative to HF variability. The upward phase propagation in the
LF band (Fig. 8h) is also consistent with downward energy
propagation.

2) WAVELENGTH AND DISPERSION RELATION

We estimated the zonal wavelength using coherence and
phase between each longitude and 80.5°E from model meridi-
onal velocity along the equator. The results were averaged
over the HF band using an index time series at 52.5-m depth
(Figs. 9a,e) where the amplitude of HF variability is large
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(Figs. 2a,b). The zonal wavelength was estimated by fitting a
straight line to the phase in the region where coherence ex-
ceeds the 99.5% confidence level and phase changes at an ap-
proximately constant rate. For LF variability, coherence and
phase were computed similarly but using a meridional veloc-
ity index time series at 102.5-m depth (Figs. 9b.f). We esti-
mated the vertical wavelength by applying coherence analysis
to the vertical profiles of meridional velocity at 0°, 80.5°E and
fitting a straight line to the phase in the vertical direction
(Figs. 9¢,d,g,h). Wavelength error was computed as the 99%
confidence level of the straight line fit. The results are essen-
tially the same if we use meridional velocity at slightly differ-
ent longitude or depth as the index time series (see the
appendix).

Coherence is high between about 70° and 95°E for HF vari-
ability and between 75° and 85°E for LF variability (Figs. 9a,b).
The estimated zonal wavelength is about 5242 *= 368 km for
HF variability and 4364 + 1335 km for LF variability. The zonal
width of positive values of regressed meridional velocity at
52.5 m in Fig. 8c is about 2090 km, which roughly agrees with
half the zonal wavelength estimated from coherence analysis
for HF variability, 2621 km. The zonal width of positive values
at 102.5-m depth in Fig. 8d is about 2420 km, which is also com-
parable to one-half of the wavelength estimated from coherence
analysis for LF variability, 2182 km. The equatorial Indian
Ocean is about 6000 km wide, so based on these results the



1542 JOURNAL OF PHYSICAL OCEANOGRAPHY VOLUME 53
HF band LF band
6°N T T 6°N - — —
,,,,, ryry ’,"«_\\QQQ\:\\k’4;;tdll . . . :.
3°N 1 R ' *1'7;;1’\i:;::/14:\\\\ ff 3°N 1 :« T f;:’t/#—'—“\\\‘{\\\‘\‘\':“:‘;:
AR R Y VA L \\» . NUUNYNN /0 N\SNA b spe,
U R \w:: 0% ,;;M\Wﬂ/ TS
o | NS | ] NSNS
ERCE IO AR NN T T TN 396 R
a Da ‘_‘3\\\\“\‘#.1/:/:?“:»;\ ~~~~~~~ b Da _5
6°5 (.) Y3 1 gos (.) v - . . .
60°E 70°E 80°E 90°E 100°E 60°E 70°E 80°E 90°E 100°E
6°N T I T 6°N o
P ,‘HH\H;;;;,,, ST . .
3°N DERTRERNNRNNN § 11/ smme NN 3N ,-,-m,;; .
BTSSR N (,:\\\\\\" Pt {’ LI
s ST SN B Rttt «T\H (o
0% ttArr T n@n N 0 7 ot / L
BN & 01 HA ‘.111“‘--,,/////// \\\“, AN
P 2 \\\.._ . ° R 2 | Nwwwaaaa
305 NI | 3es T AN
c) DayO:7I S T d Da 0 o
. () day 0 lTTT! o2 | g ( ) y . . .
60°E 70°E 80°E 90°E 100°E 60°E 70°E 80°E 90°E 100°E
6°N e —— 6°N :
geNd s R “\;‘\‘\*\*\W;;;;; 3N o SRR
b Y t S .. b ‘ DU )
T A”””\./:f/;;/’ \ {1 W “k‘ ”‘;/‘7 //’N\\;;\nuw-‘-
0° 1\\(\\\‘\\\‘\\\ ' 0o VTN S W e
PR R A RSN NN AOUEE I VN NN L
° NP PPREE NN L A\ S // - ° .usu\“\\“ﬂ.*_,,;//‘/,’:’, ,,,,,,,,,
3°S A ..1441&&\5\\\\\\?‘ij 3: N 3°Sq LT ,
e ‘Day 3 “““‘““’fﬂmuw : f) Day 5 o
605 ( ) y "“<*“-";»vv~l‘ -------- : 605 () y . . :
60°E 70°E 80°E 90°E 100°E 60°E 70°E 80°E 90°E 100°E
—— 10cms?

