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ABSTRACT
This paper investigates the features of the Equatorial Intermediate Current (EIC) in the Indian Ocean and
its relationship with basin resonance at the semiannual time scale by using in situ observations, reanalysis
output, and a continuously stratified linear ocean model (LOM). The observational results show that the EIC
is characterized by prominent semiannual variations with velocity reversals and westward phase propagation
and that it is strongly influenced by the pronounced second baroclinic mode structure but with identifiable
vertical phase propagation. Similar behavior is found in the reanalysis data and LOM results. The simulation
of wind-driven equatorial wave dynamics in the LOM reveals that the observed variability of the EIC can be
largely explained by the equatorial basin resonance at the semiannual period, when the second baroclinic
Rossby wave reflected from the eastern boundary intensifies the directly forced equatorial Kelvin and Rossby
waves in the basin interior. The sum of the first 10 modes can reproduce the main features of the EIC. Among
these modes, the resonant second baroclinic mode makes the largest contribution, which dominates the
vertical structure, semiannual cycle, and westward phase propagation of the EIC. The other 9 modes, however, are also important, and the superposition of the first 10 modes produces downward energy propagation
in the equatorial Indian Ocean.

1. Introduction
The Equatorial Intermediate Current (EIC), defined as
the zonal flow beneath the thermocline generally down to
1200-m depth, is well observed in the equatorial Pacific,
Atlantic, and Indian Oceans (Firing 1987; Delcroix and
Henin 1988; Jensen 1993; Kessler and McCreary 1993;
Fischer and Schott 1997; Gouriou et al. 2006; Wang et al.
2016). The EIC in the Pacific and Atlantic Oceans shows a
dominant annual cycle and appears to play an important
role in modulating the equatorial and extra-equatorial
exchanges of mass and heat (Brandt and Eden 2005;
Marin et al. 2010). Differently, the EIC in the Indian
Ocean shows a prominent semiannual cycle with seasonal
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velocity reversal (Luyten and Roemmich 1982; Jensen
1993). It is well established that such a semiannual cycle in
the equatorial Indian Ocean is mainly generated by the
variable surface wind fields (Wyrtki 1973; Knox 1974;
Wunsch 1977; Yamagata et al. 1996; Han et al. 1999; Yu
et al. 2005; Ogata and Xie 2011; Duan et al. 2016) and
imprinted deeply into the near-surface zonal currents
(e.g., Han et al. 1999), Equatorial Undercurrent (EUC;
e.g., Chen et al. 2015, 2016) and EIC. Investigating the
mechanisms of the wind-driven response of the EIC in
the Indian Ocean is both scientifically and climatically
important, since the causes for the Indian Ocean EIC
are not well known, and this investigation will help us
to understand how and why the equatorial intermediate Indian Ocean responds to the global climate variability and change (Song and Colberg 2011; Balmaseda
et al. 2013a).
Wind-driven Kelvin and Rossby waves and Rossby
waves reflected from the eastern ocean boundary are
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observed to be important in causing the semiannual
cycle of the surface and subsurface currents in the
equatorial Indian Ocean (Wyrtki 1973; Anderson and
Carrington 1993; Schott et al. 1997; Reppin et al. 1999;
Iskandar et al. 2009; Chen et al. 2015; Nagura and
McPhaden 2016). In comparison, our current understanding of the variability of the EIC derives mainly
from sporadic observations and theoretical work. Based
on the wavelength obtained from current-meter measurements in the western Indian Ocean, Luyten and
Roemmich (1982) adopted a linear wave theory to
explain the semiannual variability of the zonal velocity at 750 m and concluded that the mechanism is the
propagation of a first meridional mode Rossby wave.
O’Neill and Luyten (1984) analyzed the acoustic dropsonde
measurements in the western Indian Ocean and found that
the structure of the zonal current in the intermediate layer
can be identified by the linear equatorial waves. Jensen
(1993) applied a numerical isopycnal ocean model to study
the equatorial variability of the Indian Ocean and demonstrated that the reversals of the EIC can be reproduced
in a 3.5-layer reduced-gravity model. Despite these theoretical studies, the generation of the EIC remains unclear and has not yet been dynamically investigated.
An idea of equatorial energy rays has been suggested
to explain the variability of the EIC in the Pacific and
Atlantic Oceans (Kessler and McCreary 1993; Dewitte
and Reverdin 2000; Thierry et al. 2004; Brandt and Eden
2005; Marin et al. 2010; Ishizaki et al. 2014). These
equatorial rays can conceptually describe the westward
and downward energy propagation and are calculated
analytically as the sum of the low-order baroclinic mode
equatorial Kelvin and Rossby waves (Gent 1981;
McCreary 1984). In the equatorial Indian Ocean, however, such rays may be disturbed by the enhanced
second baroclinic mode response because of basin resonance at the semiannual period. Using idealized and
realistic simulations of the Indian Ocean, Jensen (1993),
Han et al. (1999), and Ogata and Xie (2011) found
that the propagation of the second baroclinic mode
equatorial Kelvin and Rossby waves is in resonance
with the semiannual wind forcing. Han et al. (2011)
used a hierarchy of ocean models and found that the
existence of basin resonance at the semiannual period
is a robust feature in all models of different complexity,
and the time that it takes to establish such basin resonance
is approximately 180 days in the equatorial Indian Ocean.
Subsequent studies of this basin resonance in the Indian
Ocean have highlighted its influence on the seasonal variability of the EUC and sea surface height (Fu 2007; Chen
et al. 2015; Nagura and McPhaden 2016; Cheng et al. 2017).
In this paper, we report the variability of the EIC in the
Indian Ocean and explore its causes.
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An enhanced equatorial observing system, consisting
of subthermocline acoustic Doppler current profiler
(ADCP) moorings deployed in an equatorial array at
different longitudes (808, 858, and 938E), has to date
been maintained for two years in the Indian Ocean.
Here, we use these moored measurements to analyze
the spatial and temporal structure of the Indian Ocean
EIC. The remainder of the paper is organized as
follows: The data, a continuously stratified linear
ocean model (LOM), and equatorial resonance theory
are introduced in section 2. In section 3, a comparison
of the modeled and observed data is first presented,
to demonstrate the suitability of the oceanic reanalysis and LOM used in this study. Second, the observed horizontal and vertical structures of the
subthermocline zonal current are described, to demonstrate the spatial and temporal variability of the EIC.
And third, the dynamics of the wind-driven wave response of the EIC are investigated. In particular, the
association of the EIC with the equatorial basin resonance of the second baroclinic mode and contributions
from other modes are presented. Finally, the main results
are summarized and discussed, along with conclusions
drawn, in section 4.

