
On the Formation of a Subsurface Weakly Sheared Laminar Layer and an Upper
Thermocline Strongly Sheared Turbulent Layer in the Eastern Equatorial Pacific:

Interplays of Multiple-Time-Scale Equatorial Waves

CHUANYU LIU AND XIAOWEI WANG

CAS Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, and Marine

Dynamic Process and Climate Function Laboratory, Pilot National Laboratory for Marine Science and Technology

(Qingdao), and Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, and University of the Chinese

Academy of Sciences, Beijing, China

ZHIYU LIU

State Key Laboratory of Marine Environmental Science, and Department of Physical Oceanography, College of Ocean and

Earth Sciences, Xiamen University, Xiamen, China

ARMIN KÖHL

Institute of Oceanography, University of Hamburg, Hamburg, Germany

WILLIAM D. SMYTH

College of Earth, Ocean and Atmospheric Sciences, Oregon State University, Corvallis, Oregon

FAN WANG

CAS Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences, and Marine

Dynamic Process and Climate Function Laboratory, Pilot National Laboratory for Marine Science and Technology

(Qingdao), and Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao, and University of the Chinese

Academy of Sciences, Beijing, China

(Manuscript received 16 October 2019, in final form 10 July 2020)

ABSTRACT

The origins of an observed weakly sheared nonturbulent (laminar) layer (WSL), and a strongly sheared

turbulent layer above the Equatorial Undercurrent core (UCL) in the eastern equatorial Pacific are studied,

basedmainly on the data from the TropicalAtmosphere andOceanmooring array.Multiple-time-scale (from

3 to 25 days) equatorial waves were manifested primarily as zonal velocity oscillations with the maximum

amplitudes (from 10 to 30 cm s21) occurring at different depths (from the surface to 85-m depths) above the

seasonal thermocline. The subsurface-intensified waves led to vertically out-of-phase shear variations in the

upper thermocline via destructive interference with the seasonal zonal flow, opposing the tendency for shear

instability. These waves were also associated with depth-dependent, multiple-vertical-scale stratification

variations, with phase lags of p/2 or p, further altering stability of the zonal current system to vertical shear.

TheWSL andUCLwere consequently formed by coupling of multiple equatorial waves with differing phases,

particularly of the previously identified equatorial mode and subsurface mode tropical instability waves (with

central period of 17 and 20 days, respectively, in this study), and subsurface-intensified waves with central

periods of 6, 5, and 12 days and velocity maxima at 45-, 87-, and 40-m depths, respectively. In addition, a wave-

like feature with periods of 50–90 days enhanced the shear throughout the entireUCL.WSLs andUCLs seem
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to emerge without a preference for particular tropical instability wave phases. The generation mechanisms of

the equatorial waves and their joint impacts on thermocline mixing remain to be elucidated.

1. Introduction

The surface mixed layer (ML) in the equatorial cold

tongue of the central and eastern Pacific plays an im-

portant role in tropical atmosphere–ocean interactions.

The thermal structure of the ML is governed by the

balance of the cooling by the vertical turbulent heat flux

at the base of the ML (;100Wm22), surface warming

(;70Wm22), and meridional advection (;50Wm22;

Wang and McPhaden 1999, 2001), while the seasonal

variation of the sea surface temperature is recognized to

be controlled largely by the subsurface turbulent heat

flux (Moum et al. 2013). The dynamics of turbulence

herein has therefore attracted many research efforts.

Turbulence has been observed at 08, 1408W (Eq140W

hereafter), the main locus of ocean heat uptake, in

several expeditions including Tropic Heat 1 (TH1, 1984;

Gregg et al. 1985; Moum and Caldwell 1985), Tropic

Heat 2 (TH2, 1987; Peters et al. 1991), the Tropical

Instability Wave Experiment (TIWE, 1991; Lien et al.

1995), and the Equatorial Internal Wave Experiment

(EQUIX, 2008; Moum et al. 2009, hereafter M09; Inoue

et al. 2012, hereafter I12). Thesemeasurements revealed

unique processes that determine the heat transport from

theML to the thermocline. In particular, TH1 revealed a

deep-cycle layer (DCL) of turbulence at Eq140W: tur-

bulence and internal wave activity were enhanced at

night, extending below the surface ML into a stratified

sheared layer of several tens of meters thick. Nighttime

turbulent kinetic energy dissipation rate in the DCL

exceeded the daytime value by more than an order of

magnitude (Moum et al. 1992, 2011), and isotherm dis-

placements and shear variances at nighttime were several

times daytime levels (McPhaden and Peters 1992; Peters

et al. 1994). The enhanced shear variance could penetrate

into the upper thermocline. Subsequent studies showed

that theDCL is anomnipresent feature atEq140W, albeit

with a distinct seasonal cycle (Pham et al. 2017). During

1–6 November 2008, EQUIX revealed an unusual layer

of elevated shear and turbulence above the core of the

Equatorial Undercurrent (EUC), which was named the

upper core layer (UCL). The UCL appeared to be as-

sociated with the passage of a tropical instability wave

(TIW). More interestingly, over much of this period,

theDCL and theUCLwere separated by a thin, weakly

sheared, essentially nonturbulent (laminar) layer

(M09; I12; referred to asWSL hereafter). TheWSLwas

centered at ;50-m depth of about 10m thickness dur-

ing 4–7 November (which was separated from theWSL

at;50–80m on 1–2 November by amergedUCL–DCL

turbulent layer on 3 November). The vertical penetration

of strong shear variance below the base of the surfaceML

ended immediately above the WSL. The WSL appeared

to be prominent during the southward (S) phase of the

TIW. On the other hand, the UCL was immediately

above the EUC core during the southward phase, with

elevated zonal and meridional shears accompanied by

strong turbulence. During the transition period from the

northward to southward (N–S) phase and the early part of

the S phase of the TIW, the UCL appeared to be merged

with the DCL (at 50–100-m depth), and thus became in-

distinguishable; whereas, during themiddle to late S phase,

the UCL (at 70–100-m depth) was dynamically separated

from the surface-driven DCL by the WSL. The WSL and

UCL were not observed in the TH1, TH2, and TIWE

experiments. (Readers may refer to Figs. 4 and 5 of I12

for a clear illustration of these distinct layers.)

The dynamics of the diurnal DCL, particularly from a

perspective of its relationship to internal waves and

shear instability, have been extensively studied both

theoretically and numerically since TH1 (Boyd et al.

1993; Skyllingstad and Denbo 1994; Sutherland 1996;

Mack andHebert 1997; Sun et al. 1998;Wang et al. 1998;

Wang and Müller 2002; Wijesekera and Dillon 1991;

Moum et al. 1992; Lien et al. 1996; Mack and Hebert

1999; Smyth and Moum 2002; Pham et al. 2013, 2017).

Two plausible formation mechanisms have been proposed.

One suggested that internal waves generated at the base of

the ML could transport momentum downward, adding

small-scale shear into the already near-critical (i.e., mar-

ginally unstable) shear layer associated with the EUC,

triggering shear instability (Moum and Caldwell 1985;

Gregg et al. 1985; Wijesekera and Dillon 1991). The other

argued that, rather than internal waves, turbulent entrain-

ment immediately below the base of the ML transported

momentum into the strong mean shear zone, enhancing

shear and thus generating instability (Schudlich and Price

1992; Clayson and Kantha 1999; Smyth and Moum 2013,

Smyth et al. 2013, 2017; Pham et al. 2013, 2017).