FI1G. 6. (a),(c),(e) Maps of horizontal velocity at 52.5-m depth in the HF (0.06-0.1 cpd; 10-17 days in period) band
regressed onto meridional velocity at 0°, 80.5°E at the same depth. (b),(d),(f) Asin (a), (c), and (e), but for velocity at
102.5-m depth in the LF (0.04-0.06 cpd; 17-25 days in period) band. The index time series for the regression analysis
is normalized by its standard deviation. The black dot shows the location of the index time series. The results for HF
variability are shown at days —3, 0, and 3, which are apart by one-quarter of a cycle at 0.08 cpd (~12 days in period).
Similarly, the results for LF variability are shown every 5 days, which corresponds to one-quarter of a cycle in this

frequency band.

mixed Rossby—gravity waves are basin scale, as PM21 noted.
PM21 estimated a zonal wavelength of HF variability as 3430 =
550 km using in situ velocity measurements; Arzeno et al.
(2020) obtained 3700 = 400 km from satellite altimetry. Our es-
timate is comparable to theirs, although ours is slightly larger.
This is consistent with the fact that our estimate of zonal phase
speed tends to be larger than those from previous studies
[section 3a(1)]. The reason for this discrepancy is unclear, but
the sensitivity of our model results to the details of the imposed
atmospheric forcing data is a possible candidate.

In the vertical direction, high coherence is found in the
upper 100 m for HF variability and between 60- and 150-m
depths for LF variability (Figs. 9¢c,d). For LF variability,
phase changes are faster at depths from 50 to 140 m but
slower below 140-m depth. LF variability is large in 50-140-m
depths (Fig. 2b), so we fit a straight line to the phase in this
depth range. The estimated vertical wavelength is about
1053 = 313 m for HF variability and about 297 * 32 m for
LF variability. PM21 estimated a vertical wavelength for HF
variability as 760 = 150 m using in situ velocity observa-
tions, which is indistinguishable from our estimate within
the range of error.
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The dispersion relation obtained from the shallow
water equation for mixed Rossby—gravity waves is written as
k = wlc — Bl/w, where k is zonal wavenumber, w is frequency,
B is the meridional gradient of the Coriolis coefficient, and c is
gravity wave phase speed for a specific vertical mode. We com-
puted vertical modes from the stratification of our model and
projected regressed meridional velocity in Fig. 8 onto these
vertical modes, which form a complete set for representing the
variability. The stratification was obtained from model N?
averaged over 3°S-3°N, 60°-100°E and the analysis period.
The vertical modes were calculated by solving the equation
8Z[(N2)718Z¢fn] = —c; %, where y, is the nth vertical mode
function as a function of depth, and ¢, is ¢ for the nth mode.
This formulation assumes that the background state is at rest.
We also computed dynamical modes including the effect of
zonal mean currents using the method of Proehl (1998), but
the results were almost the same as those obtained assuming a
state of rest.

The result shows that the first three modes are the major con-
tributor to HF variability (Fig. 10a). The significant contribu-
tions from lowest vertical modes are consistent with the large
vertical wavelength of the HF variability. The superposition of
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FI1G. 7. Meridional velocity along the equator regressed onto meridional velocity at 0°, 80.5°E for (a) HF (0.06-0.1 cpd;
10-17 days in period) variability at 52.5-m depth and (b) LF (0.04-0.06 cpd; 17-25 days in period) variability at 102.5-m
depth. The index time series is normalized by its standard deviation. The location of the index time series is shown by the

dotted line.

these dominant modes manifests itself in the tendency for verti-
cal propagation of HF variability (Fig. 8g) consistent with previ-
ous work that shows how the sum of phase locked vertical
modes can result in vertical energy propagation in the equato-
rial ocean (e.g., Rothstein et al. 1985).