2. Data, linear ocean model, and equatorial
resonance theory
a. Data
Three moorings (Q2, Q4, and Q5), each containing an
upward-looking 75-kHz ADCP, were deployed by the South
China Sea Institute of Oceanology (SCSIO), Chinese
Academy of Sciences, to observe the EIC in the Indian
Ocean (Fig. 1a). Q2 and Q4 were deployed at (08, 938E) and
(08, 858E), respectively, and provided data from March 2015
to March 2017. Q5 was deployed at (08, 808E) in April 2015
and retrieved in March 2017. The ADCPs recorded the velocity profiles over a depth range of 50–500 m with a vertical
bin size of 8 m. The velocity data were interpolated vertically
to a standard 5-m depth interval and then averaged to derive
the daily mean. To remove the tidal effect, a central threeday running mean was applied to the daily data. The current measurements obtained from the mooring of the
Research Moored Array for African–Asian–Australian
Monsoon Analysis and Prediction (RAMA; McPhaden
et al. 2009) were analyzed to verify our model output. The
mooring was deployed at 08, 908E from November 2000 to
June 2012.
Monthly current data from the European Centre for
Medium-Range Weather Forecasts Ocean Reanalysis
System 4 (ORAS4; Mogensen et al. 2012; Balmaseda
et al. 2013b) were used to analyze the 3D structures of
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FIG. 1. (a) Locations of the ADCP mooring sites along the equator. The mooring at the yellow square was
deployed by RAMA and those at the red stars were deployed by the SCSIO, Chinese Academy of Sciences. The
background coloring indicates the bathymetry. (b) Temporal history of ADCP sampling, LOM, and ORAS4 along
the equator. The time series of the SCSIO moorings are from April 2015 to March 2017, for two years.

the subthermocline zonal current in the Indian Ocean.
ORAS4 uses version 3.0 of the Nucleus for European
Modelling of the Ocean (NEMO V3.0) ocean model.
The model relaxes weakly (20-yr time scale) to climatological temperature and salinity from the World
Ocean Atlas 2005 (WOA05) (Locarnini et al. 2006;
Antonov et al. 2006). The ORAS4 is constructed by
assimilating various historical observations into the
ocean model with a horizontal resolution of 18 3 18
with equatorial refinement (0.38) and 42 vertical levels.
The data assimilations include temperature, salinity, and
along-track satellite-derived sea surface height anomaly and no assimilation of velocity observations. The
temperature and salinity profiles are obtained from
expendable bathythermographs (XBTs), conductivity–
temperature–depth (CTD) sensors, RAMA moorings,
and autonomous pinniped bathythermographs (APBs).
The sea surface height anomaly data are obtained from
the Archiving, Validation, and Interpretation of Satellite Oceanographic Data (AVISO). The timeline of
ORAS4 assimilation datasets has been summarized in
Nyadjro and McPhaden (2014). In this paper, the time
series in the date range from 2001 to 2017 were selected
to match the time period of moored observations. We
also compared the selected time series to the whole
dataset (1958–2017), and they gave similar results (see
the supplemental material).

b. Model and experiments
A continuously stratified LOM was used to assess the
relative importance of the equatorial baroclinic modes
for the structure and propagation of the EIC. This model
is described in detail in McCreary (1981) and has been
applied to explain the dynamics of the East Indian
Coastal Current, the EUC, western boundary reflection, and basin resonances (McCreary et al. 1996;

