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ABSTRACT

Intermediate-depth intraseasonal variability (ISV) at a 20–90-day period, as detected in velocity mea-

surements from seven subsurfacemoorings in the tropical western Pacific, is interpreted in terms of equatorial

Rossby waves. The moorings were deployed between 08 and 7.58N along 1428E from September 2014 to

October 2015. The strongest ISV energy at 1200m occurs at 4.58N. Peak energy at 4.58N is also seen in an

eddy-resolving global circulation model. An analysis of the model output identifies the source of the ISV as

short equatorial Rossby waves with westward phase speed but southeastward and downward group velocity.

Additionally, it is shown that a superposition of first three baroclinic modes is required to represent the ISV

energy propagation. Further analysis using a 1.5-layer shallow water model suggests that the first meridional

mode Rossby wave accounts for the specific meridional distribution of ISV in the western Pacific. The same

model suggests that the tilted coastlines of Irian Jaya and Papua New Guinea, which lie to the south of the

moorings, shift the location of the northern peak of meridional velocity oscillation from 38N to near 4.58N.

The tilt of this boundary with respect to a purely zonal alignment therefore needs to be taken into account to

explain this meridional shift of the peak. Calculation of the barotropic conversion rate indicates that the

intraseasonal kinetic energy below 1000m can be transferred into the mean flows, suggesting a possible

forcing mechanism for intermediate-depth zonal jets.

1. Introduction

The Pacific equatorial ocean plays many roles in re-

gional and global circulation and climate, including the

El Niño–Southern Oscillation (ENSO) phenomenon, the

Pacific decadal oscillation (PDO), and the Indonesian

Throughflow (ITF). The equator acts as a waveguide for
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eastward and westward propagating disturbances, pro-

viding a dynamical connection between the eastern and

western coasts. Communication between the tropics and

midlatitudes can occur in the ocean via coastally trapped

waves and in the atmosphere through poleward propa-

gation of Rossby waves (the atmospheric ‘‘bridge’’).

The tropical ocean is also notable in its abundance of

alternating jets, including well-known near-surface ex-

amples such as the North/South Equatorial Current

and Equatorial Undercurrent (e.g., Johnson et al. 2002),

but also alternating zonal jets at greater depths (e.g.,

Cravatte et al. 2012, 2017).

The structure and variability of tropical Pacific upper

ocean circulation have been extensively observed with

the aid of satellite and shipboard/lowered acoustic

Doppler current profilers (ADCPs), and their dynamical

mechanisms have been widely explored (e.g., Wyrtki

and Kendall 1967; Wyrtki 1974; Kessler and Taft 1987;

Delcroix et al. 1992; Reverdin et al. 1994; Kleeman et al.

1999; Bonjean and Lagerloef 2002; Johnson et al. 2002;

Gouriou et al. 2006; Cravatte et al. 2017). However,

observations of middepth currents below 1000m are

sparse and there remain large gaps in our understanding

of their structure, variability, and dynamics.

The analysis of Argo floats’ drifts in the equatorial

Pacific (Cravatte et al. 2012, 2017) suggests a series of

alternating westward and eastward zonal jets at 1000-

and 1500-m depth, with a meridional scale of approxi-

mately 1.58, flowing across the basin over 108S–108N.

The flow speeds of these intermediate jets decrease from

the western to the eastern basins. Based on numerical

results and analytical solutions, the ISV has been es-

tablished as the energy source for the formation of the

zonal jets through an inverse energy cascade processes

over 38S–38N (d’Orgeville et al. 2007; Hua et al. 2008;

Ascani et al. 2015) and in the area north of 98N (Qiu

et al. 2013). However, the full system of meridionally

alternating zonal jets in the tropical Pacific Ocean still

needs to be explained (Ménesguen et al. 2019).

Several scenarios have been proposed for the origin of

the intermediate equatorial ISV. First, ISV is produced

at depth by the instability of the deep current in the vi-

cinity of the western boundary (Ascani et al. 2015).

Second, surface ISV energy such as that due to tropical

instability waves can radiate into the deep ocean as a

downward- and eastward-propagating beam of Yanai

waves (Ascani et al. 2010). Third, wind stress anomalies

such as those caused by the Madden–Julian oscillation

could give rise to the intermediate ISV through east-

ward- and downward-propagating oceanic equatorial

Kelvin waves (Matthews et al. 2007). Finally, when a

low-frequency Kelvin wave propagates through an area

with submarine ridge topography, it may give rise to the

middepth ISV of meridional velocity (McPhaden and

Gill 1987; Bunge et al. 2008). The generationmechanism

of intermediate ISV is still an open question, and thus

requires further observations and studies.

