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ABSTRACT

The spatial and seasonal variations of submesoscale eddy activities in the eastern tropical Pacific Ocean

(28–128N, 958–1658W) are investigated based on a 1/108 ocean general circulation model (OGCM). In the

studied region, it is found that motions shorter than 500 km are subject to submesoscale dynamics with an O(1)

Rossby number and Richardson number and a 22 spectral slope for kinetic energy, suggesting that sub-

mesoscale eddies there can be well resolved by the model. Enhanced submesoscale eddy kinetic energy

(SMKE) is found in the surface mixed layer centered at 58N. A complete SMKE budget analysis suggests

that the submesoscale eddies in the surface mixed layer are generated mainly by the barotropic instability

and secondarily by the baroclinic instability. The nonlinear interactions lead to a significant forward energy

cascade in the submesoscale range and play an important role in balancing the energy budget. As a re-

sponse to the change of energy input through barotropic instability, the SMKE exhibits a pronounced

seasonal cycle with the largest and smallest values occurring in boreal autumn and spring. Furthermore, the

strong seasonal cycle plays an important role in modulating the seasonality of mixed layer depth (MLD). In

particular, the restratification induced by the strong submesoscale eddies between July and October makes

important contribution to the shoaling of MLD in this season.

1. Introduction

Submesoscale eddies, defined as flows with an O(1)

Rossby number and Richardson number (Thomas et al.

2008), are a ubiquitous feature in the upper ocean, as

evidenced by the observation of the sun-glint photographs

from space shuttles (Scully-Power 1986;Munk et al. 2000).

They are strongly ageostrophic (Klein et al. 2008, 2011)

and potentially make significant contribution to the

downscale energy cascade (also known as the forward

energy cascade) and energy dissipation (Capet et al. 2008c;

Molemaker et al. 2010; Marchesiello et al. 2011; Barkan

et al. 2015; Brüggemann and Eden 2015). Furthermore,

they can produce strong vertical motions and thus have an

impact on the nutrient supply and biogeochemistry of the

upper ocean (Mahadevan and Archer 2000; Lévy et al.

2001, 2012; Rosso et al. 2014). Another important role of

the submesoscale eddies in ocean dynamics is their influ-

ence on the upper-ocean stratification by limiting the

deepening of the mixed layer (Nurser and Zhang 2000;

Boccaletti et al. 2007; Fox-Kemper and Ferrari 2008;

Brannigan et al. 2015; Couvelard et al. 2015).

Over the past twodecades, a lot of effort has been put to

understand the generation, propagation, and dissipationCorresponding author: Zhao Jing, jingzhao198763@sina.com
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of the submesoscale eddies based on idealized, baroclinic,

channel models and high-resolution regional models with

realistic coastline and bottom topography (Capet et al.

2008a,b,c,d; Thomas et al. 2008; Klein et al. 2008; Lévy
et al. 2010; Klein et al. 2011; Marchesiello et al. 2011;

Haney et al. 2012; Ponte et al. 2013; Mensa et al. 2013;

Sasaki et al. 2014). At midlatitudes, the submesoscale

eddies are characterized by a horizontal scale ofO(0.1–10)

km. They are mainly furnished by the background avail-

able potential energy stored in the surface mixed layer

through mixed layer instabilities, frontogenesis, and tur-

bulent thermal winds (McWilliams 2016). In all these

mechanisms, the energy conversion scales with the mixed

layer depth (MLD) so that the seasonal variation of sub-

mesoscale eddy activity is strongly modulated by that of

MLD. For instance, realistic high-resolution regional

modeling studies show a net increase of submesoscale

eddy activity in fall and winter when the MLD is deepest

in the North Pacific Ocean (Sasaki et al. 2014). Observa-

tions also confirm that the submesoscale eddies become

much stronger in winter than in summer along the Kur-

oshio, subtropical countercurrent bands, and the Gulf

Stream when the MLD is deepest because of the atmo-

spheric forcing (Callies et al. 2015; Qiu et al. 2017).

Moreover, the submesoscale eddies can in turn reduce the

MLD through the restratification process and thus exert a

negative feedback on the development of seasonal cycle

of MLD, as revealed in the high-resolution idealized nu-

merical study by Couvelard et al. (2015).

So far the analyses on the submesoscale eddies aremainly

confined to the midlatitude ocean with the submesoscale

dynamics in the equatorial region still poorly assessed. It

should be noted that the insights gained from the studies on

submesoscale eddies at midlatitudes are not entirely appli-

cable in the equatorial region because of the pronounced

difference in the dynamical conditions between the mid-

latitudes and equatorial region. First, the mixed layer

Rossby deformation radius in the equatorial region is much

larger than that at the midlatitudes because of the reduced

Coriolis parameter. Indeed, using a 3-month regional sim-

ulation, Marchesiello et al. (2011) finds that submesoscale

eddies in the equatorial region have a horizontal scalemore

than an order of magnitude larger than that at midlatitudes,

suggesting that they can bewell resolved using a 1/108 ocean
general circulation model (OGCM). Furthermore, the

equatorial region has a complex flow system so that the

strong strain induced by background flow may play an im-

portant role in generating the submesoscale eddies. In this

case, the seasonal cycle of submesoscale eddies does not

necessarily follow that of MLD, as at the midlatitudes

(Callies et al. 2015; Qiu et al. 2017).