Shankar et al. 1996; Yuan and Han 2006; Han et al. 2011;
Chen et al. 2015). It has been demonstrated that the
LOM is able to reasonably simulate the observed zonal
current variability at intraseasonal, seasonal, and interannual time scales in the equatorial Indian Ocean
(e.g., Han 2005; Han et al. 2011; Chen et al. 2015),
suggesting that the linear ocean dynamics dominate
equatorial current variability. Consequently, the LOM
can be used to investigate the dynamics of the EIC in
the Indian Ocean.
In the LOM, the equations of motion are linearized
about a background state of rest with a realistic stratification represented by Brünt–Väisälä frequency, and
the ocean bottom is assumed flat at 4000 m. With these
restrictions, the solutions can be represented as expansions in the vertical normal modes n of the system. The
zonal velocity u, meridional velocity y, and pressure
p in the solutions can be represented as expansions
in the vertical normal modes of the system with eigenfunctions cn(z):
N

u5

å un cn ,

(1a)

n50
N

y5

å yn cn ,

and

(1b)

n50
N

p5

å pn cn ,

(1c)

n50

where the expansion coefficients un, y n, and pn are
functions only of x, y, and t. Strictly speaking, the total
mode number should extend to infinity, but the solutions
converge rapidly enough with n (McCreary et al. 1996;
Shankar et al. 1996). Herein n 5 25 is selected to represent the total baroclinic mode number (as in Han et al.
2011; Chen et al. 2015). The total solution is the sum of
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all the selected modes. The terms un, y n, and pn are
governed by the following equations:



A
1
›t 1 2 un 2 f y n 1 pnx 5 t x Zn /(rHn ) 1 y h =2 un 2 dun ,
cn
r



›t 1


(2a)

A
1
y 1 fun 1 pny 5 t y Zn /(rHn ) 1 yh =2 y n , and
c2n n
r


A pn
›t 1 2
1 unx 1 yny 5 0,
cn rc2n

(2b)
(2c)

where cn is the characteristic speed of equatorial Kelvin
wave for vertical mode number n. The cn values for the
first 10 baroclinic modes (n 5 1, 2, . . . , 10), estimated
from a mean background stratification based on density
observations in the Indian Ocean (see Moore and
McCreary 1990), are 264.2, 166.9, 104.5, 74.7, 59.7, 49.3,
41.5, 36.8, 32.8, and 29.7 cm s21. The Coriolis parameter
is f 5 by under equatorial b-plane approximation, and
y h is the coefficient of the horizontal eddy viscosity. The coupling intensity of Ðeach mode to the wind
0
field isÐ determined by Zn 5 2D Z(z)cn dz/Hn , where
0
2
Hn 5 2D cn dz; Z(z) is the vertical profile of wind that is
introduced as a body force, where Z(z) is constant in the
upper 50 m and linearly decreases to zero from 50- to
100-m depth. Density r 5 1 g cm23 is a typical density
value of seawater; t x and ty are the surface zonal and meridional wind stress, respectively. The terms associated with
A/c2n represent vertical friction with A 5 0.00013 cm2 s23,
and they provide damping for the equatorial Kelvin and
Rossby waves. Since the damping is inversely proportional
to c2n , the low-order baroclinic modes Kelvin and Rossby
waves experience weak damping effects because of their
faster speeds (e.g., c1 5 264.2 cm s21 and c2 5 166.9 cm s21),
and thus they can propagate far away from the forcing
region. By contrast, the higher-order modes experience
strong damping effects because of their slower speeds, and
thus their response is local and mainly restricted to the
forcing region [see Han (2005) for detailed discussion]. All
solutions of the control run have a damper with coefficient
d(x, y) near the eastern boundary of the basin [in the last
term of Eq. (2a)], as discussed next, to absorb the energy of
forced equatorial Kelvin wave in this region.
The LOM with a realistic Indian Ocean basin without
the Maldives was first spun up for 20 years forced with
monthly mean climatology of cross-calibrated multiplatform (CCMP) satellite winds (Atlas et al. 2008) for
the 1988–2011 period. Restarting from the spinup run,
the LOM was integrated forward in time using monthly
CCMP winds from 1988 to 2011. This solution is referred
to as the LOM main run (LOM-MR), and the total
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solution of LOM-MR is the sum of the first 25 modes.
A second run was performed with a damper in the eastern
equatorial ocean to isolate the effects of eastern boundary
reflected Rossby waves. This damper is nonzero only in the
eastern equatorial ocean [damping term with coefficient
d in Eq. (2a)] and it efficiently absorbs the energy of incoming equatorial Kelvin waves, and thus no Rossby waves
are reflected back into the ocean interior from the eastern
boundary (e.g., McCreary 1981; McCreary et al. 1996; Han
2005; Han et al. 2011). We refer to this run as LOMDAMP. The difference between the two experiments
[LOM-MR minus LOM-DAMP (LOM-REFLECT)] isolates the reflected Rossby wave effects. The detailed configurations of the LOM can be further found in Han (2005),
Han et al. (2011), and Chen et al. (2015).

