Manuscript (non-LaTeX)

O© 0 ~1 O G &= W N =

W W W W DN DN DD NN NN PR === s = = = = =
W N = O O 0 NN O O krWwWwNND RO O 00NN N0 RN = O

euc_rev_v3.docx

Zonal propagation of near surface zonal currents in relation to surface wind forcing in

the equatorial Indian Ocean

Motoki Nagura'

! Japan Agency for Marine-Earth Science and Technology, Yokosuka, Kanagawa, Japan

Michael J. McPhaden?

2 NOAA/Pacific Marine Environmental Laboratory, Seattle, Washington

' Corresponding author address: 2-15 Natsushima-cho, Yokosuka, Kanagawa,

237-0061

E-mail: nagura@jamstec.go.jp

Click here to download Manuscript (non-LaTeX) io-

L]


http://www.editorialmanager.com/amsjpo/download.aspx?id=140058&guid=970c92db-3160-4599-88f0-d0145a5658da&scheme=1
http://www.editorialmanager.com/amsjpo/download.aspx?id=140058&guid=970c92db-3160-4599-88f0-d0145a5658da&scheme=1

34
35

36

37

38

39

40

41

42

43

+4

45

46

47

48

49

50

51

52

53

54

55

ABSTRACT

Zonal propagation of zonal velocity along the equator in the Indian Ocean and its
relationship with wind forcing are investigated with a focus on seasonal time scales
using in-situ observations from four acoustic Doppler current profilers (ADCPs) and an
ocean reanalysis dataset. Our results show that the zonal phase speed of zonal currents
varies depending on season and depth in a very complicated way in relation to surface
wind forcing. Surface layer zonal velocity propagates to the west in northern spring but
to the east in fall in response to zonally propagating surface zonal winds, while in the
pycnocline zonal phase speed is related to wind forced ocean wave dynamics. In the
western half of our analysis domain (78°-83°E), zonal phase speed in the pycnocline is
eastward all year, which we attribute to the radiation of Kelvin waves forced in the
western basin. In the eastern half of our domain (80°-90°E), zonal phase speed is
westward at 50- to 100-m depths in northern fall, but eastward above and below, most

likely due to Rossby waves generated at the eastern boundary.
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1. Introduction

In the equatorial Pacific and Atlantic Oceans, the westward flowing South
Equatorial Current (SEC) at the surface and eastward flowing Equatorial Undercurrent
(EUC) in the thermocline are permanent features of the ocean circulation (e.g., Wyrtki
and Kilonsky 1984; Stramma and Schott 1999; Yu and McPhaden 1999; Johnson et al.
2002; Johns et al. 2014). They are driven by the easterly trade winds (e.g., Philander
and Pacanowski 1980), with seasonal variability dominated by annual, or in the case of
surface currents in the Atlantic Ocean, semiannual variability (Yu and McPhaden 1999;
Richardson and McKee 1984; Brandt et al. 2014).

In the Indian Ocean, the surface winds change direction seasonally in relation to the
monsoons, and currents in and above the thermocline are transient. Zonal velocity near
the surface in the equatorial Indian Ocean, referred to as the Wyrtki jet after Wyrtki
(1973), is eastward twice per year in northern spring and fall. Subsurface zonal currents
in the Indian Ocean are eastward only in early northern spring and fall and westward in
the rest of the year (Knauss and Taft 1964; Knox 1976; Reppin et al. 1999; Iskandar et
al. 2009; Nyadjro and McPhaden 2014).

Previous studies pointed out that seasonal variability in equatorial zonal currents is
largely governed by wind-driven linear wave dynamics in all the three basins (Yu and
McPhaden 1999; Ding et al. 2009; Nagura and McPhaden 2010; Nagura and McPhaden
2014). On seasonal time scales, the available large scale O(1000 km zonal wavelength)

wave modes are the non-dispersive Kelvin wave and long Rossby waves.
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Observations indicate that the SEC and EUC in the Pacific (Yu and McPhaden 1999),
the SEC in the Atlantic (Richardson and McKee 1984; Ding et al. 2009) propagate to
the west under the dominant influence of Rossby wave dynamics.

In this study, we examine zonal phase propagation of zonal velocity and its phase
relationship with zonal wind forcing on seasonal time scales along the equator in the
Indian Ocean. Previous studies suggested that the Wyrtki jets in the Indian Ocean
propagated to the west in response to surface wind forcing (Molinari et al. 1990; Qiu et
al. 2009; Nagura and McPhaden 2010). Both wind-driven and boundary-generated
Rossby waves contribute to the Wyrtki jets (e.g., Han et al. 1999; Yuan and Han 2006;
Nagura and McPhaden 2010). We now have multi-year long moored acoustic Doppler
current profiler (ADCP) records at four locations along the equator to update and refine
these results (Fig.1a). The ADCPs were deployed where surface winds are affected by
the seasonal migration of atmospheric deep convection in the eastern half of the basin,
which leads to a complicated pattern of surface wind forcing.

We also examine zonal phase propagation in subsurface zonal velocity, focusing
on the transient undercurrents in the Indian Ocean, which have not been fully
investigated. Sengupta et al. (2007), Iskandar et al. (2009) and Chen et al. (2015)
pointed out that seasonal variability in the Indian Ocean EUCs is attributable to
wind-forced waves and boundary generated equatorial waves. In particular, Chen et al.
(2015) showed that wind-forced Kelvin and Rossby waves are mainly responsible for
variability observed in the western basin, whereas boundary generated Rossby waves

are important in the eastern basin. However, Chen et al. (2015) used numerical models
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(an ocean general circulation model, OGCM, and a linear model) and adopted an
artificial damper near the eastern boundary to separate wind-driven variability from
boundary generated Rossby waves, while Sengupta et al. (2007) conducted idealized
experiments using an OGCM. Iskandar et al. (2009) examined the wave propagation
tendencies in satellite altimetry but only qualitatively related these tendencies to
observed variations in zonal current velocity. We quantitatively estimate zonal phase
speed using in-situ observations, which complements both previous empirical work of
Iskandar et al. (2009) and the numerical experiments of Sengupta et al. (2007) and Chen
et al. (2015). As a guide to interpreting our kinematic analysis of in-situ observations,
we perform a complementary dynamical analysis based on WKB theory. Luyten and
Roemmich (1982) applied this theory to semiannual variability in zonal velocity below
the pycnocline (200- to 750-m depths) in the equatorial Indian Ocean. Here we use it to
diagnose currents in and above the pycnocline.