In this study, we analyze submesoscale eddies in the

tropical Pacific Ocean based on a 1/108 realistic ocean

simulation. In specific, we attempt to address the following

problems: 1) the spatial and seasonal variations of sub-

mesoscale eddies, 2) the underlying dynamics responsible

for the seasonal cycle of submesoscale eddies, and 3) the

impact of submesoscale eddies on the seasonal cycle of

MLD. The paper is organized as follows: Section 2 briefly

describes the OGCM data and diagnostic framework in

this study. Results are presented in section 3. Discussion is

provided in section 4 followed by conclusions in section 5.

2. Data and methodology

a. Data

To explore the submesoscale eddies in the tropical

Pacific Ocean, one of the hindcast runs of the State Key

Laboratory of Numerical Modeling for Atmospheric

Sciences and Geophysical Fluid Dynamics/Institute of

Atmospheric Physics (LASG/IAP) Climate Ocean

Model 2.0 (LICOM;Yu et al. 2012; Liu et al. 2014) is used

in this study. The globalmodel domain extends from668N
to 798S and from 1808W to 1808E, with a horizontal res-

olution of 1/108. There are 55 levels in the vertical di-

rection. In the upper 100m, the thickness increases from

2.5m near the surface to 8m near 100m. The model to-

pography is constructed from the Digital Bathymetric

Database 5min compiled by the U.S. Navy Oceano-

graphic Office. The scale-selective biharmonic horizontal

viscosity and diffusivity schemes are used for momenta

and tracers (temperature and salinity), respectively.

Besides, a modified Richardson number–based scheme is

adopted for the vertical mixing (Canuto et al. 2001, 2002).

The lateral boundary conditions of this model are no-

normal flow and no-slip conditions, while a quadratic

bottom stress is applied with a drag coefficient of 2.6 3
1023. This eddy-resolving OGCM is first spun up for 12

years from Ocean Model International Cooperation

Program (OMIP; Roske 2001), which is derived from the

reanalysis product of the 15-yr European Centre for

Medium-Range Weather Forecasts (ECMWF) Re-

Analysis (ERA-15; Gibson et al. 1999). After this

spinup integration, a 60-yr (1948–2007) hindcast in-

tegration is performed under daily mean atmospheric

forcing from Co-ordinated Ocean–Ice Reference Exper-

iments (CORE), version 2 (Large andYeager 2004). This

hindcast run shows good skills in the tropical Pacific

Ocean. Specifically, the simulated cold tongue, Equato-

rial Undercurrent (EUC), South Equatorial Current

(SEC), and tropical instability waves (TIWs) agree rea-

sonably well with the observations (Fig. 1). The wave

period of the modeled TIWs is in the range 15–40 days,

which is consistent with the observation of Tropical At-

mosphere Ocean (TAO) moorings (Fig. 1c). Moreover,

the EUC at 1408W also compares well with the
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TAO moorings despite the slightly stronger magnitude

(Fig. 1d). The bias might result from the uncertainties of

the wind forcing in the model (Cravatte and Menkes

2009). In this study, the daily data from 1 January 1990 to

31 December 2007 are used to analyze the submesoscale

eddies in the tropical Pacific Ocean with the modified

topography in Luzon Strait for better description of the

Kuroshio intrusion (Huang et al. 2017). It should be noted

that the equator is a singular point for theRossby number

so that the dynamical definition for submesoscale flows

does not apply (Thomas et al. 2008). Thus, we exclude the

region within 28 of equator in the following analysis.

b. Submesoscale kinetic energy budget analysis

The governing equations for incompressible, Boussi-

nesq, and hydrostatic flows can be expressed in a general

form:
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where (u, y, w) is the 3D velocity, f is the Coriolis pa-

rameter varying with latitude, Du and Dy represent the

mixing terms for zonal andmeridional velocities, p is the

hydrostatic pressure, r is the density, and r0 is the ref-

erence density chosen to be 1027.5 kgm23.

We perform aReynolds decomposition of the 3D flow

field into background and submesoscale perturbations:

u5 u0 1 u, where the prime and overbar denote the

FIG. 1. Mean sea surface temperature (SST) derived from (a) LICOM and (b) AVHRR averaged from 1990 to

2002. (c) Frequency spectra of surface meridional velocity from LICOM and TAO mooring data at the 08, 1408W.

The shading error bar represents the 95% confidence interval. (d) Mean zonal velocity from LICOM and TAO

mooring data at the 08, 1408W. The data used here are from 1990 to 2007.
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submesoscale perturbations and background motions,

respectively. In this study, the submesoscale perturba-

tions are isolated by first high-pass filtering in the time

domain and then high-pass filtering in the spatial

domain. The high-pass filter in the time and spatial

domains is defined as the residue of a temporal running

mean over 5 days and a horizontal running mean over a

300 km 3 300 km square, respectively. Therefore, the

submesoscale eddies defined in this study consist of

motions smaller than ;600 km and at the same time

shorter than ;10 days. The rationale of using a high-

pass filter in the time domain is to remove the con-

tamination by small-scale, low-frequency motions that

are unlikely to be subject to submesoscale dynamics.