c. Equatorial semiannual resonance
Previous studies have investigated how Kelvin and
Rossby waves in the equatorial Indian Ocean interact to
form basin resonances at the semiannual and 90-day
periods (e.g., Jensen 1993; Han 2005; Han et al. 2011).
Here, we only introduce aspects that are essential for
our discussion. Harmonic analysis of the equatorial wind
stress used to force the LOM (not shown here) reveals that the amplitudes of the semiannual and annual components are comparable in the central basin
(38S–38N, 658–808E), and the ratio of semiannual component to annual component is nearly 1.0, similar to
Jensen (1993) and Ogata and Xie (2011). However,
observations show particularly stronger semiannual
variability in near-surface zonal currents, EUC, and EIC
(e.g., Wyrtki 1973; O’Brien and Hurlburt 1974; Knox 1974;
McPhaden 1982; Luyten and Roemmich 1982; Gent et al.
1983; Molinari et al. 1990; Anderson and Carrington 1993;
Donguy and Meyers 1995; Han et al. 1999; Reppin et al.
1999; Chen et al. 2015). While the strong semiannual variability of zonal surface current and EUC are attributed to
the resonant forcing by the semiannual winds (e.g., Jensen
1993; Han et al. 1999; Chen et al. 2015), causes for the EIC
variability remain elusive.
Variations of the zonal equatorial winds can excite
equatorial Kelvin and Rossby waves. An incident Kelvin
wave can transfer part of its energy to a westwardtraveling Rossby wave upon reflection at an eastern
boundary. For a single baroclinic mode, resonance can
occur (Cane and Sarachik 1981) and a basin mode (Cane
and Moore 1981) can be set up when
T 5 4L/mcn ,

m 5 1, 2, 3, . . . ,

(3)

where T is the forcing period, L is the width of the
equatorial basin, cn is the Kelvin wave speed for a given
vertical mode n, and m is a positive integer. For m 5 1,
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FIG. 2. Comparison of the whole time series and mean seasonal cycle of zonal currents (cm s21) obtained from
RAMA (red), ORAS4 (blue), and LOM-MR (green) at 08, 908E at a depth of (a),(b) 250, (c),(d) 350, (e),(f) 500, and
(g),(h) 1000 m. The zero-lag correlation coefficients r between RAMA and ORAS4 and between RAMA and
LOM-MR are shown in blue and green, respectively, in (a) and (c). The zero-lag correlation coefficients between
ORAS4 and LOM-MR are shown in green in (e) and (g).

T equals the time for a Kelvin wave to cross the basin (L/cn)
plus the time for the first meridional mode Rossby wave to
return (3L/cn). For the equatorial Indian Ocean, the approximate width of this basin is L 5 6600 km, and the second baroclinic mode (n 5 2) speed is c2 5 166.9 cm s21,
Eq. (3) is satisfied by the c2 and L for T 5 180 days when
m 5 1. This is the approximate time for the second
baroclinic mode equatorial Kelvin wave to cross the basin
(;1.5 months) and the first meridional mode Rossby wave
to return (;4.5 months). Hence, the basin geometry of the
equatorial Indian Ocean allows resonance to occur for the
second baroclinic mode at the semiannual period. As we
shall see below, this resonance can explain the enhanced
oceanic semiannual response of EIC in the observations
and the LOM.

3. Results
a. Model/data comparison
Existing studies have assessed the ability of ORAS4
and LOMs to reproduce the near-surface zonal currents
in the eastern equatorial Indian Ocean by comparing them with RAMA and satellite data (Nyadjro
and McPhaden 2014; Chen et al. 2015; Nagura and
McPhaden 2016). Herein, we further examine the ability

of the ORAS4 product and LOM results to reproduce
the EIC in the Indian Ocean. Figure 2 compares the
zonal velocity beneath the pycnocline for RAMA,
ORAS4, and LOM-MR at the RAMA location (08,
908E) from 2000 to 2011. ORAS4 matches well with
RAMA, with a correlation coefficient of 0.81 at 250 m
(Fig. 2a). The standard deviations (STDs) of RAMA
and ORAS4 are 12.2 and 10.2 cm s21, respectively,
with a root-mean-square error (RMSE) of the reanalysis
relative to the observation of 7.1 cm s21. At 350-m
depth, the ORAS4 zonal current still shows high correlation with RAMA, and the correlation coefficient reaches 0.72 (Fig. 2c). The STDs of RAMA and ORAS4 are
10.4 and 7.88 cm s21, respectively, and the RMSE is
7.17 cm s21. LOM-MR can also reasonably reproduce
the variability of the observed EIC, with correlation
coefficients of 0.70 at 250 m and 0.57 at 350 m. The
correlation coefficient between LOM-MR and ORAS4
is 0.75 at 500-m depth and 0.60 at 1000 m (Figs. 2e,g).
Seasonal cycles of zonal velocity from RAMA, ORAS4,
and LOM-MR exhibit semiannual cycles with comparable amplitudes at different depths (Figs. 2b,d,f,h).
These good agreements show that LOM-MR can be
used to help demonstrate the role played by wind-driven
equatorial waves in causing the EIC’s variability, similar
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FIG. 3. Comparison of the time–depth variations of the monthly zonal currents (cm s21) from April 2015 to March
2017 derived from (a),(b) the moored ADCPs and (c),(d) ORAS4, along the equator, at (a),(c) (08, 938E) and
(b),(d) (08, 808E).

