
Submesoscale Currents in the Subtropical Upper Ocean Observed by Long-Term High-Resolution
Mooring Arrays

ZHIWEI ZHANG,a,b,c XINCHENG ZHANG,a BO QIU,d WEI ZHAO,a,b,c CHUN ZHOU,a,b,c

XIAODONG HUANG,a,b,c AND JIWEI TIAN
a,b,c

aPhysical Oceanography Laboratory/IAOS and Frontiers Science Center for Deep Ocean Multispheres and Earth System, Ocean

University of China, Qingdao, China
bPilot National Laboratory for Marine Science and Technology, Qingdao, China

c Sanya Oceanographic Institution, Ocean University of China, Sanya, China
dDepartment of Oceanography, University of Hawai‘i at M�anoa, Honolulu, Hawaii

(Manuscript received 12 May 2020, in final form 20 October 2020)

ABSTRACT: Although observational efforts have been made to detect submesoscale currents (submesoscales) in regions

with deep mixed layers and/or strong mesoscale kinetic energy (KE), there have been no long-term submesoscale obser-

vations in subtropical gyres, which are characterized by moderate values of both mixed layer depths and mesoscale KE. To

explore submesoscale dynamics in this oceanic regime, two nested mesoscale- and submesoscale-resolving mooring arrays

were deployed in the northwestern Pacific subtropical countercurrent region during 2017–19. Based on the 2 years of data,

submesoscales featuring order oneRossby numbers, large vertical velocities (withmagnitude of 10–50m day21) and vertical

heat flux, and strong ageostrophic KE are revealed in the upper 150m. Although most of the submesoscales are surface

intensified, they are found to penetrate far beneath the mixed layer. They are most energetic during strong mesoscale strain

periods in the winter–spring season but are generally weak in the summer–autumn season. Energetics analysis suggests that

the submesoscales receive KE from potential energy release but lose a portion of it through inverse cascade. Because this

KE sink is smaller than the source term, a forward cascade must occur to balance the submesoscale KE budget, for which

symmetric instability may be a candidate mechanism. By synthesizing observations and theories, we argue that the sub-

mesoscales are generated through a combination of baroclinic instability in the upper mixed and transitional layers

and mesoscale strain-induced frontogenesis, among which the former should play a more dominant role in their final

generation stage.
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1. Introduction

Oceanic submesoscale currents (submesoscales for short

hereafter) are characterized by order oneRossby andRichardson

numbers and have length and time scales O(0.1–10) km and

O(0.1–10) days at middle latitudes, respectively (Boccaletti et al.

2007; Thomas et al. 2008; Qiu et al. 2014; McWilliams 2016). Due

to the above dynamical nature, submesoscales are believed to play

significant roles in the following two aspects of oceanography,

although their potential importance could be far beyond these.

First, as the intermediate scale between mesoscale eddies and

small-scale turbulence, the submesoscales can break geostrophic

balance and provide an important route for forward energy cas-

cade that dissipates the geostrophic energy (Capet et al. 2008b;

D’Asaro et al. 2011; Thomas et al. 2013; Barkan et al. 2015; Gula

et al. 2016a). Second, corresponding to their strong ageo-

strophic motions, submesoscales have large vertical velocity w

(Mahadevan and Tandon 2006; Thomas et al. 2008; Brannigan

2016; Yu et al. 2019), which plays a critically important role

in modulating biogeochemical processes as well as the heat

budget in the upper ocean (Mahadevan et al. 2012; Mahadevan

2016; Thompson et al. 2016; Su et al. 2018; Taylor 2018;

Siegelman et al. 2020). Recognition of the above two important

roles makes the submesoscale ‘‘mixing’’ or ‘‘transporting’’ ef-

fect an essential aspect that should be parameterized in the

present-day eddy-resolving models (with ;10-km horizontal

resolution; Fox-Kemper et al. 2008, 2011, 2019; Bachman

et al. 2017).

Although the upper-ocean submesoscales had already been

discovered by space photography and satellite images in the

1980s (e.g., Flament et al. 1985; Scully-Power 1986), it was only

in the 2000s that systematical studies of submesoscales became

possible when numerical models and observational techniques

began to have the capabilities to partially resolve them

(McWilliams 2016, 2019). To investigate spatiotemporal varia-

tions of submesoscales, a great number of realistic submesoscale-

permitting numerical simulations, with horizontal resolution of

O(1) km, were performed in different areas from regional to

global scopes (e.g., Capet et al. 2008a; Mensa et al. 2013; Zhong

andBracco 2013; Zhong et al. 2017; Sasaki et al. 2014;Molemaker

et al. 2015; Gula et al. 2016b; Barkan et al. 2017; Srinivasan et al.

2017; Su et al. 2018; Qiu et al. 2018; Tedesco et al. 2019; Zhang

et al. 2020). These numerical studies generally suggested the

following basic dynamical and statistical characteristics of

submesoscales: large Rossby number (Ro), strong w, positive
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skewness of relative vorticity, much stronger in the mixed layer,

upward vertical heat flux (VHF), etc. They also suggested that

in open oceans away from topography, submesoscales tend to

be much stronger in winter corresponding to the seasonality of

mixed layer depth (MLD) and are usually strengthened in me-

soscale eddy-rich regions due to the strong strain field.

Compared with numerical simulations, due to their small spa-

tial scale and rapid evolution, directly observing submesoscales in

the ocean is more challenging. Until now, there are only a limited

number of submesoscale field experiments that have been con-

ducted, including LatMix1 and OSMOSIS2 in the North Atlantic

(Shcherbina et al. 2015; Klymak et al. 2016; Buckingham et al.

2016; Erickson et al. 2020), GLAD3 and LASER4 in the Gulf of

Mexico (Poje et al. 2014; D’Asaro et al. 2018), SMILES5 in the

Southern Ocean (Adams et al. 2017), and also several other

submesoscale targeted cruises in different regions (e.g., D’Asaro

et al. 2011; Zhang et al. 2016; Pascual et al. 2017; Naveira

Garabato et al. 2019). The high-resolution data were successfully

used to estimate relative vorticity, w, potential vorticity (PV),

VHF, and other quantities associated with submesoscales, which

generally confirmed the spatiotemporal characteristics of sub-

mesoscales simulated by numerical models. Particularly, several

of these observational studies demonstrated that the positive

VHF induced by submesoscales is comparable in magnitude

to the net surface heat flux, highlighting the important role of

submesoscales in modulating the upper-ocean heat budget

(Thompson et al. 2016; Yu et al. 2019). Based on these observed

characteristics, it is argued that in the open ocean, mixed layer

instability (MLI) and strain-induced frontogenesis are likely two

most important mechanisms responsible for the submesoscale

generations (Callies et al. 2015; Siegelman et al. 2020), which are

consistent with the earlier quasigeostrophic theories and ideal-

ized numerical simulations (Lapeyre et al. 2006; Boccaletti et al.

2007). However, which mechanism (MLI or frontogenesis) is

more dominant seems to be situation dependent, and it is diffi-

cult to determine based on data because the two mechanisms

usually co-occur in the real ocean (McWilliams 2016; Srinivasan

et al. 2017).

Despite the above submesoscale experiments made in the

ocean, except for the OSMOSIS mooring array that has ob-

tained yearlong time series at fixed locations, all of the other

experiments were heavily based on shipboard instruments [e.g.,

acoustic Doppler current profiler (ADCP) and conductivity–

temperature–depth (CTD)] or autonomous platforms (e.g.,

gliders, floats, drifters) and thus only provided short-term (or

snapshot) and time-discontinuous observations. The problem of

these short-term observations lies in its difficulty to separate the

submesoscales and internal waves that have overlaps in their

spatial and time scales, which can bring large uncertainties when

inferring the submesoscale quantities (Rocha et al. 2016; Torres

et al. 2018; Qiu et al. 2018; Cao et al. 2019). In addition, most of

the previous experiments were conducted at the mid-to-high

latitudes (higher than;308N/S) and dynamically, their locations

are featured by deep wintertime mixed layer due to strong

cooling or/and strong mesoscale eddy kinetic energy (EKE)

corresponding to thewestern boundary currents or theAntarctic

Circumpolar Current (ACC). In contrast, the submesoscale

observations within the lower-latitude subtropical gyre are rare.