The rest of the paper is organized as follows. The data we use are described in
section 2. We use an ocean reanalysis dataset in addition to ADCP observations.
Obtained results are described in section 3, and dynamical interpretation is presented in
section 4. The main results are summarized in the last section. We use northern seasons

below.

2. Data
We use the daily averages of zonal velocity obtained from upward-looking ADCPs

moored at 78°, 80.5°, 83° and 90°E on the equator, which were collected as a part of the
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Research Moored Array for African-Asian-Australian Monsoon Analysis and Prediction
(McPhaden et al. 2009). Locations of ADCP moorings are shown in Fig.1a. The ADCPs
are mounted in floats with the target depths of 300 m. In this study we use records at
depths shallower than 250 m, but discarded velocity retrievals in the upper 30 m
because they are contaminated by backscatter from the ocean surface. We replaced the
surface data with the values extrapolated from the shallowest depths where good data
were available. This extrapolation provides a reasonable estimate based on the high
correlation between zonal velocity at the surface and below (Nagura and McPhaden
2010; McPhaden et al. 2015; Wang et al. 2015). Observations are gridded at the 5-m
intervals at 78°, 80.5° and 83°E and the 10-m intervals at 90°E. We interpolated data at
90°E into the 5-m intervals for the consistency with the other locations. The time series
of records at 78°, 80.5° and 83°E on the equator had long data gaps due to instrument or
mooring failure (from 20 November 2009 to 19 December 2010 at 78°E, from 18
October 2008 to 1 September 2009 at 80.5°E and from 12 December 2010 to 26 July
2011 at 83°E). These gaps were filled by linear regression (Wang et al. 2015), in which
regression coefficients were first calculated using available data between the target
mooring site and the nearest neighboring sites at each depth. Then, data gaps at the
target location were filled using the regression relationship, providing that data were
available at the neighboring sites. The time history of the filled time series is shown in
Fig.1b. No interpolation was made for time series at 90°E since there were no
neighboring ADCP moorings for this site.

In addition to velocity data, we examine temperature and salinity data compiled by
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Roemmich and Gilson (2009). After an initial quality check, Argo float observations are
linearly interpolated in the vertical direction and mapped onto a 1° x 1° grid based on a
least squares fit and an objective analysis. The period of this dataset is from January
2004 to October 2014.

For comparison with ADCP observations, we use the ocean reanalysis dataset
obtained from European Centre for Medium-Range Weather Forecasts (ECMWF)
Ocean Reanalysis System 4 (ORA-S4; Balmaseda et al. 2013). The ORA-S4 product is
constructed by assimilating various observations into version 3.0 of the Nucleus for
European Modeling of the Ocean model (Madec 2008) with a variational assimilation
method. Assimilated data include temperature and salinity profiles obtained from
expendable bathythermographs, conductivity-temperature-depth sensors, mooring buoys
and autonomous pinniped bathythermograph and satellite altimetry data. No
assimilation was made for velocity. The model is forced by surface momentum, heat
and freshwater fluxes obtained from the atmospheric ECMWF reanalysis (ERA; Uppala
et al. 2005; Dee et al. 2011). Horizontal grid intervals are 1° in the zonal direction and
0.3 to 1.0° in the meridional direction with the minimum meridional grid interval on the
equator. The model has 42 vertical levels. The first 18 levels correspond to the upper
200 m. ORA-S4 output is provided as monthly averages.

We calculate surface wind stress using daily averages of surface wind data of the
ERA Interim reanalysis (Dee et al. 2011). Output from the ERA reanalysis is on a 1.5° X
1.5° grid and available for the period from 1 January 1989 to 31 December 2014. A

standard bulk formula is used for wind stress calculation with a drag coefficient of 1.43
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x 107 and air density of 1.225 kg m™>.

3. Kinematic Description
a. Time series

To focus on seasonal variability, we calculate mean seasonal cycles of zonal
velocity for the period from 2005 to 2013, in which ADCP observations are available at
more than two locations along the equator (Fig.1b). We computed mean seasonal cycles
for ADCP observations based on record length means at each location. This may lead to
some inconsistencies, as the period of ADCP records is different from place to place.
For example, the time series at 0°, 78°E includes a negative Indian Ocean dipole (IOD)
event in 2010 and a positive IOD event in 2012, whereas that at 0°, 80.5°E includes two
positive events (2006 and 2012) and one negative event (2010; Fig.1c). Thus, we also
compute seasonal cycles using the ocean reanalysis, sampling velocity time series
obtained from ORA-S4 for the same period and location as the ADCP moorings. In
addition we calculate the mean seasonal cycles using the full time series of reanalysis
velocity and compare two results.

Figure 2a shows mean seasonal cycles for observed zonal velocity at 0°, 78°E.
Currents near the surface are eastward in April-May and September-December, which
are the Wyrtki jets. The fall Wyrtki jet is swifter and deeper compared to the spring
counterpart. Eastward zonal velocity shows a separated EUC core at about 100-m depth
in March-April and extends to the levels deeper than the 200-m depth. The fall eastward

EUC is observed in August-September in the pycnocline, but with a much weaker
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amplitude and shallower bottom depth compared to the spring EUC. Zonal velocity at
80.5°E (Fig.2b) and 83°E (Fig.3a) is similar to that at 78°E in terms of the dominance of
semiannual variability and a separated eastward EUC core in boreal spring. Zonal
velocity at 90°E shows a different pattern on the other hand (Fig.3b). In March and
April, velocity at 90°E tends to be eastward in the upper 200 m with cores near the
surface and at about 120-m depth. In June and July currents are eastward from the
surface through about 100-m depth. An eastward current appears in September with its
core at about 70-m depth. This eastward flow lasts until late November, with maximum
flow shoaling from about 70-m in September to about 50-m in late November. Currents
in the upper 30 m depth are westward from July to October and eastward from
November to January. These patterns are clearly different from those at 78°-83°E. At all
the locations, zonal currents at deeper levels lead those at shallower levels at and below
the pycnocline, i.e., vertical phase speed is upward below the surface.