to the studies of Chen et al. (2015) on the EUC’s
variability.
Depth–time plots of the monthly mean equatorial
zonal currents at 938 (Q2) and 808E (Q5) show similar
properties as the mooring and ORAS4 data (Fig. 3),
with strong semiannual variability dominating the total
current over the entire water column—in particular, in
the upper 500 m, where current amplitudes are large. As
can be seen from the moored and reanalysis data, between 50 and 200 m, the EUC flows eastward with velocities greater than 50 cm s21 from March to May and
September to November. Below ;200 m, the westward
velocity prevails in the subthermocline, with magnitudes
greater than 10 or 20 cm s21, respectively, during the
same periods. The structures of the baroclinic modes can
be clearly seen at 808 and 938E, from both the mooring
observations and ORAS4 data, and the second
baroclinic mode structure can be visually identified at
808E in ORAS4, with two zero crossings occurring near
170 and 1300 m (Fig. 3d; derived from the first mode of
the empirical orthogonal function decomposition of
ORAS4’s zonal velocity—not shown).

b. Observed horizontal structure of the EIC
Figures 4a–c show the time–depth variations of the
daily zonal currents measured by the ADCPs of Q2, Q4,
and Q5. At Q2 (08, 938E; Fig. 4a), the subsurface
currents at about 120 m are eastward in April 2015
with a velocity greater than 50 cm s21, while the subthermocline at 350 m has a westward current with a
maximum velocity of ;20 cm s21. The subthermocline
currents reverse their directions in mid-May 2015, with

strong seasonal variations in the following months. At
the equatorial 858E mooring, Q4 (Fig. 4b), the strong
westward subthermocline currents during April–June
2015 that exceed 30 cm s21 are the dominant signal. At
the westernmost mooring, Q5 (808E; Fig. 4c), although
the mooring shows strong vertical movement, there is
still a strong seasonal variation in the subthermocline
layer with the westward current in April–July and
October–December for 2015 and 2016. The World
Ocean Circulation Experiment (WOCE) observations
also showed similar seasonal variations in the subthermocline zonal current (see plate 1 in Reppin
et al. 1999).
An important phenomenon is that the EIC presents a
significant semiannual cycle. As with the monthly mean
data shown in Fig. 4, the dominance of the semiannual
variability in the subthermocline can be clearly seen at
all three mooring locations, with currents flowing westward during April–June and November–January in 2015
and eastward overall for the rest of the year. The situation for 2016 is similar, except that the westward current
during boreal fall begins in October—approximately one
month earlier than that in 2015. To isolate the subthermocline signal, we obtain the daily time series
of the 200–500-m averaged zonal currents (Fig. 4d) at
each mooring location and calculated their lagged
autocorrelations (Fig. 4e). The autocorrelation shows
strong semiannual fluctuation during the observational period, with westward (eastward) currents occurring twice a year—consistent with the observations
of Luyten and Roemmich (1982) in the western
equatorial Indian Ocean.
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FIG. 4. Time–depth variations of daily zonal currents observed by moored ADCPs [(a) Q2, (b) Q4, (c) Q5]. The
blue dotted lines represent the 200- and 500-m depths. (d) Time series of 200–500-m-depth-averaged daily zonal
currents obtained from Q2 (blue), Q4 (red), and Q5 (green). (e) Lagged autocorrelation function of the daily zonal
currents derived from Q2 (blue), Q4 (red), and Q5 (green). (f) Lagged correlation between Q2 and Q4 (red) and Q2
and Q5 (blue).

The spectrum of the auto-correlation series of
monthly equatorial zonal currents obtained from
ORAS4 and LOM-MR in the Indian Ocean further
verify the dominant semiannual period of the EIC.

Because of the similar features of the spectrum result of
the EIC at different longitudes, we present the results
averaged between 608 and 958E to show the semiannual
variation of the EIC using data in the upper 2000 m.
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FIG. 5. (a) Vertical distribution of the power spectra of monthly zonal currents averaged between 18S and 18N, 608 and 958E in ORAS4
from 2001–17. A cross represents significance at the 95% level. (b) Depth–time evolution of the climatological seasonal cycle of the zonal
velocity averaged between 608 and 958E obtained from ORAS4 (coloring). The black contour represents zero velocity. (c) Time–longitude
evolution of the climatological seasonal cycle between 200–1200-m-depth-averaged zonal velocity obtained from ORAS4 (coloring). The
black contour represents zero velocity. (d)–(f) As in (a)–(c), but for LOM-MR from 2001 to 2011.

Figures 5a and 5d show that a large spectral peak occurs
at the semiannual period in the upper 2000 m. In
agreement with the power spectra, the spatiotemporal
evolution of the vertical structure of equatorial zonal
velocity averaged between 608 and 958E and the horizontal structure of equatorial zonal velocity averaged
from 200 to 1200 m show strong semiannual patterns
(Figs. 5b,e,c,f). These results suggest that the semiannual variation is a basic feature of the EIC in the
equatorial basin.
Mooring observations also demonstrate that the EIC
has clear zonal phase propagation. The lagged correlations of the 200–500-m averaged zonal currents between
Q2 and Q4, as well as between Q4 and Q5, clearly
demonstrate this point (Fig. 4f). The correlation coefficient between Q2 and Q4 (Fig. 4f; red line) reaches
its highest value of 0.50 when Q2 is leading by 22 days,
suggesting a westward-propagating phase from Q2 to
Q4. Similarly, Q4 leads Q5 by ;10 days. The zonal
propagating phase speed is 46.3 cm s21 from Q2 to Q4
and 63.7 cm s21 from Q4 to Q5, which are roughly

consistent with the first meridional mode Rossby wave
speed associated with the second baroclinic mode estimated from realistic simulations of the equatorial Indian
Ocean (Han et al. 1999). The subthermocline currents
averaged at 200–1200 m from both ORAS4 and
LOM-MR verify the westward phase propagation of
the observed EIC (Figs. 5c,f). Their results show
that a westward current forms in March–May in the
eastern basin and then propagates to the western basin
in June–August. Subsequently, an eastward flow occurs
in June–September in the eastern basin and reaches the
western basin in August–October. A similar process
occurs in another six months. The westward propagation of the subthermocline velocities has a similar
phase speed of ;64.0 cm s21.

