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Oceanic eddies accompanied by a significant vertical velocity (w) are known to

be of great importance for the vertical transport of various climatically,

biologically or biogeochemically relevant properties. Using quasi-geostrophic

w-thinking to extend the classic “b-spiral” w-theory for gyre circulations to

isolated and nearly symmetric oceanic mesoscale eddies, we propose that their

w motion will be dominated by a strong east-west dipole pattern with deep

ocean penetrations. Contrasting numerical simulations of idealized isolated

eddies together with w-equation diagnostics confirm that the w-dipole is

indeed dominated by the “eddy b-spiral” mechanism in the b-plane
simulation, whereas this w-dipole expectedly disappears in the f-plane

simulation. Analyses of relatively isolated warm and cold eddy examples

show good agreement with the proposed mechanism. Our studies further

clarify eddy vertical motions, have implications for ocean mixing and vertical

transport, and inspire further studies.
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Introduction

Oceanic mesoscale eddies play an important role in transporting heat, salt, dissolved

oxygen, nutrients, chlorophyll, and other biogeochemical tracers in the ocean (e.g.,

McGillicuddy et al., 1998; Wunsch, 1999; Xu et al., 2016; Sun et al., 2019; Sun et al., 2020).

In particular, there are strong upward and downward motions within these eddies (e.g.,
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Chelton et al., 2011; Early et al., 2011). The former promotes

primary productivity near the sea surface by pumping nutrients

from the ocean interior (e.g., McGillicuddy et al., 1998; Chelton,

2013), and the latter transports surface tracers into the deep

ocean as a detrainment process (e.g., McGillicuddy et al., 2003;

Klein and Lapeyre, 2009).

As the vertical motions of eddies are too weak to be directly

measured, their nature can only be inferred from the balanced

dynamics. The widely acknowledged inference of such is the so-

called “eddy pumping” mechanism (Falkowski et al., 1991;

McGillicuddy et al., 1998). This mechanism suggests that

under the control of geostrophic balance, cold (warm) eddies

have largely monopole upwelling (downwelling) patterns.

Therefore, cold (warm) eddies are also often referred to as

“upwelling (downwelling) eddies” (e.g., Alpine and Hobday,

2007; Nemcek et al., 2008; Oliver and Holbrook, 2014). As

complements of this mechanism, other studies further indicate

that vertical motions in eddies can also be induced by wind

forcing (e.g., Siegel et al., 2011; Gaube et al., 2015), ageostrophic

secondary circulation (Barceló-Llull et al., 2017), bottom friction

(e.g., Oke and Griffin, 2011), eddy-eddy interactions (e.g.,

Pidcock et al., 2013), submesoscale processes (e.g., Lévy et al.,

2001; Brannigan, 2016) and eddy deformations (e.g., Viúdez and

Dritschel, 2003; Mason et al., 2017). Moreover, based on the

quasi-geostrophic (QG) vortex Rossby wave theory

(Montgomery and Kallenbach, 1997; McWilliams et al., 2003),

Nardelli (2013) showed that vortex azimuthal oscillations rather

than uniform downwelling dominate the real-time vertical

velocity (w) field in a frontal warm eddy interior, which is

consistently simulated by an ocean model (Pilo et al., 2018).

Furthermore, there is some evidence of w-dipole patterns

within eddies. For example, Cotroneo et al. (2016) inferred a w-

dipole along the eddy propagation direction in a warm eddy

observed in a deep glider cruise. They regarded this dipole as an

instantaneous phenomenon without a detailed explanation. Pilo

et al. (2018) analyzed warm eddies in the East Australian

Current region using an eddy-resolving model. The time-mean

depth-averaged w results along the propagation tracks of each

eddy exhibited an obvious dipole pattern. Yang et al. (2020)

conducted a numerical simulation of an isolated warm eddy on

the b-plane and suggested a b-effect of vorticity advection for

their simulated w-dipole despite this w-dipole’s northwest-

southeast (NW-SE) orientation. However, these apparent

indirect or direct evidences of w-dipoles within eddies, which

are in contrast to the convectional monopole upwelling or

downwelling conceptual perceptions, have yet to be given

clear explanations.

On the theoretical ground, it is notable that most studies

mentioned above are based on the f-plane framework and ignore

the b-effect, where f is the Coriolis parameter and b = ∂ f
∂ y .

Meanwhile, the “b-spiral” (Stommel and Schott, 1977) has
Frontiers in Marine Science 02
been widely used to estimate gyre-scale oceanic vertical

motions, such as the subduction of waters on the order of 10-5

to 10-6 m/s (e.g., Qiu and Xin Huang, 1995; Qu et al., 2008)

depending on the scale of gyre circulations. Huang (2009) noted

that “If there was no b-effect, the vertical velocity in the whole

water column would be zero” on these large scales. Considering

the size of mesoscale eddies being approximately a couple of

hundreds of kilometers in diameter, the omission of the b-effect
becomes inappropriate, as the b-effect may induce a w on the

order of 10-4 m/s if eddies reach moderate strengths. Moreover,

the w pattern of such a “b-spiral” will be naturally an east-west

dipole because it will be proportional to the eddy meridional

velocity, as will be further discussed in section 3.