The middle panels in Figs. 2 and 3 show mean seasonal cycles calculated from
reanalysis velocity time series sampled in the same manner as ADCP observations.
Results compare well with those obtained from ADCP observations in terms of a
stronger eastward current near the surface in fall than in spring at 78°, 80.5° and 83°E, a
stronger eastward current in the pycnocline in spring than in fall at the same locations,
and the presence of an eastward subsurface current in the upper pycnocline at 90°E in
fall. This good comparison indicates that the reanalysis dataset reproduces observed
variability reasonably well. However, there is noticeable discrepancy in the magnitude

of the spring eastward EUC compared to observations, with the reanalysis tending to
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underestimate the magnitude of this flow. The underestimate of subsurface velocity
variability is also confirmed by wavelet analysis as described below. The reasons for
this underestimation of velocity power are unknown. Possible explanations include the
sensitivity of reanalysis currents to the parameterization of vertical mixing in the
ORA-S4 model (though Balmaseda et al. (2013) did not mention which scheme is used)
and inaccuracies in the wind forcing. In addition to zonal velocity magnitude, the
reanalysis shows a minor discrepancy in the zonal phase speed of upper pycnocline
currents in fall and winter, which will be discussed in more detail below.

Mean seasonal cycles obtained from the full reanalysis time series over the period
2005-2013 are shown in the bottom panels of Figs. 2 and 3. The differences between
mean seasonal cycles obtained from the full record length vs subsampled reanalysis
time series are minor, with patterns of seasonal current variability described in the
observations also found in the results obtained from the full reanalysis time series.
These results indicate that the time history of ADCP sampling is long enough to
estimate reliable mean seasonal cycles.

Zonal phase propagation of zonal velocity can be examined in longitude-time
diagrams (Fig.4). Observed surface zonal velocity (Fig.4a) shows the westward
propagation of an eastward current in March-May. In fall, velocity increases from July
to late November at 78°E, while it increases from early October to mid-December at
90°E, showing a tendency of eastward phase propagation. At 80-m depth, which is
located in the upper pycnocline, eastward velocity peaks in early April at 78°E and in

mid-May at 90°E (Fig.4b), indicating eastward phase speed. In fall, eastward velocity

10



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

at 80-m depth propagates to the west from 90° to 83°E in September-December but it
propagates to the east from 78° to 83°E in October-December. Zonal velocity at 120-m
depth, which is in the lower pycnocline, shows a slight tendency of eastward phase
propagation in particular in spring (Fig.4c), as indicated by the reversal of zonal
velocity from eastward to westward in mid-May at 78°E and in late May at 90°E.

The middle panels in Fig.4 show zonal velocity mean seasonal cycles obtained
from ORA- S4 time series that are sampled at the same time and locations as ADCP
observations. Westward phase propagation in spring and eastward propagation in fall
are seen in surface velocity (Fig.4d). Velocity at 80-m depth shows eastward phase
propagation in spring and westward propagation in fall in a consistent manner with
observations, but eastward phase propagation is not seen in the reanalysis results in the
western half of the domain in October-December (Fig.4e). The tendency of eastward
phase propagation is observed at 120-m depth from July to November, in particular in
the eastern part of the domain (Fig.4f). These characteristics compare well with those
from the observations. Results obtained from the full 2005-2013 time series of
reanalysis velocity (Fig.4g-1) also compare well with those from observations and from
the subsampled reanalysis time series, which indicate that zonal phase propagation
detected in observations is not sensitive to the relatively short record lengths.

We repeated the same computation of mean seasonal cycles for the period from
1958 to 2014 using the reanalysis and found that propagation tendencies were similar
(figure not shown). Thus, propagation tendencies shown here are representative of

long-term characteristics. Also, we examined propagation tendencies in zonal velocity

11



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

on isopycnals by interpolating ADCP zonal velocity onto isopycnals calculated from
observed temperature and salinity. Results were similar to those at 80- and 120-m
depths shown in the middle and right panels in Fig. 4. Thus, the zonal gradient of the

pycnocline depth does not fundamentally affect our conclusions.

b. Wavelet analysis

The direction of phase propagation in zonal velocity varies seasonally (Fig.4) so in
this section, we quantitatively estimate zonal phase speed by applying wavelet analysis
to examine this temporal modulation. We obtained the essentially same results if we
used complex demodulation analysis (Kessler et al. 1995), which also takes temporal
modulation into account. Mean seasonal cycles of zonal velocity are used in the analysis,
though we later look at variability year by year. We use the Paul wavelet function,
which is advantageous in examining a temporally localized signals (Torrence and
Compo 1998). In the rest of this section, mean seasonal cycles for reanalysis velocity
are computed from the full (2005-2013) time series. We do not show results obtained
from the reanalysis time series that is sampled in the same manner as ADCP
observations, since they are essentially identical.

Temporally averaged wavelet power for observed zonal velocity shows the
dominance of semiannual variability from the surface to the pycnocline (Fig.5a-d). At
78°E, semiannual power is largest in the upper 30 m and decreases with depth. At 80.5°
and 83°E, a local peak of semiannual power is found in the pycnocline in addition to the

surface peak. At 90°E, the maximum of semiannual power is located at 120-m depth.
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Wavelet power for reanalysis velocity peaks at the semiannual period as well (Fig.5e-h)
though the reanalysis tends to overestimate semiannual power near the surface
compared to the observations. The subsurface peak in semiannual power is also
reproduced in the reanalysis at 83° and 90°E, although power is underestimated there,
which represents a weaker EUC in the reanalysis compared to observations (Figs. 2 and
3).

Considering the dominance of semiannual variability, we calculated zonal phase
speed of zonal velocity using wavelet phase at a period of 180-days. It is evident that
zonal phase speed for zonal velocity can be different between the eastern and western
parts of the domain (Figs.4b), so we calculate phase speed between 78°-83°E and
80.5°-90°E separately. If semiannual power is below the 95% confidence level, the
corresponding phase is excluded from the phase speed calculation. The 95% level for
wavelet power is calculated following Torrence and Compo (1998).

Phase speed is defined as follows. For an arbitrary variable X = Xye'¢, where X,
is amplitude and ¢ is phase, frequency (o) and zonal wavenumber (k) are defined as
o =—0:¢ and k = 0,¢, respectively. The Taylor expansion yields ¢ = —ot + kx,
if we ignore the second and higher order terms, where x and ¢ are longitude and time,
respectively. A line of constant phase is defined as —ot+ kx = constant.
Differentiating this equation with respect to t, we obtain zonal phase speed, dx/dt =
o/k. In our definition, positive phase speed indicates eastward propagation, and
negative means westward. In our case 0 = —2m/(180 days), and k is calculated as

k = A@/Ax, where Ag is zonal phase difference between two locations, and Ax is

13
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their zonal distance. Note that phase speed becomes very large between the regions of
eastward and westward phase propagation, where a pattern is nearly stationary, and A¢
and k are close to zero.