c. Observed vertical structure of the EIC
One of the most obvious features in the moored observations is the dominance of the vertical mode in the
zonal current, leading to a distinct current structure that
alternates signs with depth (Fig. 4). Based on Q2, the
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observed zonal velocities between 60 and 190 m in the
thermocline, and between 200 and 500 m in the subthermocline, tend to be out of phase. The correlation
coefficient of the averaged zonal currents between
60–190 and 200–500 m reaches 20.50, with a significance
level of 99%. The reversed flow direction between the
thermocline and subthermocline is verified by the observations from Q4 and Q5 (Figs. 4b,c). Based on the
vertical structure from the moored observations, parts of
the observed signals show a clear dominant baroclinic
mode structure with a visible phase jump, while other
sections of the signals show upward phase propagation,
such as during September–December 2015 at Q2. The
observed vertical structure suggests the importance of
the vertically standing wave structure (e.g., a single
baroclinic mode structure), and the apparent vertical
propagation suggests the significant contributions of
other baroclinic modes to the EIC, in addition to the
strong vertically standing wave.
The vertical structures of the equatorial zonal velocity
obtained from ORAS4 and LOM-MR reproduce most
of the features of the moored observations. The zonal
velocities show noticeable visible phase jumps (Figs. 5b,e).
A maximum is found at ;120 m, which corresponds to the
core of the EUC. Below the EUC, a signature of the
standing mode is evident. The results of LOM-MR
show a more visible standing equatorial mode structure, with two zero crossings in the upper 2000 m (and
over the entire water column; not shown), which represents the structure of the second baroclinic mode that
resonates with the semiannual wind forcing, as discussed
in Han et al. (2011). By contrast, ORAS4 presents
slightly pronounced vertical phase propagation in the
depth range of 200–1200 m. The skill of the LOM-MR
in replicating the dominant features of the EIC in the
Indian Ocean demonstrates that a dominant part of the
horizontal and vertical structure of the velocity field for
the EIC can be explained by the linear wind-driven
equatorial wave dynamics.

d. Dynamics
To address the role played by the wind-driven equatorial wave dynamics, we examine the solutions to LOM
experiments. Clearly, reflected Rossby waves from the
eastern boundary interfere constructively with the directly forced Kelvin and Rossby waves’ response at the
200–1200-m depth of the EIC (cf. Figs. 6b and 6c),
producing an intensified total EIC during most of the
year (Fig. 6a). These results confirm that the semiannual
basin resonance in the equatorial Indian Ocean is the
primary cause for the strong semiannual variability of
the EIC. To further quantify this argument, we obtain
the time series of climatological EIC averaged between
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608 and 958E and between 200 and 1200 m from LOMMR, LOM-DAMP, and their difference (Fig. 6d).
Again, reflected Rossby waves (green) and the directly
forced response (blue) are in phase, producing an intensified total EIC (red). Reflected Rossby waves,
however, have apparently larger magnitudes than
directly forced response for the 200–1200-m average. As
shown in Fig. 6d, the STD of the zonal velocity in
the depth range of EIC is 4.54 cm s21 for LOMMR, 1.06 cm s21 for LOM-DAMP, and 3.58 cm s21 for
LOM-REFLECT for the climatological equatorial
zonal velocities between 2001 and 2011, with a large
percentage of LOM-REFLECT going to LOM-MR.
The large westward velocities appear in April
and October, with values of 27.41 and 24.58 cm s21,
respectively, in LOM-MR, and values of 26.93
and 23.94 cm s21 in the LOM-REFLECT. Conversely,
the strong eastward velocities occur in January and July,
with values of 5.03 and 5.99 cm s21, respectively, in
LOM-MR and values of 3.14 and 4.35 cm s21 in LOMREFLECT, both showing a strong semiannual cycle.
As discussed earlier, the annual and semiannual zonal
surface wind forcing in the equatorial Indian Ocean has
comparable strength, but the semiannual variability of
the zonal current in the observations and simulations is
much stronger than the annual variability. This is because the resonant effect is excited by the semiannual
wind stress. When resonance occurs, Rossby waves reflected from the eastern ocean boundary intensify the
directly forced equatorial Kelvin and Rossby waves in
the basin interior, resulting in an enhanced semiannual
response in the zonal velocity field. Such basin resonance in the equatorial Indian Ocean is bound up with
the eastern boundary reflection, which is fairly robust
for the surface and subsurface current systems.
Even though the second baroclinic mode dominates
the EIC variability, other baroclinic modes can also be
important because the observed EIC shows clear vertical phase propagation during some times of a year,
rather than being always dominated by the standing
mode structure of the second mode (Fig. 4). Results
from the sum of the first 10 modes can reproduce the
main features of the EIC well, such as the horizontal and
vertical structure, velocity core, and strength (Figs. 7a,b).
The higher-order baroclinic modes (modes 11–25) have
very small cn, and therefore very strong friction (because
the coefficient of vertical viscosity A/c2n is large, as discussed earlier), which are subject to strong damping and
make little contribution to the variability of the EIC.
Among these, the second baroclinic mode displays significant semiannual variability with strong velocity reversals, vertical structure, velocity core, and strength
over the width of the EIC. This mode is clearly the
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FIG. 6. (a) Time–depth plot of the climatological zonal velocities averaged between 18S and 18N, 608 and 958E obtained from (a) LOMMR, (b) LOM-DAMP, and (c) LOM-REFLECT. (d) Time series of the zonal velocities averaged between 200 and 1200 m, in which the
red line is LOM-MR, the blue line is LOM-DAMP, and the green line is LOM-REFLECT.