Previous studies (Eady 1949; Callies et al. 2015) suggest

that the time scale of submesoscale eddies generated

through mixed layer instability can be estimated as

N/(Lf ), where N is the background buoyancy, and

L5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
z 1 y2z

p
is the vertical shear of background flow.

Based on the LICOM simulation, it is found that the

time scale of submesoscale eddies in the east equatorial

Pacific is generally shorter than 10 days (not shown).

Finally, it should be noted that there is no clear scale

separation between submesoscale and large-scale

background flows, and the definition of sub-

mesoscales in this study is heuristic. Nevertheless, as

shown in the section 3a, the characteristics of defined

submesoscale flows are generally consistent with sub-

mesoscale dynamics, lending supports to the validity of

our definition.

The kinetic energy budget for submesoscale pertur-

bations is expressed as
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where SMKE5 h(1/2)r0(u02 1 y02)i is the kinetic energy

of submesoscale perturbations, , . denotes the tem-

poral average between 1990 and 2007, and =� is the

divergence operator. AKE and PKE represent the re-

distribution of submesoscale eddy kinetic energy

(SMKE) through advection and pressure work, re-

spectively. IKE is the conversion of available potential

energy of submesoscale perturbations to SMKE. MKE

represents the energy exchange between submesoscale

perturbations and background flow through barotropic

instability. DKE denotes the change of SMKE associ-

ated with the viscosity effect (e.g., interior dissipation

and surface wind power) and is computed as the resi-

due of the energy budget equation. The emergence of

TRP is due to the nonorthogonality between u0 and u

and has no clear dynamical interpretation. However, it

is found that the TRP term is an order of magnitude

smaller than the MKE and IKE terms. In the following

analysis, wewill drop the TRP term, in which case Eq. (5)

is reduced to the standard eddy kinetic energy equation.

Because of the nonlinear interaction, motions of dif-

ferent scales can interact with each other, leading to an

energy exchange among different scales. Therefore, it is

useful to analyze the kinetic energy budget of sub-

mesoscale motions in the spectral domain (referred to as

the spectral SMKE budget henceforth). Different from

the calculation of submesoscale kinetic energy budget

in the physical space, here the perturbations (primed

quantities) are computed by only using a high-pass filter

in the time domain as the motions at different spatial

scales are automatically distinguished in the spectral

analyses. The spectral SMKE budget is
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where �̂ denotes the two-dimensional Fourier transform,

=h is the horizontal divergence operator, * is the com-

plex conjugate, andR is the real part operator. SMKEK

is the power spectral density of kinetic energy of sub-

mesoscale perturbations where the subscript K denotes

the magnitude of wave vector (kx, ky). The terms PKEK,

IKEK, AKEK, MKEK, and DKEK are the counterparts

of PKE, IKE, AKE, MKE, and DKE in the spectral

space. Equation (6) is analogous to the spectral kinetic

energy budget derived by Capet et al. (2008d) except the

term MKEK. This is because Capet et al. (2008d) ana-

lyze the kinetic energy budget of total flow so that there

is no energy transfer through barotropic instability. To

evaluate the individual terms in Eq. (6), we perform a

2D discrete Fourier transform to u0, y0, and individual

terms in Eqs. (1) and (2) after removing their areal mean

value. To reduce the Gibbs phenomena, a 2D window

function composed of nine half-overlapping Hanning

windows in each spatial direction is applied before the

2D FFT (Arbic et al. 2013). It should be noted that

such a window function makes the velocity along the

lateral boundaries become zero, artificially suppressing

the advection of SMKE into or out of the domain.

Nevertheless, as demonstrated in section 3 (see Fig. 6),

the advection effect plays a negligible role compared to

other terms in the SMKE budget. In this case, the term

AKEK in Eq. (6) is mainly contributed by the energy

exchange among different wavenumbers. It redistrib-

utes the kinetic energy in thewavenumber spacewithout

affecting the total SMKE. Another deficiency of using

the window function is the weakening of signal vari-

ability. This tends to underestimate the magnitude of

individual terms in the spectral SMKE budget. Never-

theless, these biases are tolerable for our qualitative

analysis.

Finally, the kinetic energy spectral flux is calculated

following Capet et al. (2008d) and Marchesiello et al.

(2011) by integrating the AKEK term with respect to K

and assuming that the flux vanishes at the highest

wavenumber Kmax:

P(k)5

ðKmax

K

AKE
K
dK . (13)

It should be noted that there exist alternative methods

for the calculation of the kinetic energy spectral flux

from observations and numerical simulations (Scott

and Wang 2005; Schlösser and Eden 2007; Ni et al.

2014). However, the method adopted in this study is

built on the spectral SMKE budget equation and

is thus readily applied. Furthermore, the main result

is found insensitive to the adopted computational

methods.