Recently, we deployed a subsurface mooring array

along 1428E and obtained a 1-yr-long record of inter-

mediate currents. This mooring array is a part of the

Scientific Observing Network of the Chinese Academy

of Sciences (CASSON) in the western Pacific. We will

present the observed meridional structure of ISV cap-

tured by this data and explore its underlying dynamics

with the help of an eddy-resolving model and a 1.5-layer

shallow water model. The paper is organized as follows:

section 2 describes the observations and model setups

in detail. Section 3 presents observed and modeled fea-

tures of ISV in the western tropical Pacific. A dynami-

cal interpretation is given in section 4. In section 5, we

present a discussion on the relationship between the in-

termediate ISV and zonal jets by calculating the barotropic

conversion rate. The paper concludes with section 6, in

which the main findings of the study are summarized.

2. Observation and models

Seven subsurface moorings were deployed on Eauripik

rise between 08 and 7.58N along 1428E to monitor the

ocean currents in the far western tropical Pacific Ocean

from September 2014 to October 2015 (Fig. 1). Each

mooring had one upward-looking and one downward-

looking 75-kHz TRDI ADCP, mounted on the main

float at approximately 500m. Each mooring also sup-

ported five Nortek Aquadopp or JFE INFINITY-Deep

current meters at depths of 1200, 1400, 1600, 1800, and

2000m and five SBE37 conductivity–temperature–depth

(CTD) instruments (Wang et al. 2016a,b). This study

concentrates on the instruments at 1200 and 1600m,

since there are some missing data at the other depths

FIG. 1. The locations of subsurface moorings between 08 and

7.58N along 1428E and at 4.78N, 1408E, and surrounding topogra-

phy in the western Pacific Ocean.
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due to instrument failure and loss. Besides the mooring

array along 1428E, this study also uses current data over

800–1200-m depths from September 2014 to October

2015 observed by the ADCP at 4.78N, 1408E. The hourly
velocity data are averaged daily to remove tidal signals.

To aid in the interpretation of the observations, we

utilize outputs from the eddy-resolving simulation of

the Oceanic General Circulation Model for the Earth

Simulator (OFES) (Masumoto et al. 2004; Sasaki et al.

2008). The model is based on the third version of the

Modular Ocean Model and covers a near-global do-

main, extending from 758S to 758N, with a horizontal

resolution of 0.18 3 0.18. The vertical resolution varies

from 5m near the surface to 330m near the bottom, with

a total of 54 levels. The 3-day snapshot model outputs

during the period of 1980–2014 are used in this article.

We also employ a linearized, 1.5-layer and reduced-

gravity model, consisting of an active upper layer and an

underlying infinitely deep abyssal layer. The motion is

assumed to take place on an equatorial b plane and the

equations governing the motion in the upper layer are

(Yang and Price 2000)
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where t is time, h is the deviation from the mean layer

thickness, h is the mean layer thickness and is chosen as

;1800m to avoid the presence of layer vanishing, b 5
›f/›y is the derivative of the Coriolis parameter in the

meridional direction, u and y are the horizontal zonal

and meridional velocities, g0 5 gDr/r0 ; 0.4 cm s22 (g is

gravity, r0 is the water density, and Dr is the density dif-

ference between two layers) is the reduced gravity, tx and

ty are zonal and meridional wind stresses, respectively,

and AH ; 2500m2 s21 is the lateral friction coefficient.

This model is set in an idealized basin with a flat bottom

and rigid lateral boundaries, and is identical to the baro-

tropic shallow water model except that g is replaced by g0.

3. Observed and simulated intermediate
intraseasonal variability

a. Observed characteristics along 1428E

The time series of the original velocity vectors at 1200-

and 1600-m depths over 08–7.58N during September

2014–October 2015 are shown in Figs. 2a and 2d.