For a given frequency, ¢ can be calculated from k using the
dispersion relation. We used k = —1.20 X 10" m ™! estimated
from coherence analysis for HF variability and w = 0.08 cpd to
obtain ¢ = 2.13 + 0.07 m s~ . This estimate falls between the
phase speed of first and second baroclinic mode gravity waves
(2.94 and 1.86 m s~ !, respectively) consistent with the above
analysis. PM21 made a similar estimate and obtained a compa-
rable result of 1.8 = 0.4 m s~ . Arzeno et al. (2020) examined
satellite altimetry data and came to a similar conclusion that
the first two baroclinic modes are the main contributors to
high-frequency mixed Rossby—gravity wave variability.

LF variability has a shorter vertical wavelength. Consistently,
the projection of regressed LF meridional velocity shows large
values at the fourth-sixth vertical modes (Fig. 10b). Again, the
contributions from multiple modes result in the tendency for

vertical propagation of LF variability (Fig. 8h). We also esti-
mated ¢ from the dispersion relation of mixed Rossby—gravity
waves and k = —144 X 10°°® m™' obtained from coherence
analysis, the result of which was 0.75 = 0.07 m s for
® = 0.05 cpd. This is between the phase speed of the fourth
and fifth vertical modes (0.80 and 0.66 m s, respectively) and
consistent with the results of the vertical mode projection.

The difference in the meridional width of variability shown in
(Fig. 6) is related to the differences in vertical scale and the result-
ing c. The meridional length scale is written as L, = (cIB)*,
where y denotes latitude; L, is smaller if the associated vertical
mode is higher and ¢ is smaller. We calculated L, from
N = 0.015s " and the estimated c. The results are 305 = 5 km
(2.74° = 0.05°) for HF variability and 181 = 8 km (1.63° = 0.08°)
for LF variability. For a free mixed Rossby—gravity wave, the me-
ridional structure of meridional velocity is proportional to a
Gaussian multiplied by a constant, v, exp[—y*/(2L})]. We fit
the Gaussian to regressed meridional velocity (Fig. 6) along
80.5°E at day 0 by least squares and obtained L, = 279 * 15 and
163 = 7 km (2.51° = 0.13° and 1.47° = 0.06°) for HF and LF

TABLE 1. Mixed Rossby—gravity wave parameter values estimated for the HF band (0.06-0.1 cpd; 10-17 days in period) and the LF
band (0.04-0.06 cpd; 17-25 days in period).

Frequency band

HF band LF band

Zonal phase speed

Zonal wavelength

Vertical wavelength

¢ from the dispersion relationship

Meridional length scale obtained from L, = (c/B)"

Meridional length scale obtained from Gaussian function fitting to v

1 1

From —2.6to =29 m s~
4364 *+ 1335 km
297 = 32 m
0.75 = 007 ms™*
181 = 8 km (1.63° =+ 0.08°)
163 = 7 km (1.47° + 0.06°)

From —3.6to —3.9ms~
5242 + 368 km
1053 = 313 m
213 *007ms?
305 = 5 km (2.74° = 0.05°)
279 *+ 15 km (2.51° + 0.13°)
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FIG. 8. (a)-(f) Longitude-depth sections of regressed meridional velocity along the equator for (left) HF (0.06-0.1 cpd;
10-17 days in period) and (right) LF (0.04-0.06 cpd; 17-25 days in period) variability. Meridional velocity at 0°, 80.5°E is
regressed onto HF meridional velocity time series at 52.5-m depthin (a), (c), and (e) and LF meridional velocity time
series at 102.5-m depth in (b), (d), and (f). The location of the index time series is shown by the black dots. Also shown
are depth-time sections of (g) HF variability in meridional velocity at 0°, 80.5°E regressed onto the time series at 52.5-m
depth and (h) LF variability regressed onto the time series at 102.5-m depth. The depth of the index time series is shown
by the dotted lines in (g) and (h).

variability, respectively. The uncertainty of these estimates was
obtained from the Bootstrap method. These estimates roughly
agree with those obtained from L, = (c/B)"™