Notably, the importance of the b-effect has been evidenced

in another unique characteristic of mesoscale eddies, namely,

their westward propagation (e.g., Tomczak and Godfrey, 2003;

Chelton et al., 2007; Chelton et al., 2011; Early et al., 2011).

Nevertheless, an earlier investigation by McGillicuddy et al.

(1995) of the b-effect on vertical motion of an isolated eddy

overlooked the “eddy b-spiral” effect because they focused on

vertical motions near the surface, whereas the “b-spiral” —

associated w is nearly zero near the surface and increases

greatly with depth.

In this paper, we provide theoretical arguments about how to

extend the classic “b-spiral” w-theory for gyre circulations to

isolated and nearly symmetric oceanic mesoscale eddies using

QG w-thinking in section 3, after a brief section 2 describing

numerical experiments and data analysis. In section 4, we will

present results from contrasting numerical experiments of

idealized isolated eddies on the b-plane and the f-plane to

verify the “eddy b-spiral” mechanism. Two examples of

isolated eddies from the outputs of the Ocean General

Circulation Model for the Earth Simulator (OFES) are

analyzed to support the theoretical argument and numerical

modeling results. Section 5 summarizes our findings with a brief

discussion of implications.
Data and methodology

Configuration of idealized
eddy experiments

In this study, contrasting idealized numerical experiments of

isolated eddies on the b-plane and the f-plane based on a

Regional Ocean Modeling System (ROMS) are conducted to

verify the “eddy b-spiral” mechanism of w-dipole generation.

ROMS is a three-dimensional, free surface, hydrostatic primitive

equation horizontal model with a vertically stretched terrain-

following coordinate system (Shchepetkin and McWilliams,

2005). In idealized experiments, domains are set as the
frontiersin.org
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Northwest Pacific (128°E–158°E, 27°N–40°N). The horizontal

grid spacing is 1/10°. The vertical grid spacing is 10 m within

150 m of the surface, gradually increasing to 606 m toward the

ocean bottom. To avoid the influence of topography, the bottom

is set to be flat with a depth of 4000 m (Figure 1).

To construct the initial condition of an idealized eddy, we

choose a strong isolated cold eddy near the Kuroshio extension

from OFES outputs (an example eddy described in section 2.2).

First, the polar projection method is used by averaging the potential

density (r) and sea surface height of the eddy on the same radius to

obtain their mean values with respect to each radius and depth to

reconstruct an isolated symmetric cold eddy (Figure 1). The zonal

and meridional velocities (u, v) are obtained by the geostrophic

balance. Initially, w is set to zero, and the background r is set to the

same value as that on the eddy edge (horizontally uniform). The

initial settings of the two experiments are identical, except that in

one experiment, f is set to a constant value at 30°N, where the eddy

center is. The analysis period is set from day 20 to day 200 to

exclude the initial adjustment period and the later period when the

eddies become too weak.

Due to energy dissipation, the strengths of the idealized

eddies decrease quasi-linearly with time. To eliminate the

influence of eddy strength weakening, the w rescaled by eddy

strength (V), i.e.,  wr = w  · V0
V , will be used in the following
Frontiers in Marine Science 03
analysis, where V is the spatial average of rotation speed

(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p
) on the upper 200 m within the eddy radius and V0

is the V at the beginning day of analysis.
Isolated eddies from OFES outputs

As is well known, isolated mesoscale eddies are present all

over the oceans, such as the Agulhas rings in the South Atlantic

Ocean and the strong eddies shedding from the meanders of the

Gulf Stream and Kuroshio. In section 3.3, we also examine some

isolated eddies from the outputs of OFES to compare the w

patterns. OFES is a global eddy-resolving model with a

horizontal resolution of 1/10° and 54 vertical levels, and it

spans from January 1980 to December 2016. The vertical grid

spacing varies from 5 m at the surface to 330 m at a maximum

depth of 6065 m. The OFES outputs used here are 3-day

snapshots, including r, u, v, and w. This widely used dataset

(e.g., Sasaki et al., 2008; Masumoto, 2010; Melnichenko et al.,

2010) can capture ocean circulations and mesoscale eddies

reasonably well.