At the same time, less progress has been made on the

dynamics of the UCL and WSL. Because the UCL and

WSL were both observed during a TIW, they were

naturally presumed to be a distinct feature associated

with the TIW (I12).M09 attributed the enhancedmixing

during the EQUIX experiment to the vertical shear as-

sociated with the TIW’s meridional velocity. Holmes

and Thomas (2015) found instead that the vertical shear
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associated with the TIW’s zonal velocity contributed

most to the total vertical shear, and argued that the shear

was caused by the meridional gradient of the TIW-

associated meridional velocity via vortex stretching. Liu

et al. (2019a) identified the northeast–southwestward

(NE–SW) velocity oscillation of the equatorial mode

TIW (eTIW hereafter), and argued that its westward

velocity could induce strong vertical shear squared via

its nonlinear interactions with the mean zonal flow

(therein, ‘‘nonlinear interaction’’ means the jointly in-

duced quadratic shear squared from linear superposition

of their shears; whether the two processes indeed in-

teracted in a common nonlinear sense or resulted in

feedback to any of the processes was not considered).

However, while these results seemed to have potential

in explaining the existence of the UCL from the per-

spective of TIWs, the formation mechanism of the

WSL, which blocked the DCL from penetrating further

downward, remains unrevealed.

Recently, Liu et al. (2019b, hereafter L19b) discov-

ered subsurface-intensified instability waves (named as

subTIWs) at the equator that were mainly manifested as

prominent zonal velocity oscillations. These waves had

velocity amplitudes of 10–20 cm s21, peaked at 70–90-m

depths, and were most significant during the commonly

recognized TIW seasons which usually last for 3–7months.

It was found that the subTIWs could account for ;20%

of the 5–30-day zonal velocity variance. L19b demon-

strated that the shears associated with the subTIWs

could lead to complex vertical structure of the shear

squared (SS) changes (SSCs) above the EUC core. At

certain phases, enhanced shear might occur just above

the EUC core with weakened shear at ;50m. The au-

thors argued that this could explain the observed complex

shear and mixing structures, including both the WSL and

UCL, in the EQUIX experiment. However, the exact

processes were not explored. Also not discussed was the

joint effect of the subTIW with the more energetic,

surface-intensified eTIW (contributing ;60% of the 5–

30-day variance). Finally, it was not knownwhether other

kinds of waves also existed during the time period and

how much they contributed to the shear and mixing.

In the present study, we extend the analysis of M09,

I12, and L19b to describe the WSL and UCL in light of

the interactions among the subTIW, the eTIW, the

seasonal zonal flow, and other equatorial waves with

different time scales and different depths of maximum

amplitude. We will also examine whether the WSL and

UCL can only occur at specific phases of TIWs. The data

used for these analyses are described in section 2. In

section 3, we propose the formation mechanisms, by

first disclosing multiple-time-scale equatorial waves,

and then demonstrating their interactions; we will also

demonstrate the existence of the two-layer structure

during other TIWs. The conclusions and further dis-

cussions are presented in section 4.

2. Data and methods

In the present study, the observed hourly ocean tem-

perature, salinity and velocity data at Eq140W are used.

The data were collected by the Tropical Atmosphere

and Ocean (TAO) mooring array (McPhaden 1995) and

freely downloaded from http://www.pmel.noaa.gov/tao/

data_deliv. The velocity data have a vertical resolution

of 5m, while the temperature was measured at nonuni-

form vertical intervals, with an average interval of;6m

above 80-m depth and ;12m between 80- and 140-m

depths. The original hourly salinity data are sparse and

hence replaced by the long-time mean (Smyth and

Moum 2013; Liu et al. 2016). All the data were inter-

polated and/or extrapolated into 1-m grids using a

method described in detail by Liu et al. (2016). Hourly

density profiles are calculated afterward. The time pe-

riod for the analysis is September 2008–January 2009,

with an emphasis on the period of intensive turbulence

measurements of the EQUIX experiment (24 October–

9 November 2008).

3. Results

a. TIWs and multiple-time-scale equatorial waves

To determine whether other kind of waves also exis-

ted during the time period of the EQUIX experiment,

we conduct standard power spectral density (PSD)

analysis on the hourly zonal and meridional velocity

components (u and y, respectively) at each depth for a

4-month period (15 September 2008–15 January 2009).

The Hanning window is adopted and its length is set as

90 days. The overlap length for two consecutive Hanning

windows is 80 days, therefore in total five consecutive

windows are used for the PSD calculation. The final PSD

is an average over the five ensembles and the reported

results are significant at 95% confidence level.

The calculated PSD is shown in Fig. 1. A variety of

waves (wave continuums), manifested as PSD peaks at

different depths with different periods in the zonal ve-

locity component, are distinguishable above the ther-

mocline center (Figs. 1a,b). Specifically, seven waves can

be loosely picked up, which include that with periods of

;4.5–5.5 days at 55–100-m (centered at 85m) depth,;5.5–

7.5 days at 20–70-m (centered at 45m) depth,;7.5–10 days

at 50–100-m (centered at 80m) depth, ;10–14 days at

0–80-m (centered at 40m) depth, ;14–18.5 days above

50-m depth (surface intensified), ;17.5–23.5 days at

50–110-m (centered at 85m) depth, and ;23.5–29 days
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above 50m (surface intensified). Also, there were PSD

peaks at periods between 1 and 4.5 days within 20–70-m

depth (with multiple centers); not to be overdetailed, we

collectively define them as one continuum. There were

also PSD peaks at periods . 29 days; given the possible

contribution from the 33-day, vortex mode TIW that

was centered 48–58 north of the equator (Lyman et al.

2007; Liu et al. 2019a), we loosely define the 29–45-day

period band for part of that TIW. It means, nine waves

(or wave continuums), manifested as zonal velocity os-

cillations, may coexist during this time period. (Within

the certain period band of a wave, one or more extra

PSD peaks at different depths might coexist; the peak

either denotes a separate wave or suggests the successive

antinode of the same wave.) In fact, the 14–18.5-day

wave has already been identified (Liu et al. 2019a;

Lyman et al. 2007) and referred to as eTIW in literature

(Liu et al. 2019a; note that the eTIW had a strong me-

ridional counterpart in PSD, see Fig. 1d), and the 17.5–

23.5-day wave at 50–100-m depth has also already

known and referred to as subTIW (L19b).

In contrast, themeridional velocity (Figs. 1c,d) showed a

lower variability below 10 days and a broad period band

(10–30 days centered at ;14–19 days) with a surface-

intensified vertical structure. Within the central periods,

the amplitude was nearly uniform above 50-m depth, but

dramatically vanishing toward the thermocline center

(at ;100-m depth).

The nine waves seem to have well-separated period

bands, with an exception between the surface-intensified

FIG. 1. PSD as a function of depth and periods of the (a),(b) zonal u and (c),(d) meridional

y velocity components at 08, 1408W, analyzed for the period of 15 Sep 2008–15 Jan 2009. Before

calculation, u and y are normalized respectively by their absolute maximum during the time

period analyzed (PSD unit is cpd21). Color bar ranges are [24,21] for (a) and (b) and [24, 0.5]

for (c) and (d).

2910 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

Unauthenticated | Downloaded 02/03/21 11:49 PM UTC



14–18.5-day wave and subsurface-intensified 17.5–

23.5-day wave, which overlapped in periods between

17.5 and 18.5 days. To isolate their individual effect,

particularly of the surface- and subsurface-intensified

structures, we determine the compromise borders in the

period regime, and have isolated them from each other

through bandpass filtering (with a Lanczos digital filter

here; Duchon 1979). The filtering is made on the hourly

velocity components, temperature, and buoyancy fre-

quency squared (BFS, defined below), for the time

period of 1 September 2008–31 January 2009. We have

also conducted the 45-day low-pass filtering and the 1-day

high-pass filtering to obtain the slowly varying background

and high-frequency residual properties. The resulting nine

individual waves, in terms of their oscillating velocities,

during the same time period as the EQUIX experiment

are shown in Figs. 2 and 3, and some of their statistical

characteristics are summarized in Table 1. In addition, we

make a reconstruction of the total velocity summing all

the waves as well as the slowly varying background and

high-frequency residual velocities (Fig. 4), which compares

pretty well with the original velocities, indicating that the

conducted filtering has not introduced significant velocity

artifacts, and the identified wave components could ex-

plain most of the observed variance.