We also computed zonal phase speed w/k from the estimated
zonal wavenumbers. The results are —4.85 + 0.34 m s~ ' for HF
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variability and —2.53 + 0.77 m s~ ' for LF variability. The esti-
mate for LF variability is consistent with that obtained from
regression analysis (from —2.6 to —2.9 m s~ '), but that for HF
variability is smaller than that from regression analysis (from
—3.6to —3.9 m s~ !). The mean zonal flow is eastward in the
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FIG. 9. (top) Coherence and (bottom) phase obtained from meridional velocity in the model control run, showing results (left),(left cen-
ter) along the equator as a function of longitude and (right center),(right) at 0°, 80.5°E as a function of depth. Shown are (a),(c),(e),(g) HF
variability and (b),(d),(f),(h) LF variability. An index time series at 52.5-m depth was used in (a) and (e), and one at 102.5-m depth was
used in (b) and (f). Coherence and phase were computed with respect to the time series at 0°, 80.5°E and 52.5-m depth for HF variability
and at 0°, 80.5°E and 102.5-m depth for LF variability. The solid horizontal lines in (a)—(d) illustrate the 99.5% confidence level for coher-
ence. The vertical dotted lines show the region where a straight line was fit to the phase. The red lines in (¢)—(h) are the regression slope
fit to the phase using the linear least squares fit.

upper equatorial Indian Ocean (Nagura and McPhaden 2014), HF variability estimated from the zonal wavenumber and re-
and its typical magnitude at 0°, 80.5°E is 0.1 m s~ ' in our model. ~ gression analysis. It is unclear to us what accounts for this dis-
The Doppler shift (Arzeno et al. 2020; Smyth et al. 2015) does  crepancy, but the uncertainty in estimates of k and/or zonal
not account for the discrepancy between the phase speed for  phase speed is a likely possibility.
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FI1G. 10. Projection of regressed meridional velocity onto vertical modes computed from the mean stratification of
the model for (a) HF and (b) LF variability. The projection was computed using regressed meridional velocity (shown
in Fig. 8) at 0°, 80.5°E for two phases separated by approximately one-quarter of a cycle, i.e., days 0 and 3 for HF vari-
ability and days 0 and 5 for LF variability. The root-mean-square of the vertical mode amplitudes obtained from the
two phases is shown. The results were normalized such that the maximum value is unity.
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3) WIND FORCING

Previous studies pointed out that mixed Rossby—gravity
waves in the central and eastern equatorial Indian Ocean are
mainly excited by meridional winds (e.g., Arzeno et al. 2020;
Miyama et al. 2006; PM21; Sengupta et al. 2004). Surface me-
ridional wind stress shows elevated energy peaks west of
about 60°E at frequencies of 0.03-0.1 cpd (10-33 days in pe-
riod; Figs. 1b and 11). In the central and eastern basins, en-
ergy is highest east of 75°E in the HF band. An energy peak
in the LF band is visible between 65° and 80°E, which is weak
in magnitude but generates sizable variability in oceanic me-
ridional velocity (section 3b).

Typically, the quasi-biweekly mode of atmospheric variabil-
ity is defined as the variability at periods of 10-20 days, but
previous studies used various definitions of the period range.
For example, Chen and Chen (1995) used periods of 12-24 days;
Kiladis and Wheeler (1995) used 6-30-day periods. Kikuchi and
Wang (2009) suggested three definitions (12-20-, 10-20-, and
12-30-day periods) and reported that their results were not sensi-
tive to the choice. It may be that LF variability in meridional
wind stress at periods of 17-25 days is just the low-frequency tail
of the quasi-biweekly mode. The horizontal structure of re-
gressed surface wind stress shows that for our HF and LF defini-
tions, variability has a similar clockwise circulation (Figs. 12a,b).
This spatial structure of regressed surface wind stress is moreover
robust against a slight change in the longitude of the index time
series.

It is known that the quasi-biweekly mode propagates to the
west (e.g., Kiladis and Wheeler 1995). Consistently, regressed me-
ridional wind stresses on the equator propagate to the west in
both the HF and LF bands (Figs. 12c,d). The zonal phase speed
estimated by the Barron et al. (2009) method is —4.3 m s~ ! for
HF variability (with a range of uncertainty from —4.0 to
—44ms 1) and —3.8 m s~! for LF variability (with uncertainty
from —3.5 to —4.1 m s~ !). These phase speeds are similar to
those we estimated from meridional velocity (Table 1), suggesting
that the ocean response is resonant with the wind forcing. This
may explain why the sizeable amplitude of oceanic meridional ve-
locity is excited by weak wind forcing in the LF band.