Observed currents at 1200 and 1600m at different

latitudes are dominated by alternating eastward and

westward zonal jets, with a mean zonal velocity gen-

erally much larger than the meridional component. At

1200m, the mean flow is westward at the equator, 18,
38, 68, and 7.58N, and is eastward at 28 and 4.58N
(Figs. 2c,f). The flow speed is large near the equator,

reaching a maximum at 28N at 1200-m depth and

decreases poleward. The meridional structure of the

sign and amplitude of mean zonal flows at 1200m is

generally consistent with that of the mean zonal

Lagrangian velocities at 1000m obtained from the

tracks of Argo floats (Cravatte et al. 2012, their

Fig. 2a), and also that of observed velocities at 1200m

obtained from shipboard ADCP (Cravatte et al. 2017,

their Fig. 6a).

To extract the ISV of observed currents, we apply a

20–90-day Lanczos bandpass filter (Duchon 1979) to the

original zonal and meridional velocity anomalies, re-

sulting in the time series shown in Figs. 2b and 2e. The

ratio between the ISV and the total variance in meridi-

onal component V (39%) is much larger than that in the

zonal component U (7%), consistent with previous

studies in the tropical Indian and Atlantic oceans (e.g.,

Ponte and Gutzler 1992). In the following, we only focus

on the ISV ofV. Formeridional distributions at 1200 and

1600m, the spectral energy of the bandpass-filtered V

(Figs. 3a,b) both show two peaks, one near the equator

and a second near 4.58N, both with maximum energy at

period of about 45 days. The amplitude of the peak at

4.58N is 3.5 cm s21 at 1200m but is reduced to 2.1 cm s21

at 1600m (Fig. 3b).

The vertical distribution of the observed ISV at

4.58N, 1428E (Fig. 3c) shows two peaks, the upper one

at a depth shallower than 200m and the intermediate

one between 900 and 1200m. The exact position of the

intermediate peak cannot be determined due to the

low vertical resolution (;200m) of our instruments

below 1000m. The upper peak may result from eddy

activity (Wang et al. 2016a) and the explanation for

the intermediate peak will be explored in the follow-

ing sections.

b. OFES simulated characteristics

The striking feature of themooring array results along

1428E is that the largest amplitude of ISV is located

at 4.58N. To explore the underlying mechanisms, we

examine the eddy-resolving OFES model results. We

begin by evaluating the OFES ability to simulate the

ISV in the western tropical Pacific Ocean, compar-

ing the spectral energy of the observed and modeled

20–90-day bandpass-filtered V at 1200m (Figs. 3a and
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4a). The spectral energy of OFES ISV shows a primary

peak at 4.58N and a secondary peak near the equator.

This meridional pattern greatly resembles those of the

mooring results, although the intensity of OFES ISV

is stronger and the peak period is longer. For the

vertical distribution at 4.58N, the spectral energy of

OFES ISV shows two peaks at the depths shallower

than 200m and over 600–800m, respectively (Fig. 4b).

The depth of intermediate peak (around 800m) is

shallower than that in our observations. The qualita-

tive agreement between OFES and our observations

leads to analyses the OFES simulation further to iden-

tify the mechanisms responsible for the observed inter-

mediate ISV.

Before proceeding further, we note that the full 35-yr

time series of OFES data was examined in order to

check whether there is interannual change in the me-

ridional structure of ISV along 1428E. The spectral en-

ergy of the 20–90-day bandpass-filtered currents over a

3-yr moving segment shows peaks that remain at ap-

proximately 4.58N (figures not shown). This suggests

that the ISV meridional distribution is not strongly af-

fected by interannual variability.

4. Dynamical interpretation of intermediate
intraseasonal variability

a. Linkage between intraseasonal variability and
Rossby waves

A connection between wave propagation and ISV at

4.58N is evident in time–longitude plots of the original

and 20–90-day bandpass-filtered OFES V at 1200m

during 2012–14 (Fig. 5). The phase of signal propagates

westward and takes approximately 3 months from the

mooring site (1428E) to 1328E, as indicated by the black

solid line in Fig. 5b. There are periods when the ampli-

tudes are strong near 1428E, for example, September–

December 2012 andAugust–December 2013. The phase

speed is approximately 14 cm s21, and the zonal wave-

length is about 500km. We conduct cross-spectral ana-

lyses of the OFES meridional velocities between each

depth and 1200m to obtain the phase lag profile (Fig. 4c).