Compared with the existing experimental locations, the lower-

latitude subtropical gyre has both moderate EKE (thus meso-

scale strains) and wintertime MLD (Chelton et al. 2011; Holte

et al. 2017). Because the generation of submesoscales strongly

depends on mesoscale strains and MLD (McWilliams 2016), it

will improve our knowledge of submesoscales if a long-termfield

experiment is conducted in such a different dynamical regime

(i.e., the subtropical gyre).

Here, we report the first long-term submesoscale observa-

tions in the North Pacific Subtropical Countercurrent (STCC;

Fig. 1), a common phenomenon in the global subtropical gyres

featured by moderate values of both EKE and winter MLD

(Tomczak and Godfrey 2003; Talley 2011). In contrast to the

region of OSMOSIS, the only long-term experiment so far, the

STCC region focused on here has shallower MLD but much

larger EKE.6 In addition, due to the lower latitude of our study

region, the inertial frequency here is less than a half of the

OSMOSIS region. It should be noted that due to the seasonal

variation of baroclinic instability intensity associated with the

STCC, the EKE shows a seasonal cycle opposite to that of the

MLD and reaches the peak and trough in June and January,

respectively (Fig. S1 in the online supplemental material; Qiu

1999). The opposite seasonality between EKE andMLD in the

North Pacific STCC (also true for the other STCCs; see, e.g.,

Qiu and Chen 2004; Jia et al. 2011) makes it a good testing

ground to investigate the generation dynamics of submesoscales

(i.e., frontogenesis versus MLI) if their seasonal variation is re-

vealed. To this end, two nested mooring arrays (one mesoscale-

and one submesoscale-resolving) similar to the OSMOSIS were

deployed for 2 years in the northwestern Pacific STCC.Based on

these long-term moored data, dynamical features and mecha-

nisms of the submesoscales are investigated in this study. The

remainder of this paper is organized as follows. Section 2 in-

troduces the data and methods we used. Section 3 presents the

results including basic dynamical quantities, temporal modula-

tions, and energetics of the submesoscales. In section 4, gener-

ation mechanisms of the submesoscales, their impact on the

upper-ocean heat budget, as well as their seasonality are dis-

cussed. Finally, the conclusions are given in section 5.

2. Data and methods

a. Observational experiment

To study the scale–scale interactions and energy cascade

among mesoscale eddies, submesoscale currents, and internal

waves in the subtropical northwestern Pacific, the Subtropical
1 Scalable Lateral Mixing and Coherent Turbulence.
2 Ocean SurfaceMixing, Ocean Submesoscale Interaction Study.
3 Grand Lagrangian Deployment Experiment.
4 Lagrangian Submesoscale Experiment.
5 Surface Mixed Layer Evolution at Submesoscales.

6 Based on long-termhistorical altimeter data, the spatialmeanEKE

within an 88 388 box is ;5 times of that in the OSMOSIS region.
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Mesoscale, Submesoscale, and Internal waves (SubMESI) ex-

periment was conducted during 2017–19. This experiment was

partially motivated by the previous Northwestern Pacific

Eddies, Internal waves and Mixing Experiment (NPEIM) ob-

servations, which revealed that interaction between mesoscale

eddies and near-inertial waves strongly elevated the diapycnal

mixing in the North Pacific STCC (Zhang et al. 2018).

However, the NPEIM experiment failed to address the role of

submesoscales due to the relatively coarse observational res-

olution. To obtain long-term and continuous observations that

can concurrently capture the mesoscale eddies, the internal

waves and, most importantly, the submesoscales, two mooring

arrays with one mesoscale resolving and the other sub-

mesoscale resolving were deployed in the northwestern Pacific

STCC region of 1428–1438E, 198–228N between March 2017

and March 2019 (Fig. 1a). The two arrays are nested in space

with the design similar to OSMOSIS, but the deployments and

instrument configurations of the moorings are different and

have some improvements compared with OSMOSIS in the

following aspects.

First, the SubMESI moorings were maintained for;2 years

with three deployment–recovery cycles (by four cruises).

Observational periods of the three cycles are March–December

2017, December 2017–April 2018, and April 2018–March 2019,

respectively. During the first cycle, eight mesoscale moorings

were deployed along;1438E between 18.98 and 21.88N and five

submesoscale moorings with a cross shape were deployed cen-

tered on 20.38N, 142.78E. The mesoscale and submesoscale

mooring arrays (ME and SM arrays hereafter) have the hori-

zontal spacing of 30–40 km and ;2 km, respectively. For the

second and third observational cycles, their mooring locations

are the same; comparedwith the first cycle, the SMarray and the

central four moorings of the ME array remained and two new

ME moorings were deployed west of the SM array along

;142.58E (Figs. 1b,c). Because the first baroclinic deformation

radius and wintertime mixed layer deformation radius in the

STCC region are 50–60 km (Chelton et al. 1998) and ;3 km

(calculated using NH/f, where H is the MLD, f is the Coriolis

parameter, andN is the averaged stratification within the mixed

layer defined as 0.03kgm23 potential density difference relative

to sea surface), respectively, the SubMESI arrays can to a large

degree resolve the typical mesoscale eddies and wintertime

submesoscales here.

Second, all the ME (SM) moorings are equipped with one

upward- and one downward-looking (one upward-looking)

75-kHz RDI ADCPs at ;400-m depth to observe the current

velocity in the upper ;900m (;400m) every half or an hour;

all of the moorings are also equipped with temperature chains,

consisting of several CTDs and dozens of Seabird temperature

loggers, to measure the temperature/salinity (T/S) in the upper

;800–1000m every 3–10min (Fig. 1d, Tables S1 and S2). In

addition to measuring T/S, another important aim of the

moored CTDs is to provide the depth information for the

temperature chain. The uppermost instrument is just beneath

the top float that is on average ;50m beneath sea surface,

where the influence of wind waves and swell is small. For the

ADCPs on the SM (ME) moorings, they have a vertical sam-

pling interval of 8m (16m), while for the temperature chains,

their vertical resolutions are 10, 20, and 40m above the 200m,

between 200–400m and 400–800m (10–20 and 50m above

FIG. 1. (a) Distribution of the mean
ffiffiffiffiffiffiffiffiffiffiffi
EKE

p
in the northwestern Pacific (color shading; m s21) and the rough

location of the SubMESI mooring arrays (purple square and star). Gray lines are the contours of mean sea surface

height (SSH) with an interval of 8 cm, among which the 120-cm SSH contour is highlighted using black thick line.

Both the mean EKE and SSH are obtained from the merged satellite altimeter product between 1993 and 2017.

(b) Bathymetry (color shading; m) and mooring locations in the experimental region. Purple dots and star denote

the ME and SMmoorings, respectively. (c) Zoom in on the purple square in (b). Locations of the SMmoorings are

denoted by purple triangles. (d) Schematic diagram of the configuration of a typical SM mooring. Names of the

instruments are marked in the diagram. Depths of the topmost and the main buoys are also marked.
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and below ;500m), respectively. These vertical resolutions

are much higher than the current meter/CTD pairs used on the

OSMOSIS moorings (e.g., Yu et al. 2019), which can greatly

reduce the uncertainties caused by vertical interpolations, es-

pecially when calculating differentials of velocity or tempera-

ture between two moorings. In addition, the ME moorings are

also equipped with one or two current meter–CTD pairs at

;2000 and 3000m to measure the velocity and T/S in the deep

ocean (not used in this study).

Third, in contrast to the deep water of the OSMOSIS site

(depth of ;4800m), the SM moorings were deployed on top

of a shallow ridge, whose averaged water depth is only

;1000m (Fig. 1c). In addition, compared with our previous

regular moorings (e.g., those in Zhang et al. 2018), more

buoyancy was added to the main floating body of the SubMESI

moorings. The above designs greatly reduced the vertical and

horizontal excursions of the moorings, even during strong-

current events. During the 2-yr observational period, only for

0.11% (0.10%) of the time does the pitch (roll) of ADCPs

exceed 158, the maximummeasuring rang of the tilt sensor; the

percentage of large ADCP fall-off depths exceeding 30m is

only 0.37% (i.e., 2.7 days for time length). The maximum ve-

locity errors caused by the tilt and horizontal swing of ADCPs

are O(1024) m s21 and O(1024–1023) m s21, respectively,

which are from two to four orders smaller than the typical

mesoscale and submesoscale velocities focused on here (see

the details in appendix A). Furthermore, the small horizontal

excursions ensured that the mooring positions and the hori-

zontal distances among the moorings did not change much,

which is vitally important to calculate gradients of the quan-

tities involving space differential. According to the evaluation

in appendix A, the relative error of vertical vorticity caused by

the uncertainty of mooring positions is no more than 6%.