b. Numerical experiments

The spectra of meridional velocity obtained from the HF-
TAU-CE experiment show elevated energy in the HF band
(Fig. 13b), whose magnitude is weaker than but comparable
to that in the control run (Fig. 13a). The spectral power in
the LF band is negligible in the HF-TAU-CE experiment. In
the LF-TAU-CE experiment, the spectral power is elevated
in the LF band whereas that in the HF band is negligible
(Fig. 13c). These results imply a linear response of meridional
velocity variability at this location to wind forcing; that is, me-
ridional velocity variability in the LF or HF band is driven by
surface wind forcing in the same frequency band. The power
in the LF-TAU-CE experiment is highest at about 100-m
depth, which is consistent with the spectra obtained from the
control run, indicating that surface wind forcing in the LF
band is able to generate a subsurface energy peak. The highest
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FIG. 11. Spectra of surface meridional wind stress averaged over
2°S-2°N as a function of longitude and frequency. Meridional wind
stress was computed using the Large and Yeager (2004) bulk for-
mula and JRAS5-do surface winds. Frequencies of 0.04, 0.06, and
0.1 cpd (periods of 25, 17, and 10 days) are marked by dotted lines.

variance in the LF-TAU-CE experiment is also comparable to
that in the control run.

The above results show the impact of wind forcing across
the central and eastern basins. On the other hand, the vari-
ance of surface meridional wind stress is largest in the region
west of 60°E (Fig. 11). To check the impact of wind forcing
west of 60°E, the HF-TAU-W and LF-TAU-W experiments
were conducted. The power of meridional velocity variability
at 0°, 80.5°E is small in these experiments (Figs. 13d,e), show-
ing the minor impact of wind forcing in the western basin.
The variance of meridional velocity at 80.5°E is also small in
the BACK-TAU experiment (Fig. 13f). David et al. (2011)
proposed that the dynamical instability of the local currents
contributes to the generation of LF variability in meridional
velocity in the central equatorial Indian Ocean. Our results
show that the contribution from local dynamical instability is
minor. Also, this result shows that variability excited by dy-
namical instability in the western basin (Chatterjee et al. 2013;
Kindle and Thompson 1989; Woodberry et al. 1989) does not
reach the central basin, which is consistent with the results in
Chatterjee et al. (2013) and Sengupta et al. (2001).

Figure 14 shows regressed meridional velocity along the
equator obtained from the HF-TAU-CE and LF-TAU-CE
experiments. The HF variability in the HF-TAU-CE experi-
ment is surface trapped and slightly tilted upward toward the
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FIG. 12. (a),(b) Surface wind stress regressed onto meridional wind stress at 0°, 80°E. The index time series is nor-

malized by its standard deviation. The filled circle marks the location of the index time series. Surface wind stress was
computed using the Large and Yeager (2004) bulk formula and JRAS5-do surface winds. (c),(d) Meridional wind
stress along the equator regressed onto the same index time series as a function of time lag. Results are shown for

(left) HF variability and (right) LF variability.

east below about 50-m depth (Figs. 14a,c,e), whereas LF vari-
ability in the LF-TAU-CE experiment is characterized by ver-
tically stacked northward and southward velocities with a
steeper upward tilt to the east (Figs. 14b,d,f). These structures
resemble those in the control run (Fig. 8), indicating that vari-
ability in the HF-TAU-CE and LF-TAU-CE experiments is
consistent with those in the control run.

Spectral power for the HF band obtained from the HF-
TAU-CE experiment is large at the surface and east of about
80°E (Fig. 15a). This is the region where meridional wind
stress has a large amplitude in the HF band (Fig. 11). The
model is driven by HF wind stress in the region 10°S-10°N
and 60°-110°E in the HF-TAU-CE experiment [section 2b(3)].
As a result, the variance of meridional velocity is small west of
70°E. The local peak of energy at about S0°E near the surface
is a consequence of dynamical instability of the background
current. Spectral power in the LF band obtained from the LF-
TAU-CE experiment is large west of 70°E in the upper 130 m
and east of 70°E at depths from 50 to 120 m (Fig. 15b). The
subsurface peak of meridional velocity variance in the eastern
basin is also seen in the control run (Fig. 5d). We suggest that
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mixed Rossby—gravity waves generated at the surface propagate
downward, then reflect and are trapped in the pycnocline at
about 100-m depth, generating the energy peak there. Rothstein
et al. (1985) pointed out similar trapping for an equatorial
Kelvin wave. Note that the response to HF wind forcing is large
east of 80°E (Fig. 15a), whereas that to LF wind forcing is seen
mainly west of 90°E (Fig. 15b). The longitude where the ADCP
was mounted, 80.5°E, is in the region where both HF and LF
wind forcing is influential.