Zonal phase speed between 78° and 83°E shows a different seasonal variability
between the near surface and the pycnocline (Fig.6a). In the upper 50 m, zonal phase
speed is eastward from September to March and westward from May to July, which
represents the seasonal modulation of propagation direction in surface velocity shown in
Fig.4a. At 90- to 140-m depths, phase speed is eastward all year reflecting the
prevalence of eastward phase speed in the western part of the domain shown in Figs. 4b
and 4c.

Phase speed between 80.5° and 90°E (Fig.6b) is westward and eastward near the
surface in February-May and July-January, respectively, which is similar to but leads by
a few months surface phase speed between 78° and 83°E. At 50- to 100-m depths, phase
speed is eastward from May to July but westward from September to January. The
westward phase speed in fall is also seen in the longitude-time diagram for velocity at
80-m depth (Fig.4b) and can be related to the eastward subsurface current at 90°E in
September-December (Fig.3b). Phase speed between 80.5° and 90°E is eastward all
year in the 100- to 130-m depth range.

Zonal phase speed is also calculated by applying wavelet analysis to mean seasonal
cycles of reanalysis zonal velocity. Reanalysis velocity phase speed between 78° and
83°E changes sign in the upper 40 m seasonally, and it is mostly eastward all year at 80-

to 140-m depths (Fig.7a). Between 80.5° and 90°E, phase speed is westward near the
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surface and eastward in the pycnocline in March-April, whereas it reverses from
eastward to westward to eastward again from the surface to about 140-m depth in
August-November (Fig.7b). These patterns compare well with those from observations
(Fig.6). A discrepancy is found in phase speed between 78° and 83°E at 30- to 80-m
depths in September-January, where observations show eastward phase speed (Fig.6a)
but reanalysis results show westward phase speed (Fig.7a). This corresponds to the lack
of eastward phase propagation in reanalysis zonal velocity in fall in the western half of
the domain (Figs. 4e and 4h). Also, phase speed for observed zonal velocity between
80.5°E and 90°E is eastward all year at 100- to 130-m depths (Fig.6b), but reanalysis
velocity phase speed is westward at these depths in December and January (Fig.7b).
Vertical resolution of the reanalysis (~ 10 m) may not be high enough to reproduce
eastward phase speed confined to the 30-m thick layer.

Using reanalysis output, we calculate zonal phase speed every 1° along the equator,
using 10° intervals for the phase speed calculation (+5° around the central grid).
Essentially the same results are obtained using zonal intervals from 1° to 20°. Surface
phase speed for reanalysis velocity changes sign seasonally only across 75°-90°E
(Fig.8a). Surface phase speed is mostly westward west of 75°E, which is consistent with
the estimate of Nagura and McPhaden (2010). Phase speed at 80-m depth is eastward
most of the time from about 70°E to 78°E but changes sign seasonally between
80°-90°E (Fig.8b). These patterns correspond to eastward phase speed below the
surface between 78°-83°E (Fig. 6a) and seasonal reversal of subsurface phase speed in

80.5°-90°E (Figs. 6b and 7b), respectively. Also, the phase speed at 120-m depth tends
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to be eastward for most of the time between 75° and 90°E (Fig.8c). Subsurface phase
speed outside of these longitudes shows a completely different seasonal variability,
which indicates that the characteristics detected by ADCPs are representative only of
the region where the measurements were made.

In the above discussion, we calculated mean seasonal cycles first and then
estimated zonal phase speed. Another method to examine climatological phase speed is
to compute phase speed first for each year and then look for patterns that repeat every
year. Results of this calculation for the ADCP observations show that surface phase
speed between 78° and 83°E (Fig.9a) tends to be westward in April-June. Interannual
variability is large in fall, but eastward phase speed is seen in some years from July to
January. Phase speed between 78° and 83°E is mostly eastward at 80- and 120-m depths
(Fig.9b,c). Between 80.5° and 90°E, phase speed tends to be westward in spring and
eastward in fall near the surface (Fig.9d). Phase speed at 80-m depth between 80.5° and
90°E tends to be eastward in spring and westward in fall (Fig.9¢), while at 120-m depth,
it tends to be eastward all year (Fig.9f). These results indicate that the patterns of zonal

phase speed obtained from mean seasonal cycles are found in respective years.

4. Dynamical Interpretation in terms of WKB theory

Previous studies showed that surface and subsurface zonal currents in the equatorial
Indian Ocean are driven by the surface zonal winds along the equator (e.g., Nagura and
McPhaden 2010; Chen et al. 2015). Climatological zonal wind stress in the equatorial

Indian Ocean is eastward twice a year in boreal spring and fall east of 50°E (Fig.10a).
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The westerly winds are stronger in the fall than in the spring, which is probably why the
Wiyrtki jet is stronger in fall than in spring (e.g., Fig.2a). From 80° to 95°E, westerly
winds tend to migrate to the west from March to May but to the east from October to
January. These propagation tendencies can be confirmed by zonal phase speed at
180-day periods estimated with wavelet analysis (Fig.10b). These zonal migrations of
zonal wind stress are related to the movement of atmospheric deep convection. In spring,
atmospheric deep convection moves northwestward from the Maritime Continent to the
northern Bay of Bengal during the transition from the Australian to Indian monsoons
(Webster et al. 1998). As westerly wind near the surface flows into the convective center
(e.g., Gill 1980), westerlies migrate to the west along the equator, following the
movement of atmospheric convection (Fig.11). In fall, atmospheric convection moves
southeastward, and westerlies migrate to the east along the equator.

The direction of zonal wind stress phase propagation agrees well with that of surface
zonal velocity phase speed (Figs. 6, 7, 8a and 10b). This coincidence suggests that
seasonal reversal of surface velocity phase speed is caused by the wind pattern. The
only discrepancy between wind and surface velocity phase speeds is found from June to
October, in which surface velocity phase speed is eastward, but wind phase speed is
westward. In this season, westerly wind is confined to the region west of 90°E (Fig.10a).
The linear model results of Nagura and McPhaden (2010) show that Kelvin waves
radiate to the east from this wind patch (their Fig.10b), which is a likely explanation for
summertime eastward phase speed of surface zonal velocity.