The detailed configuration and instrumental information for

each mooring are shown in Tables S1 and S2. During the 2-yr-

long experiment period, except for the SM1 mooring (i.e.,

central mooring of the SM array) that was kept onsite for the

third observational cycle, all of the other moorings were suc-

cessfully recovered. In addition, due to the cable break, the

temperature loggers between 80 and 200m on the SM4

mooring were lost in the third cycle. Similar temperature chain

loss also occurred above 290m for the ME3 in the first cycle

and above 260m for theME4 during the whole period. Overall,

all the recovered ADCPs and temperature chains functioned

well, and they provided us 2-yr-long high-quality continuous

velocity and temperature profiles (only 1 year for SM1).

b. Data processing

Before detailed analysis, the raw moored data were first

processed using a standard procedure as in our earlier mooring-

based studies (e.g., Zhang et al. 2015a, 2016). Specifically, the

original high-frequency velocity and temperature data were first

hourly averaged. Then, the hourly data were linearly interpo-

lated onto uniform 10m vertical levels between near surface

(20–50m) and the ;900-m (or ;400m) depth. Although the

submesoscales also contain some energy in the superinertial

time scale, we focused in this study on their subinertial compo-

nents because the superinertial ones are entangled with internal

waves that are difficult to separate cleanly (e.g., Qiu et al. 2018).

To remove the internal-wave signals, a 2-day low-pass filter

(fourth-order Butterworth) was therefore applied to the

hourly time series (the inertial period at the SM array is

;1.4 days). After that, the low-pass-filtered data were further

daily averaged. The daily velocity and temperature data from

the SM array (Fig. 2) and velocity data from the ME array

(ME3–ME6 in the first cycle) were finally used in the fol-

lowing analyses.

c. Calculation of relative vorticity

Vertical component of the relative vorticity z is calculated

using the SM array in the following two ways. The first way

follows the definition z 5 ›y/›x2 ›u/›y, where u and y are the

zonal and meridional velocity, respectively. In practice, it is

estimated using Dy/Dx 2 Du/Dy ’ (y2 2 y4)/(x2 2 x4) 2 (u5 2
u3)/(y5 2 y3), where the subscript denotes the SM mooring

number (see Fig. 1c). The second way is through the Stokes

theorem as used in Buckingham et al. (2016), i.e., z5 1/A

þ
v � dl.

In the practical calculation, the line integral is along the square

composed of the outer four moorings (i.e., SM2–SM5 in Fig. 1c),

A is the area of this square, and dl and v are the distance vector

and averaged velocity of two neighbor moorings, respectively.

The results derived from the two ways are nearly the same,

demonstrating the robustness of the estimated z.

d. Calculation of vertical velocity

Theoretically, both the continuity equation and the density

equation can be applied to the mooring-array data to estimate

w. However, given that no reliable reference level of w0 is

available forw5w0 1
Ð z

z0
(›u/›x1 ›y/›y)dz (note that because

the ADCPs failed to give data in the upper;50m, the rigid-lid

assumption cannot be applied), the continuity equation

method is therefore abandoned. Alternatively, the density

conservative equation that neglects the turbulent diffusion

terms (not available in our observations) in the density

equation is used here:

Dr

Dt
5
›r

›t
1u

›r

›x
1 y

›r

›y
1w

›r

›z
5 0, (1)

where r is the potential density. This method has recently been

successfully applied to the OSMOSIS data, and it was dem-

onstrated to have a good capability to properly estimate w

beneath the surface mixed layer (Yu et al. 2019). Because the

salinity measurements from CTD are coarse on our moorings,

the potential temperature conservative equation is used in-

stead with w given by

w52

›T

›t
1u

›T

›x
1 y

›T

›y

� �
›T

›z

, (2)

where T is the potential temperature referenced to sea surface.

To calculate w, the u, y, ›T/›t, and ›T/›z are obtained from

the central-mooring measurements (i.e., SM1), and ›T/›x and

›T/›y are computed using the mooring pairs (SM2, SM4) and

(SM3, SM5), respectively. Because the mooring SM1 was not
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recovered for the second year (the third observational cycle),

we estimate w only for the first year.

e. Calculation of geostrophic and ageostrophic velocity

Geostrophic velocity ug and yg at the SMarray are calculated

based on the thermal wind relations:

u
g
5 u

0
1

ðz
z0

g

r
0
f

›r

›y
dz , (3)

y
g
5 y

0
2

ðz
z0

g

r
0
f

›r

›x
dz . (4)

In the above formulas, g5 9.8m s22 is the gravity acceleration,

r0 5 1025 kgm23 is the referenced density, f is the Coriolis

parameter, z0 is the reference level, and u0 and y0 are the zonal

and meridional velocity at the reference level, respectively.

Here, instead of the commonly used zero-velocity assumption

at a deep layer, we use the SM-array averaged ADCP velocity

at 2360m (i.e., z0) as a referenced velocity (i.e., u0 and y0)

in (3) and (4). The potential density r is computed using

the MATLAB SeaWater toolbox (http://www.cmar.csiro.au/

datacentre/) by combing the mooring-observed temperature

and the IPRC monthly Argo-derived salinity data (http://

apdrc.soest.hawaii.edu/; see also Zhang et al. 2018). The way

to calculate ›r/›x and ›r/›y is the same as with ›T/›x and ›T/›y

mentioned above. After calculating the geostrophic velocity,

the ageostrophic velocity (ua and ya) can be obtained by sub-

tracting the geostrophic velocity from the ADCP velocity.

Given that the SM1 mooring was not recovered and the upper

200-m temperature chains on the SM4 mooring were lost

during the second year, we calculate the geostrophic and

ageostrophic velocities only for the first year.

f. Calculation of mesoscale strain rate

The ADCP velocity data from the ME moorings combined

with the SM array-averaged velocity are used to calculate the

mesoscale strain rate (MSR). The MSR is defined as

MSR5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
›u

m

›x
2
›y

m

›y

�2

1

�
›u

m

›y
1
›y

m

›x

�2
s

, (5)

where, um and ym denote mesoscale velocities calculated

using a 15-day low-pass filter. For the first observation cycle,

MSR is calculated based on the triangle made up of the

moorings SM1, ME4, and ME5 (due to the absence of the

moorings ME1 and ME2). For the second and third observa-

tional cycles, the four triangles made up of SM1 and the four

ME mooring pairs (i.e., ME1–ME2, ME1–ME4, ME4–ME5,

andME5–ME2) are independently used to calculateMSR, and

their averaged result is adopted. The detailed procedure on

how to calculate MSR from three points in a triangle can be

found in appendix B.

g. Calculation of mixed layer depth

The SM-array averaged temperature is used to calculate

MLD.Here,MLD is defined as the depth where temperature is

0.18C lower than the uppermost temperature at ;40m depth.

This temperature threshold is chosen because by analyzing all

FIG. 2. Depth–time plots of the subinertial (a) zonal velocity, (b) meridional velocity, and

(c) temperature averaged among the SMmoorings. Black lines in (a), (b), and (c) are contours

of velocity and temperature, respectively, with the respective intervals of 0.2m s21 and 18C.
The red rectangle in (b) indicates the typhoon-related submesoscale event. Irregular blanks in

(c) are due to excursions of the moorings.
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the historical Argo profiles near the SM array (within a 38 3 38
box) during the 2-yr observational period, the calculated MLD

based on our definition has the minimum root-mean-square

error when compared with the result calculated using the

commonly adopted 0.28C threshold relative to the sea surface

(de Boyer Montégut et al. 2004). Note that because the mixed

layer is shallower than the uppermost moored measurement in

summer, the MLD calculation is only performed from late

autumn to early spring. In addition, MLD is also calculated

based on the daily temperature data of the 1/128 Hybrid

Coordinate Ocean Model (HYCOM) global reanalysis prod-

uct using the 0.28C threshold. The HYCOM product has as-

similated multiple observational data, including satellite sea

surface height and temperature data, Argo float data, moored

and shipboard T/S and velocity data, and so on. Owing to the

data assimilation, the depth–time distribution of the HYCOM

temperature shows a good agreement with the moored tem-

perature (Fig. S2), suggesting that HYCOM can to a large

degree reproduce the MLD variations in our study region.

The overall consistency between the moored- and HYCOM-

derived MLDs between October and March supports this

notion (Fig. S2, Fig. 4).