3. Results

a. Spatial and seasonal variations of submesoscale
eddies in the tropical Pacific Ocean

The surface SMKE in the equatorial Pacific Ocean

exhibits pronounced spatial variability (Fig. 2a). The

submesoscale eddy activity is significantly stronger in the

eastern Pacific than in the western Pacific with a strong

peak at the latitude band 48–88N. This peak resides in the

region where the background flow exhibits strong hori-

zontal strain rate S5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(ux 2 yy)

2 1 (uy 1 yx)
2

q
(Fig. 2b),

suggesting that the barotropic instability may play an

important role in the generation of submesoscale eddies.

Furthermore, it is coincident with the strong temperature

front along the northern edge of TIWs (Figs. 2c,d), so that

the baroclinic instability may be also important in gen-

erating the submesoscale eddies. In the following analysis,

we will focus on the region 28–128N, 958–1658W, as it has

the strongest submesoscale eddy activity (SSA region

henceforth).

Figure 3 displays the wavenumber spectrum of total

surface kinetic energy in the SSA region. The spectral

level remains relatively flat from the largest resolved

spatial scale (;8000 km) to ;800 km and then de-

creases rapidly as the spatial scale is further reduced.

In particular, the spectrum is characterized by a k22

power law within 80–500 km. As the spatial scale fur-

ther reduces, the spectral slope becomes progressively

steeper, implying the significant influence of numeri-

cal dissipation on these scales. We remark that a k22

power law between 80 and 500 km is distinguished

from a k23 power law derived from the interior qua-

sigeostrophic turbulence theory (Charney 1971) but is

consistent with the prediction from mixed layer in-

stabilities (Fox-Kemper et al. 2008). This provides

strong evidence that the perturbations defined in this

study are subject to submesoscale dynamics. Indeed,

the Rossby number and Richardson number of per-

turbation flows are generally ofO(1) in the SSA region

(Figs. 2e,f), lending further support to our argument.

Similar to the situation at midlatitudes (e.g., Capet

et al. 2008a; Thomas et al. 2008; Klein et al. 2008;

McWilliams 2016), the SMKE in the SSA region is

mainly confined to the surface mixed layer [Fig. 4a;

MLD is defined at the depth where the temperature is

0.38C lower than the surface value following Menkes

et al. (2006)]. The averaged SMKE from 1990 to 2007

in the surface mixed layer is about 12 Jm23 and de-

creases to 5 and 2 Jm23 at 100 and 150m, respectively.

In addition to the SMKE, the spectral slope between

80 and 500 km also varies significantly with depth

(Fig. 4b). It becomes steeper as the depth increases.

At 150m, the slope is close to k23, implying that
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the perturbed flows in the thermocline are nearly

quasigeostrophic.

Figure 5a displays the seasonal cycle of the mixed

layer SMKE zonally averaged in the SSA region. For

the regional-mean value, the peak-to-peak SMKE

difference accounts for 53% of the annual-mean

SMKE level. The phase is generally coherent in the

SSA region. At all the latitudes, the maximum and

minimum occur in the September–October and April–

May, respectively. The amplitude of the seasonal cycle

varies strongly with the latitude, and it becomes in-

significant north of 78N. Furthermore, the spectral

slope between 80 and 500 km also exhibits an evident

seasonal cycle with its phase similar to that of SMKE

(Fig. 5b). Within 0–150m, the slope is shallowest in

November and steepest in April.

b. Energy budget analysis

To explore the underlying mechanisms modulating

the seasonal cycle of SMKE, we examine the SMKE

budget in the steady state and its seasonal variations in

the SSA region.

1) STEADY STATE

Figure 6 displays the temporally and zonally averaged

SMKEbudget in the SSA region. TheMKE term plays a

dominant role in generating the submesoscale eddies,

accounting for about 78% of SMKE production in the

upper 50m (the meanMLD in the SSA region). It peaks

at the surface and is concentrated between 28 and 78N
(Fig. 2g), coincident with the strong horizontal strain

rate of the background flow (Fig. 2b). The IKE term acts

FIG. 2. (a) Spatial distribution of SMKE averaged from 1990 to 2007 based on LICOM. Snapshots of (c) SSH,

(d) SST, (e) bulk Richardson number in mixed layer, and (f) Rossby number in mixed layer on 1 Oct 1998. Spatial

distribution of temporal mean (b) strain rate, (g)MKE, and (h) IKE averaged over the upper 50m. The dashed box

in (a) denotes the SSA region and the dashed line represents 58N.
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as a secondary but nonnegligible energy source for sub-

mesoscale eddies, contributing to about 14% of SMKE

production. It reaches its maximum just above the base of

mixed layer between38 and 68N,where theTIWsproduce a

strong temperature front and favor the occurrence ofmixed

layer instability (Figs. 2d,h). This suggests the important

role of TIWs in energizing the submesoscale eddies. The

AKE term is characterized by a dipole structure with large

negative values near the sea surface between 28 and 58N
and large positive values near the base of mixed layer be-

tween 48 and 78N. Its value integrated in the upper 50m in

the SSA region is close to zero (less than 10% of SMKE

production in the mixed layer), indicating that the advec-

tion acts to redistribute the SMKE in the mixed layer with

no significant contribution to the total SMKE. The PKE

also exhibits a dipole structure. However, its positive peak

is located well below the mixed layer. Therefore, the PKE

term radiates the SMKE generated in the mixed layer

downward into the thermocline, accounting for 34% of

SMKE sink in the mixed layer. The DKE is negative

throughout the SSA region and is responsible for the re-

maining 66% of SMKE sink in the mixed layer.