As evident in Figs. 2 and 3, these waves exhibited

prominent features. First, during the EQUIX time pe-

riod, some waves were manifested primarily as zonally

oscillating velocities, while others were manifested pri-

marily as meridionally oscillating velocities. For exam-

ple, the wave W6 (i.e., the wave with a central period of

6.5 days; refer to Table 1 for the naming of the waves)

had the maximum amplitude of ;0.2m s21 in u0, larger
than the maximum amplitude of y0 (;0.1m s21) by a

factor of 2. Also,W12 had substantially larger maximum

amplitude in u0 (;0.12m s21) than in y0 (;0.05ms21).

The amplitudes in y0 of both W17 (eTIW) and W20

(subTIW) were large, which were over ;0.6 and

;0.3m s21, respectively, while their maximum ampli-

tudes in u0 were only;0.1m s21. The amplitude of W33

was also larger in y0 (;0.2m s21) than u0 (;0.1m s21).

Among the others, W5, W9 and W25 had small ampli-

tudes in both u0 and y0 (;0.05m s21), while W3 had

largest amplitude in both u0 and y0 (.;0.5m s21), which

might be due to strong transient waves. Second, the

waves with the same period were not necessarily in

phase between u0 and y0. A typical wave was W17 (i.e.,

the eTIW), whose u0 and y0 were in phase above the

thermocline (at ;100-m depth), forming the NE–SW

oscillation viewed at a single location at the equator,

and a NE–SW tilted horizontal circulation pattern as-

sociated with a Yanai wave from a bird’s eye view (Liu

et al. 2019a). The velocity components of W20 (i.e., the

subTIW) were almost in phase, too. (The sum in y0 of
both W17 and W20 reaches ;0.9ms21, forming the ob-

served energetic TIW.) By contrary, the velocity com-

ponents of W6 seemed out of phase, but their maximum

amplitudes seemed to be located at slightly different

depths. Third, at some period bands, particularly at the

short time periods (W3–W12), u0 and y0 might not coin-

cide either in depth or in phase or in both, suggesting

complex dynamics in terms of vertical and meridional

modes of the equatorial waves (which is beyond the scope

of the present work but discussed in the last section).

Finally, we would like to note that, while most waves can

be considered as a wave continuum,W3 actually was not,

but consisted of multiple wave continuums with periods

of 1–4.5 days, and different depths of peaks (Figs. 1a,b);

the reason for combining them into one ‘‘wave’’ is for

simplicity, because otherwise they are hardly separated.

A physically important feature was the variety of

depths where the waves peaked, as already shown in the

PSD distribution. W3, W5, W6, W9, and W20 clearly

had subsurface amplitude peaks (varying from 50- to

85-m depths), while W6, W12, and W25 had two subsur-

face amplitude peaks (varying from 50- to 135-m depths).

In addition, W9, W12, and W17 also had amplitude peaks

at the surface. As will be shown below, above and below

the subsurface amplitude maximum, the amplitude of the

waves decreased (smoothly or abruptly) and resulted in

out-of-phase velocity shears, which were crucial for the

generation of complicated vertical structures of both the

shear and mixing.

b. Decomposing the shear associated with identified
equatorial waves

As mentioned above, both the eTIW and subTIW

could induce large total shear squared changes (SSCs)

due to coupling between the shear of the oscillating

zonal velocity and the shear of the seasonal zonal flow

(Liu et al. 2019a; L19b). Analogically, all the other

equatorial waves could also induce significant SSCs due

to their vertical shear in u0. In addition, the coexistence

and hence the coupling among the equatorial waves,

which were associated with significant velocity ampli-

tudes at different depths, should further complicate the

vertical structure of the shear above the thermocline.

This will be investigated in detail in this subsection.

We now investigate the contribution of each identified

wave to the total SS. For the zonal component, the total

SS is calculated as S2
u 5 (›u/›z)2, where u denotes the

total zonal velocity which consists of a slowly varying

background zonal flow ~U (defined as the 45-day

low-pass filtered velocity in this study), the oscillating

zonal velocities associated with the individual waves

(denoted as u0
3, u

0
5, . . . , see below), and a high-frequency
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residual flow u0
R (defined as the 1-day high-pass filtered

velocity in this study). Similar treatment is done to the

meridional component. (We note that it is appropriate

to define the 45-day low-pass filtered velocity as the

slowly varying background flow in the context of those

rapidly varying waves; nevertheless, this background

flow still contains variability at intraseasonal/seasonal to

even longer time scales, and also exerts effects, which

will be shown in section 3e.)

Following Liu et al. (2019a) and L19b, the contribu-

tions of the waves to the zonal SSCs relative to that of

the slowly varying background flow can be expressed as

DS02
u 5

"
›( ~U1u0

3 1 u0
5 1 � � � )

›z

#2
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

S2u

2

 
› ~U

›z

!2

|fflfflfflffl{zfflfflfflffl}
S2

~U

5

�
›u0

3

›z

�2

|fflfflfflffl{zfflfflfflffl}
DS02

u(323)

1

�
›u0

5

›z

�2

|fflfflfflffl{zfflfflfflffl}
DS02

u(525)

1 2
› ~U

›z

›u0
3

›z|fflfflfflfflffl{zfflfflfflfflffl}
DS02

u( ~U23)

1 2
› ~U

›z

›u0
5

›z|fflfflfflfflffl{zfflfflfflfflffl}
DS02

u( ~U25)

1 2
›u0

3

›z

›u0
5

›z|fflfflfflfflfflffl{zfflfflfflfflfflffl}
DS02

u(325)

1 � � � . (1)

Hereafter we will use expressions like DS02
u( ~U23) and

DS02
u(325), to denote the contribution from coupling be-

tween ~U and u0
3, and between u0

3 and u0
5, respectively;

and so on (u0
3, for example, denotes the zonal velocity

anomaly associated with W3; see Table 1 for the sym-

bols). Also, we will use DS
02
u3 to denote the contribution

from solely the velocity anomaly, u0
3d, i.e., DS

02
u(323) 5

(›u0
3/›z)

2; and so on. In addition, we use S2
~U
5 (› ~U/›z)2 to

denote the SS of the slowly varying background zonal flow.

The same is done to the meridional flow. With nine iden-

tified waves, one slowly varying background flow and one

high-frequency residual flow, a total of 54 terms emerge

according to rhs of (1) for either theuor the y component.A

comparison of themagnitudes of these quantities enables us

to identify the primary contributors to any specific aspect of

the shear profile, in particular that in the WSL and UCL.

We first show the SS of the slowly varying background

flow, the SS as a sum of all the zonal components (in-

cluding the high-frequency residual flow, the slowly

varying background flow and the flow associated with

the individual waves), and the SSCs in both the zonal

and meridional components due to all the waves in

Fig. 5. The SS as a sum of all the zonal components

(Fig. 5b) displayed almost the same pattern as the ob-

served SS of the total zonal flow (Fig. 4 of I12).

Discrepancies were primarily located above 25-m depths,

where velocity datawere derived fromextrapolations.Other

small differences may result from the discrepancy between

the TAO and EQUIX mooring locations, which would not

affect the analysis here. Particularly, the observed sup-

pressed shear at the WSL at ;50-m depth during 3–6

November and the observed enhanced shear in the UCL

(75–100-m depth) during 1–6 November were well re-

constructed by the combination of all the components.