3. Results

a. Moored velocity and temperature

In Fig. 2, we show the depth–time plots of the subinertial

daily velocity and temperature derived from the SM array. The

most remarkable phenomenon at first glance is the mesoscale

eddies, which show strong velocities (as large as 0.5ms21) and

thermocline fluctuations (amplitude as large as 100m) with a

period of ;3 months. This period agrees roughly with the

previous observations and is attributable to the westward prop-

agation of mesoscale eddies generated by baroclinic instability

associatedwith the STCC (Qiu 1999; Zhang et al. 2001; Lien et al.

2014). Although the mesoscale eddies are generally surface in-

tensified, their signals can reach to more than 2000m (from the

ME data, figure not shown). The 2-yr-long time series also show

that most of the strong mesoscale signals occur between April

and October, which agrees with the seasonality of altimeter-

derived EKE revealed by previous studies (Qiu 1999; Qiu

et al. 2014).

Accompanying the lower-frequency mesoscale eddies, there

are smaller-scale signals with the period shorter than 15 days.

These short-period processes become more evident after we

applied a 15-day high-pass filter to the velocity and tempera-

ture time series (Fig. 3). In contrast to the mesoscale eddies,

these processes primarily occur in late winter and early spring

(February–April); they have much smaller vertical scales, and

their energy is mainly confined to the upper ;150m. In addi-

tion, the magnitudes of their velocity and temperature anom-

alies are only 0.1m s21 and 18C, respectively, much smaller

than the mesoscale eddies (i.e., 0.5m s21 and 58C). There are

also three exceptional events with large velocity or tempera-

ture anomalies beneath 150m. Two of them are associated with

lens-like structures (seen from the isotherms distribution) with

their centers between 150 and 250m in late April 2017 and

between 100 and 200m in late February and early March 2018,

respectively. The third event is associated with a prism-like

structure occurring between 100 and 400m in late August 2018.

The abovementioned shorter-period processes are the sub-

mesoscales of the focus of this study. Their detailed charac-

teristics and mechanisms are investigated below.

b. Rossby number

Figure 4 shows the 2-yr-long depth–time distribution of Ro

(i.e., z/f ) derived from the SM array. In contrast to the velocity

and temperature, the variation of Ro is primarily dominated by

FIG. 3. (a),(b) As in Figs. 2b and 2c, respectively, but for the 15-day high-pass-filtered

anomalies (color shading). Black lines are the temperature contours with an interval of 18C,
among which the 208C contour is highlighted by thick line. Blue and red rectangles indicate the

occurrence of the SCVs and the typhoon-related submesoscale event, respectively.
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the shorter-period processes (period, 15 days) rather than the

energy-containing mesoscale eddies. At the time and depths

where large shorter-period velocity/temperature anomalies

occur (Fig. 3), Ro also shows large values with magnitude

exceeding 0.5 (sometimes exceeding 1.0), suggesting the

submesoscale nature of these shorter-period processes.

Except for the lens- and prism-like structures that show

subsurface-intensified Ro, the large values of Ro mainly

occur in the upper;150-m layer. Corresponding to the lens-

and prism-like structures, Ro shows large negative and

positive values, respectively. They are essentially anticy-

clonic and cyclonic submesoscale coherent vortices (SCVs;

McWilliams 1985) but are not the focus of this study.

Although the submesoscale Ro generally decreases with

depth (with the exception for the SCVs), its large values can

actually penetrate far beneath the base of the mixed layer.

In many cases, the60.5 isoline of Ro can reach 150 m, much

deeper than the MLD that is on average only 70–80 m in

winter. Seasonally, the large Ro values (magnitude larger

than 0.5, hereafter) primarily occur between January and

April. However, a significant exception is found in early

September 2018, when the negative Ro was found to be

lower than 21.0. This strong submesoscale event presents a

clear downward propagating tendency, which can also be

seen from the depth–time plots of velocity (Figs. 2b and 3a).

It is associated with the breaking of downward-propagating

near-inertial internal waves generated by a strong typhoon

at that time, which severely perturbed the thermocline. This

special submesoscale event is also not focused on here and

we will investigate its mechanism in detail in a future study.

The abovementioned vertical distribution and seasonality of

Ro can also be seen from the probability density function

(PDF) of Ro at different depths (Fig. 5). For the upper layer at

70m, 15% of the absolute Ro values are larger than 0.5 in the

winter–spring season (January–April, hereafter), while the

percentage is only 1% in the summer–autumn season (June–

October, hereafter). In the winter–spring season, the PDF of

Ro displays a significant asymmetry with a long tail for large

positive values, and the percentages of Ro. 0.5 andRo,20.5

are 11% and 4%, respectively. Corresponding to this asym-

metry, the Ro shows a large positive skewness in the upper

100m in the winter–spring season (Fig. S3). The above sea-

sonality and asymmetry of submesoscales are generally con-

sistent with those found by previous observations (Shcherbina

et al. 2013; Callies et al. 2015; Buckingham et al. 2016; Qiu et al.

2017). With respect to the deeper layer at 200m, the PDF of

Ro is much thinner and taller, and both the seasonality and

asymmetry found at the 70-m layer disappear. At this depth,

98% of the absolute Ro values are smaller than (or equal to)

0.3, demonstrating that the motions here are dominated by

quasigeostrophic mesoscale eddies.

In Fig. 6, we show the power spectra of z and velocity av-

eraged between 50 and 100m. It is found that in the winter–

spring season, the spectrum of z exhibits strong energy peaks at

the periods between 4 and 14 days (Fig. 6a). In contrast, power

spectrum density of the z is dominated by mesoscale motions

with period longer than 15 days in the summer–autumn season.

The two spectra have an intersection at the period of;14 days.

These results, on one hand, further demonstrate the distinct

seasonalities of submesoscales and mesoscale eddies and, on

FIG. 4. Depth–time plots of the Rossby number (i.e., Ro5 z/f ) between (a) March 2017 and

March 2018 and (b) March 2018 and March 2019. The zero and 60.5 contours of the Rossby

number are indicated by gray and black lines, respectively. Purple and green lines denote the

MLD calculated using the moored and HYCOM temperature, respectively.
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the other hand, indicate that the 15 days is a reasonable time

scale to distinguish the mesoscale and submesoscale motions.

Different from the mooring-derived results, the spectrum of

z computed based on the gridded altimeter data fails to capture

the submesoscale signals and its energy density is from one to

two orders smaller than the moored results. This is under-

standable because the present-day altimeter product can only

resolve motions with wavelengths larger than 150 km (Fu et al.

2010). Similarly, the spectrum of velocity in the winter–spring

season also shows elevated energy between 4 and 10 days and

the spectra in two seasons also intersect at ;14 days (Fig. 6b).

The difference is that, compared with the z spectrum, the ve-

locity spectrum is generally redder and, even in the winter–

spring season, the energy in the submesoscale band is lower

than the mesoscale band. This is consistent with the results in

Figs. 2a, 2b, and 3a that the horizontal velocity of sub-

mesoscales is much weaker than mesoscale eddies.

c. Vertical velocity

The vertical velocity w inferred from the SM mooring array

based on density conservative equation is shown in Fig. 7a.

Generally, w displays vertical and temporal variations very

FIG. 6. Upper-layer averaged (between 50 and 100m) power spectra of (a) relative vorticity and (b) horizontal

velocity. The red and blue solid (pink and green dashed) lines denote the mooring-derived (altimeter-derived)

results in the winter–spring and summer–autumn seasons, respectively. The red and blue shadings denote the 95%

confidence intervals of the solid lines calculated using bootstrap method.

FIG. 5. Probability density distribution of the Ro at the (a) 70- and (b) 200-m depths. The results in the winter–

spring and summer–autumn seasons are indicated by red and blue histograms, respectively. Note that the typhoon-

related submesoscale event in September 2018 is excluded in the statistics. The numbers of points corresponding to

the probabilities of 0.1, 0.2, and 0.3 are marked on the y axis of (a).
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similar to Ro. Specifically, largew values primarily occur in the

upper;150m and in the winter–spring season. The strongestw

occurred in late March and early April 2017, whose magnitude

exceeded 50mday21. Averaged across the 50–100-m layer, the

root-mean-square w values in the winter–spring and summer–

autumn seasons are 19.8 and 4.8mday21, respectively. It

should be noted that compared with the positive w, the nega-

tive ones happen more frequently and have larger magnitudes,

especially in the winter–spring season. In other words, the

vertical motions are dominated by downwellings, which can

also be seen from the PDF of w between the 50- and 100-m

layers (Fig. S4a). This is consistent with the positive skewness

of Ro because from the PV conservation, development of

positive z in the upper layer requires the water column to

stretch through subsurface downwelling (Capet et al. 2008a).