Intraseasonal winds in the western basin locally excite meridi-
onal velocity variations, but this energy does not reach the cen-
tral and eastern basins. The large variance in the HF-TAU-W
experiment is surface trapped and large in magnitude only west
of 60°E (Fig. 15¢). The large variance in the LF-TAU-W experi-
ment extends to about 70°E in the upper 100 m but does
not penetrate farther east (Fig. 15d). Also, variability excited by
dynamical instability is confined to the region west of 65°E
(Figs. 15e,f). The peak magnitude of meridional velocity
variance west of 60°E is about 630 cm® s~> in (Fig. 15b) and
544 cm? s™2 in (Fig. 15f), suggesting that dynamical instability
generates LF variability in the western basin even in the absence
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FIG. 13. Variance-preserving spectra of meridional velocity at 0°, 80.5°E as a function of frequency and depth ob-
tained from (a) the control run and the sensitivity experiments (b) HF-TAU-CE, (c) LF-TAU-CE, (d) HF-TAU-W,
(e) LF-TAU-W, and (f) BACK-TAU. The white dotted lines mark 0.04, 0.06, and 0.1 cpd (periods of 25, 17, and
10 days). Note that the color scale is the same as that in Figs. 2a and 2b.

of local wind forcing, as is reported by Chatterjee et al. (2013),
Kindle and Thompson (1989), and Woodberry et al. (1989). The
peak magnitude of meridional velocity variance in the western
basin is about 700 cm?® s~ 2 in (Fig. 15d) and 770 cm?® s~ 2 in the
control run (Fig. 5d), indicating that LF variability is further rein-
forced by local winds.

Miyama et al. (2006) used a linear, continuously stratified
model with a flat bottom and reported that mixed Rossby—
gravity waves excited in the western basin reach the eastern
basin via bottom reflection. They also used an OGCM with
realistic bottom topography and found that mixed Rossby—
gravity wave energy propagating from the west is blocked by
bottom topography near 75°E (likely the model Maldives) so
it does not reach the eastern basin. To confirm this result, we
removed the Maldives islands from our OGCM, flattened the
ocean bottom by fixing it to a constant depth of 5100 m and
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forced the model with the same surface wind stress as the HF-
TAU-W experiment. Energy simulated in this experiment is
elevated near the bottom at about 73°E (Fig. 16b) and near
the surface at about 90°E (Fig. 16a), which is on the ray of a
mixed Rossby—gravity wave. This result shows that energy ex-
cited in the western basin reaches the eastern basin via bot-
tom reflections if the bottom is flat. The elevation of energy
near the surface at about 90°E is absent in the HF-TAU-W
experiment (Fig. 15c), which indicates that the rough topogra-
phy hampers bottom reflections. We also confirmed that en-
ergy excited in the western basin does not reach the eastern
basin when the ocean bottom is flattened but the Maldives is-
lands are preserved, or when the Maldives islands are re-
moved but the rough ocean bottom was kept. This result
shows that either of the roughness of the ocean bottom or the
Maldives islands suppresses bottom reflections.
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FIG. 14. Vertical structure of meridional velocity along the equator obtained from the HF-TAU-CE and LF-TAU-
CE experiments: (a),(c),(e) HF variability regressed onto the time series at 0°, 80.5°E and 52.5-m depth. (b),(d),(f) As
in (a), (c), and (e), but for LF variability regressed onto the time series at 0°, 80.5°E and 102.5-m depth. The location
of the index time series for regression analysis is shown by the black dots.

4. Summary

Variability related to mixed Rossby—gravity waves in the
Indian Ocean is often referred to as having “biweekly” peri-
ods (e.g., Miyama et al. 2006). However, in situ observations
in the central equatorial Indian Ocean (0°, 80.5°E) show dual
peaks in the spectrum of meridional velocity, one in an HF
band (0.06-0.1 cpd; 10-17 days in period) with variance that
peaks near the surface, the other in an LF band (0.04-0.06
cpd; 17-25 days in period) that peaks in the pycnocline. This
study was motivated by the desire to understand this unusual
frequency structure as a function of depth. We used empirical
analysis and a wind-forced OGCM in the Indian Ocean do-
main validated with in situ velocity measurements to address
this problem.