Zonal phase speed in the pycnocline is eastward all year between 78° and 83°E
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(Fig.6a and 7a) consistent with the prominence of equatorial Kelvin waves at these
longitudes. To examine the role of these wave dynamics more quantitatively, we
estimated the propagation path of wave energy based on ray tracing techniques (e.g.,
Biihler 2014). This diagnostic tool, based on the wave dispersion relation, has the
advantage that it does not require numerical integration of the basic equations. Caveats
are that the method deals with refraction of waves but not their reflection, and that it
fails at caustics where waves break and are absorbed by the mean current. To examine
the full wave dynamics, a numerical model is necessary, such as multi-vertical mode
linear wave models used by Rothstein et al. (1985), McPhaden et al. (1986) and Nagura
and McPhaden (2010) or a more sophisticated general circulation model.

The dispersion relation of vertically propagating waves depends on stratification. To
consider refraction of waves due to spatial changes in stratification, we apply the WKB
approximation (e.g., McCreary 1984), which assumes that waves are embedded in a
spatially varying background state, and that the wavelength is significantly shorter than
the scale of the background state variation (e.g., Biihler 2014). This scale separation
allows one to calculate wave trajectories that slowly vary in relation to background state.
The accuracy of this approximation is measured by the parameter m~21;2, where m
is vertical wavenumber of waves, A, = N~19,N is the vertical scale for background
stratification and N is Brunt-Viisild frequency. If this parameter is significantly less
than unity, the approximation holds. We estimated m from mean seasonal cycles of
ADCP zonal velocity by fitting a straight line to its wavelet phase at the semiannual

period from 50- to 150-m depths. N is calculated from potential density obtained from
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Roemmich and Gilson’s (2009) dataset as the average over the period from 2005 to
2013 and from 3°S to 3°N. The resulting m~21;2 averaged over 50- to 150-m depths
along the equator in the Indian Ocean is about 0.35, indicating the validity of the WKB
approximation for our problem. The dispersion relations for the Kelvin and first
meridional mode long Rossby waves are o =Nk/m and o= —Nk/(3m),
respectively.

Ray trajectories of semiannual Kelvin waves are directed downward to the east
(Fig.12b) so that Kelvin waves excited at the surface in the western basin reach
pycnocline depth in the eastern basin. The amplitude of semiannual variability in zonal
wind stress is larger in the western and central parts of the basin than in the eastern
basin (Fig.12a), which is the likely energy source for the Kelvin waves. Zonal velocity
in the pycnocline tends to propagate upward (Figs.2 and 3 in this study; McPhaden
1982; Nyadjro and McPhaden 2014), which indicates downward energy propagation for
equatorial waves (McCreary 1984), consistent with an energy source at the surface.

Between 80.5° and 90°E, zonal phase speed at 50- to 100-m depths is westward only
in fall and winter, sandwiched between eastward phase speed near the surface and at
100- to 130-m depths (Figs.6b and 7b). Eastward phase speed at 100- to 130-m depths
is most likely due to Kelvin waves as is discussed above. Conversely, the subsurface
westward phase speed is most likely due to Rossby wave dynamics, with semiannual
Rossby waves generated at the eastern boundary reaching pycnocline depths between
80°-90°E (Fig.12c). In fall and winter, both surface zonal wind and surface zonal

velocity propagate to the east in 80°-90°E (Figs. 6b, 7b and 10b), indicating the
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prominence of Kelvin waves. Wind-driven surface Kelvin waves hit the eastern
boundary and are reflected back into the interior as boundary generated Rossby waves,
which would lead to westward phase speed below the surface. However, semiannual
Rossby waves radiated from the eastern boundary reach 100-m depths or below at the
ADCEP locations (Fig.12c), which is deeper than the depths of westward phase speed
(50- to 100-m depths; Figs. 6b and 7b). A possible cause for this discrepancy is
discussed in the last section.

Using N and m estimated above, phase speeds can be calculated based on the
dispersion relation. Results indicate a phase speed of 0.97 m s for the Kelvin wave and
0.32 m s for the first meridional mode Rossby wave. The typical eastward phase
speeds at 100-m depth estimated from ADCP observations are 0.8 to 1.2 m s™! (Fig. 6),
which roughly coincides with Kelvin wave phase speed expected from the dispersion
relation. Westward phase speed at about 75-m depth in fall and winter is about -0.75 m
s (Fig. 6b), which is considerably faster than the theoretical estimate of Rossby wave

phase speed. This discrepancy is discussed below in the final section.

5. Summary and Discussion

We examine zonal phase speed of zonal velocity and its phase relationship with
surface wind forcing in the eastern equatorial Indian Ocean using in-situ velocity
observations obtained from four ADCPs along the equator (78°, 80.5°, 83° and 90°E)
and the ORA-S4 reanalysis dataset. We focus on seasonal variability in zonal velocity

from the surface to the upper pycnocline where ADCP observations are available. We
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calculate mean seasonal cycles based on the full record of ADCP observations at each
location for the period from 2005 to 2013. The period of the observational records is
different from location to location, which could lead to uncertainties in our results. To
estimate this uncertainty, we sample reanalysis velocities at the same locations and
times as ADCP observations and then calculate mean seasonal cycles. Results compare
well with mean seasonal cycles obtained from the full time series of reanalysis velocity,
which indicates that the results presented here are not overly sensitive to the details of
data sampling. We also find that in-situ observations and reanalysis output give
consistent results.

We investigate zonal phase propagation of zonal currents using longitude-time
diagrams and wavelet analysis. Results reveal that the spring Wyrtki jet tends to
propagate to the west at the ADCP locations (from 78° to 90°E), whereas the fall Wyrtki
jet propagates to the east. We found that zonal wind propagates in the same direction as
surface zonal velocity. In spring, atmospheric deep convection moves northwestward
during the transition from the Australian to Indian monsoons, and wind moves to the
west along the equator. Atmospheric convection and zonal wind move in the opposite
direction in fall. The seasonal modulation of propagation direction in surface zonal
velocity is thus only seen in the eastern Indian Ocean.