The ageostrophic advective feedback on the secondary circu-

lation during frontogenesis may also play a role in the negative

skewness of w found here (McWilliams 2016). Corresponding

to the dominantly downwardw that decreases with depth below

50m (i.e., ›w/›z , 0), the horizontal divergence (i.e., ›u/›x 1
›y/›y) is dominated by positive values between 50 and 100m

(Fig. S4b). Predominantly convergent flows are expected above

50m, whose presence, however, is beyond the observational

range by the ADCPs.

If we separate w into mesoscale and submesoscale compo-

nents using the 15-day low- and high-pass filters, respectively, it

is found that w is mainly caused by submesoscales (Fig. 7b),

similar to the result of z. For the submesoscalew, the time-mean

and 50–100-m depth-averaged magnitude reaches 15.2mday21

(RMS value 21.9mday21) in the winter–spring season, which is

much larger than 4.0mday21 (RMS value 5.6mday21) for the

mesoscale w in the same season and 4.8mday21 (RMS value

6.2mday21) for the submesoscale w in the summer–autumn

season. The submesoscale w inferred here is several times

smaller than theOSMOSIS result (Yu et al. 2019), whichmay be

ascribed to the much weaker stratification in the higher-latitude

OSMOSIS site. With respect to the mesoscale w, it has a magni-

tude similar to the previously diagnosed results for the subtropical

mesoscale eddies (e.g., McGillicuddy et al. 2007; McGillicuddy

2016; Hu et al. 2011). The relatively weaker w for mesoscale

eddies (compared with submesoscales) is reasonable because

they are governed by quasigeostrophic dynamics and have

weak horizontal divergence. It is worth pointing out that in

the winter–spring season, the standard deviation of the sub-

mesoscale w is comparable to its mean magnitude, indicating

that the observed submesoscales have a strong intraseasonal

variation. It will be shown in the following that this variation

is closely associated with the mesoscale eddies. Although the

intensity of w gradually decreases with depth below 50m, the

seasonally contrasting feature is still evident at ;150m,

which agrees with the vertical distribution of z and suggests

the deep penetration of submesoscales. Because the strong

submesoscale vertical motions can penetrate into the nutri-

cline that is between 100 and 150m in the North Pacific STCC

region (e.g., Huang and Xu 2018; Xiu and Chai 2020), they

may play an important role in sustaining the phytoplankton

growth by transporting subsurface nutrients vertically into

the euphotic zone (Lévy et al. 2018), especially in the oligo-

trophic low-latitude subtropical ocean where the wintertime

MLD is shallower than the nutricline.

FIG. 7. (a) Depth–time plot of the vertical velocity (color shading; m day21). Purple and green lines denote

mooring- and HYCOM-derived MLD, respectively. Gray lines are temperature contours with an interval of 18C
and the gray thick line indicates the 208C contour. (b) Vertical profiles of the seasonal mean jwj. Red and blue solid

lines are the results for the submesoscale and mesoscale w in the winter–spring season, respectively. The result for

the submesoscale w in the summer–autumn season is indicated by red dashed line. Red shading denotes the

standard deviation associated with the red solid line.
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To interpret the depth–time variation of w, ageostrophic

kinetic energy [KEa 5 (u2
a 1 y2a)/2] is calculated using the

ageostrophic velocity va (method in section 2e; Fig. 8a).

Overall, both the vertical and time variations of KEa have a

good correspondence to w, agreeing with the theoretical ex-

pectation that it is the ageostrophic current with strong hori-

zontal divergence that generates vertical motions in the ocean.

Similar to w and z, KEa is also dominated by submesoscales.

After applying a 15-day high-pass (low-pass) filter to the geo-

strophic and ageostrophic velocities, we then calculated the

geostrophic KE and KEa of submesoscale (mesoscale) mo-

tions, respectively. By comparing the submesoscale KEa with

the total submesoscale KE, we found that in the winter–spring

season, its contribution can on average reach 35% in the upper

50–100-m layer (Fig. 8b). The mesoscale KEa, on the other

hand, only accounts for 6% of the total mesoscale KE for the

same season and depths (figure not shown). We should note

that the submesoscales focused on here have totally excluded

the superinertial motions. If the superinertial submesoscales

are considered, the percentage of KEa (and also w) would

be even higher (D’Asaro et al. 2018). The above quantitative

results suggest that although geostrophic balance is a good

approximation for mesoscale eddies, it should be careful to

apply it to submesoscales, for which the ageostrophic effect

cannot be neglected.

d. Temporal modulations of submesoscales

Because the submesoscales are characterized by large Ro,

the Ro squared [i.e., (z/f)2], which is the normalized enstrophy

in physics, is used here as an index to indicate the strength of

submesoscales. To examine the temporal modulations of

submesoscales, a 15-day high-pass filter is applied to Ro before

calculating the square (recall Fig. 6). In Fig. 9, we show the

2-yr-long time series of the submesoscale enstrophy averaged

between 50 and 100m. The submesoscale enstrophy displays

strong intraseasonal modulations with periods ranging from 15

to 45 days. By examining the whole 2-yr-long series, we also

find that these intraseasonal signals are intensified in the

winter–spring season (except for the special event in September

2018). The intraseasonal modulations of submesoscales seem to

be associated with the mesoscale strain field and the correlation

coefficient (r) between the enstrophy and the MSR time series

reaches 0.42 in the winter–spring season (exceeding the 95%

confidence level, Fig. 9a). Although previous simulation studies

suggested that temporal variation of submesoscales is strongly

modulated by the MLD (e.g., Mensa et al. 2013; Sasaki et al.

2014), we fail to see a significant correlation between the ens-

trophy and the MLD in our observations (r 5 0.20, Fig. 9b).

However, an improved negative correlation is found between

the enstrophy and the time derivative of MLD (r 5 20.35,

Fig. S5), whichmay suggest that generation of the submesoscales

could have possibly caused restratification that shoaled the

mixed layer (e.g., Mahadevan et al. 2012; du Plessis et al. 2017).

To focus on the seasonal modulation, we compute the

monthly climatology of submesoscale enstrophy based on the

2-yr data (Fig. 10). The results show an irregular annual cycle

with a steep peak but a flat trough. Specifically, the peak of

enstrophy occurs in March, and the second and third largest

values occur in February and April, respectively; from May to

December, the enstrophy keeps low and its magnitude has

small monthly variations. It is worth noting that the peak of

submesoscale enstrophy does not coincide with the MLD

maximum, which occurs in January in our observation region

(Fig. 10b). Instead, the top three large-enstrophy months (i.e.,

February–April) are actually during the sharply decreasing

period of the MLD. Note that although the mean net surface

heat flux is still negative in February (which tends to deepen

the mixed layer), the mixed layer is shoaling possibly due to

the restratification effect of the strong submesoscales (e.g.,

Mahadevan et al. 2012; Sasaki et al. 2014; du Plessis et al. 2017).

This point is supported by the important role of submesoscale

VHF in the mixed layer heat budget that will be discussed in

detail in section 4b. By comparing the monthly enstrophy with

the MSR, we find that in the strong-submesoscales period

FIG. 8. (a) As in Fig. 7a, but for the ageostrophic KE. (b) Mean profiles of the submesoscale

total KE (blue line) and submesoscale ageostrophic KE (red line) in the winter–spring season.
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between February and April, the MSR is also at a high level

(Fig. 10a). Although the MSR remains strong between May

and July, however, the submesoscale enstrophy is quite weak.

The results presented above can be synthesized as follows.

First, a relatively deepmixed layer is the prerequisite to energize

submesoscales and the strong MSR in summer alone cannot

generate the enhanced submesoscales. Second, in the winter–

spring season with a relatively deep MLD, the mesoscale strain

seems to play an important role in generating the submesoscales.