The aforementioned SSCs in the WSL and UCL are

evident in Fig. 5c, which demonstrates the primary

contributions from the zonal velocity anomalies. For the

WSL, the SS was indeed reduced around the ;50-m

depth, but was also reduced within a wider range be-

tween 40- and 100-m depths. On the other hand, the

UCL was not enhanced systemically between 70- and

100-m depths; rather, it was enhanced by u0 in a 50-m-thick

layer (;50–100-m depths) only during 2–3November, and

in a ;15-m-thick layer (90–105-m depths) on 4 and

6November. The SSCs by y0 (Fig. 5d)were relatively weak
and generally positive in the upper thermocline, but were

only significant in several 25-m thick patches in the UCL,

including that between 95- and 110-m depths during

1–2 November, and ;85–105-m depths on 6 November.

Obviously, u0 or y0 only induced transient enhancements in

thin layers around;100-m depth, which did not resemble

the 50-m-thick, strongly sheared UCL as revealed in

EQUIX. Instead, Fig. 5a suggests that the UCL was pri-

marily maintained by the strong SS of the slowly varying

background flow during this time period (1–7 November).

Other than the mentioned WSL and UCL, the large SS

variations shown in other time periods and depths were

also well reconstructed, such as the reduction during

24–25October at 50–85-mdepths, during 1–2November at

50–80-m depths (which emerged as a strong WSL-like

pattern), and the enhancement above the WSL (;25–40-m

depths) during 3–7 November. During 7–8 November, the

enhancement of SS between 40- and 80-m depths was re-

constructed and was shown to include contributions from

both the slowly varying background and the anomalous

zonal velocities.Overall, it can be concluded that the vertical

variations of the shear were primarily caused by the zonal,

rather than meridional, wave-induced velocity oscillations.

c. Vertical and temporal structure of the shear:
Formation mechanisms of the WSL and UCL

We focus now on the formation mechanisms of the

WSL around ;50-m depths during 3–6 November and

the UCL between 70- and 100-m depths during 1–

6 November. We first examine the major contributors to

the SSC averaged over a 10-m-thick and 1-day-long box

typifying each of theWSL and the UCL.We plot the top

10 largest contributing terms, as well as the SS of the
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total and slowly varying background flow, in Fig. 6. The

two boxes include that between 45- and 55-m depths

during 0000–2400 UTC 4 November, and between 90-

and 100-m depths during the same time period, and are

referred to as Case WSL and Case UCL, respectively.

For the CaseWSL (Figs. 6a,b), the final SS was;1.493
1024 s22, while the SS of the slowly varying background

flowwas;2.503 1024 s22. The reduction of the SS (;1.03
1024 s22) was due to the coupling between the slowly varying

background zonal flow ~U and the zonal velocity anomalies of

several distinct waves, including W6, W5, W20, W12,

W3, and W33 (DS02
u( ~U26) 520:693 1024 s22, DS02

u( ~U25) 5

20:58 3 1024 s22, DS02
u( ~U220) 5 20:55 3 1024 s22, DS0

u

( ~U212)
2
520:2931024 s22, DS02

u( ~U23)
520:2431024 s22

and DS02
u( ~U233) 520:133 1024 s22, respectively); the cou-

pling between y017 and y025 also contributed (though was rel-

atively small, DS02
y(17225) 520:103 1024 s22; in red in

Fig. 6b). The SS was enhanced by the interactions

between ~U and u0 of two waves, W9 and W17, and by

solely u0
R (DS02

u( ~U29) 5 0:473 1024 s22,DS02
u( ~U217) 5 0:273

1024 s22, and DS02
u(R2R) 5 0:103 1024 s22).

For the Case UCL (Figs. 6c,d), the final SS was en-

hanced by 2.553 1024 s22 relative to the strong SS of the

slowly varying background flow, from 3.96 3 1024 to

FIG. 2. The (left) zonal and (right) meridional oscillating velocities of the individual waves at 08, 1408W, (the waves are denoted by panel

title labels). The contour interval is 5 cm21. Each is bandpass filtered at its specific period band, which is listed in Table 1. The bandpass

filtering is conducted at time period of 1 Sep 2008–31 Jan 2009, but only the results of the EQUIX time period (24 Oct–9 Nov 2008)

are shown.
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6.513 1024 s22. The sources were complex for this case.

The increments resulted from the constructive interac-

tion between the ~U and u0 of W6, W20, W5, and W17

(DS02
u( ~U26) 5 1:793 1024 s22, DS02

u( ~U220) 5 1:113 1024 s22,

DS02
u( ~U25) 5 0:703 1024 s22, and DS02

u( ~U217) 5 0:393
1024 s22), and from solely u0

R (DS02
u(R2R) 5 0:513

1024 s22), as well as from solely y0 of W20 (DS02
y(20220) 5

0:483 1024 s22; in red in Fig. 6d). These factors were

opposed by the destructive interactions between ~U

and u0 of the W3, W33, and W12 (DS02
u( ~U23) 521:043

1024 s22, DS02
u( ~U233) 520:653 1024 s22, DS02

u( ~U212) 5
20:633 1024 s22), and between y020 and y03 (DS

02
y(3220) 5

20:3831024 s22).

The results demonstrate that, in both the WSL and

UCL, most of the largest contributions (either positive

or negative) were from the interactions between the

slowly varying background zonal flow ~U and zonal os-

cillating velocities associated with the individual waves,

indicating that not only the waves, but also the slowly

varying background shear played a crucial role in in-

ducing the total SSCs in the WSL. Nevertheless, in the

UCL, W20 (the subTIW) also contributed to the en-

hanced SS via its own oscillating meridional velocities.

However, the joint contributions of the waves to SSCs

vary periodically with time, leading to different com-

bined results. In Fig. 7 we plot the time series of the

FIG. 3. (a)–(h) As in Fig. 2, but for the remainder waves. In (b) and (d), the values exceed the range in the color

bar, so that contours are added (contour interval5 5 cm21). (i),(j) The slowly varying background (45-day low-pass

filtered) zonal and meridional velocity components, respectively.
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individual terms at both 50- and 95-m depths. At the

50-m depth, it was seen that during 7–8 November,

most terms were on their positive phases (except for

DS02
u( ~U220), DS

02
u( ~U212), and DS02

u( ~U225) which were weakly

negative), resulting in greatly enhanced total SS;

similar result emerged during 25–28 October. During

2–3 November, the positive DS02
u( ~U23), DS02

u( ~U25), and

DS02
u( ~U26) were larger in magnitude than the negative

DS02
u( ~U220)

, DS02
u( ~U212)

, and DS02
u( ~U29), leading to enhanced

SS. During 30 October–1 November, by contrast,

four terms with larger magnitudes were on their neg-

ative phases and the other four terms with smaller

magnitudes on their positive phases, leading to weakly

reduced total SS. Similarly, at the 95-m depth, the

enhanced SS during 28–29 October, 1–2 November, 6–

7 November, and reduced SS during 27–28 October,

30–31 October, and 7–8 November, could be well ex-

plained via the combination of specific waves.

The vertical variations of the waves and differences of

their vertical scales also led to the complexity of the

combined results in SSCs. To illustrate this, we plot the

shear of the oscillating zonal velocities, i.e., ›u0
3/›z, . . . ,

and the corresponding SSCs due to its interaction with
~U, i.e., DS02

u( ~U23) 5 2› ~U/›z(›u0
3/›z), . . . , in Figs. 8 and 9.

Several basic features can be inferred from the figures.

