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ABSTRACT: Oceanic eddies play a crucial role in transporting heat from the subsurface to surface ocean. However,

dynamics responsible for the vertical eddy heat transport QT have not been systematically understood, especially in the

mixed layer of western boundary current extensions characterized by the coincidence of strong eddy activities and air–sea

interactions. In this paper, the winter (December–March)QT in the Kuroshio Extension is simulated using a 1-km regional

ocean model. An omega equation based on the geostrophic momentum approximation and generalized to include the

viscous and diabatic effects is derived and used to decompose the contribution ofQT from different dynamics. The simulated

QT exhibits a pronounced positive peak around the center of the mixed layer (;60m). The value ofQT there exhibits multi-

time-scale variations with irregularly occurring extreme events superimposed on a slowly varying seasonal cycle. The

proposed omega equation shows good skills in reproducing QT, capturing its spatial and temporal variations. Geostrophic

deformation and vertical mixing of momentum are found to be the two major processes generating QT in the mixed layer

with the former and the latter accounting for its seasonal variation and extreme events, respectively. The mixed layer

instability and the net effect of frontogenesis/frontolysis contribute comparably to the geostrophic deformation inducedQT.

The contribution of QT from vertical mixing of momentum can be understood on the basis of turbulent thermal wind

balance.

KEYWORDS: Vertical motion; Eddies; Oceanic mixed layer

1. Introduction

Oceanic eddies1 are ubiquitous in the upper ocean. They are

thought to produce intense vertical flows of O(100) mday21

that are instrumental in supplying heat, nutrients, and oxygen

to the mixed layer and in shaping the upper-ocean thermal

structures (e.g., McGillicuddy et al. 2003; Boccaletti et al. 2007;

Klein and Lapeyre 2009; Mahadevan et al. 2012; Rosso et al.

2014; Yu et al. 2019). Many mechanisms for the generation of

eddy vertical flows and associated heat transport in the upper

ocean have been proposed. In the adiabatic and inviscid

framework, the frontogenesis/frontolysis (Hoskins and

Bretherton 1972; Hoskins 1982) and the mixed layer insta-

bility (Boccaletti et al. 2007; Fox-Kemper et al. 2008) are two

major processes. During frontogenesis, intensification of a

front by background confluent flows induces ageostrophic

secondary circulation (ASC) with upwelling and downwelling

on lighter (commonly warmer) and denser (commonly colder)

side of the front, respectively. The opposite occurs during

frontolysis. The mixed layer instability is the type of baroclinic

instability developing in the weakly stratified surface mixed

layer at fronts (Boccaletti et al. 2007; Fox-Kemper et al.

2008; McWilliams 2016). The most unstable modes occur at

ocean submesoscales and produce strong vertical eddy heat

transport peaking within the mixed layer (Stone 1966;

Boccaletti et al. 2007).

The vertical turbulent viscous effect in the mixed layer is

also able to induce vertical eddy heat transport. By destroying

the vertical shear of eddies, it produces an ASC with a similar

pattern to that by the frontogenesis (Garrett and Loder 1981;

Nagai et al. 2006; Gula et al. 2014). Moreover, intense ver-

tical eddy motions can be induced by atmospheric forcing.

Winds blowing in the downfront direction (the so-called

downfront winds) result in a destabilizing buoyancy flux

caused by cross-front Ekman transport and further a fron-

togenetic ASC through the nonlinear Ekman pumping

(Thomas and Lee 2005).

Tremendous efforts have been put into seeking comprehen-

sive understanding of contributions from the aforementioned

Supplemental information related to this paper is available at

the Journals Online website: https://doi.org/10.1175/JPO-D-20-

0068.s1.
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1 In this study, oceanic balanced variabilities at mesoscales and

submesoscales are loosely referred to as eddies.
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mechanisms to the upper-ocean vertical eddy heat transport in

reality. Attempts based on in situ observations are challenging

due to difficulties in sampling three-dimensional (3D) flow

structures with sufficient resolutions and in measuring diabatic

and viscous effects. Typically, some crude assumptions have to

be adopted to enable estimates and, even in this case, not all the

mechanisms can be evaluated jointly (Pollard and Regier 1992;

Martin and Richards 2001; Naveira Garabato et al. 2001; Pallàs-
Sanz and Viúdez 2005; Nagai et al. 2006; Pallàs-Sanz et al. 2010;
Yu et al. 2019; Siegelman et al. 2020),making it difficult to assess

their relative importance comprehensively.

High-resolution numerical simulations provide a viable al-

ternative. Numerous studies explore this problem based on

numerical models configured for various situations, ranging

from idealized fronts (Thomas and Lee 2005; Lapeyre and

Klein 2006; Mahadevan and Tandon 2006; Fox-Kemper et al.

2008; Thomas and Ferrari 2008) tomore realistic simulations in

regions with different dynamic regimes (Giordani et al. 2006;

Capet et al. 2008b; Mensa et al. 2013; Zhong and Bracco 2013;

Bachman and Taylor 2016; Qiu et al. 2016; Su et al. 2018;

Estrada-Allis et al. 2019; Qiu et al. 2020). Although these

studies significantly advance our understanding, they have two

important limitations. First, most studies, not all, address the

vertical velocity of eddies rather than their associated heat

transport, but it is the latter that shapes the upper-ocean

stratification and further affects the climate. It remains un-

clear to what extent these vertical eddy motions are capable

of producing net heat transport. Second, a direct decomposi-

tion of vertical eddy heat transport into contributions from

different mechanisms has not been achieved partially due to

the lack of feasible diagnostic tools.

Western boundary current (WBC) extensions are charac-

terized by strong eddy activities (Ducet and Le Traon 2001;

von Storch et al. 2012; Chen et al. 2014; Su et al. 2018). They are

also the key sites for the atmospheric heat uptake (Yu and

Weller 2007; Cronin et al. 2010). By transporting heat from the

subsurface to surface region, eddies in WBC extensions might

be crucial for sustaining the ocean heat release there and thus

exert a significant impact on the midlatitude atmosphere var-

iability (Chelton et al. 2004; Minobe et al. 2008; Nakamura

et al. 2008; Small et al. 2008; Tokinaga et al. 2009; Jing et al.