Third, the submesoscales may be dynamically important in re-

stratifying the mixed layer in the winter–spring season.

e. Energetics of submesoscales

If neglecting the horizontal advection and dissipation terms,

baroclinic conservation (BC) and barotropic conversion (BT) are

the primary source or sink in the submesoscale KE budget. To

examine the energetics of the submesoscales, we calculate the BC

and BT terms based on the first-year data (note that w is not

available for the second year).Here, theBCandBTare defined as

BC52
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where the primes denote submesoscale anomalies obtained by

15-day high-pass filter and the overbars denote 15-day running

means. Note that the terms associated with vertical shear (i.e.,

2u0w0›u/›z) have been neglected in Eq. (7) because they are

found to be several times smaller than the horizontal shear

terms (Fig. 11b). The upper-layer averaged BC (between 50

FIG. 10. (a) As in Fig. 9a, but for the climatologically monthly

mean results obtained from the 2-yr-long moored data. Vertical

bars are standard deviations associated with the circles. For a better

visual effect, the annual cycle is repeated twice. (b) As in (a), but

the red and green lines denote the MLD and ECMWF surface net

heat flux, respectively.

FIG. 9. (a) Comparison between the upper-layer averaged (between 50 and 100m) mesoscale

strain rate (red; normalizedbydividing f) and submesoscale enstrophy (blue; normalized bydividing

f 2). The blue thin and thick lines denote the original and 15-day low-pass-filtered results, respec-

tively. The typhoon-related submesoscale event is marked by gray shading, which is excluded in the

further analysis. Correlation coefficients between red and blue thick lines for the whole time series

(except the gray-shading period, i.e., rann.) and for the winter–spring season (i.e., rwin.) aremarked in

the figure. The 95%significance levels for the rann. and rwin. are60.20 and60.31, respectively (based

on Monte Carlo simulations). (b) As in (a), but the red line denotes MLD.
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and 100m) shows that the BC is overall positive throughout the

year and it is significantly enhanced between February and

April, but is quite weak between June and December (Fig. 11a).

TheBC is highly correlatedwith the submesoscale enstrophywith

their correlation coefficient reaching 0.63. This suggests that the

BC term, or the vertical buoyancy flux, plays an important role in

feeding the submesoscales. On the contrary, the BT is generally

negative throughout the year and its negative values are elevated

betweenFebruary andApril (Fig. 11b). The negativeBT indicates

that the submesoscales tend to transfer their KE inversely to the

larger scales, i.e., mesoscale eddies. In other words, the KE ex-

change from the submesoscale and mesoscale interactions works

as a sink for the submesoscale KE (i.e., an inverse KE cascade).

During the strong-submesoscales period between February and

April, the mean values of BC and BT are 2.13 1028 and24.33
1029m2 s23, respectively, with their respective 95% confidence

levels of [1.6, 2.6] 3 1028 and [25.7, 23.1] 3 1029m2 s23 (com-

puted using bootstrap method). Because the magnitude of BT is

on average;4 times smaller than the BC, the sum of BC and BT

is still positive in the winter–spring season. To keep the balance,

the net submesoscale KE gained from the BT 1 BC has to be

dissipated or transferred to smaller scales through a forward

cascade (Zhang et al. 2020). Note that given the spatial variabil-

ities of BC and BT, we are not sure to what degree the present

results can represent the whole STCC region. But, we think the

time-mean results considered here (i.e., positive BC, negative BT,

and positive BC 1 BT) are at least qualitatively true, which are

generally consistent with recent simulation-based studies in a

large spatial domain (e.g., Dong et al. 2020; Zhang et al. 2020).

Centrifugal (or inertial) instability and symmetric instability are

thought as two important mechanisms for dissipation or forward

cascade of the submesoscale energy (e.g., McWilliams 2016).

Here, the potential roles of these two instabilities in the sub-

mesoscale energetics are evaluatedbasedon the 2-yrmooreddata.

The results in Figs. 4 and 5 suggest that except for the special

submesoscale event in September of 2018, all Rossby numbers are

larger than 21. This indicates that the criterion for centrifugal

instability that requires minus absolute vorticity in the north

hemisphere, is notmet and the centrifugal instability should not be

regarded as the dissipation mechanism of the submesoscale KE

here. With respect to the symmetric instability, its occurrence re-

quires Ertel PV to be negative in the north hemisphere (Thomas

et al. 2013; Bachman et al. 2017). Here, the Ertel PV is defined as
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where b 5 2gr/r0 is buoyancy. Given that the horizontal

gradient ofw is not available from the observations and that its

magnitude is usually much smaller than the vertical shear of

horizontal velocity, ›w/›x and ›w/›y in Eq. (8) are neglected in

practice. For the second year, the horizontal buoyancy gradi-

ents are estimated using velocity shear by assuming the thermal

wind balance. Figure 12 shows the depth–time plots of the

Ertel PV calculated using the 2-yrmoored data. Corresponding

to the depth–time variations of the stratification, the Ertel PV is

larger in summer and near the thermocline but smaller in winter

and in the mixed layer. Negative Ertel PVs are indeed observed

FIG. 11. (a) Time series of the upper-layer averaged (between 50 and 100m) BC (blue) and

normalized submesoscale enstrophy (red). The thick and thin lines denote results with and without

15-day runningmean, respectively. The correlation coefficient between the red andblue thick lines is

marked on the top-left corner. The mean BC between February and April and the associated 95%

confidence intervals are also marked. (b) As in (a), but the blue line denotes the BT. The green line

denotes the BT associated with vertical shear terms that have been neglected in Eq. (7).
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but they are primarily confined within the mixed layer between

December and April. During this period, the percentage of neg-

ative Ertel PVs reaches 28% at the 50-m depth (it is 40% if only

the period of December–February is considered) but it sharply

deceases to 3% at 70m. Note that for all of these negative Ertel

PVs, the vorticity term (f 1 z)›b/›z is always positive, which

therefore excludes the occurrence of centrifugal instability. The

negativeErtel PVs here are actually caused by the combination of

weakly (gravitational) stable stratification and strong vertical

shear of currents. Given the vertical decrease of negative Ertel

PVs’ percentage, it may be even higher above 50m that is beyond

our observational range. The above result indicates that the

symmetric instability may frequently occur in the mixed layer in

the winter–spring season and could be a potential mechanism that

dissipates the submesoscale KE. Theoretically, turbulence asso-

ciated with symmetric instability grows by extracting energy from

the geostrophic shear of submesoscales. However, the exact role

of symmetric instability in the submesoscaleKE budget cannot be

quantifiedhere because its time and length scales [fromminutes to

1h and 50–2500m according to Bachman et al. (2017)] are too

small to be resolved by our available observations.

4. Discussion

a. Generation mechanisms of submesoscales

The positive BC and negative BT in Fig. 11 suggest the

baroclinic nature of the submesoscale generation processes

and that the barotropic instability is an unlikely generation

mechanism for the submesoscales here, although it is found to

be important for the submesoscale generations in topographic

wakes or near-coast regions (e.g., Srinivasan et al. 2019;

Tedesco et al. 2019; Zhang et al. 2020). Theoretically, the MLI,

strain-induced frontogenesis, and turbulent thermal wind-

induced frontogenesis can all generate positive BC with a

corresponding restratifying effect in the mixed layer (McWilliams

2016). For the BC caused by the turbulent thermal wind, it scales

with the eddy viscosity associated with wind-driven turbulence,

which is strongly suppressed beneath the mixed layer (e.g., Gula

et al. 2014). Given that the submesoscales observed in our study

(enstrophy orKEa) can penetrate far beneath themixed layer, the

convergent velocity-induced frontogenesis associated with tur-

bulent thermal windmentioned in Barkan et al. (2019) should not

be a dominant generation mechanism here. With respect to the

BCs caused by MLI and strain-induced surface frontogenesis,

they scale with (H2
b/f )j=bj2 and a(H2

b/f
2)j=bj2, respectively,

whereHb is theMLD and a is theMSR (Fox-Kemper et al. 2008;

McWilliams 2016). Given that the magnitude of horizontal

buoyancy gradient j=bj can be strengthened by strain-induced

frontogenesis, the BC of MLI is also associated with the MSR,

albeit in an indirect way. This means that the strength of sub-

mesoscales generated either by MLI or by strain-induced front-

ogenesis would be closely related to both the MLD and MSR.

Based on the observed quantities in Figs. 9–11 alone, it is

difficult to determine which mechanism is more important.