One is that the sign of the SSCs was always opposite to

(the same as) the sign of the shear of the waves above

(below) the EUC core, due to multiplication by the

negative (positive) shear of the slowly varying back-

ground flow, › ~U/›z, indicating again the importance of

the shear direction of the oscillating zonal velocity of

each wave. The second was that, ;20–30m above the

EUC core, the amplitude of the SSCs was enhanced for

all waves due to the strong shear of the slowly varying

background flow, providing the potential for the waves

to enhance or reduce the total SS at these depths. On the

other hand, vertical pattern of the SSCs varied from

wave to wave. First, either above or below the EUC

core, a two-layer structure with nearly antiphase SSCs

could occur, with the transition depth the same as that of

the maximum amplitude of u0, particularly for the

subsurface-intensified waves, such asW5,W6,W12,W20,

and W25; however, this feature was ambiguous if a

surface-intensified wave or another subsurface-intensified

wave coexisted at the same period band, such as W3, W9,

and W17. Second, the vertical scales of not only the two-

layer structure, but also each layer, varied from wave to

wave, too, ranging between 50 and 70m, and between 20

and 55m, respectively. All these features led to the

complexity of the total combined pattern of the SS

changes. Table 2 summarizes these characteristics.

Overall, the differences in periods, in depths, and in

vertical scales of the waves, together with the slowly
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varying background flow, lead to a variety of combined

vertical structures of the shear; among them the EQUIX-

observedWSLandUCL structure could only be a specific

one, which stood out due primarily to the joint contri-

bution from W3, W5, W6, W12, and W20. Particularly,

the subsurface-intensified waves, i.e., W5, W6, and W20,

contributed largely to the formation of both layers.

d. Shear instability in theWSL andUCL:Modulation
of the associated DN20

In the present section, we extend the analysis to the

reduced shear squared changes (RSSC) associated with

the waves.We only focus on zonal components of the waves

because they were dominant as shown above. The zonal

RSSC DS02
ured is defined as DS02

ured 5DS02
u 2 4N20. This prop-

erty represents the tendency of the waves to induce shear

instability (and thus turbulence and mixing) due to not only

the associated velocity shear, but also the associated density

strain (Holmes andThomas 2015).WhenDS02
ured . (,)0, the

wave tends to destabilize (stabilize) the flow.Here,N20 is the
anomalous BFS bandpass filtered at the specific period

bands of the waves (denoted as N2
0

3 , N
2
0

5 , . . . , hereafter;

also see Table 1 for the symbols; note that, unlike DS02
u ,

no coupling between waves or between wave and mean

flow took place in formingN2
0
, becauseN2

0
; ›T 0/›z). In

the meanwhile, the RSS of the slowly varying background

zonal flow is defined as S2
~Ured

5 S2
~U
2 4fN2, where S2

~U
is the

SS associated with the slowly varying background zonal

flow ~U, and the fN2 is the BFS associated with the slowly

varying background density.

We first show DS0
ured
2 during the EQUIX time period

along with the RSS of the slowly varying background

FIG. 4. The original hourly (a) zonal and (c) meridional velocity components, and the sum of

the bandpass filtered, slowly varying background and high-frequency residual (b) zonal and

(d) meridional components, for the EQUIX time period at 08, 1408W.
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zonal flow, S2
~Ured

, as well as the total changes on the SS

and BFS in Fig. 10. In the layer above ;85-m depth, the

S2
~Ured

was around 0 (Fig. 10a), confirming that this layer

was marginally stable (Smyth and Moum 2013) and could

become unstable subject to small changes in DS02
u and/or

N2
0
. The S2

~Ured
between 100- and 150-m depths, in contrast,

was strongly negative (Fig. 10a), indicating that this layer

was generally stable, and could turn unstable only in con-

ditions of great enhancement (reduction) of DS02
u (N2

0
).

The DS0
ured
2 pattern, particularly with large magni-

tudes, generally resembled that of the DS02
u (Figs. 10b,d,

respectively), meaning that the former was primarily de-

termined by the SSCs. For example, DS0
ured
2 was mostly

positive in the deep depths of the UCL during 1–4

November, income 50–100-m depths during 28–30 October

and 7–9 November, above the WSL (20–40-m depths)

during 4–6 November, and was continuously positive at

;50–100-m depths during 2–3 November. In addition,

DS02
ured was positive below 100m during 24–25 October and

28–31 October. Those were all similar to the signs of DS02
u .

Above the thermocline center, the aforementioned

depths and times of enhanced shear were in good

FIG. 5. Shear squared and anomalies for the EQUIX time period at 08, 1408W. Shear squared

of (a) the slowly varying background zonal flow, (b) total shear squared calculated as the sum of

all 54 terms of the zonal velocity (see text), (c) total shear squared calculated as the sum of all

terms of the zonal velocity except for that of the slowly varying background zonal flow, i.e., the

difference between (b) and (a), and (d) as in (c), but for themeridional velocity. The thick green

and pink lines denote the bases of the ML and DCL, respectively, adapted from I12; the black

and red lines denote the daily depths of the EUC core and 208C isotherm, respectively; the two

dashed vertical lines denote the time period of 4 Nov 2008.
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agreement with those of strong mixing shown by the

EQUIX experiment. Those below the thermocline were

also associated with more mixing than other time pe-

riods as shown by the EQUIX experiment. These results

demonstrate that the positive DS
02
ured indeed destabilized

the flow and led to enhanced mixing. By contrast, the

DS
02
ured was negative and had large magnitude in 50–80-m

depths, during 24–25 October, in the layers just above

the EUC core during 27–28 October, 30–31 October,

and 7–8 November; particularly, it was negative and had

moderate magnitude in the WSL during 4–7 November.

Those layers were associated with greatly reduced or

even completely suppressed mixing, which is also in

good agreement with the EQUIX measurements.

Nevertheless, N20 also modulated the zonal RSS pat-

tern and contributed to mixing in the WSL and UCL

(Fig. 10c). In the upper 50-m depths (embracing theWSL)

of 4–6 November, 24N20 was negative, enhanced the

negative RSSC in the WSL but did not reverse the sign

above it; in the UCL (75–100-m depths of 3–6 November),

on the other hand, 24N20 was positive and enhanced the

positive RSSC. Also, in the thin layer at;100-m depth of

1–2 November, 24N20 reinforced DS02
u and led to larger

positive RSSC; in the 25–75-m depths of 28–31 October,

the weak positive24N20 slightly enhanced the weak SSCs

therein, leading to sign reversion occasionally. However,

note that during most of the EQUIX time period

(27 October–6 November), the magnitude of 24N20 in

the upper thermoclinewas several factors smaller than that

of DS02
u , thus only played a modulating, but not controlling

role, in constituting the RSSCs. In contrast, between 50-

and 150-m depths on 24–25 October, and below 110- and

above 50-mdepths on 7–8November,DS
02
ured was governed

by N20 to a larger extent (Figs. 10b–d).

To gain a further understanding ofN20 associated with

each individual wave, and to explain their contributions

to DS
02
ured at specific depths and time periods, we also

calculate the bandpass filtered temperature T0 at the

specific period bands of thewaves (denoted asT 0
3,T

0
5, . . . ,

hereafter; also see Table 1 for the naming of the sym-

bols). The variations of T0 are shown in Figs. 11 and 12

along with the correspondingN20 . Two basic features are

evident: one lies in phase differences between the shear

(or u0 and y0) and strain (or T0), and the other lies in the

vertical patterns of the strain (or T0).
First, among the detected waves, two classes can be

identified in terms of phase differences. One is typified by

W17 (i.e., the eTIW) andW20 (i.e., the subTIW),which had

larger amplitude in y0 than u0 (Fig. 3), and a phase lag ofp/2
ofT0 (andN20) to y0 (Figs. 12a,b). This feature indicates that
they could be resulted from a southward-shifted Yanai

wave. The p/2 phase-lag relation between N20 and y0

FIG. 6. (left) Depth and time averaged shear squared of the slowly varying background (M) and total (T) flow,

and (right) 10 largest contributions to the shear square changes from some individual waves, averaged over (top)

45–55-m depths during 0000–2400 UTC 4 Nov, and (bottom) 90–100-m depths during 0000–2400 UTC 4 Nov. Blue

(red) bars denote contributions from the zonal (meridional) velocity components. Here, ‘‘M-3’’ denotes the contri-

bution ofW3 via interactionwith the slowly varying background flow, i.e., 2(› ~U/›z)›u0
3/›z, which is denoted asDS

02
u( ~U23)

in the text, and so on; ‘‘R-R’’ denotes the pure contribution from the high-frequency residual flow, i.e.,

DS02
u(R2R) 5 (›u0

R/›z)
2, and so on.
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seemed also to exist at W25 andW33 (Fig. 12). The second

class, represented by W6, showed larger amplitude in u0

than y0 (Fig. 2), and out-of-phase variation (phase lag by p)

between T0 and u0 (Figs. 11e,f). This kind of relation was

also evident in W9 (only below 50m) and W12 (Fig. 11).