2020). However, underlying dynamics of the vertical eddy heat

transport and its potential regulation by air–sea interactions

in these regions have not been systematically assessed. In this

first paper (i.e., Part I), we analyze the variability of vertical

eddy heat transport and its underlying dynamics in the winter

Kuroshio Extension using a high-resolution (;1 km) regional

ocean simulation. An omega equation based on the geo-

strophic momentum approximation (GMA) (Eliassen 1949;

Hoskins and Bretherton 1972; Hoskins 1975) and generalized

to include the viscous and diabatic effects is formulated to

isolate contributions from different dynamics. Influences of

air–sea interactions on the vertical eddy heat transport will

be addressed in Part II (P. Yang et al. 2020, unpublished

manuscript).

This paper is structured as follows. Section 2 presents con-

figuration of the numerical model and formulation of the

omega equation. The performance of the proposed omega

equation in terms of reproducing vertical eddy velocity and

associated heat transport is evaluated in section 3. A decom-

position of vertical eddy heat transport into components with

different dynamics is addressed in section 4, with dominant

mechanisms identified. Discussion on the limitation and im-

plication of this study is presented in section 5 followed by

conclusions.

2. Data and methods

a. Regional model

The Regional Ocean Modeling System (ROMS; Haidvogel

et al. 2000; Shchepetkin and McWilliams 2005) is configured

over 146.68–168.58E and 298–42.68N (the dashed white box in

Fig. 1a) to simulate eddies and their vertical heat transport in

the winter Kuroshio Extension. The simulation has a horizontal

resolution of;1 km and 65 levels in a vertical terrain-following

coordinate. The vertical grid size in the upper 100m ranges from

4.7 to 6.0m. A K-profile parameterization (KPP) turbulent

mixing closure scheme is used for vertical mixing (Large

et al. 1994). A biharmonic horizontal Smagorinsky-like

mixing scheme (Griffies and Hallberg 2000) is used for

momentum. No horizontal mixing parameterization for

tracers is applied. The simulated sea surface salinity (SSS) is

restored to the climatological SSS from Simple Ocean Data

Assimilation (SODA; Carton et al. 2018) with a nudging

time scale of 10 days.

The atmospheric forcing for the 1-km ROMS simulation is

derived from the 6-hourly Climate Forecast SystemReanalysis

(CFSR; Saha et al. 2010). The boundary conditions are ob-

tained from the daily averaged velocity and hydrographic

records output by a ROMS simulation configured over the

North Pacific (998–2708E, 3.68–668N; Fig. 1a) with a horizontal

resolution of ;9 km and 50 vertical levels. The mixing and

restoring schemes for the 9-kmROMS simulation are the same

as those in the 1-km ROMS simulation. The initial and

boundary conditions for the 9-km ROMS simulation are

obtained from SODA, and its atmospheric forcing is the

same as the 1-km ROMS simulation.

The 9-km ROMS simulation is initialized on 1 January 1998

and integrated to 2 October 2008. Its simulation result on

30 September 2004 is used as the initial condition for the 1-km

ROMS simulation. The 1-km ROMS simulation is integrated for

6monthswith a 2-month spinup, outputting 3-hourly averaged 3D

velocity, temperature, salinity, and individual diagnostic terms in

momentum and tracer equations. The outputs from 1 December

to 31 March are used for analyses. To eliminate the interfer-

ence from internal gravity waves that are subject to unbalanced

dynamics, all the outputs are low-pass filtered with a cutoff

frequency of 0.8 the local inertial frequency.

b. Generalized omega equation

The omega equation is widely used for diagnosing vertical

velocity in the ocean. It has several different formulations ap-

propriate for different dynamical regimes (Hoskins 1982; Pinot et al.

1996; Giordani and Planton 2000; Pallàs-Sanz and Viúdez 2005;

Giordani et al. 2006; Nagai et al. 2006; Pallàs-Sanz et al. 2010;
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Qiu et al. 2020). The omega equation used in this study is built

largely on GMA (Eliassen 1949; Hoskins and Bretherton 1972;

Hoskins 1975) that has been widely used to formulate eddy

dynamics (Hoskins 1982; Cloke and Cullen 1994; Pinot et al.

1996; Viúdez 2004; Thomas and Lee 2005; Nagai et al. 2006).

Decomposing the horizontal velocity v 5 (u, y) into the

geostrophic component vg 5 (ug, yg) 5 [2( fr0)
21›p/›y,

(fr0)
21›p/›x] and the ageostrophic component va 5 (ua, ya) 5

(u2 ug, y2 yg), theGMA equations for horizontal momentum

and buoyancy generalized to include adiabatic and viscous

effects are
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where w is the vertical velocity, f the Coriolis parameter, b5
2gr21

0 (r2 r0) the buoyancy with g the gravitational accelera-

tion, r the potential density and r0 set as 1025 kgm23, p the

pressure, DV(u)/DV(y) the vertical mixing for zonal/meridional

momentum,DH(u)/DH(y) the horizontal mixing for zonal/meridional

momentum, and DV(b) the vertical mixing for buoyancy (see

Table 1 for key symbols used in this paper). It should be noted

that to obtain Eq. (4), we drop the term proportional to the

meridional derivative of f.2

After some manipulations, we obtain the following di-

agnostic equation for w (see the appendix for derivation

details):
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where =H5 (›/›x, ›/›y) andN25 ›b/›z is the squared buoyancy

frequency.

We make further simplification to the differential operator

on the lhs of Eq. (5) by replacing N2 in =H � (N2=Hw) with its

horizontal average hN2is (his denotes the spatial average in the

FIG. 1. Snapshots of the SSH field in the (a) 9- and (b) 1-kmROMS simulations on 21 Feb 2005. (c),(d) As in (b),

but for the SST field and §/f field, respectively. The lateral boundary of the 1-km experiment is marked by the

dashed lines in (a), and the G-GMA omega equation is solved in the region indicated by the box in (d).

2 This is not equivalent to setting f as a single value. Instead,

we treat f as a slowly varying parameter with terms proportional

to its meridional derivative neglected.
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horizontal domain hereinafter). Such simplification makes no

noticeable difference to the vertical eddy heat transport esti-

mated from the omega equation (Fig. A1), but facilitates

computation and interpretation of the solution. Applying the

aforementioned simplification to Eq. (5) yields

f 2
›2w

›z2
1 hN2i

s
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Hw52$
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2 f
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›z
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(y)

›x
2
›D

H
(u)

›y

�
1$2

H[DV
(b)] .