dominant mode for the semiannual cycle of the EIC
(Fig. 7d), which plays a similar role in the semiannual
variability of the equatorial zonal surface current and
EUC (e.g., Han et al. 1999; Yuan and Han 2006; Nagura
and McPhaden 2010; Chen et al. 2015).
Figure 8a quantitatively shows the importance of the
second baroclinic mode in generating the seasonal variability of the EIC. The monthly mean zonal velocities
averaged in the depth range of 200–1200 m show that the
seasonal cycle and velocity amplitude of the zonal currents obtained from the second baroclinic mode (Fig. 8a;
blue line) are well matched with that of all 25 modes
(Fig. 8a; red solid line) and the first 10 modes (Fig. 8a;
red thin line). The STD of the EIC speed derived from
the climatological velocities averaged for 2001–11 is
4.53 cm s21 for the sum of modes 1–25, 4.51 cm s21 for
the sum of modes 1–10, 1.19 cm s21 for the sum of modes
1 and 3–10, 1.30 cm s21 for first mode, 5.18 cm s21 for
second mode, and 0.13 cm s21 for third mode. The
analysis also indicates weak amplitudes of the first and
third modes in the intermediate layer. The first baroclinic mode has very strong velocities in the upper layer
and thus plays an important role in the seasonal cycle of
the surface and subsurface currents (Han et al. 1999;
Chen et al. 2015). However, the flow field of the first
baroclinic mode presents velocities that are relatively

weak and out of phase with the sum of modes 1–25 (low
correlation coefficient of 20.19) and thus has little direct
impact in the intermediate layer (Figs. 7c and 8a). The
third baroclinic mode has the second zero-crossing line
near 700 m and is close to zero for the 200–1200-m average because of the cancellation effect (Figs. 7e and 8a);
it explains ;3.0% of the total variance of the sum of
modes 1–25 and thus has little direct impact on the variability of the EIC.
Even though the second baroclinic mode plays the
most important role in causing the observed EIC compared to other baroclinic modes, vertical phase propagations can be clearly seen from the observations during
some seasons and some years (e.g., Fig. 4). Note that
there is no vertical phase propagation if only one baroclinic mode contributes, because a single baroclinic
mode can be viewed as a standing wave. The observed
vertical phase propagations suggest the contributions
from other baroclinic modes, and these contributions
are mentioned above. To understand the downward
energy propagation of the EIC, we applied semiannual harmonic analysis and Wentzel–Kramers–Brillouin
(WKB) energy rays theory on the first 10 baroclinic
modes of LOM-MR (Fig. 9). The details of WKB theory
can be found in Philander (1978), Eriksen (1981), Luyten
and Roemmich (1982), and Lukas and Firing (1985),
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FIG. 7. Longitude–depth plots of the monthly averaged zonal velocities averaged between 18S and 18N for January, April, July, and
October obtained from LOM-MR (2001–11): (a) sum of modes 1–25, (b) sum of modes 1–10, (c) mode 1, (d) mode 2, (e) mode 3, and
(f) sum of modes 1 and 3–10. Black lines are the 0 cm s21 contours.

where the slopes are given as 2v0/Nb(z) for the Kelvin
ray and (2n 1 1)v0/Nb(z) for the nth meridional mode
Rossby wave, where v0 denotes the semiannual frequency (180-day period) and Nb(z) denotes the background Brünt–Väisälä frequency profile [as given by the
Nb used in LOM by Moore and McCreary (1990)]. Note

that the energy rays for equatorial Kelvin and Rossby
waves require the contributions from many (at least
more than two) baroclinic modes (e.g., McCreary
1984). The results show that the EIC associated with
the second baroclinic mode produces an amplitude
maximum with a value greater than 10 cm s21 in the