Results of statistical analysis show that velocity variability
in the HF and LF bands has a similar horizontal structure.
However, the wave pattern is meridionally narrower in the
LF band than in the HF band and the vertical wavelength is
shorter for LF variability than for HF variability. HF variability
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is characterized by surface-trapped energy, as is pointed out by
PM21, whereas LF variability exhibits alternating meridional
currents with higher vertical wavenumber at depth. HF variabil-
ity in meridional velocity along the equator has a large ampli-
tude above 100 m depth, whereas LF variability is largest below
the surface east of 70°E. We estimated the zonal and vertical
wavelengths using coherence analysis and confirmed that wave-
lengths of both HF and LF variability are consistent with the
dispersion relation of mixed Rossby—gravity waves in an ocean
at rest.

We conducted sensitivity experiments, in which the model
was forced by HF and LF variability in surface wind stress.
The results show that HF and LF variability in meridional ve-
locity at the location of the ADCP mooring (0°, 80.5°E) is the
response to wind forcing in the central and eastern Indian
Ocean consistent with linear equatorial wave theory. The re-
sponse to HF wind forcing is large in amplitude above the
pycnocline, whereas that to LF wind forcing has a peak of en-
ergy at the depth of the pycnocline. It is likely that waves
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FIG. 15. Variance-preserving spectra of meridional velocity along the equator obtained from (a) the HF-TAU-CE
experiment averaged over the HF band, (b) the LF-TAU-CE experiment averaged over the LF band, (c) the HF-
TAU-W experiment averaged over the HF band, (d) the LF-TAU-W experiment averaged over the LF band, (e) the
BACK-TAU experiment averaged over the HF band, and (f) the BACK-TAU experiment averaged over the LF
band. The vertical dotted line marks the western edge of the CE region of the Indian Ocean (60°E). Note that the

color scale is the same as that in Figs. 2a and 2b.

excited by LF winds propagate downward from the surface, re-
flect and are trapped in the pycnocline, generating the energy
peak there. We conclude that this process creates the energy
peak at the depth of the pycnocline in the LF band. The re-
sponse to HF wind forcing is large in amplitude near the eastern
boundary east of 80°E, whereas the response to LF wind forcing
is largest in the central basin between 60° and 90°E. Wind forc-
ing in the western basin near the African continent (west of
60°E) does not have a significant impact on meridional velocity
variability in the central equatorial Indian Ocean, because the
rough topography and the presence of the Maldives islands
interfere with coherent bottom reflections and prevent energy
excited in the western basin from reaching the eastern basin.
David et al. (2011) computed the baroclinic and barotropic
conversion rate in the central equatorial Indian Ocean from
satellite observations. They found that the energy conversion
rate is large and positive in the years when the amplitude of
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LF mixed Rossby—gravity waves is large. Then they hypothe-
sized that local dynamical instability is the primary generator
of mixed Rossby—gravity waves in the LF band in the central
equatorial Indian Ocean. Whereas David et al. examined in-
terannual variability in wave energy, we examine its temporal
mean from 2008 to 2016 and found that wind forcing accounts
for the energy of LF mixed Rossby—gravity waves (Fig. 13).
As Chatterjee et al. (2013), Kindle and Thompson (1989), and
Woodberry et al. (1989) pointed out, dynamical instability is
the main driver of intraseasonal variability west of 60°E (Fig. 15).
However, its contribution to energy in the central basin is negligi-
ble. It is still possible that local dynamical instability contributes
to interannual variability in LF mixed Rossby—gravity waves to
some extent, which should be investigated by numerical experi-
ments in future work.