Two examples of isolated cold/warm eddies in different

locations are selected. A warm eddy originating from Cape

Agulhas (AWE, hereafter; left panel in Figure 2) is chosen,
A B

C D

FIGURE 1

Tracks (black lines) of the idealized eddies on the (A) b-plane and (B) f-plane and the initial conditions of the idealized eddy, including (C) the
potential density (shading) and horizontal velocity (vectors) at a depth of 200 m and (D) the vertical distribution of meridional velocity across the
center of the eddy in the zonal direction. The color in (A) denotes the sea surface height.
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which has a typical lifetime longer than 2 years and crosses the

entire South Atlantic Ocean basin. The analysis period for this

eddy was set from January 1, 2016, to October 30, 2016 (303

days), to ensure that the eddy was largely stable and symmetric.

Another chosen eddy is a cold eddy near the Kuroshio Extension

(KECE, hereafter; right panel in Figure 2). Its lifetime was from

May 3, 2012, to September 3, 2012. For the same reason, its

analysis period was set from May 18, 2012, to August 25, 2012.

Both eddies show obvious westward propagation characteristics

(Figure 2A) and are relatively stable during the chosen period.

Their maximum rotation speeds are greater than 0.6 m/s, and

the density contours and horizontal velocity vectors are all

nearly symmetric (Figures 2B–C).
Eddy detection and tracking method

The eddy detection and tracking method used in this study is

the same as that used by Dong et al. (Dong et al., 2011). The eddy

center is defined as the point of the velocity minimum. All

analyses in the following sections are performed within a square

moving with the target eddies. The square is set by positioning

the eddy center at its center all the time, with a side length of
Frontiers in Marine Science 04
500 km. The boundary of the eddy is defined as the maximum

closed stream function around the eddy center. The eddy radius

is the average distance from each point on the eddy boundary to

the eddy center.
Index of w-dipole

To quantify the w-dipole strength, we defined an index of w-

dipole (Dw) as the difference of the �w between the east and west

halves within the eddy radius, i.e., D�w = �ww − �we, where the

overbar denotes the depth-averaged value on the upper 2000 m,

and the subscripts w and e represent the west and east half of the

eddy, respectively.
QG w-thinking and an “eddy b-
spiral” mechanism

Vertical motions of oceanic mesoscale eddies can be

delineated through the so-called QG w-thinking using the w-

equation (Holton and Hakim, 2013); the latter is also referred to

as the Omega equation, as it was often expressed in p coordinates
A

B

C

FIGURE 2

(A) Tracks (black lines) of the Agulhas warm eddy (AWE, left panel) and Kuroshio extension cold eddy (KECE, right panel), and time-mean
(B) potential density (shading) and horizontal velocity (vectors) at the depth of 200 m, and (C) vertical distribution of meridional velocity across
the center of the AWE (left panel) and KECE (right panel) in the zonal direction. The color in (A) denotes bathymetry.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1036783
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hou et al. 10.3389/fmars.2022.1036783
in traditional meteorological applications and in the earlier

editions of Holton’s textbook. The w-equation in Cartesian

coordinates on the b-plane can be written as

f 2 ∂2 w
∂ z2 +∇2

h N2w
� �

= F (1)

where N2 = − g
r
∂ r
∂ z is the squared Brunt-Väisälä frequency, g

is the gravitational acceleration and ∇2
h = ( ∂2

∂ x2 +
∂2

∂ y2 ) is the

horizontal Laplacian operator. Omitting the external forcings

and mixing, F can be expressed as

F = f ∂
∂ z V

*
·∇h z

h i
− g

r0
∇2

h V
*

·∇h r
� �

+ f b ∂ v
∂ z

(2)

where  V
*

·∇h = (u ∂
∂ x + v ∂

  ∂ y ) is the horizontal gradient

operator, and z = ∂ v
∂ x −

∂ u
∂ y is the relative vorticity. The first 2

terms on the right−hand side (rhs) of Eq. (2) may be rewritten in

the popular form of the Q−vector (e.g., Giordani et al., 2006;

Holton and Hakim, 2013; Qiu et al., 2020).

For the gyre-scale circulation, due to the planetary scale, the

first two terms on the rhs of Eq. (2) and the horizontal Laplacian

operator part on the left of Eq. (1) are negligible, and this w-

equation (1) will be reduced to f 2 ∂2 w
∂ z2 = f b ∂ v

∂ z , which is the same

except with a removable vertical differentiation for

determination of the weak and planetary-scale vertical motion

of the “b-spiral”, as suggested by Stommel and Schott (Stommel

and Schott, 1977), who directly used the vorticity balance

equation f ∂w
∂ z = bv instead of the w-equation (1). It should be

mentioned, however, the vorticity balance f ∂w
∂ z = bv is not valid

for isolated but moving near symmetric eddy as the vorticity

tendency cannot be ignored as it was for quasi-steady planetary-

scale circulation in Stommel and Schott (1977). For eddy-scale

vertical motions, the first two terms on the rhs of Eq. (2)

normally dominate, the third term is the “b-term” and is

generally regarded to be smaller and thus ignored (e.g., Allen

and Smeed, 1996; Allen et al., 2001; Qiu et al., 2020), and an f-

plane approximation is often used (e.g., Nardelli, 2013; Pidcock

et al., 2013).