(8)

Equation (8) together with Eqs. (6) and (7) forms the diagnostic

tool for vertical eddy velocity and associated heat transport in

this study. It generalizes the GMAomega equation proposed by

Pinot et al. (1996) with viscous and diabatic effects included. For

this sake, we refer to it as the generalized GMA (G-GMA)

omega equation hereinafter. The G-GMA omega equation can

also be treated as a reduced version of the omega equation for

the primitive equation system (Giordani and Planton 2000;

Giordani et al. 2006). By approximating the advected momen-

tum by its geostrophic value, it filters out internal gravity waves

that are known to produce strong vertical velocity but little

vertical heat transport (Hoskins 1975; Alford et al. 2016).

The first term on the rhs of Eq. (8) corresponds to the geo-

strophic deformation. Equation (8) is reduced to the classical

quasigeostrophic (QG) omega equation (Hoskins 1982) when

only this term is present on the rhs. The second term corre-

sponds to the effect of higher-order dynamics (i.e., ageo-

strophic advection effect) in the GMA regime. Effects of

vertical mixing of momentum, horizontal mixing of momen-

tum, and vertical mixing of buoyancy are included sequentially

in the third, fourth and last terms. Due to the linear nature of

Eq. (8), its solution,wo, can be represented as the superposition

of six independent components with distinct dynamics, i.e.,

wo 5wqg 1wag 1wvm 1whm 1wvb 1wbry . (9)

The solutions wqg, wag, wvm, whm, and wvb represent contribu-

tions from individual rhs forcing terms, solved by only keeping

the corresponding forcing term and setting w 5 0 on the

boundaries. The solutionwbry represents contribution from the

boundary conditions and is obtained by dropping all the forc-

ing terms but using themodel output as boundary conditions of

w. The G-GMA omega equation is solved over the domain

154.38–163.08E, 33.78–40.78N (800 km 3 780 km or so, as in

Fig. 1d), and 0–530m in depth using successive overrelaxation

method with Chebyshev acceleration (Press et al. 1992; Allen

et al. 2001). This computational domain is far away from the

lateral boundaries of the 1-km ROMS simulation and much

larger than the size of eddies dominating the vertical eddy heat

transport (Capet et al. 2008b; Klein and Lapeyre 2009; Su et al.

2018; Yu et al. 2019; Siegelman et al. 2020).

3. Evaluation of the performance of G-GMA
omega equation

Figures 1b–d display snapshots of sea surface height (SSH),

sea surface temperature (SST) and vertical relative vorticity

§ on 21 February 2005 for the 1-km ROMS simulation, along

with a snapshot of SSH in the parent 9-km ROMS simulation

on the same day (Fig. 1a). Strong eddy activities occur in the

SST frontal regions, as evidenced by the large values of § there.

Consistent with previous simulation studies of similar hori-

zontal resolutions, the probability density function (PDF) of §/f

is characterized by a positive skewness (Fig. 2), implying an

active role of ageostrophic advections in our simulation

(Rudnick 2001; Shcherbina et al. 2013).

The G-GMA omega equation exhibits moderate skills in

reproducing w in the upper ocean. The temporal and spatial

variabilities of wo mimic those of w (Figs. 3a,b and 4a,c).

However, wo is significantly lower in magnitude than w below

70m (Fig. 4c). For instance, the time mean hwo2is (denoted as

FIG. 2. The probability density function (PDF) of §/f with its

skewness shown in text.

TABLE 1. Key symbols used in this paper.

Symbol Name

vg Geostrophic velocity, (ug, yg)

va Horizontal ageostrophic velocity, (ua, ya)

w, wo Vertical velocity, vertical velocity estimated from

G-GMA omega equation

b Buoyancy

f Coriolis parameter

H Mixed layer depth

=H =H 5 (›/›x, ›/›y)

QT Vertical eddy heat transport

Bf Vertical eddy buoyancy flux

Ao Any variable A derived based on wo

hAis Horizontal average of A

hAis,t Temporal and horizontal average of A

Az Vertical average of A within the mixed layer
~A Spatial smoothing of A

n Unit vector in the cross-front direction determined

by = ~bz

M ( ~H= ~bz)2

P Cross-front confluence by ambient flows, 2(›~ug,n/›n)
z

A{M, P} Bin averaged A with respect to M and P
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hwo2is,t henceforth) is only 41% of hw2is,t at 90m. The smaller

magnitude of hwo2is,t than hw2is,t might be partially due to the

negligence of the material derivative of ageostrophic flows by

GMA. In fact, we find that the magnitudes of material deriv-

atives of geostrophic and ageostrophic flows are of the same

order (not shown).

We next examine the performance of G-GMA in repro-

ducing the vertical eddy heat transport QT computed as

Q
T
5 r

0
c
p
w0T 0 ,

where T is the temperature, cp is the seawater specific heat

capacity, and the prime represents eddy anomalies defined as

perturbations from zonal average. We approximate w0 by w to

facilitate the dynamical analysis in section 4. This approxi-

mation will not affect the regional mean results, i.e., hQTis.
Moreover, it is found that the spatial patterns of r0cpwT

0 and
r0cpw

0T0 are almost identical due to the smallness of zonal

mean w. Their pattern correlation coefficient is more than

0.96 in the upper 500m throughout the simulation period.

In contrast to w, QT is well reproduced by the G-GMA

omega equation. The horizontal patterns of QT and that es-

timated from the G-GMA omega equation (Qo
T) resemble

each other, both exhibiting large positive values along the

SST fronts (Figs. 3c,d). The vertical distribution of hQTis,t is
characterized by a dipolar structure (Fig. 4d). Similar to the

existing studies (Fox-Kemper et al. 2008; Ramachandran

et al. 2014; Capet et al. 2016), there is a strong positive peak

(;126Wm22) around the center of the mixed layer (;60m),

corresponding to a restratification flux associated with the

conversion from eddy potential energy (EPE) to eddy kinetic

energy (EKE). The weak negative peak of hQTis,t below

240m implies that eddies in the permanent thermocline of

the downstream Kuroshio Extension act to maintain the mean

flow there, consistent with the findings byWaterman and Jayne

(2011). The vertical profile of hQo
Tis,t agrees remarkably well

with that of hQTis,t. Their difference is less than 5Wm22

throughout the upper 500m.