The second feature was that, like the SSCs, the N20

also showed varying vertical patterns and scales.

In the surface-intensified W17 (the eTIW) and the

subsurface-intensified W20 (i.e., the subTIW), T0 and
N20 varied on large vertical scales relative to other

wave types. The peak of their T0 was located at the

thermocline center (at ;100-m depth), and extended

upward and downward, leading to a two-layer struc-

ture of N20 , with opposite signs between the two

layers and the thermocline center as their border.

Specifically, the T0 of W17 extended upward to the

surface and downward to about 140-m depth, resulting

a 75-m-thick N20 layer both above and below the

thermocline center, with two peaks in N20 at ;50- and

;125-m depth. The T0 of W20 extended upward to

;50-m depth and downward to ;150-m depth, re-

sulting in a 50-m-thickN20 layer both above and below

the thermocline center, with peaks in N20 at ;50–80-m

depth and ;110–125-m depth. On the other hand, the

higher frequency waves shown in Fig. 11, such as W6, W9,

and W12, had smaller scale T0 and N20 . The peak and

vertical extents of T0 nearly coincided with those of u0 (out
of phase; Figs. 2, 11), leading to a two-layer structure ofN20

with opposite signs between the two layers, but with

small vertical extents for each layer and varying border

depths (ranging between 65- and 85-m depths). This led to

simultaneously opposite signs of N20 in the upper thermo-

cline. (The features inu0, y0, andT0 indicate that thesewaves
may belong to either gravity or Rossby or combined (i.e.,

Yanai) type of equatorial waves, considering possible slight

meridional shift of them, yet to be verified).

Returning to the representative WSL and UCL depths

(50 and 95m, respectively; Fig. 13), we find that during

4–6 November at 50-m depth, most of the waves, including

W3,W9,W20,W25, andW33 induced negative (stabilizing)

24N20 , while W6 and W17 induced positive (destabi-

lizing) 24N20 . In total, they led to negative 24N20

during the short period and contributed to the re-

duction of RSSCs at the WSL (Figs. 13a,c). During 1–

6 November, the total 24N20 was generally positive,

contributing to the enhanced instability of the UCL

(Figs. 13b,d). Positive 24N20 was primarily due to

three waves: W12, W20, and W25, while W33 induced

negative24N20 , and bothW3 andW5 changed sign during

that time period. However, the magnitude of 24N20 was

FIG. 7. Contributions to the shear squared changes from the coupling between the slowly varying background

zonal flow and the individual waves, and their sum (denoted in insets, refer to caption of Fig. 6 for details) at aWSL

depth (50m) and a UCL depth (95m), for the EQUIX time period at 08, 1408W.
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generally smaller than DS02
u (comparing with Fig. 7) in the

upper thermocline, so that the stratification anomalies did

not crucially influence DS02
ured.

e. Slowly varying background shear in the UCL:
Modulation from a longer-time-scale equatorial wave

Figure 5b showed that the total SS was enhanced

around theUCLdepths and time period, 2–9November;

however, the SSCs induced by the aforementioned waves

were negative in a large portion of the UCL during

3–7 November (except for some layers just above the EUC

core), and thus did not contribute to this systematic en-

hancement. The systematic enhancement instead existed in

the background flow (Fig. 5a). A question therefore arises

as to what caused the SS enhancement during the late half

of the EQUIX experiment. The answer turns out to be an

(irregular) wave-like process with a period of 50–90 days

(or a combination of waves with;50-day period in the

mixed layer and ;90-day period in the thermocline)

manifested also in zonal velocity oscillation at the

central EUC depths (Figs. 14a,b; the meridional ve-

locity only displayed a weak;50-day oscillation in the

FIG. 8. (left) Shear of the zonal velocity associated with each individual wave. (right) Shear squared changes from

the interaction between the slowly varying background zonal flow and the waves. Here, 2 ~U 0
zu

0
z3 5 2(› ~U/›z)›u0

3/›z,

and is denoted also as DS02
u( ~U23)

in the text; and so on. The individual waves are denoted in insets. The two dashed

lines denote 50- and 95-m depths. Shown are for the EQUIX time period at 08, 1408W.
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mixed layer). Indeed, it is seen from 50- to 90-day

bandpassed and 3.58 3 3.58 smoothed (Delcroix et al.

1991) sea level anomaly data that a Kelvin wave

passed by during the measurements (not shown). Its

period is so long that it is not detected from the PSD

analysis conducted here (Fig. 1), and was therefore

taken as part of the slowly varying background flow.

The process led to a variation of DS02
u with amplitude

of about 5 3 1024 s22 within 50- and 100-m depths.

It was increased from its moderate value to its maxi-

mum during the EQUIX time period, with an incre-

ment of SSC of about 3 3 1024 s22, controlling the

coherent enhancement of the SS in the entire UCL.

Similar to other waves, this wave-like process was

also associated with changes in T and N2 (Figs. 14c,d).

The temperature in the thermocline seemed to be

highest (the isotherms lowered most) at the

eastward-to-westward transition phase of u0 (note
that u0 here denotes the anomalous zonal velocity of

this process), decreased during the entire phase of

westward u0, and got minimal (the isotherms ele-

vated most) at the westward-to-eastward transition

phase of u0; it was increased during the entire phase

of eastward u0. In another word, there was a phase

lag of p between u0 and T0. Moreover, N2 was largest

during the phase of the isotherm stretches. However,

FIG. 9. (a)–(h) As in Fig. 8, but for the remainder waves, (i)–(j) The shears for the slowly varying background zonal

and meridional flow, i.e., ~Uz 5 › ~U/›z and ~Vz 5 › ~V/›z, respectively.
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during the EQUIX time period, the temporal vari-

ation of N2 was below 0.3 3 1024 s22, only providing

small modulation of the RSSC.

f. Relationship of the WSLs and UCLs to TIW phases

Since the UCL–WSL structure was only observed

once, and happened to emerge during theN–S transition

phase and the S phase of the specific TIW (I12), it

might be simply supposed that this two-layer struc-

ture could only occur in those two phases. The ana-

lyses in the above sections indicate that the formation

of the UCL–WSL structure (or either one of them) is

subject to an appropriate combination of certain

equatorial waves, in terms not only of their depths of

maximum zonal velocity anomaly, vertical scales and

phases (in inducing appropriate shear), but also of the

wave types (in inducing appropriate density strain).

Clearly, the normally recognized, surface-intensified

eTIW alone would not be able to induce such a compli-

cated vertical structure, although it may contribute. In

this subsection, we extend the study time period to 1

October–31 December 2008 to identify more occur-

rences of the WSL–UCL structure and draw more

general conclusions about its origin.

We show the 45-day high-pass filtered properties, in-

cluding u0, y0, ›u0/›z, DS02
u , 24N20 , and DS02

ured, in Fig. 15.

Those anomalies include most of the possible waves.