However, we argue that in the final generation stage of sub-

mesoscales, the MLI should play a more dominant role for the

following two reasons. First, the power spectrum of the upper-

layer BC shows energy peaks at 6–9 days, which agree with the

FIG. 12. As in Fig. 4, but for the Ertel PV (color shading). Black lines are contours of tem-

perature same with those in Fig. 2c. The zero Ertel PV contour is marked by yellow lines.
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growth time scale (i.e., 7–8 days) of the most unstable wave in

theMLI analysis based on parameters in the STCC region (Qiu

et al. 2014). Second, the submesoscales generated bymesoscale

strain-induced surface frontogenesis are strongly surface trapped

and are unable to penetrate far beneath themixed layer (Lapeyre

andKlein 2006; Callies et al. 2016), which is different fromwhat is

observed. For the MLI, on the other hand, it can energize the

whole upper mixed or weakly stratified layer through the inter-

actions between the surface and bottom edge waves (e.g., Callies

et al. 2016). Recently, several studies in the ACC and OSMOSIS

regions have pointed out that deep-reaching mesoscale strain can

also result in frontogenesis in ocean interior far beneath themixed

layer (Yu et al. 2019; Siegelman et al. 2020; Siegelman 2020).

However, it may not explain the submesoscale generations in the

STCC region because energetic submesoscales are nearly absent

in summer when MSR is strongest.

Theoretically, the necessary condition for baroclinic instabil-

ity requires that the horizontal gradient of background PV (Q5
fN2) changes sign in the vertical direction (Vallis 2006). By

adopting the thermal wind assumption, the meridional gradient

of the background PV is estimated using Q5bN2 2 f 2›2u/›z2,

where the overbar denotesmesoscale mean (i.e., 15-day running

mean). In Fig. 13, we show the vertical distribution ofQy during

the three strong-submesoscales periods over the 2 years. It is found

that thefirst cross-zeropoint is notwithin themixed layer but occurs

between 90 and 130m, which coincides with the weakly stratified

transitional layer between the mixed layer and the thermocline

(recall Fig. 12). In other words, the bottom edge waves during the

baroclinic instability occur within this transitional layer rather than

at the base of the traditionally defined mixed layer. Given this, the

baroclinic instability feeding the submesoscales here is more

properly called mixed transitional layer instability rather thanMLI

(J. Callies 2020, personal communication). The sign change ofQy in

Fig. 13 may explain why the observed submesoscales extend far

beneath the mixed layer. Although the above analysis provides

further evidence of the baroclinic instability mechanism for the

submesoscale generations, it does not mean that the strain-induced

frontogenesis is unimportant. Actually, it plays an important role

in strengthening the preexisting fronts and provides a favorable

condition (by increasing the available potential energy) for the

development of baroclinic instability (Zhang et al. 2020). That is

why the strength of submesoscales is enhanced during the strong-

MSR periods in the winter–spring season.

b. Impact of submesoscales on mixed layer heat budget

The positive submesoscale BC means an upward VHF that

warms the upper ocean. Here, the role of submesoscales in the

upper-ocean heat budget is quantified by comparing the

equivalent VHF with the concurrent net surface heat flux from

the ECMWF ERA-Interim reanalysis product (Dee et al.

2011). The VHF is computed using Cpr0T
0w0, where Cp 5

4000 J kg21 8C21 is specific heat capacity (Su et al. 2018). The

result in Fig. 14 shows that the submesoscale VHF averaged

between 50 and 100m is much weaker than the surface heat

flux in most of the months, but their magnitudes are compa-

rable in February and March when the surface heat flux

shifts fromnegative to positive. InMarch (February), themonthly

mean submesoscale VHF reaches 40.4Wm22 (19.0Wm22) and

accounts for 85% (257%) of the surface heat flux. This result

demonstrates that in the late winter and early spring (i.e., the

FIG. 13. Vertical profiles of themeridional gradient of the background PV during three strong-submesoscales periods:

(a) 6 Mar–3 Apr 2017, (b) 3–23Mar 2018, and (c) 6–26 Feb 2019. Blue lines and red line denote the daily results and the

composite mean result, respectively. The first cross-zero position for each profile is marked using green dot. Note that in

order to make the composite meaningful, the daily profile is multiplied by 21 if its upper most value is negative.
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transitional period from surface cooling to warming), the sub-

mesoscale VHF could play a leading-order role in the upper-

ocean heat budget and contributes to the rapid shoaling of mixed

layer during this period (Figs. 9b and 10b; Mahadevan et al. 2012;

du Plessis et al. 2017). It should be pointed out that the above

estimated VHF is only associated with the subinertial sub-

mesoscales, and the total submesoscale VHF may be even larger

when the superinertial component is considered (Su et al. 2020).

c. Seasonality of submesoscales

The submesoscales observed here are stronger in the winter–

spring season but weaker in the summer–autumn season, which

are generally consistent with the results from submesoscale-

permitting numerical simulations (e.g., Mensa et al. 2013;

Sasaki et al. 2014; Qiu et al. 2018; Su et al. 2018). However, it

should be pointed out that when discussing the seasonality of

submesoscales, we do not include the SCVs and the strong

submesoscale event associated with the typhoons. The two

lens-like SCVs occurred in the winter–spring season but the

prism-like SCV and the typhoon-related submesoscale event

occurred in the summer–autumn season. For the lens-like

SCVs, their generations are most possibly associated with

frontogenesis-induced subduction processes as pointed out

by a previous simulation (Spall 1995) and recent observations

(Zhang et al. 2015b; Li et al. 2017). With respect to the prism-

like SCV and typhoon-related submesoscale current, however,

their generation dynamics are unclear at present and will be

left for future studies. In addition, we should also note that

because the mixed layer is very shallow (10–20m) and the

corresponding deformation radius is much smaller (smaller

than 1 km) in summer, the configuration of our SM mooring

arraymay have prevented us from capturing the submesoscales

at that time. Actually, how to observe the mixed layer sub-

mesoscales in summer still is a technical challenge for the

community. Therefore, whether the submesoscales in sum-

mer are indeed weak as found by the present-resolution

observations and numerical simulations is still an open ques-

tion (J.C. McWilliams 2019, personal communication).

5. Conclusions

In the present study, 2-yr-long data collected from one meso-

scale and one submesoscale mooring arrays between March 2017

and March 2019 (i.e., the SubMESI experiment) are used to in-

vestigate the submesoscales in the upper ocean of the north-

western Pacific STCC region. The submesoscale properties such

as Ro (relative vorticity),w, and Ertel PV are calculated based on

the moored data, giving the basics to examine the dynamical

features and mechanisms of the submesoscales. To the authors’

best knowledge, the SubMESI mooring arrays provided the first

long-term continuous submesoscale observations in the subtrop-

ical gyre featured bymoderate levels of bothEKEandMLD.The

main conclusions of this study are summarized as follows:

(i) Strong submesoscalemotions with order oneRo and largew

(with magnitude of 10–50mday21) are directly observed in

the STCC upper ocean. In contrast to the mesoscale eddies,

the submesoscales have a much shorter time scale with the

Eulerian period shorter than 15 days. Although the intensity

of the submesoscales generally decreases with depth, their

signals are not confined within the mixed layer but can pen-

etrate far beneath, and sometimes reach deeper than, 150m.

(ii) The upper-ocean submesoscales display a clear season-

ality, whose strengths are stronger in the winter–spring

season (i.e., February–April) but weaker in the summer–

autumn season. The strongest submesoscales occur in

March, lagging two months behind the maximumMLD in

January. In the winter–spring season, the submesoscales

also show significant intraseasonal variations and are well

correlated with the mesoscale strain rate associated with

the propagating mesoscale eddies.

(iii) Accompanied by the large Ro and w, the submesoscales

show strong ageostrophic KE and account for 35% of the

total submesoscale KE in the winter–spring season in the

upper 50–100-m layer. This result cautions that care is

needed in treating the submesoscales as quasigeostrophic

motions or diagnosing their horizontal velocity from sat-

ellite sea surface height data based on geostrophy.

(iv) Energetics analysis suggests that the submesoscales gain

their KE from the BC term but tend to transfer their KE

inversely to mesoscale eddies through the BT term. The

positive BC results in an equivalent upward heat flux as

large as 40.4Wm22 (19.0Wm22) in March (February),

comparable in magnitude with the net surface heat fluxes

(47.7 and 233.3Wm22 in March and February, respec-

tively). This suggests that in the later winter and early

spring when the atmospheric forcing shifts from cooling to

warming, the submesoscales can be of fundamental im-

portance for the upper-ocean heat budget.

(v) The sum of the BC and BT terms is positive in the winter–

spring season, demonstrating that dissipation or direct

cascade must play a role in order to keep the balance of

the submesoscale KE budget. The Ertel PV field shows a

considerable portion of negative values within the mixed

layer in this season and symmetric instability may be a

FIG. 14. (a) As in Fig. 10a, the red and blue lines denote the

submesoscale VHF and surface net heat flux (multiplied by 0.5),

respectively. (b) Ratio between the monthly mean submesoscale

VHF and surface net heat flux. The positive and negative values are

indicated using red and blue dots, respectively.
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candidatemechanism responsible for the direct cascade of

submesoscale KE.