The above results show that mixed Rossby—gravity waves
in the central Indian Ocean are composed of variability in two
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FIG. 16. Meridional velocity variance along the equator (a) in
the upper 250 m and (b) in the whole water column obtained from
the experiment in which the ocean bottom is flat and the model
was driven by the same wind forcing as that in the HF-TAU-W ex-
periment. The white line shows a mixed Rossby—gravity wave ray
path computed from the Wentzel-Kramers-Brillouin method at
the frequency of 0.07 cpd (about 14 days in period). Note that the
color scale for (a) is the same as that in Figs. 2a and 2b.

distinct frequency bands, with different vertical wavelengths
and meridional scales. Both of these waves are driven by
surface winds, and their spatial structures are consistent with
surface wind forcing at quasi-biweekly time scales. This
knowledge can be a useful diagnostic tool for understanding
the deep ocean response to atmospheric forcing. For example,
Smyth et al. (2015) showed that the energy, heat fluxes, and
the Stokes drift related to mixed Rossby—gravity waves are
functions of wavelength and frequency. In a follow up study,
we will assess how waves in the upper ocean detected by this
study penetrate below the pycnocline and what impact they
bring to the deep ocean.
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Data availability statement. Roemmich and Gilson’s (2009)
dataset is provided online (https:/sio-argo.ucsd.edu/RG_
Climatology.html), as is JRAS55-do (https://esgf-node.lInl.gov/
search/input4mips/; search with the keyword “OMIP”). Moor-
ing time series data are also available online (https://www.
pmel.noaa.gov/tao/drupal/disdel/).

APPENDIX

Methods of Statistical Analysis

This appendix summarizes our statistical method used in
sections 3a(1) and 3a(2). We used the daily averages of
zonal and meridional velocity obtained from the model,
which are referred to here as u(x, y, z, t) and v(x, y, z, t),
respectively. The variables x, y, z, and ¢ are denoting the
zonal, meridional, vertical, and temporal coordinates, re-
spectively. We applied bandpass filtering to « and v and ex-
tracted HF and LF variability, which are uyr, vygr, uLr, and
vrr. We used meridional velocity time series at 0°, 80.5°E
as the index time series. This choice is owing to the fact
that our model results are validated by the comparison with
in situ observations at this location [section 2b(2)]. HF vari-
ability in meridional velocity is trapped in the upper 100 m,
and the magnitude of LF variability peaks at about 100-m
depth (Fig. 2b). Considering this, we used meridional veloc-
ity at 52.5-m depth as the index time series for HF variabil-
ity and that at 102.5-m depth as that for LF variability.
Note that 52.5 and 102.5 m are the depths at which the
model grid points are located.

We computed regression coefficients using the filtered time
series. The index time series is normalized by its standard devi-
ation before regression analysis. HF variability, ugr(x, y, z, f)
and vggr(x, y, z, 1), is regressed onto vgpnom(* = 80.5°E,
y=0°%2z=—525m,t=t— t), where the subscript “-norm”
denotes that the time series is normalized, and £, is time lag.
The time ¢ spans the whole analysis period (16 August 2008—
6 February 2016). Positive fp means that the target variable
[uur(x, v, z, ©) or vyr(x, y, z, t)] leads. The lag £, is from —12
to 12 days. This calculation provides regression coefficients as a
function of x, y, z, and #. For LF variability, u; g(x, y, z, f) and
vrr(x, y, z, f) are regressed onto vy pnom(x = 80.5°E, y = 0°,

z = —1025 m, t = t — fy). Coherence (Fig. 9) was computed
between vyp(x, y = 0% z, ) and vge(x = 805°E, y = 0°,
z = —525 m, f) or between vig(x, y = 0° z, f) and v p(x =

805°E, y = 0°, z = —102.5 m, f).

Note that the results obtained from the abovementioned
analysis depend on the choice of the index time series and
decorrelation scales of variability. For example, regressed
velocity has a peak amplitude and a clear structure near the
longitude of the index (Fig. 7). This does not mean that the
amplitude of variability is the largest there, as is evident
from the energy depth sections (Figs. 5b,d).

We repeated the analysis using an index time series of
meridional velocity at various longitudes and depths. The
inferred structure was not overly sensitive to the choice of
the index time series if meridional velocity in the central
and eastern equatorial Indian Ocean (roughly from 70° to
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90°E) was used as the index. We also confirmed that the struc-
ture was essentially the same if the index is located at depths
where meridional velocity has sizable energy (0-100-m depths
for HF variability and 80-150-m depths for LF variability).

We also repeated the estimates of zonal phase speed,
zonal wavelength, and vertical wavelength using regression
and coherence analysis with various index time series. The
results were essentially the same if the index time series
was obtained from meridional velocity in the central and
eastern Indian Ocean at depths where meridional velocity
has large enough variance.
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