The normally recognized TIWs could be loosely repre-

sented by the surface-intensified meridional velocity

oscillations, y0 (Fig. 15b); in addition, y0 had a loose co-

incidence with u0 (i.e., u0 and y0 in phase; Fig. 15a). Note

also the temporal and vertical variations of u0, which
indicated the multiple-time-scale equatorial waves with

different depths of u0 peaks. As demonstrated in the

above sections, DS02
u had opposite sign to ›u0/›z above

the EUC core, and its amplitude was enhanced 20–

30m above it (Figs. 15c,d). As with the individual wave

motions, variations in DS02
ured were mostly caused by ve-

locity shear rather than density strain.

We detected 10 more WSL–UCL structures, defined

as not only negative in DS02
u , but also negative in DS02

ured

in the WSL and positive DS02
ured in the UCL (note that

owing to the marginally stable nature of the mean flow,

Fig. 10a, DS02
ured can approximate the total RSS and its

positive/negative sign can indicate instability/stability

of the flow). The overall potential 11 WSL structures,

some of which were shallow and the others were deep,

were shown by black boxes in Figs. 15b, 15d, and 15f. It

is clear that they occurred not only during N–S and S

phases of the TIW, but also during northward (N) and

southward-to-northward (S–N) phases, as shown in

Fig. 15b. The results demonstrate that the WSL–UCL

structure, or either of them, can emerge due to the

couplings of the waves. However, the periods of the

equatorial waves vary from days to nearly a month,

making the duration of the coincidently resulted WSL

or UCL usually short.

4. Summary and discussions

We have studied the formation mechanisms of a

weakly sheared, essentially nonturbulent, ;10-m-

thick layer at ;50-m depth, and a strongly sheared,

turbulent, ;30-m-thick layer just above the EUC

core (at ;75–105m), observed in part of EQUIX

(24 October–9 November 2008; M09) at 08, 1408W
in the eastern equatorial Pacific. The layers per-

sisted only for several days (on 4–7 November and

TABLE 2. Statistics of changes in the shear squared and buoyancy frequency squared induced by the equatorial waves and their vertical

scales.

Equatorial

waves

Max amplitude of

DS02
u( ~U2x)

[52(› ~U/›z)›u0
x/›z]

(1024 s22)

h1: depth

(m) of the

peak

amplitude

of DS02
u( ~U2x)

h2: depth

(m) of the

secondary

(third) peak

of DS02
u( ~U2x)

Distance

between

h1 and

h2 (m)

Max

amplitude

of

4N20

(1024 s22)

h3: depth

(m) of the

peak

amplitude

of 4N20

h4: depth

(m) of the

secondary

(third) peak

of 4N20

Distance

between

h3 and h4 (m)

W3 10.1 71 95 24 1.6–3.2 125 75 (59) 50 (66)

W5 1.1 90 50 40 0.7 81 33 (126) 48 (45)

W6 4.6 93 48 45 0.8 62 104 42

W9 3.5 96 75 (39) 21 (57) 0.9 103 60 43

W12 3.8 79 99 (37) 20 (42) 0.8 92 40 52

W17

(eTIW)

1.6 79 37 42 2.0 125 55 70

W20

(subTIW)

1.2 96 74 (42) 22 (54) 1.0 80 125 45

W25 1.5 94 47 (122) 47 (28) 1.2 100 55 45

W33 1.9 94 71 23 0.7 88 50 38
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1–6 November, respectively). These were referred to as

the weak shear layer (WSL) and the upper core layer

(UCL), respectively. We focused on the mechanisms

of shear reduction/enhancement in the layers, and of

suppression/emergence of the instability and thus mix-

ing therein. The hourly velocity and temperature data

at the same site collected by the TAO mooring array

are employed for the analysis. The main results are

summarized as follows.

First, we identified equatorial waves on multiple time

scales during the EQUIX time period. These were

primarily manifested as zonal velocity oscillations u0. A
prominent and critical feature was that their amplitudes

of u0 peaked at a variety of depths above the thermocline.

All the nine identified waves were consistent with in-

dependently observed equatorially trapped linear waves,

though with different dynamical types. Generally, the

waves with periods of 2–7 days are considered as inertial-

gravity wave. For example, Wunsch and Gill (1976) ob-

served waves with periods of 3, 4, and 5.5 days; Luther

(1980) detected a 7-day wave; Ripa and Hayes (1981)

identified 2.8- and 5.3-day waves; Eriksen (1982) identified

FIG. 10. Reduced shear squared and its contributions. (a) Reduced shear squared from the

slowly varying background shear squared and buoyancy frequency squared, calculated as

DS2
~Ured

5DS2
~U
2 4fN2. (b) Changes of reduced shear squared contributed from both the shear

squared changes and buoyancy frequency squared changes, calculated as DS02
ured 5DS02

u 2 4N20 .

(c) Buoyancy frequency squared changes (324), and (d) shear squared changes of all the

oscillating zonal velocities DS02
u , which is the same as Fig. 5c, but shown here for comparison

purpose: (b) 5 (c) 1 (d). Shown are for the EQUIX time period at 08, 1408W.
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2–7-day waves; Lien et al. (1995) observed 4-day waves.

Peters et al. (1991) deduced 6–16-day gravity-inertial

waves from observed ‘‘shear waves.’’ Wunsch and Gill

(1976), McPhaden and Knox (1979), Luther (1980), and

Eriksen (1993) provided detailed explanations of them

as for (forced) equatorially trapped inertia-gravity

waves. Farrar and Durland (2012) gave a systematic

interpretation of the observed 2–7-day waves (and

also of those 7–20-day waves) based on the disper-

sion relations. Furthermore, the zonal oscillating

velocities on the equator are associated with the odd-

numbered meridional mode of the inertial-gravity

waves, which include waves with periods of ;3, ;5,

and 6–7 days, almost identical to those observed in

the present study.

In the meanwhile, the waves with periods of 7–20 days

are usually the Yanai wave. For example, Chiswell and

Lukas (1989) observed 7–20-day waves (which they re-

ferred as 10-day waves) and considered them as Yanai

wave. The frequency–wavenumber spectrum also confirms

this conclusion (Farrar and Durland 2012). Particularly,

W17, manifested also in y0 (and primarily in y0), was the
previously identified equatorial mode TIW (eTIW; Liu

et al. 2019a), while W20 was the previously identified

subsurface mode TIW (subTIW), which was found to

grow stronger after the EQUIX time period (L19b).

FIG. 11. (left) Temperature and (right) buoyancy frequency squared anomalies bandpass filtered at the waves’

period bands for the EQUIX time period at 08, 1408W. The two dashed lines in the left panels denote 50- and 95-m

depths.
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Furthermore, W25 and W33 can be the well-recognized

vortex mode TIW (Lyman et al. 2007; Liu et al. 2019a;

Holmes and Thomas 2015; Kennan and Flament 2000).

The first meridional mode of Rossby wave has zonal os-

cillating velocities on the equator; and the Yanai waves

will also induce zonal oscillating velocities if they are in

growth due to barotropic instability (Liu et al. 2019a).

As a result, the separation of the waves enables us to

determine their individual contribution to the shear

structures, which is crucial in forming the WSL and UCL.

The increment or decrement of shear squared at different

depths in the upper thermoclinewas primarily caused by u0

of the waves, via coupling with the westward sheared

slowly varying background zonal flow; particularly, the

subsurface-intensified equatorial waves resulted in out-of-

phase shear squared changes (SSCs) above and below the

depths of maximum amplitude of u0 in the upper thermo-

cline. In addition, in the layers just above the EUC core or

the thermocline center, themeridional velocity oscillations

could also occasionally induce strong positive SSCs.