In the western part of our analysis domain (78°-83°E), phase speed in the pycnocline
is eastward all year. Ray trajectories calculated based on the WKB approximation show
that semiannual Kelvin waves excited at the surface in the western basin reach

pycnocline depth in the eastern basin, resulting subsurface eastward phase speed there.
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Semiannual variability in zonal wind is more energetic in the western half of the basin
than in the east, which is a likely energy source for these Kelvin waves.

In fall, both surface zonal wind and surface zonal velocity propagate to the east.
However phase speed between 80.5°-90°E is westward in the upper pycnocline (50- to
100-m depths) in fall, possibly due to boundary generated Rossby waves. When
wind-driven Kelvin waves hit the eastern boundary, they generate Rossby waves that
propagate downward to the west, giving rise to westward phase speeds below the
surface. As a result, zonal phase speed in fall shows a complicated vertical structure
between 80.5°-90°E, i.e., eastward in the upper 50 m owing to propagating surface wind
forcing, westward at 50- to 100-m depths which is possibly caused by Rossby wave
dynamics, and eastward at 100- to 130-m depths due to Kelvin wave trajectories.

We obtained similar patterns of zonal phase speed with a different method, which
includes the calculation of velocity mean seasonal cycles for a longer period, the
analysis of velocity on isopycnals and the phase speed estimate with complex
demodulation analysis. These results demonstrate the robustness of the detected
patterns.

One uncertainty in our dynamical interpretation is the depths of westward phase
speed in fall and winter between 80.5° and 90°E (Figs. 6b and 7b). The depths of
westward phase speed (50- to 100-m depths) do not exactly coincide with Rossby wave
trajectories emanating from the eastern boundary, which reach 100-m depth or below at
ADCP locations (Fig.12¢). Also, westward phase speeds estimated from observations

are too fast compared to that calculated based on the dispersion relationship of the first
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meridional mode Rossby wave. A possible cause of these discrepancies is that the
pycnocline is sharp and thin near the eastern boundary (Figs.12b and 12¢). We base our
analysis on the WKB approximation, which can be invalid in the region where the
background state varies rapidly. Also, a sharp pycnocline leads to the reflection of
vertically propagating waves (Philander 1978), which is not considered by the
calculation of ray trajectories. Numerical simulations are necessary to examine the
exact wave propagation path, which is beyond the scope of our study.

Another uncertainty in our dynamical interpretation is the assumption of the
dominance of linear dynamics. Seasonal variability in equatorial zonal velocity in the
upper Indian Ocean is affected by nonlinear processes, such as momentum advection
(e.g., Cane 1980; Nagura and McPhaden 2014) and mixed layer processes (e.g., Han et
al. 1999). Also, Jensen et al. (2015) pointed out how intraseasonal wind bursts can
contribute to the excitation of the Wyrtki jet. Although our analysis suggests the
dynamics is predominantly linear, nonlinear processes may modify velocity phase speed,
which is also beyond the scope of this study.

Regarding the comparison with results from previous studies, our results show the
contributions from boundary generated Rossby waves and wind-driven Kelvin waves,
which are consistent with results obtained by Sengupta et al. (2007), Iskandar et al.
(2009) and Chen et al. (2015). Our results highlight detailed patterns of variability and
suggest that the relative contributions from different wave modes vary seasonally,
longitudinally, and vertically.

Our results exhibit a complicated vertical pattern of zonal phase speed, which has not
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been pointed out before. This pattern is a unique feature of the Indian Ocean currents.
The surface SEC propagates to the west in the Pacific (Yu and McPhaden 1999) and
Atlantic Oceans (Ding et al. 2009). Similarly, the EUC propagates to the west in the
Pacific (Yu and McPhaden 1999) while there is no clear indication of zonal propagation
in the EUC of the Atlantic (Fig. 13 of Johns et al. 2014). One potential reason for the
difference between the basins is the period of wind forcing, which is predominantly
semiannual in the Indian Ocean but annual in the Pacific and Atlantic Oceans. At higher
frequency, waves propagate more vertically so that higher vertical modes contribute
more. Another possible factor is vertical viscosity. In the equatorial Pacific and Atlantic,
the EUC and its vertical shear potentially damp high baroclinic modes via a
strengthened vertical mixing due to dynamical instability (Rothstein et al. 1985; Wang
and Miiller 2002; Holmes and Thomas 2015) and/or the absorption of waves by the
mean current (McPhaden et al. 1986; McPhaden and Ripa 1990). The absence of strong
mean vertical shear of zonal velocity in the Indian Ocean presumably allows high
baroclinic waves to propagate vertically more freely.

The actual zonal phase speed depends not only on the dominant frequency and
wave’s damping but also on other factors such as the spatial pattern of wind forcing and
the interference of excited waves. Previous studies pointed out that the Wyrtki jets tend
to propagate to the west (Molinari et al. 1990; Qiu et al. 2009; Nagura and McPhaden
2010). Our results reveal that the direction of phase propagation varies seasonally in the
eastern basin related to the seasonal movements of atmospheric convection, which has

not been pointed out before, whereas westward propagation dominates in the central and
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western parts of the basin.

As for wave interference, many previous studies pointed out that a basin mode
resonance contributes to the generation of the Wyrtki jets, in which wind-driven waves
and boundary generated waves constructively interfere for the second baroclinic mode
and generate a focal point in zonal velocity (Cane and Moore 1981; Clarke and Liu
1993; Jensen 1993; Han et al. 1999; Han et al. 2001; Han 2005; Yuan and Han 2006; Fu
2007). When waves propagate vertically, implying the presence of multiple baroclinic
modes, foci shift zonally with depth (Gent et al. 1983). Our results suggest that this is

likely to occur, which is an interesting topic for future research.
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LIST OF FIGURES

Fig. 1: (a) Locations of ADCP mooring sites (78°E, 80.5°E, 83°E and 90°E along the

equator; 4°S, 2.5°S 1.5°S, 0.75°S, 0°, 0.75°N, 1.5°N, and 2.5°N along 80.5°E.
(b) Time history of ADCP sampling along the equator. The time series is from 9
August 2008 to 28 July 2013 at 78°E, from 27 October 2004 to 6 December 2013
at 80.5°E, from 8 August 2008 to 18 August 2014 at 83°E, and from 17 November
2000 to 5 June 2012 at 90°E. The data gap at 90°E is from 19 March 2009 to 10
November 2009. (b) The index to the Indian Ocean dipole calculated from
monthly averages of sea surface temperature (SST) obtained from the National
Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation (OI)
SST dataset Version 2 (Reynolds et al. 2002). The Dipole mode index is defined
as the difference in SST anomalies between the western Indian Ocean (10°S-10°N,
50°-70°E) and the eastern equatorial Indian Ocean (10°S-0°, 90°-110°E; Saji et al.
1999). Anomalies are defined as the deviation from the monthly climatology for

the period from 2000 to 2014. A 5-month running mean filter and a 3-month
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triangle filter are applied. Gray shades highlight anomalies that exceed one

standard deviation in magnitude, indicating Indian Ocean Dipole events.