The meridional disturbance velocity at 1200m shows a

gradual increase in phase by about 908 from 1800 to 300m,

with a sharp increase of about 1808 from 300 to 250m.

A wavenumber–frequency analysis of OFES meridi-

onal velocities along 4.58N between 1288 and 1608E and

FIG. 2. (a),(d) Original and (b),(e) 20–90-day bandpass-filtered anomalous daily current velocity vectors (cm s21) measured by moored

current meters along 1428E during September 2014–October 2015 at depths of (top) 1200 and (bottom) 1600m. (c),(f) The corresponding

mean zonal flow speed and direction, given by arrows, and where the number denotes the mean 6 standard deviation of zonal velocity

(cm s21). The gray shaded areas denote the time series without edge effects.
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over 1980–2014, using a two-dimensional fast Fourier

transform (Zang et al. 2002; Farrar and Weller 2006;

Farrar 2008, 2011), is performed to determine the type

of waves that could explain the ISV. The area with the

most significant spectral energy corresponds to waves

with a period of 40–60 days and a wavelength of 400–

700km (Fig. 6). Also appearing in Fig. 6 are the dis-

persion curves for the first three baroclinic and first two

meridionalmodes of Rossbywaves, which all go through

the most significant spectral energy area. The corre-

sponding dispersion relation is (Matsuno 1966; Lighthill

1969; Pedlosky 1987)

v52
bkc

n

k2c
n
1 (2j1 1)b

, (4)

where v is the wave frequency, k is horizontal wave-

number, j and n indicatemeridional and baroclinicmode

numbers, respectively, and cn is the characteristic speed

of the nth baroclinicmode. The values of cn (Table 1) are

obtained by solving the standard eigenvalue problem for

hydrostatic motion with constant depth H (Shankar

et al. 1996)

�
1

N2
u
nz

�
z

52
1

c2n
u
n
(z), n5 0, 1, 2, . . . , (5)

and subject to the boundary conditions unz(0) 5
unz(2H) 5 0. Here un(z) denotes vertical normal ei-

genfunctions, N2 5 2(g/r)(›r/›z) is the squared Brunt–

Väisälä frequency, and r is obtained from the climato-

logical density profile at 4.58N, 1428E from the World

Ocean Atlas 2013 (WOA13). Subscript z represents the

vertical derivative. The eigenfunction corresponding to

n 5 0 represents the barotropic mode and n $ 1 indi-

cates the nth baroclinic mode. It should be noted that

equatorial Rossby waves with baroclinic modes larger

than three (n . 3) do not exist in the intraseasonal fre-

quency band (Table 1); hence we only consider the first

three baroclinic modes in the following.

Significantly, the area of strongest energy area is lo-

cated to the left of the maximum of these curves, which

indicates eastward group velocity (i.e., ›v/›k . 0). This

implies that all of first three baroclinic mode short

Rossby waves are the candidates for the propagation for

intermediate ISV. However, the dispersion relation [Eq.

(4)] only applies to an infinite domain with no horizontal

boundary, whereas the coastlines of Irian Jaya and

Papua New Guinea lie south of the mooring array

(Fig. 1). Philander (1977) addressed the problem of

equatorial waves in the presence of a purely zonal

(nontilted) boundary and derived the modified disper-

sion relation

FIG. 3. Meridional distributions of logarithmic intraseasonal spectral energy based on meridional velocityV at (a) 1200 and (b) 1600m.

(c) Vertical structure of logarithmic intraseasonal spectral energy at 4.58N. In (c), the black line and circles indicate the mean locations of

ADCP velocity profiles and current meters, respectively. Intraseasonal spectral energy values are obtained using a 20–90-day bandpass-

filtered daily V from mooring observations.
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v2

c2n
2k2 2

bk

v
2

b

c
n

(2n
j
1 1)5 0, j5 0, 1, 2 . . . , (6)

where nj is the jth root of the indicial equation. It should

be noted that Eq. (6) also includes gravity wave behavior

while Eq. (4) only contains Rossby wave. His results

suggest that the zonal coastline can potentially alter the

meridional structures of equatorial Rossby waves. Our

situation is even more complex since the coastlines of

Irian Jaya and Papua New Guinea tilt roughly from

west-northwest to east-southeast, which means that the

usual separation of zonal and meridional structure of

the Rossby wave is no longer valid, and that a simple

analytical theory is apparently no longer possible. We

therefore attempt to address this issue using a numerical

model, as described below.