FIG. 8. Comparison of different baroclinic modes for the monthly mean of the intermediate averaged (18S and
18N; 200–1200 m) zonal velocity: (a) central basin (608–958E) and (b) eastern basin (908–958E). The red lines are the
sum of 25 modes; the dark green lines are the sum of modes 1–10; the green lines are mode 1; the blue lines are mode
2; and the yellow lines are mode 3.
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FIG. 9. Semiannual harmonics of the monthly mean zonal velocities averaged between 18S and 18N for the baroclinic modes obtained
from LOM-MR (2001–11): (a) sum of modes 1–10, (b) mode 2, (c) sum of modes 1 and 3–10. (top) The amplitude (cm s21), (middle) the
phase (month), and (bottom) the percentage of explained variance (%). The phase is defined by the month with the strongest westward
velocity. The WKB theoretical ray paths are shown: the wind-generated Kelvin (dashed green lines) and reflected Rossby rays of the first
(solid red lines) and second (dashed red line) meridional modes.

central basin. This makes a significant contribution to
the amplitude of the sum of the first 10 modes and
broadens the ‘‘ray’’ structure significantly in the central basin [Figs. 9a(1) and 9b(1)]. These results suggest
that the equatorial basin resonance associated with
the second baroclinic mode and contributions from
other baroclinic modes (e.g., modes 1 and 3–10) together explain the observed EIC variability in the
equatorial Indian Ocean, which shows dominant
modal structure at some times and apparent vertical
energy propagation of the long Rossby wave rays
during other times.

4. Discussion and conclusions
The EIC in the Indian Ocean occurs beneath the
thermocline layer with a prominent semiannual cycle,

which is thought to be related to the wind-driven wave
dynamics. Because of the lack of observational data, the
spatial and temporal features and dynamics of the EIC
were unclear and have not yet been systematically
studied. Combining data from moorings and ocean reanalysis with modeling experiments using a LOM, the
present study provides a systematic investigation of the
features and dynamics of the EIC in the Indian Ocean.
Results from the multiple ADCP observations show
that the zonal current in the depth range of 200–500 m
reveals a pronounced semiannual cycle along the
equatorial Indian Ocean with a maximum velocity of
more than 20 cm s21. This observed zonal current is part
of the EIC and presents a clear westward phase propagation. Vertically, the equatorial zonal flow often
displays an evident structure of the second baroclinic
mode but also shows evident vertical phase propagation
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during some times of a year, with the EIC being the
subthermocline current. The observed zonal wavelength
in the eastern equatorial Indian Ocean, calculated from
the westward phase propagation, measures 8000 km
between moorings Q2 and Q4 and 11 000 km between
moorings Q4 and Q5.
Fair agreement is found between the observations,
reanalysis, and LOM in the current structures and amplitude. The results of ORAS4 show that it is capable of
realistically characterizing the semiannual reversals of
the EIC. LOM is capable of realistically simulating the
main features of the Indian Ocean EIC, suggesting the
importance of wind-driven linear wave dynamics. The
results of a suite of LOM experiments show that Rossby
waves reflected from the eastern ocean boundary associated with the second baroclinic mode interfere constructively with the directly forced Kelvin and Rossby
waves in the ocean interior, resulting in the strong
semiannual variability of the EIC. This is because of the
resonant excitation of the equatorial Kelvin and Rossby
waves associated with the second baroclinic mode by the
semiannual wind in a basin the size of the equatorial
Indian Ocean, as shown by Eq. (3).
Further analyses of LOM solutions show that the sum
of the first 10 baroclinic modes can reproduce the main
characteristics of the EIC well. Among the first 10
modes, the resonant second baroclinic mode plays the
dominant role in forming the features of the EIC, including the vertical structure, seasonal cycle, zonal
phase propagation, and the velocity core. Other baroclinic modes, however, can also have significant contributions. The superposition of all 10 modes produces the
downward energy propagation during some times of a
year, as shown by the observations and simulated by
the models.
Note that the directly forced waves are weak compared to the reflected Rossby wave in the intermediate
layer (Figs. 6b and 6c). For the solutions of directly
forced Kelvin and Rossby waves (not shown), the first
and second baroclinic modes have comparable amplitude but tend to be out of phase. Thus, they have offsetting contributions to the variability of directly forced
EIC. For the solutions of eastern boundary reflected
Rossby waves (not shown), the second baroclinic mode
of reflected Rossby waves has the strongest contribution
to the variability of reflected EIC. These results verify
the reflected Rossby waves playing a more important
role in the EIC than the directly forced Kelvin and
Rossby waves.
Note that during positive Indian Ocean dipole (IOD;
e.g., Saji et al. 1999; Webster et al. 1999) years, equatorial westerly wind is weak in boreal fall because of the
strong easterly wind anomalies during the IOD peak.

The weak westerly wind in the fall considerably weakens
the semiannual variability, and the zonal wind is dominated by the annual cycle (not shown). As a result of
the weak semiannual wind, the basin resonance at the
semiannual period is also weak. How the variability
of the EIC responds to the strong annual wind forcing
during IOD years should be further investigated in
our future research [similar to Brandt et al. (2016) on
the Equatorial Atlantic Circulation]. Note that there are
also reflected Kelvin wave rays after directly forced Rossby
waves impinge on the western boundary [Fig. 9a(1)].
Without the western boundary, resonance basin modes
cannot be set up. However, the enhanced response between directly forced Kelvin and Rossby waves and Rossby
waves reflected from the eastern boundary will still occur
(Han et al. 2011). More observations and numerical simulations are necessary to examine the exact wave reflection
and ray propagation trajectories at the western boundary
of equatorial Indian Ocean.
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