Consistent with the energy budget in the physical space,

the spectral energy budget in the submesoscale range (80–

500km) also indicates that the barotropic and baroclinic

instabilities are the dominant energy sources for SMKE in

themixed layer, with the sink of SMKEmainly through the

pressure work and mixing processes (Fig. 7a). In addition,

the spectral energy budget clearly reveals a mismatch of

wavenumber for energy source and sink. On one hand, the

MKEK generally decreases with increasing wavenumbers

while the IKEK peaks around 144km, leading to less than

20% of the energy injected at wavelength shorter than

100km. The wavelength with the strongest baroclinic in-

stability is comparable to the mixed layer deformation ra-

dius (22.9km) multiplied by a factor of 2p near 58N
(Boccaletti et al. 2007), implying that the mixed layer in-

stability makes dominant contribution to the IKEK.On the

other hand, the energy loss through DKEK is most domi-

nant around 100km. Correspondingly, about 40% of the

energy sink occurs below 100km. To maintain an equilib-

rium state, energy has to be transferred downscales. This is

confirmed by the dipolar structure of AKEK and the pos-

itive definite spectral energy flux P in the wavenumber

space (Fig. 8a). In other words, nonlinear interactions lead

to the forward energy cascade in the submesoscale range

and play an important role in balancing the energy budget.

2) SEASONAL VARIATIONS

Figure 9 displays the differences of SMKE budget

terms between June and September and January and

April. The former and latter correspond to the period

with the growing and decaying submesoscale eddy activity

FIG. 3. Wavenumber spectrum of total surface horizontal ve-

locity in the SSA region derived from LICOM. The black lines

indicate 22 and 23 spectrum slopes.

FIG. 4. (a) Latitude–depth plot of SMKE zonally averaged over 958–1658W. The black dotted–dashed line

represents the zonally averaged MLD. (b) Wavenumber spectrum of total horizontal velocity in the SSA region at

various depths. The black lines indicate 22 and 23 spectrum slopes.
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in the SSA region, respectively (Fig. 5a). The total energy

production of SMKE (MKE1 IKE) in the growing phase

is about 3 times the value in the decaying phase. The in-

creased energy production in the growing phase is

largely balanced by the enhanced dissipation through

the DKE term and downward radiation of SMKE into

the thermocline through the PKE term. The remaining

portion contributes to a positive SMKE tendency term,

resulting in growing submesoscale eddy activity.

The enhanced energy production in the growing phase

is mainly attributed to the change of MKE term that

accounts for more than 75% of the energy production

increase. The IKE term plays a secondary and contrib-

utes less than 19% of the energy production increase.

Therefore, we conclude that the seasonal cycle of SMKE

in the SSA region is mainly controlled by the strength of

barotropic energy conversion. This is distinguished from

the scenario at the midlatitudes where the baroclinic

FIG. 5. (a) Monthly mean SMKE (Jm23) zonally averaged over 958–1658W and vertically averaged in the upper

50m. (b) Monthly mean SMKE spectral slope over 80–500 km in the SSA region.

FIG. 6. Latitude–depth plots of (a) MKE, (b) IKE, (c) AKE, (d) PKE, and (e) DKE zonally averaged over 958–1658W. The black

dotted–dashed line denotes the zonally averagedMLD. (f) SMKE budget terms averaged in the upper 50m of SSA region. The error bar

represents the standard error.
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energy conversion plays a dominant role (e.g., Sasaki

et al. 2014; Callies et al. 2015; Qiu et al. 2017).

Figure 7b displays the difference of the spectral en-

ergy budget averaged in the upper 50m between the

growing (June–September) and decaying (January–

April) phases. It also suggests that the seasonal cycle

of SMKE is mainly caused by the seasonal variations of

energy input through barotropic instability and to a less

extent baroclinic instability. Another notable feature is

that the downscale energy cascade (positive P) through

the AKEK term is also enhanced in the growing phase

compared to the decaying phase (Figs. 7b, 8b). This acts

to slow down the growth of submesoscale eddy activity

by transferring more energy to smaller scales where the

energy tends to be more efficiently damped through

physical or numerical dissipation. It thus implies that the

downward energy cascade caused by the nonlinear in-

teractions might play an important role in modulating

the seasonal cycle of SMKE.

c. Restratification by submesoscale eddies

Existing studies reveal that the submesoscale eddies

play a role in the upper-ocean heat budget (Boccaletti

et al. 2007; Fox-Kemper and Ferrari 2008; Brannigan et al.