b. The meridional structure of ISV energy influenced
by a tilted southern boundary

Moore and McCreary (1990) confronted a somewhat

similar situation in their investigation of a tilted western

boundary and its influence on forced equatorial waves

in the Indian Ocean. They approached the problem

by forcing a model with different fluctuating wind

stress distributions in order to study different types of

equatorial waves in isolation. We take a similar ap-

proach, using the 1.5-layer model with different wind

forcings to produce specific Rossby waves. We then

note the effect of the tilted boundary on the meridional

structure of each wave. The computational domain

spans 208S–208N and 1288–1888E (Fig. 7a). A tilted

southern boundary from 08, 1288E to 58S, 1488E is

imposed to represent the northern coasts of Irian

Jaya and Papua New Guinea. In the model setup, two

kinds of wind stress fields (Figs. 7b,c) are introduced

in the open equatorial region (58S–58N, 1758E–1758W)

to trigger equatorial Rossby waves that would have

odd and even meridional modes in the absence of a

tilted boundary (referred as odd and even mode cases

in the following). The periods of both wind stress dis-

tributions are set to 50 days to represent an ISV oscil-

lation. The detailed settings of wind stress fields are

given in Table 2.

Since the wind stress forcing is imposed east of the

region of interest, short Rossby waves with eastward

group velocity are not initially generated within this

region. Instead, long Rossby waves with westward group

velocity are generated to the east of the region of interest,

either directly or as the result of reflections of Kelvin

and Yanai waves from the eastern boundary. Eventually

FIG. 4. (a),(b) As in Figs. 3a and 3c, but based on the OFES data during 1980–2014. (c) Vertical profile of the phase lag for the 50-day

period, obtained from cross-spectral analyses of the OFESV between each depth and 1200m. The phase lag of 908 is denoted by the black

dashed line.
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these long Rossby waves reach the western boundary

and reflect there, creating the short Rossby waves ob-

served to be dominant in the region of interest (Fig. 7e).

We have also performed the simulation with a wind

stress that extends over the entire basin and found a

similar response (figure not shown).

First, we examine the meridional distributions of V at

the 50-day period for the odd mode case (Figs. 7d,e). In

the open region to the east of the southern boundary,

FIG. 5. Time–longitude variations of (a) original and (b) 20–90-day bandpass-filteredOFESV at 1200m along 4.58N
during 2012–14. In (b), the black solid line denotes the phase propagation inferred from the wave crest line.

FIG. 6. Logarithm of wavelength–frequency spectral energy of

OFES V along 4.58N between 1288 and 1608E. For reference, the
theoretical dispersion relation curves of the equatorially trapped

Rossby waves in the open ocean [Eq. (4)] are depicted.

TABLE 1. The list of characteristic speeds cn (n indicates the nth

baroclinic mode), wavelengths l, and phase velocities Cp for the

first four baroclinic modes corresponding to the background ver-

tical density profile at 4.58N, 1428E. The negative values indicate

westward speed, and subscripts 1 and 2 for l andCp denote the first

and second meridional modes, respectively.

n 1 2 3 4

cn (cm s21) 255.8 143.7 83.0 67.1

Period 5 45 days

l1 (km) 2530 2730 — —

Cp1 (cm s21) 213.64 218.75 — —

l2 (km) 2670 — — —

Cp2 (cm s21) 217.22 — — —

Period 5 60 days

l1 (km) 2360 2400 2530 —

Cp1 (cm s21) 26.89 27.75 210.23 —

l2 (km) 2390 2500 — —

Cp2 (cm s21) 27.50 29.62 — —
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such as along 1608E, the meridional distributions of V

are opposite between two hemispheres, and show peaks

at 38N and 38S (Fig. 7d). This two-peak structure sug-

gests the dominant role of the first meridional mode

among all odd numbered meridional modes for this

particular forcing. In the region north of the tilted

boundary, the zonal wavelength contracts. Along 1428E,
in the region with the southern boundary, the meridio-

nal distribution of V shifts northward, and shows peaks

at 4.58N and near the southern boundary. This north-

ward shift is also apparent in the spectral energy

(Fig. 8a) for the odd mode case. Two ISV energy bands

of V are apparent at 1608E, but these become displaced

to the north as one moves to the west and into the region

of the sloping boundary. The energy peaks also become

intensified in this western part of the domain. At 1428E,
the peaks are located near the equator and near 4.58N, as

in the observations and the OFES model.