The waves were also associated with different strati-

fication anomalies which, together with the SSCs, led to

the enhancement/reduction of the reduced shear and

thus destabilized/stabilized the flow. First, W17 (eTIW)

and W20 (subTIW) showed a p/2 phase lag of the T0

(and N20) to y0, while some other subsurface-intensified

FIG. 12. (a)–(h) As in Fig. 11, but for the remainder waves, and (i)–(j) the slowly varying background temperature

and buoyancy frequency squared, respectively.

OCTOBER 2020 L IU ET AL . 2925

Unauthenticated | Downloaded 02/03/21 11:49 PM UTC



waves showed out-of-phase variation between T 0 and u0.
In addition, W17 andW20 had larger vertical scale of T0

andN20 andwith the vertical phase transition layer at the

thermocline center (at ;100m), while the other waves

had small vertical scale ofT0 andN20 with varying depths

as the vertical phase transition layer (varying from 65- to

85-m depths). Those features led to complexity of N20

and modulation of the RSSCs. However, during most of

the EQUIX time period (27 October–6 November), the

stratification anomalies in the upper thermocline were

several factors smaller than the squared shear anoma-

lies, and thus only played a modulating, but not con-

trolling role, in varying the reduced shear squared. In

contrast, at other times and depths, N20 could change

DS02
ured by amounts comparable to DS02

u .

Consequently, the reduced SS in the WSL at ;50-m

depth during 3–6 November 2008 was primarily caused

byW3,W5,W6,W12, andW20, while that of theUCL at

;90–100-m depth during 1–6 November 2008 was con-

tributed occasionally by W3, W5, W6, andW20. Among

them, the contribution from W6 to both the UCL and

WSL was prominent (Fig. 6). Noticeably, during the

study period, a process manifested as zonal oscilla-

tion with period of ;70 days passed by, which greatly

enhanced the SS in the UCL. In the meanwhile, the

completely suppressed turbulence and mixing in the

WSL were also contributed by enhanced N20 fromW9

andW12, while the elevated turbulence and mixing in

the UCL were elevated by reduced N20 from W12,

W17, and W20.

We note that the difference in vertical resolution

between the adopted velocity and temperature data

did not essentially change those features—we inter-

polated the velocity data into the lower-resolution

temperature grids and recalculated the SSCs and

RSSCs, and obtained almost the same results as

shown in Fig. 10. Finer structures can be expected if

high-resolution temperature and salinity data were used,

but can hardly change the nonturbulent WSL and tur-

bulent UCL characteristics.

Overall, it can be concluded that the formation of

either a WSL or a UCL, or a combined structure, was

FIG. 13. (a),(b) The changes of the buoyancy frequency squared (324) associated with the individual waves and

their sum (denoted in insets) at a WSL depth (50m) and a UCL depth (95m), respectively, for the EQUIX time

period at 08, 1408W. Here, ‘‘N-3’’ denotes 24N20
3 , and so on. (c),(d) As in (a) and (b), but for the changes of the

reduced shear squared associated with the individual waves. Here, ‘‘Sr-3’’ denotes DS20
u(323) 1DS20

u( ~U23)
2 4N20

3 , and

so on.
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subject to appropriate combination of the equatorial

waves, in terms not only of the depths of maximum

amplitude of u0 and their vertical scales and phases (in

inducing appropriate shear), but also of the wave types

(in inducing appropriate strain). Therefore, WSLs and

UCLs could emerge, without a preference for TIW

phases. The periods of the equatorial waves varied from

days to 1month, making the joint effect complex and the

duration of theWSL or UCL usually short. The surface-

intensified eTIW alone would not be able to induce such

a complicated vertical structure; instead, subsurface-

intensified waves were needed, particularly for the for-

mation of a WSL (an extended analysis is needed to

examine whether a preference of the WSL for TIW

season exists).

Previous studies have focused on the effects of the

surface-intensified TIWs, including the eTIWs and

the vortex mode TIWs, in modulating vertical mixing in

the eastern equatorial Pacific Ocean. The present work

demonstrates the importance of other equatorial waves

having shorter time scales than the eTIWs and subsur-

face velocity peaks in resulting in local shear instability,

turbulence and mixing. This work also demonstrates the

importance of the eTIWs and subTIWs in modulating

shear instability via stratification anomalies. In addition,

due to the existence of the multiple-time-scale waves

with different depths of oscillating velocity peaks, other

special and complex shear and mixing structures could

be expected in the upper thermocline, which should also

vary with time. Those structures might result in overall

enhanced mixing above the thermocline center, pro-

viding an additional mechanism for the diapycnal mix-

ing and downward heat transfer in this region. The

mixing effects, however, need to be verified and repre-

sented in those numerical models that are not able to

resolve the small vertical scale of the equatorial waves.

This may be crucial for a model’s thermocline mixing,

which can ultimately influence the mean ocean state and

the variability of both the oceans and atmosphere (e.g.,

Meehl et al. 2001; Moum et al. 2013).

FIG. 14. The slowly varying background properties during 1 Sep 2008–31 Jan 2009 at 08,
1408W. (a) Shear squared from the slowly varying background zonal flow; (b)–(d) the slowly

varying background zonal flow, buoyancy frequency squared, and temperature, respectively.

The two dashed vertical lines denote the EQUIX time period.
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Efforts also need to be made in order to gain a thor-

ough understanding of the discovered equatorial waves.

One wave of particular interest might be the subsurface-

intensified 6–7-day wave (W6) in terms of their gener-

ation mechanism(s) and dynamical characteristics. We

note that W6 seemed to be a persistent phenomenon

because it could also be detected by PSD analysis with a

longer period (2000–10) and did not show seasonal

preference (not shown). Wunsch and Gill (1976) ob-

served 4–6-day sea level oscillations in the tropical

Pacific and argued that they were equatorial trapped

inertial gravity waves of first baroclinic and second me-

ridional mode forced by local wind. Owing to the zonal

oscillating velocity on the equator, W6 could be a second

baroclinic and first meridional inertial-gravity wave. The

second physically interesting wave is the subTIW (W20).

Regarding the vertical structure of the waves (including

both oscillating velocity and temperature anomalies), the

surface-intensified eTIWs and vortex TIWs are iden-

tified as the first baroclinic Yanai and Rossby waves,

FIG. 15. Anomalous velocity, shear, shear squared, buoyancy frequency squared, and re-

duced shear squared, relative to their slowly varying background (defined as 45-day low-pass

filtered), during 1 Oct–31 Dec 2008 at 08, 1408W. (a),(b) The anomalous zonal and meridional

velocities, respectively; (c) the anomalous shear of the zonal velocity; (d) the total shear

squared changes of the zonal flow; (e) the buoyancy frequency squared changes (324); and

(f) the reduced shear squared changes of the zonal flow. The 11 boxes denote the detected

WSLs. The black line denotes the EUC core; the two dashed vertical lines denote the EQUIX

time period. Here, ‘‘anomalous’’ means 45-day high-pass filtered.
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respectively (Lyman et al. 2007; Liu et al. 2019a); an-

alogically, the subsurface-intensified W20 was argued

as the second-mode baroclinic equatorial waves. Yet,

to determine their generation mechanisms and spe-

cific dynamical type, the background conditions, such

as the 3D density and flow structures from numerical

model outputs, must be first examined; theoretical

models may also be adopted. A study using numerical

model outputs may also help to identify the types of

the waves and their propagation properties. In addi-

tion, the ;90-day wave displayed in the thermocline

could be a Kelvin wave, yet to be verified, too.

Moreover, interaction processes among the waves, par-

ticularly between the eTIW, the vortexmodeTIW, and the

equatorial waves (e.g., Holmes and Thomas 2016), could

be important in understanding the energetics and energy

cascade on the equator. Specifically, some gravity waves

could be resulted from the eTIW and vortex mode TIW

(Warner et al. 2018).
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