2015). In particular, they contribute to the restratification

of surface mixed layer. However, it remains poorly un-

derstood how important the restratification induced by

submesoscale eddies is compared to that induced by other

processes. In the east equatorial Pacific, TIWs are sug-

gested to play an important role in restratifying the

FIG. 7. (a) Spectral SMKE budget averaged in the upper 50m of the SSA region. (b) As in (a), but for the

difference between the decaying (January–April) and growing (June–September) periods of SMKE. The vertical

dashed black line denotes the mixed layer deformation radius.

FIG. 8. (a) Spectral energy flux rate P defined by Eq. (13) averaged in the upper 50m of the SSA region and

temporally from 1990 to 2007. (b) Seasonal cycle of the spectral energy flux rate P (31029 m2 s23) averaged in the

SSA region.
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surface mixed layer (Menkes et al. 2006). In this section,

we compare the relative importance between TIWs and

submesoscale eddies to the heat budget. The variables are

decomposed as follows:

X5X1X 0 , (14)

where X is any variable, X represents the large-scale

background, and X0 represents the submesoscale eddy

component defined in section 2b. The TIWs signals are

further isolated from the large-scale background, that is,

X5Xm 1Xtiw, where Xtiw is the TIWs signal defined as

the perturbations within the period 15–40 days (Lyman

et al. 2007), and Xm is the remaining component mainly

associated with the equatorial circulation. Then the time-

mean temperature equation over 1990–2007 is given by

h›
t
Ti52 hU

m
� =T

m
i|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
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(15)

where KH and KV are the horizontal and vertical diffu-

sion coefficients; Am is the advection by the equatorial

circulation; Atiw is the advection by the TIWs; Asub is

the advection by the submesoscale eddies; Across is the

cross term (e.g., um›xTtiw) resulting from the non-

orthogonality among Xm, X
0, and Xtiw; Dl is the hori-

zontal diffusion; and Dy is the temperature change

caused by the divergence of vertical turbulent and ra-

diation heat fluxes. As the vertical diffusion coefficient is

not available, Dy is computed as the residue of the

temperature budget. It is found that the vertically

integrated Dy agrees with Qnet/Cpr0 reasonably well

(differing by less than 30% throughout 28–128N), where

Qnet is the net surface heat flux and Cp is the heat ca-

pacity of seawater, giving us confidence on the validity of

estimated Dy.

Figure 10 represents the individual terms in Eq. (15)

zonally averaged over 958–1658W. The termsAm,Atiw,

Asub, andDy are the four dominant components in the

heat budget with Dl and Across playing a negligible

role. Consistent with previous studies (Menkes et al.

2006; Graham 2014),Am is negative in the upper 100m

near the equator but has a dipole pattern between 38
and 68N. The former is due to the import of cold water

from the cold tongue, while the latter is due to the

downwelling at 58N. The term Atiw leads to warming

near the equator and cooling between 58N and 88N
(Fig. 10b) because of the TIW-induced heat exchange

between cold water on the equator and warm water off

the equator (e.g., Baturin and Niiler 1997; Kennan and

FIG. 9. As in Fig. 6, but for the difference between the decaying (January–April) and growing (June–September) periods of SMKE.
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Flament 2000; Menkes et al. 2006; Graham 2014). The

term Asub exhibits a dipole pattern between 38 and

68N. It leads to warming in the mixed layer but cooling

below the mixed layer, acting to restratify the upper

ocean. The term Dy warms the upper ocean near the

equator as a result of gaining heat flux from the at-

mosphere. To the north of 88N, the downward heat

flux into the ocean is close to zero and Dy acts to mix

the water within and below the mixed layer, leading to

cooling and warming within and below the mixed

layer, respectively. Within 38–68N, Am acts to deepen

the mixed layer, whereas Atiw, Asub, and Dy tend to

restratify the mixed layer. It should be noted that the

restratification induced by Asub is comparable to that

byAtiw and stronger than that byDy, implying that the

submesoscale eddies might play an important role in

modulating the MLD.

To evaluate the modulation of seasonality of MLD

by submesoscale eddies, we compute the seasonal

cycle of MLD averaged within 38–68N, 958–1658W,

where the restratification process by submesoscale

eddies is most significant. As shown in Fig. 11a, the

regional mean MLD within 38–68N, 958–1658W de-

rived from the LICOM exhibits significant seasonal

variations. The peak-to-peak MLD difference is 14m.

Although such an amplitude is much smaller than that

at midlatitudes (Kara et al. 2003), it accounts for 30%

of the annual-mean MLD level and is nonnegligible.

Its phase is generally consistent with that derived from

the Argo data, giving confidence on the reliability of

LICOM in simulating the mixed layer dynamics. We

remark that the phase of the seasonal cycle of MLD

in this region is more complicated than that at

the midlatitudes. Unlike the midlatitudes, it exhibits

two shoaling processes. The primary shoaling occurs

during January–April, while the secondary shoaling

occurs during July–October. To explore the under-

lying reasons for these two shoaling processes, the

FIG. 10. The (a)Am, (b)Atiw, (c)Asub, (d)Across, (e)Dl, and (f)Dy zonally averaged over 958–1658Wand temporally

averaged from 1990 to 2007 (K month21). The black dotted–dashed lines denote the zonally averaged MLD.
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difference of Am, Atiw, Asub, and Dy within the mixed

layer (0–35m) and below the mixed layer (35–50m) is

computed and referred to as DAm, DAtiw, DAsub,

and DDy. A positive difference corresponds to the

restratification, whereas a negative difference corre-

sponds to the destratification. Here, 35m is the time-

mean MLD, and the lower bound, that is, 50m, is

chosen somewhat arbitrarily. However, sensitivity

tests suggest that changing the lower bound from 40 to

60m does not have any substantial impact on the fol-

lowing results.