The temporal variability of hQTis is also reproduced by the

G-GMA omega equation at a high level of accuracy. For in-

stance, hQTis at 60m exhibits multiscale variations with irreg-

ularly occurring extreme events superimposed on a slowly

varying seasonal cycle. Such features are well replicated by

hQo
Tis, with the correlation coefficient between the two time

series reaching up to 0.98 (Fig. 4b).

The different performances of the G-GMA omega equation

in reproducing hw2is,t and hQTis,t imply that not all vertical eddy

motions make net contribution to the heat transport averaged

FIG. 3. Snapshots of (a) w, (b) wo at 90m, (c) QT, and (d) Qo
T at 60m on 21 Feb 2005.
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over time and/or space. This is confirmed by the low-to-moderate

spectral correlation (the real part of coherence) between w

and T0 (Fig. 5). Its value in the upper 500m is less than

0.6 throughout horizontal wavenumbers. The vertical eddy

motions related to the material derivative of ageostrophic

flows but unaccounted for by the G-GMA omega equation are

thus likely to contribute little to hQTis,t. More insight into this

issue might be gained by using an omega equation for the

primitive equation system (Giordani et al. 2006; Qiu et al.

2020) but will not be pursued in this study. Nevertheless, the

good agreement between QT and Qo
T gives us confidence that

the G-GMA omega equation proposed in this study serves as a

reliable tool for disentangling the underlying dynamics for

vertical eddy heat transport in the upper ocean.

4. Mechanisms dominating the vertical eddy heat
transport in the upper ocean

In this section, the relative importance of individual mech-

anisms for the vertical eddy heat transport is evaluated. We

will focus on the mixed layer region where the vertical eddy

heat transport is strongest and its influence on the atmosphere

is most prominent. As it is the density or buoyancy instead of

temperature that directly affects the motions of fluids, we will

use the vertical eddy buoyancy flux (Bf 5 wb0) as a proxy for

QT to facilitate the dynamical analysis. In fact, the buoyancy

change is dominated by the temperature change in our compu-

tational domain so that the vertical distributions and temporal

variations of QT and Bf resemble each other (Figs. 4 and 6).

As can be expected, the G-GMA omega equation reproduces

Bf as well as QT (Figs. 6a,c).

a. Contribution to the hBfis,t
The decomposition of wo into different components reveals

that wqg and wvm make dominant contributions to hBfis,t in the

mixed layer. The vertical profile of hBqg
f 1Bvm

f is,t is close to that of
hBfis,t (Fig. 6d), with their peak values differing by less than 13%.

FIG. 4. (a) Time series of hw2is (solid) and hwo2is (dashed) at the peaking depth (90m) of the former. (b) As in (a),

but for hQTis (solid) and hQo
Tis (dashed) at the peaking depth (60m). (c),(d)Vertical profiles of time-mean variables

shown in (a) and (b).

FIG. 5. Spectral correlation of w and T0 as a function of horizontal

wavenumber and depth.
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The distribution of hBqg
f is,t is characterized by a broad peak

around 75m. In contrast, hBvm
f is,t has a much shallower struc-

ture with its value peaking around 40m and becoming negli-

gible below the mixed layer, as can be expected from the much

weakened turbulent mixing in the thermocline.

Contribution to hBfis,t by wag, hBag
f is,t, has a dipolar vertical

structure with a narrow negative peak around 13m and a broad

positive peak around 90m (Fig. 6d). The magnitudes of its

shallow and deep peaks are respectively much smaller than

those of hBvm
f is,t and hBqg

f is,t, making its contribution to hBfis,t
secondary. The effects of the boundary conditions hBbry

f is,t,
horizontal mixing ofmomentum hBhm

f is,t, and vertical mixing of

buoyancy hBvb
f is,t are even smaller and can be neglected in the

upper ocean.

b. Contribution to the temporal variability of hBfis
The temporal variability of hBfis is also dominated by hBqg

f is
and hBvm

f is with the correlation coefficient between the time

series of hBfis and hBqg
f 1Bvm

f is reaching up to 0.95 at 60m

(Fig. 6b). It should be noted that the temporal variations of

hBqg
f is and hBvm

f is are distinct from each other with their cor-

relation coefficient less than 0.34 at 60m. The former is dom-

inated by a seasonal cycle peaking around February, which

largely explains the variation of hBfis at seasonal time scales.

The latter is characterized by irregularly occurring extreme

events that account for the intraseasonal variations of hBfis.
The time series of hBag

f is at 60m generally follows that of

hBqg
f is. But the magnitude of hBag

f is is considerably smaller

(Figs. 6b,d). It thus suggests that the ageostrophic advection

effect is not fundamental to the vertical eddy buoyancy flux

but instead results in a minor modification of solutions de-

rived from the QG regime, which seems to be consistent with

the findings in previous theoretical studies (e.g., Stone 1970;

Boccaletti et al. 2007). The temporal variations of hBhm
f is,

hBvb
f is and hBbry

f is are insignificant and contribute little to that

of hBo
f is.

c. Mixed layer instability versus frontogenesis/frontolysis

The mixed layer instability and the net effect of

frontogenesis/frontolysis are the two candidates that may

account for the positive hBqg
f is in the mixed layer. We first

examine contribution from the mixed layer instability of

which the important role in generating upward buoyancy

flux has been well recognized in the existing literature

(Boccaletti et al. 2007; Fox-Kemper et al. 2008; Mensa et al.

2013; Callies et al. 2015; Callies and Ferrari 2018a). To do so,

hBqg
f is is compared to that derived from the parameterization

of mixed layer instability proposed by Fox-Kemper et al.

(2008), i.e.,

BFK08
f 5

1

f
C

e
~H2 =

H
~bz

� �2

, (10)

where H is the mixed layer depth, the tilde represents the

spatial smoothing that filters out perturbations generated by

the mixed layer instability, superscript z denotes the vertical

average within themixed layer, andCe is an empirical constant.

FIG. 6. (a) Time series of hBfis (solid) and hBo
f is (dashed) at 60m. (b) Time series of hBqg

f is (blue), hBvm
f is (red),

hBag
f is (green), hBhm

f is (yellow), hBvb
f is (orange), and hBbry

f is (cyan) at 60m. (c),(d) Vertical profiles of time-mean

variables shown in (a) and (b).
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Based on the inviscid and adiabatic linear theories (Stone

1970), the characteristic horizontal wavelength of mixed layer

instability waves can be roughly estimated as 2pNH/f assuming

anO(1) Richardson number and ranges from 6 to 17 km in our

simulations. Therefore, a 10 km 3 10 km running mean with a

cutoff wavelength of 20 km or so is used for spatial smoothing.