Fig. 2: Climatological zonal velocity (colors) and potential density (contours) at (a,c,e)

0°, 78°E and (b,d,f) 0°, 80.5°E. Results are for (a,b) ADCP observations and (c-f)
ORA-S4 output. Mean seasonal cycles for observational velocity are calculated
based on record length means at each location for the period from 2005 to 2013.
For comparison, ORA-S4 velocity time series are sampled at the same time period
and locations, and the mean seasonal cycles calculated from the resulting time
series are shown in (c) and (d). Velocity climatologies shown in (e) and (f) are
calculated using the full time series (2005-2013) of reanalysis output.
Climatologies for potential density are calculated using the full time series for
both observations and the reanalysis. A 61-day triangle filter is applied. Results
are very similar for filters ranging between 41-days to 81-days. Contour intervals

for potential density are 1.0 kg m™>.

Fig. 3: Same as Fig.2, but for (a,c,e) 0°, 83°E and (b,d,f) 0°, 90°E.

Fig. 4: Longitude-time sections of mean seasonal cycles of zonal velocity for ADCP

observations at (a) 10-m, (b) 80-m and (c¢) 120-m depths along the equator.
Triangle marks illustrate the longitudes of ADCP moorings. Mean seasonal cycles
are calculated based on record-length means. (d-f) Same as (a-c), respectively, but
for ORA-S4 zonal velocity which is sampled with the same time history and
locations as ADCP observations. (g-i) Same as (d-f), respectively, but calculated

from the full time series (2005-2013) of the ORA-S4 reanalysis. The period for
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the calculation of mean seasonal cycles is from 2005 to 2013. A 61-day triangle
filter is applied. Results are very similar for filters ranging between 41-days to

81-days.

Fig. 5: Temporally averaged wavelet power for mean seasonal cycles of zonal velocity

obtained from ADCP observations at (a) 78°, (b) 80.5°, (c¢) 83°and (d) 90°E on the
equator. Mean seasonal cycles are calculated based on record length means for the
period from 2005 to 2013. We have omitted to show power that is below the 95%
confidence level. Dotted vertical line illustrates the period of 180 days. Horizontal
lines show isopycnal depths averaged over the same period obtained from
observed temperature and salinity. Contour intervals are 1 kg m>. (e-h) Same as
(a-d), respectively, but for ORA-S4. Mean seasonal cycles for reanalysis velocity

are calculated for the same period but using the full time series over 2005-2013.

Fig. 6: Zonal phase speed at the period of 180 days for mean seasonal cycles of zonal

velocity obtained from ADCP observations on the equator. Phase speed between
(a) 78° and 83°E and (b) 80.5° and 90°E. Positive and negative phase speed
means eastward and westward propagation, respectively. Gray shade indicates that
corresponding power is below the 95% confidence level. Solid lines show
potential density at (a) 80.5°E and (b) 85°E on the equator obtained from
observations. Contour intervals are 1 kg m—. Mean seasonal cycles for observed
zonal velocity are calculated based on record length means for the period from
2005 to 2013, and those for potential density are calculated using the full time

series for the same period.
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Fig. 7: Same as Fig.6, but for ORA-S4.

Fig. 8: Zonal phase speed at the period of 180 days for mean seasonal cycles of zonal

velocity along the equator obtained from ORA-S4 at (a) 10-m, (b) 80-m and (c)
120-m depths. Zonal interval for phase speed calculation is 10°. Gray shade
indicates that zonal phase estimates are unavailable, because the corresponding
power is below the 95% confidence level. Positive/negative phase speed means

eastward/westward propagation.

Fig. 9: Zonal phase speed at the 180-day period for zonal velocity obtained from ADCP

observations. Phase speed is calculated using phase between (a-c) 78° and 83°E
and (d-f) 80.5° and 90°E on the equator. Phase speed at (a,d) 10-m, (b,e) 80-m and
(c,f) 120-m depths is shown. Colors denote year. Positive/negative phase speed
means eastward/westward propagation. We excluded the phase from the

calculation if the corresponding power is below the 95% confidence level.

Fig. 10: (a) Climatological zonal wind stress along the equator for the period from 2005

to 2013 obtained from the ECMWF reanalysis. A 61-day triangle filter is applied.
(b) Corresponding zonal phase speed at the period of 180 days calculated using
wavelet analysis. Positive/negative phase speed means eastward/westward
propagation. Triangles indicate ADCP mooring locations. Note that we obtained
similar propagation tendencies if we calculated mean seasonal cycles of zonal

wind for the full time period of the ERA interim reanalysis (1989 to 2014).

Fig. 11: Monthly climatologies for zonal wind averaged over 5°S to 5°N obtained from

the ECMWF reanalysis (colors) and outgoing longwave radiation (OLR) averaged
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Fig.

over 20°S to 20°N obtained from NOAA Interpolated OLR (contours; Liebmann
and Smith 1996). Climatological seasonal cycles are repeated twice. OLR
exceeding 250 W m 2 was excluded from the meridional average, as OLR lower
than this value indicates atmospheric deep convection (Motell and Weare, 1987).
Climatologies are calculated for the period from 2005 to 2013 coincident with the
observations.