Figure 11b displays the seasonal cycles of DAm,

DAtiw, DAsub, and DDy averaged within 38–68N,

958–1658W. While the TIWs and submesoscale eddies

act to restratify the mixed layer throughout the year,

the mean flow and vertical mixing can either lead to

restratification or destratification, depending on the

seasons. During January–April, all four terms act to

restratify the mixed layer, resulting in rapid reduction

of MLD. During July–October, the mean flow and

vertical mixing lead to almost the strongest destrati-

fication in the year and thus are not responsible for

the shoaling of mixed layer in this season. This implies

the reduced MLD during July–October might result

from the restratification by TIWs and submesoscale

eddies. Indeed, their restratification effects are sig-

nificantly enhanced and both reach their maximum

during this season, contributing to the shoaling of

mixed layer.

4. Discussion

Theabove analysis indicates that thebarotropic instability

plays a dominant role in generating the submesoscale eddies

in the SSA region. In this section, wemake detailed analysis

of the MKE term and attempt to reveal its origin.

We decompose the MKE term into six terms as

MKE
1
52

�
r
0
u0u � ›u

›x

�
, (16)

MKE
2
52

�
r
0
y0y � ›y
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, (17)
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52

�
r
0
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52
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52
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, and (20)

MKE
6
52

�
r
0
y0w � ›y

›z

�
, (21)

where the MKE1 and MKE2 represent the contribution

of the horizontal normal strain to theMKE term, MKE3

and MKE4 are the contribution of horizontal shear

strain, and MKE5 and MKE6 are the contribution of

vertical shear. In the upper 50m of SSA region, MKE2

and MKE6 make dominant contribution to the MKE,

whereas the sum of remaining terms contributes to less

than 10%and is thus negligible (Fig. 12a). This is distinct

from the barotropic production for the mesoscale mo-

tions in this region, which is mainly attributed to the

meridional shear of background zonal flow, that is, the

MKE3 term (Holmes and Thomas 2016).

As theNorth Equatorial Countercurrent (NECC) and

SEC are zonally directed, they do not contribute to the

MKE2 and MKE6 terms. It is likely that MKE2 and

MKE6 might be mainly attributed to TIWs, given their

energetic meridional current. To isolate the contribu-

tion of TIWs, we recompute theMKE2 andMKE6 terms

by only retaining the components between 15 and

FIG. 11. Themonthly average of (a)MLDand (b)DAm,DAtiw,DAsub, andDDywithin 38–68N, 958–1658W.The error

bar represents the standard error.
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40 days in u and y (denoted as MKEtiw
2 and MKEtiw

6 ).

The value of MKEtiw
2 is about 43% of MKE2 (Fig. 12b),

confirming the important role of TIWs in MKE2. How-

ever, the TIWs contribute to less than 19% of MKE6

(Fig. 12b). Therefore, they are not responsible for the

strong meridional vertical shear and associated kinetic

energy transfer in the SSA region.

A possible candidate responsible for dy/dz inMKE6 is

the Ekman flow driven by surface wind stress. To test

this hypothesis, we compute the vertical shear of Ekman

flow. As the background density front could have an

important influence on the vertical shear of Ekman flow,

we adopt the frontal Ekman equation (Cronin and

Kessler 2009) as

ifu
a
5 n

›2u
a

›z2

›u
a

›z
5

1

r
0
n
t
0
2
›u

g

›z
, at z5 0

u
a
5 0, at z/2‘ ,

(22)