Given the large uncertainties in the estimation of the hori-

zontal wavelength of mixed layer instability waves, sensitivity

tests with different filters are performed. It is found that

changing the size of running mean from 6 km 3 6 km to

16 km3 16 km does not lead to any substantial impacts on the

following results (Fig. 7).

The value of Ce is chosen 0.06 as proposed by Fox-Kemper

et al. (2008), whereas recent numerical simulation studies

(Ramachandran et al. 2014; Callies and Ferrari 2018b) sug-

gest that the value of Ce could be as large as 1. To get rid of the

influence of large uncertainties in Ce, we focus on the temporal

variability of hBqg
f is and hBFK08

f is rather than their time-mean

magnitudes. Figure 7 displays the time series of hBFK08
f is and

hBqg
f is at 75mwhere the latter peaks. Their temporal variations

differ evidently from each other with a correlation coefficient

of 0.61. In particular, it is not uncommon that a local maximum

(minimum)of hBqg
f is corresponds to a localminimum (maximum)

of hBFK08
f is. We note that Eq. (10) is developed based on a

spindown front (Fox-Kemper et al. 2008), whereas the fronts in

our simulation are continuously forced, so that Eq. (10) might

not be a quantitatively reliable representation of vertical eddy

buoyancy flux produced by the mixed layer instability in our

simulation. Moreover, the significant discrepancy between

hBFK08
f is and hBqg

f is suggests that the mixed layer instability

is unlikely to solely account for B
qg
f . We suspect that the

frontogenesis/frontolysis may also play an important role.

To test our conjecture, the contributions of B
qg
f from

frontogenesis/frontolysis (denoted as BFS
f ) and mixed layer in-

stability (denoted as BMLI
f ) are isolated based on the following

procedures. We first evaluate the joint dependence of B
qg
f on

M5 ( ~H=H
~bz)2 and the cross-front confluence by the ambient

flows defined asP52(›~ug,n/›n)
z
,3 where n is the unit vector in

the cross-front direction determined by =H
~bz (the spatial filter

is used to get rid of interference from buoyancy perturbations

generated by the mixed layer instability), and ~ug,n is the com-

ponent of the smoothened geostrophic flow in the direction of

n. This is done by computing the bin averaged B
qg
f with respect

to M and P (denoted as B
qg
f fM, Pg with the value of an ar-

gument corresponding to the center of individual bins). The

value of hBqg
f is,t can be linked to B

qg
f fM, Pg according to the

following equation:

hBqg
f is;t 5��B

qg
f fM,PgPfM,PgDMDP , (11)

where DM and DP represent the bin sizes for M and P, and

P{M, P} represents the PDF for individual bins. Values of DM
and DP are not set constant but increase with the increment

of M and jPj, respectively, to ensure that there are sufficient

samples to compute the statistics for bins with large values of

M and jPj.
The core ingredient for frontogenesis/frontolysis is the

nonzero value of P (Hoskins 1982; McWilliams 2016),

whereas the mixed layer instability is largely independent

of P conditional on given values of M (Fox-Kemper et al.

2008; McWilliams et al. 2009). Therefore, BFS
f fM, Pg and

BMLI
f fMg can be respectively evaluated as

BMLI
f fMg5B

qg
f fM, 0g, (12)

BFS
f fM,Pg5B

qg
f fM,Pg2B

qg
f fM, 0g. (13)

Similar to hBqg
f is,t, the values of hBFS

f is,t and hBMLI
f is,t can be

obtained as

hBFS
f i

s,t
5��BFS

f fM,PgPfM,PgDMDP , (14)

hBMLI
f i

s,t
5�BMLI

f fMgPfMgDM, (15)

where PfMg5�PfM, PgDP. It should be noted that based

on Eqs. (11)–(15), we have hBqg
f is;t 5 hBMLI

f is;t1hBFS
f is,t, a de-

composition of hBqg
f is,t into contributions from the mixed layer

instability and net effect of frontogenesis/frontolysis.

Figures 8 and 9 display the values ofB
qg
f fM, Pg,BFS

f fM, Pg,
and BMLI

f fMg at the peaking depth of hBqg
f is,t as well as their

associated PDFs. The value of BMLI
f fMg increases monotoni-

cally withM, as expected from the mixed layer instability theory

(Fox-Kemper et al. 2008; McWilliams 2016). The increase

rate is approximately linear for M ranging from 2 3 10211 to

5 3 10210m2 s24 that more than 95% of samples are within

(Fig. 9). As to BFS
f fM, Pg, it exhibits a roughly antisymmetric

pattern with respect to P, becoming positive and negative for

P . 0 and P , 0, respectively. The magnitude of BFS
f fM, Pg

exhibits an increasing trend both withM and jPj. Such features

are consistent with the upward and downward eddy buoyancy

flux induced by frontogenesis and frontolysis, respectively

(McWilliams 2016).Theabove results thus support thatBFS
f fM, Pg

and BMLI
f fMg provide reliable representation of vertical eddy

FIG. 7. Time series of hBqg
f is (black) at its peaking depth (75m) and

hBFK08
f is with ~b obtained by using a 6 km3 6 km (red), 10 km3 10 km

(yellow), and 16 km 3 16 km (blue) running mean. Scaling factors

are applied to the results with 6 km 3 6 km and 16 km 3 16 km

runningmean to account for the difference in h(=H
~bz)2is,t among the

three filters.

3 The term M is the initial for front and P is the initial for con-

vergence in Greek.
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buoyancy flux induced by the frontogenesis/frontolysis and

mixed layer instability. Combination ofBFS
f fM, Pg andBMLI

f fMg
causes evident asymmetry in B

qg
f fM, Pg. When P . 0, the

frontogenesis and themixed layer instability work in concert to

provide upward eddy buoyancy flux, whereas contrary contri-

butions of the frontolysis and mixed layer instability to vertical

eddy buoyancy flux compete against each other for P , 0. In

particular, for a wide range of M and P values, the effect of

mixed layer instability overcomes that of frontolysis and results

in upward eddy buoyancy flux in the frontolytical regime.