12: (a) Temporally averaged wavelet power at the period of 180 days for
climatological zonal wind stress along the equator. The period for climatology is
from 2005 to 2013. (b,c) Brunt-Viiséla frequency along the equator averaged over
the period from 2005 to 2013. Solid lines show ray paths for (b) Kelvin waves and
(c) the first meridional mode Rossby waves at the period of 180 days. Kelvin and
Rossby rays are calculated based on the WKB approximation following McCreary

(1984).
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Fig. 1: (a) Locations of ADCP mooring sites (78°E, 80.5°E, 83°E and 90°E along the
equator; 4°S, 2.5°S 1.5°S, 0.75°S, 0°, 0.75°N, 1.5°N, and 2.5°N along 80.5°E. (b)
Time history of ADCP sampling along the equator. The time series is from 9 August
2008 to 28 July 2013 at 78°E, from 27 October 2004 to 6 December 2013 at 80.5°E,
from 8 August 2008 to 18 August 2014 at 83°E, and from 17 November 2000 to 5 June
2012 at 90°E. The data gap at 90°E is from 19 March 2009 to 10 November 2009. (b)
The index to the Indian Ocean dipole calculated from monthly averages of sea surface
temperature (SST) obtained from the National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation (OI) SST dataset Version 2 (Reynolds et al. 2002).

The Dipole mode index is defined as the difference in SST anomalies between the
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western Indian Ocean (10°S-10°N, 50°-70°E) and the eastern equatorial Indian Ocean
(10°S-0°, 90°-110°E; Saji et al. 1999). Anomalies are defined as the deviation from the
monthly climatology for the period from 2000 to 2014. A 5-month running mean filter
and a 3-month triangle filter are applied. Gray shades highlight anomalies that exceed

one standard deviation in magnitude, indicating Indian Ocean Dipole events.
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Fig. 2: Climatological zonal velocity (colors) and potential density (contours) at (a,c,e)
0°, 78°E and (b,d,f) 0°, 80.5°E. Results are for (a,b) ADCP observations and (c-f)
ORA-S4 output. Mean seasonal cycles for observational velocity are calculated based
on record length means at each location for the period from 2005 to 2013. For
comparison, ORA-S4 velocity time series are sampled at the same time period and
locations, and the mean seasonal cycles calculated from the resulting time series are
shown in (c) and (d). Velocity climatologies shown in (e) and (f) are calculated using
the full time series (2005-2013) of reanalysis output. Climatologies for potential density
are calculated using the full time series for both observations and the reanalysis. A
61-day triangle filter is applied. Results are very similar for filters ranging between

41-days to 81-days. Contour intervals for potential density are 1.0 kg m>.
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Fig. 4: Longitude-time sections of mean seasonal cycles of zonal velocity for ADCP
observations at (a) 10-m, (b) 80-m and (c) 120-m depths along the equator. Triangle
marks illustrate the longitudes of ADCP moorings. Mean seasonal cycles are calculated

based on record-length means. (d-f) Same as (a-c), respectively, but for ORA-S4 zonal
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velocity which is sampled with the same time history and locations as ADCP
observations. (g-i) Same as (d-f), respectively, but calculated from the full time series
(2005-2013) of the ORA-S4 reanalysis. The period for the calculation of mean seasonal
cycles is from 2005 to 2013. A 61-day triangle filter is applied. Results are very similar
for filters ranging between 41-days to 81-days.
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Fig. 5: Temporally averaged wavelet power for mean seasonal cycles of zonal velocity
obtained from ADCP observations at (a) 78°, (b) 80.5°, (c) 83°and (d) 90°E on the
equator. Mean seasonal cycles are calculated based on record length means for the
period from 2005 to 2013. We have omitted to show power that is below the 95%
confidence level. Dotted vertical line illustrates the period of 180 days. Horizontal lines
show isopycnal depths averaged over the same period obtained from observed
temperature and salinity. Contour intervals are 1 kg m™. (e-h) Same as (a-d),
respectively, but for ORA-S4. Mean seasonal cycles for reanalysis velocity are

calculated for the same period but using the full time series over 2005-2013.
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Fig. 6: Zonal phase speed at the period of 180 days for mean seasonal cycles of zonal
velocity obtained from ADCP observations on the equator. Phase speed between (a) 78°
and 83°E and (b) 80.5° and 90°E. Positive and negative phase speed means eastward
and westward propagation, respectively. Gray shade indicates that corresponding power
is below the 95% confidence level. Solid lines show potential density at (a) 80.5°E and
(b) 85°E on the equator obtained from observations. Contour intervals are 1 kg m™>.
Mean seasonal cycles for observed zonal velocity are calculated based on record length
means for the period from 2005 to 2013, and those for potential density are calculated

using the full time series for the same period.
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Fig. 8: Zonal phase speed at the period of 180 days for mean seasonal cycles of zonal
velocity along the equator obtained from ORA-S4 at (a) 10-m, (b) 80-m and (c) 120-m
depths. Zonal interval for phase speed calculation is 10°. Gray shade indicates that
zonal phase estimates are unavailable, because the corresponding power is below the
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Fig. 9: Zonal phase speed at the 180-day period for zonal velocity obtained from ADCP

observations. Phase speed is calculated using phase between (a-c) 78° and 83°E and

(d-f) 80.5° and 90°E on the equator. Phase speed at (a,d) 10-m, (b,e) 80-m and (c,f)
120-m depths is shown. Colors denote year. Positive/negative phase speed means

eastward/westward propagation. We excluded the phase from the calculation if the

corresponding power is below the 95% confidence level.
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Fig. 10: (a) Climatological zonal wind stress along the equator for the period from 2005
to 2013 obtained from the ECMWF reanalysis. A 61-day triangle filter is applied. (b)
Corresponding zonal phase speed at the period of 180 days calculated using wavelet
analysis. Positive/negative phase speed means eastward/westward propagation.
Triangles indicate ADCP mooring locations. Note that we obtained similar propagation
tendencies if we calculated mean seasonal cycles of zonal wind for the full time period

of the ERA interim reanalysis (1989 to 2014).
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Fig. 11: Monthly climatologies for zonal wind averaged over 5°S to 5°N obtained from
the ECMWEF reanalysis (colors) and outgoing longwave radiation (OLR) averaged over
20°S to 20°N obtained from NOAA Interpolated OLR (contours; Liebmann and Smith
1996). Climatological seasonal cycles are repeated twice. OLR exceeding 250 W m ™2
was excluded from the meridional average, as OLR lower than this value indicates
atmospheric deep convection (Motell and Weare, 1987). Climatologies are calculated

for the period from 2005 to 2013 coincident with the observations.
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from 2005 to 2013. Solid lines show ray paths for (b) Kelvin waves and (c) the first
meridional mode Rossby waves at the period of 180 days. Kelvin and Rossby rays are

calculated based on the WKB approximation following McCreary (1984).
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