(vi) The submesoscales observed here are likely generated by a

combination of baroclinic instability in the mixed and tran-

sitional layers and strain-induced frontogenesis. However, in

the final generation stage of submesoscales, we think the

baroclinic instability is likely to play a more important role

based on the energy peak in the BC spectrum as well as the

relatively deep penetration of the observed submesoscales.

In addition to the above results, the observations also captured

two anticyclonic and one cyclonic SCVs as well as a peculiar

typhoon-related submesoscale event at different seasons and

depths. These events suggest the diversity of submesoscales in the

real ocean and they need to be investigated in detail in future

studies. Although the observations are collected in the north-

western subtropical Pacific, the main features and mechanisms of

submesoscales found here should also be qualitatively true for the

other STCC regions because they share similar dynamical back-

ground, such as elevated EKE and moderate MLD. Finally, it

should be noted that the submesoscales discussed in this study are

only associated with the subinertial currents that can be resolved

by the SM subsurface mooring array. To understand the near-

surface submesoscales above ;50m, or those associated with

superinertial and even smaller-scale currents, specially designed

and even higher-resolution observations are needed in the future.

Acknowledgments. This work was jointly supported by the

National Natural Science Foundation of China (Grants 41706005,

91958205, and 91858203), the National Key Research and

Development Program of China (Grants 2016YFC1402605,

2018YFA0605702), the Global Change and Air-Sea Interaction

Project (GASI-IPOVAI-01-03), and the Fundamental Research

Funds for the Central Universities (Grants 202041009, 201861006,

202013028). The altimeter data, HYCOM reanalysis data, and

surface heat flux data used in this study are downloaded from the

CMEMS website (http://marine.copernicus.eu/), the HYCOM

website (http://www.hycom.org/), and the ECMWF website

(http://apps.ecmwf.int/), respectively. Ones who want to get access

to the moored data analyzed here should contact the corre-

sponding author. Several temperature sensors used here were

developed by Deep-sea Sensor Group operated by Dr. Chuan

Tian from Institute of Deep-sea Science andEngineering, Chinese

Academy of Sciences. The authors appreciate their assistance. The

helpful discussions with James McWilliams, Andrew Thompson,

and Jörn Callies are appreciated. The authors thank two anony-

mous reviewers for their helpful comments. Author contributions

of this paper are as follows: Z.Z. proposed the idea, designed the

SubMESI experiment, and wrote the manuscript. J.T. led the re-

search, organized the cruises, and performed the SubMESI ex-

periment. X.Z. analyzed the data under Z.Z.’s instruction. B.Q.

contributed to the manuscript writing and results interpretation.

W.Z., C.Z., and X.H. contributed to improving the manuscript.

APPENDIX A

Assessment of Velocity and Vorticity Errors Caused by
Swing of Mooring

One kind of ADCP velocity error is associated with the tilt of

ADCP. In Fig. A1a, we show the PDFs of the absolute values of

pitch and roll measured by all the ADCPs on the SM moorings.

Given the special design of the SMmoorings (e.g., shallowerwater

depths and more buoyancy for the main floating body), swing of

the mooring and, thus, tilt of the ADCPs are quite weak. During

the 2-yr period, the median angle of pitch and roll are 1.98 and

FIG. A1. (a) Probability density distribution of the absolute values of hourly pitch (red) and roll (blue) measured

by all ADCPs on the SM moorings during the 2-yr period. (b) As in (a), but for the hourly fall-off depths of the

ADCPs. The median values of pitch, roll, and fall-off depth as well as the percentages of pitch . 158, pitch . 158,
and fall-off depth . 30m are shown in the figures.
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2.28, respectively. The percentage of pitch and roll angles ex-

ceeding 158 (i.e., the maximum measurement range of the tilt

sensor) are only 0.11% and 0.10%, respectively, which are less

than one day for time length. The ADCP velocity errors caused

byADCP tilt is proportional to the square of the sine of the pitch

and roll errors (RD Instruments 2011). Considering that within

the measurement range (i.e., smaller than 158), the tilt sensor on
ADCPs has an accuracy of 0.58 (RD Instruments 2007), the

velocity error of 1m s21 caused by the tilt should be only 7.6 3
1025m s21 [i.e., 1m s21 3 sin2(0.58)]. This velocity error is three
orders of magnitude smaller than the typical submesoscale ve-

locities with O(0.1) m s21 and can therefore be neglected.

Another kind of ADCP velocity errors is caused by the

horizontal swing of the ADCP itself due to strong currents.

Figure A1b shows the PDF of the fall-off depths (FDs) of the

ADCPs calculated using thedifference between the instantaneous

ADCP pressures and the minimum ADCP pressure (i.e., the

mooring is vertical without swing). Corresponding to the small tilt

of ADCPs, the FDs are also generally small. The median FD and

the percentage of FD . 30m are only 2.5m and 0.37%, respec-

tively. Note that the horizontal swing (or vertical excursion) of the

mooring is primarily caused by the semidiurnal and diurnal tidal

currents. If a 2-day low-pass filter is applied to the FDs to focus on

the subinertial component, the percentage of FD. 30mbecomes

only 0.09%, which is equivalent to 0.66 days in time length. In the

region of 1000mwater depth, the vertical excursion of 30m for an

ADCP at 400m beneath surface will result in a horizontal swing

distance of 187m according to the Pythagorean theorem (i.e.,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6002 2 5702

p
m). If this horizontal swing is caused by sub-

mesoscale (mesoscale) current with a mean half period of 3 days

(30 days), the corresponding horizontal velocity will be 7.2 3
1024m s21 (7.2 3 1025m s21), which is two (three) orders of

magnitude smaller than the submesoscale (mesoscale) velocities.

Therefore, even for the worst occasion, the velocity errors caused

by the horizontal swing ofADCPs can still be neglected compared

with the mesoscale and submesoscale signals focused on here.

The horizontal swing of moorings will also result in calcula-

tion errors for the horizontal gradient of velocity (also temper-

ature) because it may cause uncertainty of the distance between

twomooringsHere, we assess the largest possible error for z due

to the above issue by considering the worst scenario that the

distance between two SMmoorings has an error of 187m (in the

real situation, the error is much smaller than this because when

the horizontal scale of currents is larger than the mooring dis-

tance, the moorings tend to swing together). When we use the

central differential to calculate z, the 187-m error for the original

distance of 4000m will result in a relative error of 6%. This

means that during the whole observation period, the error for z

(and also the other horizontal gradients) due to the uncertainty

of mooring positions should by no means exceed 6%.

APPENDIX B

Calculation of Strain Rate Based on Three Observational
Points of a Triangle

The strain rate in the Cartesian coordinates is defined in

Eq. (5) of the main text. Given that the three moorings used to

calculate the strain rate do notmake a right triangle with the legs

along the x or y coordinate, we in the following deduce the

calculation formula using the three points of a triangle. Without

loss of generality, we take the triangle composed of moorings

SM1, ME4, and ME5 as an example to show this. The direction

vectors and angles used here are shown in Fig. B1. For any scalar

A, its directional derivative along S can be expressed as a

function of its gradient and the directional angle S, i.e., ›A/›s5
›A/›x cosu1 ›A/›y sinu. In this case, the directional derivatives

of the zonal velocity u along S1 and S2 in Fig. B1 can be calcu-

lated using 8>>>><
>>>>:
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5
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›x
cos u

1
1
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›y
sin u

1
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where meanings of the parameters are demonstrated in Fig. B1.

Through solving these linear algebraic equations, we get the

gradient of u in the Cartesian coordinates8>>>><
>>>>:
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The directional derivatives of u and the angles u1 and u2 can be

easily obtained from the three moorings. The gradient of the

meridional velocity y can be obtained in the similar way. By

substituting the gradients of u and y into Eq. (5), the stain rate

can be finally calculated.

FIG. B1. Locations of the moorings SM1, ME4, and ME5 (black

triangles) in Cartesian coordinates. The mooring SM1 is set at the

origin of coordinates. The direction vectors from SM1 to ME4 and

ME5 are denoted using S1 and S2, respectively. The u1 and u2 are

direction angles of these two vectors relative to the positive x co-

ordinate (i.e., their values are negative and positive, respectively).
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