FIG. 7. (a) The computational domain used in our 1.5-layer shallow water model. The gray shadow area indicates the solid boundary.

Two kinds of wind stress fields introduced into the model to trigger the (b) odd and (c) even mode cases. (d),(f) The meridional structures

of V in the odd and even mode cases along 1428E (blue lines) and 1608E (red lines), respectively. Black solid lines indicates 4.58N.

Snapshots of horizontal distribution of V associated with (e) odd and (g) even mode cases.

TABLE 2. The detailed settings for wind stress fields in the 1.5-layer model. The terms tx and ty denote the zonal and meridional com-

ponents of wind stresses, and x and y represent longitude and latitude of the grid point in the model, respectively.

Odd mode case Even mode case

Area jyj , 58 and jx 2 1808j , 58 Other region jyj , 58 and jx 2 1808j , 58 Other region
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cos

�
t

50 days
2p

�
3 cos

� y

10
p
�

3 cos

�
x2 180

10
p

�
3 0:1N m22

0
cos

�
t

50 days
2p

�
3 sin

� y

10
p
�

3 cos

�
x2 180

10
p

�
3 0:1N m22

0

ty
cos

�
t

50 days
2p

�
3 sin

� y

10
p
�

3 sin

�
x2 180

10
p

�
3 0:1N m22

0
cos

�
t

50 days
2p

�
3 cos

� y

10
p
�

3 sin

�
x2 180

10
p

�
3 0:1N m22

0

928 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

D
ow

nloaded from
 http://journals.am

etsoc.org/jpo/article-pdf/50/4/921/4927787/jpod190184.pdf by M
BL/W

H
O

I Library user on 20 N
ovem

ber 2020



The situation for the evenmode case is quite different,

as shown in Figs. 7f and 7g. At 1608E, the meridional

distribution of V is symmetric with respect to the

equator, and shows three peaks at 58S, the equator and

58N (Fig. 7f). Three energy bands are also seen at above

three latitudes (Fig. 8b), a pattern conforming to the

meridional structure of themeridional mode two. To the

west, at 1428E, the meridional structure shows only two

peaks, the locations of which are shifted southward to

38N and 1.58S. Correspondingly, the three energy bands

are reduced to two and become weakened from the

central basin to the western boundary region. In sum-

mary, the first meridional mode is primarily responsible

for the main meridional structures apparent in the ob-

servations and the OFES model.

c. The vertical structure of ISV energy

The 1.5-layer model results suggest the dominant role

of the first meridional mode Rossby wave, but themodel

cannot reproduce more complicated vertical structures

or the vertical propagation of ISV energy. Thus, we

return to the OFES model and examine the horizontal

distribution of the OFES ISV energy for the 50-day

period at 1200m (Fig. 9a). Two separate ISV energy

bands of V emanate from the western boundary and

extend southeastward, paralleling the coastlines of Irian

Jaya and Papua New Guinea. The bands are similar to

what is seen in the 1.5-layer model (Fig. 8a), though they

are not continuous, due to the more realistic stratifica-

tion, topography and presence of equatorial currents in

OFES. The northern band crosses the mooring array

(1428E) between 48 and 68N. This crossing conforms to

that shown in Figs. 3a and 4a. The second band crosses

the mooring array at approximate 1.58S.
The depth–longitude variation of ISV energy for the

50-day period indicates vertical propagation (Fig. 9b), as

suggested by a vertical section plotted along the north-

ern band (black line in Fig. 9a). The ISV energy shows

large values on both sides of Palau Island, particularly

on the eastern side, but the energy band extends well

east of the island and descends to greater depths. The

energy intensity at 1428E increases from 250 to 800m

and then decreases for depths deeper than 800m. The

ray path of the short equatorial Rossby waves in the

zonal–vertical (x–z) plane can be calculated from

dx

dz
5

›v/›k

›v/›m
5

2k1b/v

(2j1 1)b
N , (7)

where m is the vertical wavenumber (Kessler and

McCreary 1993) and k is calculated from the zonal

wavelength in the OFES model results. The distribution

of large ISV energy in red and yellow patches generally

follows the ray path of the first meridional mode short

Rossby wave with a period of 50 days (black solid line

in Fig. 9b). The combination of the 1.5-layer model and

the OFES model results suggests that the meridional

structure of first meridional mode short Rossby wave

influenced by the presence of a tilted southern boundary

is responsible for southeastward energy propagation,

and thus generates a primary peak of intermediate ISV

energy at 4.58N along 1428E.