Decomposition of hBqg
f is,t into hBFS

f is,t and hBMLI
f is,t reveals

that the net effect of frontogenesis/frontolysis and mixed layer

instability make comparable contributions to the vertical eddy

buoyancy flux induced by the geostrophic deformation in the

mixed layer (Fig. 10a). The former and the latter account for

59.6% and 40.4% of the peak value of hBqg
f is,t at 75m, re-

spectively. Again, sensitivity tests suggest that using different

spatial filters to obtain ~b and ~ug,n does not change the results

qualitatively (Fig. S1 in the online supplemental material).

It should be noted that the upward and downward eddy

buoyancy fluxes induced by the frontogenesis and frontolysis

tend to cancel each other, in terms of their spatial and/or

temporal average. The positive hBFS
f is,t in the mixed layer thus

implies that the effect of frontogenesis dominates that of front-

olysis, consistent with a forward cascade of EPE for geostrophic

flows (Salmon 1980; Ferrari and Wunsch 2009). The domi-

nance of frontogenesis over frontolysis could be attributed to

the higher efficiency4 of frontogenesis than frontolysis in gen-

erating vertical eddy buoyancy flux and/or the more frequent

occurrence of frontogenesis than frontolysis. Their relative

importance can be assessed based on the following equation:

hBFS
f i

s,t
5��BFS

f ,SPS
DMDP1��BFS

f ,APA
DMDP , (16)

with

BFS
f ,S 5

1

2
BFS

f fM,Pg1 1

2
BFS

f fM,2Pg,

BFS
f ,A 5

1

2
BFS

f fM,Pg2 1

2
BFS

f fM,2Pg,

P
S
5
1

2
PfM,Pg1 1

2
PfM,2Pg,

P
A
5

1

2
PfM,Pg2 1

2
PfM,2Pg,

where the subscripts S and A represent the symmetric and

antisymmetric parts, respectively. The arguments in BFS
f ,S,

BFS
f ,A, PS, and PA are dropped here for neatness. The first

term on the rhs of Eq. (16) results from the efficiency dif-

ference between frontogenesis and frontolysis in generating

vertical eddy buoyancy flux and would disappear if there

were no efficiency difference. The second term is related to

the difference in the occurrence frequency between front-

ogenesis and frontolysis and would disappear if there is no

preference for their occurrence. As displayed in Fig. 10b,

both the differences in efficiency and occurrence frequency

contribute to the positive hBFS
f is,t but the former is somewhat

more dominant, accounting for around 60% of the peak

value of hBFS
f is,t at 75 m.

d. Dynamics for Bvm
f

We find that the underlying dynamics for Bvm
f can be un-

derstood based on the turbulent thermal wind (TTW) balance

(Gula et al. 2014), i.e.,

f y
a
52

›

›z

�
K

m

›u

›z

�
, (17)

fu
a
5

›

›z

�
K

m

›y

›z

�
, (18)

where Km is the vertical mixing coefficient for momentum.

Adopting the rigid-lid approximation at the sea surface as the

boundary condition for TTW balance, the associated vertical

velocity wTTW can be derived as

wTTW 5
1

f

�
1

r
0

=
H
3 t � k2

�
›

›x
K

m

›y

›z
2

›

›y
K

m

›u

›z

��
, (19)

where t is the surface wind stress, and k the unit vector in the

z direction.

FIG. 8. Distribution of (a) B
qg
f fM, Pg, (b) BFS

f fM, Pg, and (c) P{M, P}. Bins with P{M, P} , 1011 s5 m22 are not shown as there are

insufficient samples to obtain robust statistics forB
qg
f fM, Pg. Nevertheless, discarding these bins in Eqs. (11) and (14) reduces the value of

hBqg
f is,t and hBFS

f is,t by less than 1%.

4Here a higher efficiency means larger jBFS
f j for given values of

jPj and M.
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Figures 11a and 11d compare the vertical eddy buoyancy flux

estimated based on Eq. (19), i.e., hBTTW
f is 5 hwTTWb0is, to

hBvm
f is. The vertical profiles of hBTTW

f is,t and hBvm
f is,t agree well

with each other in themixed layer (Fig. 11d). Both peak around

40mwith themagnitudes of their peaks differing by less than 8%.

There is also a high similarity in their temporal variationswith the

correlation coefficient between their time series at 40m above

0.99 (Fig. 11a). Below 150m, hBvm
f is,t is significantly smaller

than hBTTW
f is,t. Such discrepancy might be partially due to the

arbitrarily imposed homogeneous boundary condition on wvm

at the lower bound of the computational domain.

We then compare hBvm
f is to the estimatederived from themodel

proposed by Garrett and Loder (1981) (referred to as the GL81

model henceforth). The GL81 model can be treated as a simpli-

fication of TTW by neglecting the vertical mixing of ageostrophic

flows. The vertical eddy buoyancy flux inferred from the GL81

model, hBGL81
f is 5 hwGL81b0is with wGL81 5 2f22=H � (Km=Hb),

exhibits similar temporal variation to that of hBvm
f is. However,

its magnitude is considerably larger (Figs. 11b,e), suggesting

that the GL81 model severely overestimates the vertical eddy

buoyancy flux contributed by hBvm
f is. To uncover the underlying

reasons for the overestimation, we decompose the hBTTW
f is into

the following four terms:

hBTTW
f i

s
5

�
b0

fr
0

=
H
3 t � k

	
s

2
1

A

þ
1

f
b0K

m

›v

›z
� dl

1

�
K

m

›v
g

›z
�
›v

g

›z

	
s

1

�
K

m

›v
a

›z
�
›v

g

›z

	
s

, (20)

where A is the area of the computational domain and dl is the

line element along the boundaries. To derive Eq. (20), we as-

sume =Hb’ =Hb
0, an approximation of high-level of accuracy.

The first term on the rhs of Eq. (20) (hBTTW
f ,tau is) represents the

buoyancy flux related to the wind-induced Ekman pumping.