where ua is the ageostrophic Ekman flow, ug is the geo-

strophic flow balanced with the density front, t0 is the

surface wind stress, and n is the vertical viscosity. As the

exact value for n is unknown, we treat it as a tuning pa-

rameter. It is found that the magnitude of time-mean

j›ya/›zj in the mixed layer decreases as the value

of n increases. However, for the value of n within a rea-

sonable range, that is, 1023–1022m2 s21 (Santiago-

Mandujano and Firing 1990; Cronin and Kessler 2009),

the magnitude of time-mean j›ya/›zj in the mixed layer is

much larger than that of j›yg/›zj (Figs. 13a–c). In partic-

ular, when the value of n is set as 83 1023, both the spatial

distribution and magnitude of time-mean j›ya/›zj in the

mixed layer agree reasonably well with those of j›y/›zj

(Figs. 13d,f). Furthermore, the time series of mean

j›ya/›zj averaged in the mixed layer of SSA region is

tightly related to that of j›y/›zj with a correlation co-

efficient of 0.52 (statistically significant at the 95% sig-

nificance level). This provides further evidence on the

dominant contribution of Ekman flow to the vertical

shear and associated kinetic energy transfer to sub-

mesoscale eddies. Finally, it should be noted that this

energy transfer should be distinguished from the energy

transfer through the turbulent thermal wind and down-

front wind mechanisms (Thomas and Lee 2005; Thomas

et al. 2008; Gula et al. 2014; McWilliams et al. 2015). In

thosemechanisms, the presence of strong density gradient

is essential, and the energy transfer is achieved through an

upward buoyancy flux of submesoscale eddies. However,

the energy transfer here is achieved through the MKE6

term, and the density gradient does not play an important

role. In fact, the value of j›ya/›zj derived from the frontal

Ekman equation is similar to that derived from the stan-

dard Ekman equation (Figs. 13d,e).

In June–September (the growing phase of SMKE),

the intertropical convergence zone migrates northward

and the trade winds accelerate the SEC (Vialard et al.

2003). This intensifies the horizontal shear between SEC

and NECC, favoring the generation of TIWs (Philander

1978). The latter further enhances the horizontal strain

rate in their northern edge and contributes to the in-

creasedMKE term during this season. Furthermore, the

trade wind stress also becomes stronger during August–

September (Talley 2011), which enhances the vertical

ageostrophic shear to further increaseMKE production.

5. Conclusions

In this study, the spatial and seasonal variations of

submesoscale eddy activity in the east equatorial Pacific

FIG. 12. (a) Decomposition of MKE (green) and MKEtiw (yellow) terms averaged in the upper 50m of the SSA

region. (b) The contribution of TIWs to the individual terms of the total MKE. The error bar represents the

standard error.
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Ocean (28–128N, 958–1658W) are investigated based on a

1/108OGCM. The major conclusions are summarized as

follows:

1) In the studied region, flows with horizontal scales

shorter than 500km are subject to submesoscale

dynamics with an O(1) Rossby number and a 22

spectral slope for kinetic energy. It suggests that the

horizontal scale of submesoscale eddies in the equa-

torial region is more than an order of magnitude

larger than that at midlatitudes so that they can be

well resolved by a 1/108 OGCM.

2) SMKE exhibits pronounced spatial variability. En-

ergetic submesoscale eddies reside in the surface

mixed layer around the northern edge (58N) of TIWs.

A complete SMKE budget analysis suggests that the

barotropic and baroclinic energy conversions ac-

count for about 78% and 14% of the energy source

in the mixed layer, respectively. The strong baro-

tropic energy conversion occurs mainly through the

horizontal strain because of TIWs and vertical shear

caused by the wind-induced Ekman flow. The non-

linear interactions lead to a significant forward

energy cascade and are important in balancing the

energy budget.

3) There are pronounced seasonal variations in the

mixed layer SMKE with the largest and smallest

values occurring in August–October and March–

May, respectively. The seasonal cycle of SMKE is

mainly attributed to the seasonal change of energy

input through barotropic instability and to a less

extent baroclinic instability.

4) The restratification effect induced by submesoscale

eddies is comparable to that by TIWs. In particular,

both effects are strongest during July–October. This

leads to significant reduction of MLD during July–

October, although the atmospheric forcing favors the

deepening of MLD in this period.

The results in this study reveal the pronounced differ-

ence in the submesoscale eddy dynamics between the

midlatitudes and the equatorial region. Unlike the mid-

latitudes, it is the barotropic instability rather than the

baroclinic instability that contributes dominantly to the

generation of submesoscale eddies in the equatorial east

Pacific. The seasonal cycle of SMKE in the equatorial

east Pacific is mainlymodulated by the seasonal variation

of horizontal strain rate and vertical shear of background

flows. As a result, its seasonal cycle does not necessarily

follow that of MLD as at the midlatitudes. Indeed, the

FIG. 13. (a) The magnitude of time-mean j›yg/›zj in the mixed layer. The magnitude of time-mean j›ya/›zj
calculated from frontal Ekman equation with viscosity (b) 13 1023, (c) 13 1022, and (d) 83 1023 m2 s21. (e) As in

(d), but calculated from classical Ekman equation. (f) The magnitude of time-mean j›y/›zj calculated from the

meridional velocity from LICOM.
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SMKE in the equatorial east Pacific peaks in September,

whereas the MLD reaches its maximum in July–August.

As demonstrated in this study, the submesoscale

eddies contribute significantly to the restratification

process in the eastern tropical Pacific Ocean and thus

play an important role in the mixed layer heat budget.

Although the horizontal scale of equatorial sub-

mesoscale eddies is much larger than their counterpart

at the midlatitudes, they are still poorly represented in

the current generation of climate models with a typical

horizontal grid size of 18. This might lead to significant

biases in the simulated SST and MLD in the eastern

tropical Pacific Ocean, which could further affect the

entire equatorial circulation through the strong air–sea

coupling there (Imada and Kimoto 2012). Therefore,

high-resolution climate models with equatorial sub-

mesoscale eddies well resolved are necessary to reduce

internal uncertainties in prediction and projection of

future ocean climate changes.
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