FIG. 8. The spectral energy distributions of 50-day oscillation for (a) odd and (b) even

mode cases.
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5. Discussion of the linkage between intraseasonal
variability and mean flow

Next, we discuss the connection between ISV energy

and the mean flow in the intermediate layer. The ob-

served average values of mean zonal flow kinetic energy

(M-KE), ISV kinetic energy (ISV-KE), and the merid-

ional component of barotropic conversion (MBTC) rate

at 1200m over the region of 38–68N along 1428E are

depicted in Fig. 10a. The observedM-KE and ISV-KE at

38, 4.58, and 68N are averaged to obtain regional means.

The MBTC rate can be calculated via (Qiu et al. 2015;

Wang et al. 2016a)

2rhu0y0i›U
›y

2 rhy0y0i›V
›y

, (8)

where r is the ocean density, u0 and y0 are the 90-day

high-pass-filtered zonal and meridional current anom-

alies, ›U/›y and ›V/›y are meridional shears of the

90-day low-pass-filtered zonal and meridional velocities

(U and V), and the angle brackets indicate the calcula-

tion of a 45-day running mean. Quantities of u0, y0, and
r are obtained using mooring data at 4.58N. For the

calculations of ›U/›y and ›V/›y, we first fit second-order

polynomial functions to the observedU andV at 38, 4.58,
and 68N to obtain meridional profiles of velocities, and

then compute meridional shears from the derivatives of

the fitted polynomials. Negative MBTC indicates that

the energy has been transferred from the ISV-KE to

M-KE through barotropic instability, and vice versa. The

lack of a mooring array in the zonal direction puts a

constraint on calculating the horizontal derivative of ve-

locities and density; thus, the zonal terms inbarotropic and

baroclinic conversions cannot be estimated. Additionally,

the meridional component of baroclinic conversion rate

(1029 kgm21 s23) is at much lower level than MBTC

(1027 kgm21 s23), so the influence of the meridional

component of baroclinic conversion is ignored in our

analysis.

FIG. 9. (a) Horizontal distribution of the intraseasonal spectral

energy for 50-day period at 1200-m depth based on OFES outputs.

(b) The vertical section of the intraseasonal spectral energy along

the black line in (a), representing the energy propagating path. In

(b), the black solid line denotes the ray path of the first meridional

mode short Rossby wave based on Eq. (7). The gray area indicates

the geometry.

FIG. 10. (a) Meridional component of barotropic conversion

(MBTC) rate associated with mean zonal flow (blue solid line),

logarithm of mean kinetic energy of low-pass-filtered zonal flow

(M-KE; red solid line) and logarithm of mean ISV kinetic energy

(ISV-KE; red dashed line). The values come from observations at

1200-m depth, 1428E, and represent averages over 38–68N. The

intraseasonal kinetic energy (b) over 800–1600m at 4.58N, 1428E
and (c) over 800–1100m at 4.78N, 1408E. In (a)–(c), black dashed

lines indicate the time of maximum energy burst at 4.58N, 1428E for

reference. Edge effects in the filtering contaminate the signal in the

gray shaded areas.
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The relationships among M-KE, ISV-KE, and MBTC

rate can be roughly established during the period of

inverse energy cascade in Fig. 10a. The ISV-KE {red

dashed line, log10[r(u
02 1 y02)/2]} remains at the low

value of 0.2 Jm23 before January 2015, rises to the peak

value of 0.56 Jm23 in mid-March, and then is reduced to

the low value again. During the period from February to

May, the MBTC term (solid blue line, 2rhu0y0i›U/›y)

becomes negative, indicating an energy transfer to the

mean zonal flow. The contribution from the other com-

ponent of MBTC (2rhy0y0i›V/›y) is negligible during

the entire period (not shown). Thus, the ISV energy is

being transferred to the background zonal flows through

barotropic instability when the ISV energy itself is large.