The second term (hBTTW
f ,bry is) is the boundary effect that is found

to be negligible. The third term (hBTTW
f ,gs is), the destruction of

geostrophic shear by vertical mixing, is positive definite. The

last term (hBTTW
f ,ags is), related to the dot product of geostrophic

and ageostrophic shears, is found to be negative and largely

cancel the contribution of hBTTW
f ,gs is to hBTTW

f is (Figs. 11c,f). The
negative correlation between geostrophic and ageostrophic

shears can be understood based on the relationship of their

surface values to wind stress, i.e., t5 r0Km(›vg/›z1 ›va/›z)jz50.
5

It is found that the direction of wind stress is generally indepen-

dent of that of ›vg/›zjz50 (not shown) so that ht � ›vg/›zjz50is,t 5
hr0Km(›vg/›z1 ›va/›z) � ›vg/›zjz50is,t is close to zero. This leads

to a strong cancellation between ›vg/›z and ›va/›z. The negli-

gence of vertical mixing of ageostrophic flows by theGL81model

makes it incapable of representing the above effect and thus re-

sults in a severe overestimation of vertical eddy buoyancy flux.

5. Discussion

a. Implications

Ocean eddies, especially at submesoscales, cannot be re-

solved by the current generation of climate models and hence

their important contribution to the vertical transport needs to

be parameterized. So far only the parameterization for the

contribution frommixed layer instability has been well proposed

and implemented in climate models (Fox-Kemper and Ferrari

2008; Fox-Kemper et al. 2008, 2011). Yet analyses in this study

suggest the important roles of frontogenesis/frontolysis and

turbulent thermal winds as well in generating the vertical

FIG. 9. Distribution of (a) BMLI
f fMg and (b) P{M}. The bar width measures the bin size DM. Bins with P{M,P},

1011 s5 m22 are not shown as there are insufficient samples to obtain robust statistics for BMLI
f fMg. Nevertheless,

discarding these bins in Eq. (15) reduces the value of hBMLI
f is,t by less than 1%.

5Strictly speaking, this equation should be applied to the level

just below the surface where surface roughness elements and mo-

lecular processes become negligible.

238 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 51

Brought to you by OCEAN UNIVERSITY OF CHINA | Unauthenticated | Downloaded 01/09/21 04:26 AM UTC



eddy heat transport in the winter mixed layer of the Kuroshio

Extension. We note that the significant ASCs induced by

frontogenesis/frontolysis and turbulent thermalwinds in this study

are consistent with the recent findings obtained from obser-

vations (Zhang and Qiu 2018; Yu et al. 2019; Zhang et al. 2019;

Siegelman et al. 2020) and high-resolution ocean general

circulation models with realistic settings (Capet et al.

2008b; Gula et al. 2014; Qiu et al. 2016, 2020; Estrada-Allis

et al. 2019). It thus implies inadequacies of existing pa-

rameterizations to represent the vertical eddy heat trans-

port. Developing parameterizations for the vertical eddy

heat transport from frontogenesis/frontolysis and turbu-

lent thermal winds will be crucial for improvement in

model representation and prediction of climate variability.

Observational studies usually neglect the effect of vertical

mixing and assume a thermal wind balance for eddy motions

partially due to the lack of concomitant mixing measurement

(Martin and Richards 2001; Thomas and Joyce 2010; Pidcock

et al. 2013; Thompson et al. 2016; Viglione et al. 2018;

Siegelman et al. 2020). However, this study among others (e.g.,

Giordani et al. 2006; Nagai et al. 2006; Pallàs-Sanz et al. 2010;
Qiu et al. 2020) reveals the important role of vertical mixing of

momentum in the eddy dynamics in the mixed layer. In par-

ticular, the results suggest that the turbulent thermal wind bal-

ance is a better representation of eddymotions than the thermal

wind balance. It can be shown that the Ertel potential vorticity

(PV), a key indicator used in stability analysis (Hoskins 1974;

Haine andMarshall 1998;D’Asaro et al. 2011; Thomas et al. 2013;

Thompson et al. 2016; Adams et al. 2017; Viglione et al. 2018),

computed by assuming a thermal wind balance has a significant

negative (positive) bias in the northern (southern) hemisphere if the

eddy motions are actually in turbulent thermal wind balance. In

addition, given that the intensity of vertical mixing is strongly

modulated by the surface heat flux and wind stress, the air–sea

interactions may have a strong impact on the vertical eddy heat

transport in the mixed layer. Such effects will be addressed in

Part II (P. Yang et al. 2020, unpublished manuscript).

Most of the existing studies address the vertical eddy ve-

locity. In particular, the SWOT satellite will be launched in

2021, increasing the resolution of SSH measurement from

around 150 to 15 km (Fu et al. 2014). There are rising interests

(e.g., Wang et al. 2013; Qiu et al. 2016, 2020; Liu et al. 2019) in

reconstructing the vertical eddy velocities in the upper ocean

based on the SWOT measurements. However, this study reveals

the low-to-moderate spectral correlation between vertical eddy

velocities and temperature anomalies, suggesting that a large por-

tion of vertical eddy velocities are incapable of producing net ver-

tical heat transport. Therefore, analyzing the vertical eddy velocity

is not sufficient for estimating and understanding the vertical eddy

heat transport. The reasons why the G-GMA omega equation can

well reproduce the vertical eddymotions relevant to heat transport

but less so for their irrelevant part deserves further investigation. It

may help in gaining insight into interpretation and usage of

SWOT measurements.

b. Limitations

We caution that the results are derived from a high-resolution

numerical simulation and may not be fully applicable to the

FIG. 10. (a) Decomposition of hBqg
f is,t (black) into hBFS

f is,t (blue) and hBMLI
f is,t (red). (b) Decomposition of

hBFS
f is,t (blue) into contributions from the first term (green) and the second term (orange) on the rhs

of Eq. (16).
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real ocean. There are several limitations in our simulation

and analysis. First, the horizontal grid size is not fine enough to

well resolve the symmetric instability (SI) (Stone 1966; Haine

and Marshall 1998; D’Asaro et al. 2011). Indeed, the regional

averaged bulk Richardson number in themixed layer generally

exceeds unity in our simulation (not shown), suggesting a mi-

nor or negligible role of SI in generating the vertical eddy heat

transport. However, it does not necessarily mean that SI is

unimportant in the Kuroshio Extension region but is proba-

bly a result of insufficient resolution. Second, it is difficult to

separate the effects of frontogenesis/frontolysis and mixed

layer instability as suggested by their similar parameteriza-

tion forms for vertical eddy buoyancy flux (Fox-Kemper et al.

2008; McWilliams 2016). Specifically, the expression for

frontogenesis/frontolysis induced vertical eddy buoyancy

flux differs from Eq. (10) only by a factor proportional to

2(›~ug,n/›n)
z/f . In this study, we tentatively isolate the effect

of mixed layer instability from frontogenesis/frontolysis

by searching samples with 2(›~ug,n/›n)
z
/f 5 0. However,

such an isolation neglects the interactions between these

two mechanisms (Boccaletti et al. 2007; McWilliams et al.