It is encouraging that the time variation of M-KE (red

solid line, log10rU
2/2) broadly supports the above mech-

anism. During the period from February to May 2015, a

large ISV-KE and negative MBTC rate appears, and the

M-KE correspondingly shows a persistent increasing

trend; in further quantitative analysis, the MBTC energy

is estimated at 20.96 Jm23 by integrating over this pe-

riod, generally consistent with the increase in M-KE of

approximately 1.2 Jm23. This suggests that intermediate

ISV energy coming from the remote upper ocean may

contribute to the formation of the intermediate zonal

jets. For the periods December 2014–February 2015,

and July–September 2015, the MBTC rate is weakly

positive, suggesting that M-KE should decrease. Although

this is generally observed during these periods, the

decrease rate of M-KE is greater than that can be ac-

counted for by eddy-to-mean conversion rates that can

be estimated using the available data. We leave this

suggestive result to future investigators to clarify. It is

hoped that our discussions here on new observations will

stimulate oceanographers who are trying to solve the

intermediate ocean circulation puzzle.

Figures 10b and 10c display observed ISV kinetic

energy over 800–1600m at 4.58N, 1428E and over

800–1100m at 4.78N, 1408E. The strong ISV energy in-

tensity occurs during January–February at 4.78N, 1408E,
two months earlier than the appearance of a strong ISV

energy signal at 4.58N, 1428E. This provides further evi-
dence for the southeastward propagation of ISV energy

by short Rossby waves, although locations of these two

moorings do not strictly follow the black line in Fig. 9a.

6. Summary and conclusions

Based on a 1-yr mooring array observation of ocean

currents along 1428E in the western tropical Pacific

Ocean, the meridional structure of the intraseasonal

variability (ISV) at intermediate depth is investigated.

At 1200m, the intermediate intraseasonal energy at

periods around 45 days shows a primary peak at 4.58N
and a secondary peak near the equator. The vertical

structure of ISV at 4.58N, 1428E shows the presence of a

maximum that lies between 900 and 1200m and that is

clearly separated from the near-surface stronger maxi-

mum. These characteristics are reproduced by the OFES

global simulation and shown to exhibit very weak inter-

annual variation. Time–longitude variation of OFES re-

sults further demonstrates that the intraseasonal energy

at intermediate depths is associated with short Rossby

waves with westward phase speed but southeastward and

downward group velocity. Further analysis based on

equatorial wave theory suggests that the first three baro-

clinic modes of Rossby waves account for the vertical

propagation of ISV energy in the western Pacific Ocean.

A 1.5-layer model is employed to assess the roles of

different meridional modes of Rossby waves in the ob-

served meridional structure of ISV. Two kinds of wind

stress fields are introduced into the model to trigger the

odd and even numbered meridional modes of equatorial

Rossby waves that would exist in an unbounded ocean.

In the model results, we find out that the meridional

structure of first meridional mode Rossby wave is al-

tered by the presence of a tilted southern boundary and

thus made consistent with the observed distribution of

ISV in the western Pacific. The OFES outputs further

support the above conclusions and detail the scenario of

energy propagation in the zonal–vertical plane. The ISV

energy is demonstrated to be carried from the remote

near-surface to the intermediate depth ofmooring location

through the downward- and southeastward-propagating

beam of short Rossby waves. This generation mecha-

nism of the intermediate ISV is somewhat different from

those mentioned previously (in the introduction section),

which suggest that the intermediate ISV is generated at

depth near the deep western boundary (Ascani et al.

2015) or the ridge topography (McPhaden andGill 1987;

Bunge et al. 2008), or is propagated from remote surface

through Yanai (Ascani et al. 2010) or Kelvin waves

(Matthews et al. 2007).

We also find evidence of the importance of the inter-

mediate ISV on the formation of intermediate zonal jets.

During the period of large ISV energy, a large negative

MBTC rate appears, followed by an increase in mean

zonal flow kinetic energy. It is suggested that the ISV

energy can be transferred to the mean flow through

barotropic instability. However, a full understanding of

energy exchange between the middepth flow and ISV is

still needed. It is hoped that our study is valuable in

expanding the knowledge of intermediate and deep

ocean dynamics, and stressing the importance of cor-

rectly simulating the intermediate ISV on the zonal jets.

Such variability may have consequences for the zonal
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distribution of biogeochemical properties (e.g., Dietze

and Loeptien 2013; Getzlaff and Dietze 2013).
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