2009; Callies et al. 2016; McWilliams 2016). On one hand,

sharpening/flattening the density fronts by frontogenesis/frontolysis

can intensify/weaken mixed layer instability. On the other hand,

the occurrence of mixed layer instability can destroy fronts that

are essential ingredients for frontogenesis/frontolysis. Therefore,

quantitative estimates for contributions from the mixed layer in-

stability and net effect of frontogenesis/frontolysis to vertical

eddy heat transport should be treated with caution. Finally,

although the KPP scheme is widely used in simulations with

comparable horizontal grid size to ours (Capet et al. 2008a;

Rosso et al. 2014; Estrada-Allis et al. 2019), its validity has

not been strictly justified in the presence of strong hori-

zontal density gradients. A recent study by Mukherjee et al.

(2016) found that the mixed-layer EKE budget simulated by

models with 500-m horizontal grid size and KPP scheme is

similar to that derived from large-eddy simulation. It thus

suggests that the uncertainties in the KPP scheme are unlikely

to change the results of this study qualitatively but some

quantitative influences may exist.

FIG. 11. Time series of (a) hBvm
f is (black) and hBTTW

f is (blue); (b) hBGL81
f is (red); and (c) hBTTW

f ,gs is (green), hBTTW
f ,ags is

(yellow), and hBTTW
f ,tau is (orange) at the peaking depth (40m) of hBvm

f is,t . (d)–(f) Vertical profiles of time-mean

variables shown in (a)–(c).
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All variables used in this study are low-pass filtered

with a cutoff frequency of 0.8f to remove interference from

internal gravity waves. However, such a filter also damps

the submesoscale eddy variabilities with time scales com-

parable to 1/f (Thomas et al. 2008; McWilliams 2016;

Torres et al. 2018), making the computed vertical eddy

heat transport bias low. Figure 12 compares the vertical

eddy heat transport derived from the low-pass-filtered

fields and that from the 3-hourly averaged model output

(denoted as QT,3h) resolving processes with frequencies

lower than ;4f. As expected, the vertical and temporal

variations ofQT,3h andQT are similar to each other but the

former’s magnitude is systematically larger than that of

the latter. At their peaking depth (;60 m), hQTis,t accounts
for 75% of hQT,3his,t. We further examine the capability of

G-GMA omega equation in reproducing QT,hf 5 QT,3h 2 QT

and find that it only shows moderate skills (Fig. 12). Although

Qo
T,hf is able to capture the vertical and temporal variations

of QT,hf, its magnitude significantly biases high throughout

the upper 500m. The degraded performance of G-GMA

omega equation in reproducing QT,hf is understandable

as internal gravity waves contained in the 3-hourly aver-

aged variables are misrepresented by the GMA dynamics.

Decomposition of Qo
T,hf into different dynamical compo-

nents following Eq. (9) suggests that the ageostrophic

advection becomes important and makes a similar contri-

bution compared to the geostrophic deformation and the

vertical mixing of momentum (Fig. 12b). However, given

the significant uncertainties in Qo
T,hf , it is unclear whether

this important role of ageostrophic advection is reliable.

6. Conclusions

In this study, we explore the vertical eddy heat transport

QT and its controlling dynamics in the winter Kuroshio

Extension based on a 1-km regional simulation. An omega

FIG. 12. (a) Vertical profiles of hQT,3his,t (solid black), hQo
T,3his,t (dashed black), hQT,hfis,t (solid gray), hQo

T,hfis,t
(dashed gray). (b) Decomposition of hQo

T,hfis,t into different dynamical components following Eq. (9). (c) Time

series of hQT,3his (solid black), hQo
T,3his (dashed black), hQT,hfis (solid gray), hQo

T,hfis (dashed gray) at 60m where

both hQT,3his,t and hQT,hfis,t peak. Refer to main text for the meanings of symbols.
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equation with the geostrophic momentum approximation

(GMA) and generalized to include viscous and diabatic effects

(i.e., G-GMA omega equation) is proposed to decompose

the contribution of QT from different dynamics. The major

conclusions are summarized as follows:

1) The spectral correlation between vertical eddy velocities

and temperature anomalies is less than 0.6 in the mixed layer,

suggesting that not all vertical eddy motions make net contri-

bution to the heat transport averaged over time and/or space.

The G-GMA omega equation shows good skills in reproduc-

ing the magnitude of QT as well as its spatial and temporal

variability but is less so for the vertical eddy velocity itself.

2) The simulated QT exhibits a pronounced positive peak

around the center of the mixed layer (;60m) and decays to

zero around 250m below which QT reverses its sign and

exhibits a weak negative peak around 400m. The value of

QT within the mixed layer has multi-time-scale variations

with irregularly occurring extreme events superimposed

on a slowly varying seasonal cycle.

3) The geostrophic deformation and the vertical mixing

of momentum are the two major processes accounting

for QT in the mixed layer with the former and the

latter generating positive peaks of QT around 75 and

40 m, respectively. The geostrophic deformation in-

duced QT explains the seasonal variation of QT in the

mixed layer, whereas QT produced by vertical mixing

of momentum is largely responsible for those extreme

events.

4) The geostrophic deformation inducedQT results from the

net effect of frontogenesis/frontolysis and mixed layer

instability with the two mechanisms playing comparable

roles. The contribution to QT from the vertical mixing of

momentum can be accounted for by the turbulent thermal

wind balance.
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APPENDIX

Derivation of G-GMA Omega Equation

Taking ›/›z of Eq. (1) and ›/›y of Eq. (3), and using the

thermal wind balance to eliminate the time derivative terms,

we obtain
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Replacing 2(›w/›z)(›b/›y) with (›ua/›x1 ›ya/›y)(›b/›y), Eq.

(A1) is re-expressed as
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Applying similar manipulations to Eqs. (2) and (3) yields
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Taking ›/›y of Eq. (A2) and ›/›x of Eq. (A3) and adding

them together leads to Eqs. (5)–(7).

The vertical eddy heat transport derived from the solution of

Eq. (5) (QoNS
T ) is similar to that of Qo

T in both the vertical

distribution and the temporal variation (Fig. A1).
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