Here, we propose to consider a “b-spiral” for an isolated

symmetric eddy. In this case, the contours of r and z are

symmetric and parallel so that the first two terms on the rhs

of Eq. (2) are nearly zero because V
*

·∇h r ≈ 0,   V
*

·∇h z ≈ 0.

As a result, the w-equation (1) is greatly simplified into the

following form:

f 2 ∂2 w
∂ z2 +  ∇2

h N2w
� �

= f b ∂ v
∂ z   (3)

Because the horizontal Laplacian operator only

quantitatively affects the strength and pattern, we thus term

the b-effect induced eddy vertical motion as an “eddy b-spiral”
mechanism, which is a true extension for the planetary-scale “b-
spiral” (Stommel and Schott, 1977) mechanism. This simple

“eddy b-spiral” mechanism predicts that because an isolated

mesoscale eddy always has an east-west dipole pattern in its

meridional velocity, its vertical motion will also be dominated by
Frontiers in Marine Science 05
an east-west dipole pattern with its strength proportional to

eddy meridional velocity. Moreover, this w-dipole has a notable

deep ocean vertical penetration to the ocean bottom as the “b-
spiral” does. We will show supporting evidence with examples of

numerical experiments and eddy-resolving model outputs in the

next sections.

In the following analysis, using the outputs of the contrasting

experiments and OFES, the vertical motions in isolated eddies

will be reconstructed by solving Eq. (1) with the same method as

that in Qiu et al. (2020). To this end, the model outputs were first

used to calculate the terms in Eq. (2). After that, by Fourier

transformation, w (x, y, z) and F (x, y, z) become ŵ (kx, ky, z) and

F̂ (kx, ky, z). Consequently, for each pair of horizontal

wavenumbers kx and ky, ŵ (kx, ky, z) is solved numerically

according to discretized Eq. (1) using centered differencing in

the z direction and the boundary conditions. Once ŵ (kx, ky, z) is

solved, w (x, y, z) is obtained via inverse Fourier transformation.

The boundary conditions in the idealized experiments are set as

w=0 at the z=0 and bottoms, and those for OFES outputs are set

as w=0 at z=0 and ∂w
∂ z = 0 at z=2000 m to avoid the influence of

topography. Notably, the contributions to w from each term in F

can be easily evaluated separately using the diagnostic w-

equation (1).

It is notable that, the sub-mesoscale processes play

important roles in vertical transport in the ocean. In the

present study, we only considered the isolated mesoscale

eddies and used the QG framework in this study. Therefore,

the effects of sub-mesoscale processes on w cannot be fully

included in the simulation. However, the QG-w dynamics that

we have adopted are shown capable of capturing a broadscale of

vertical motion, whereas ageostrophic and other processes tend

to be important for fine spatial or short temporal scales of

vertical motion, as demonstrated in Qiu et al. (2019).
Result

Evidence of the w-dipole from idealized
eddy experiments

Relative to horizontal velocity, very small vertical motions in

eddies cannot be directly measured instrumentally and can only

be inferred diagnostically or simulated consistently in eddy-

resolving models. To test the “eddy b-spiral” mechanism, we

design a pair of contrasting numerical experiments of the

idealized isolated eddy on the b-plane and the f-plane, as

briefly described in section 2.1.

After a 20-day quick geostrophic adjustment, the idealized

cold eddy on the b-plane is found to propagate northwestward,

and its time mean surface r and horizontal velocity are all in a

stable and nearly symmetric round shape (the left column in

Figure 3 and Video S1). Simultaneously, its eddy-induced
frontiersin.org
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FIGURE 3

Time evolutions of the horizontal velocity (left column, vectors) and vertical velocity (right column, shading) of the idealized eddy on the b-
plane at days 20, 70, 120, 170, 220, and 270. The shading in the left column presents the magnitude of horizontal velocity.
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vertical motion is indeed dominated by a pronounced and stable

east-west dipole pattern (the right column in Figure 3 and Video

S2). It can also be seen that the w-dipole pattern is more

significant at the beginning days when the horizontal velocity
Frontiers in Marine Science 07
is stronger. Then, it gradually becomes weaker with the slowing

of the rotational speed of the eddy (Figure 3). In contrast, the

identical eddy on the f-plane is found to remain stationary all the

time (the left column in Figure 4 and Video S3). However,
a) Day : 20
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 132°E  138°E  144°E  150°E  156°E   27°N 
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  36°N 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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FIGURE 4

Same as Figure 3 except for the idealized eddy on the f-plane.
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the corresponding vertical motion induced by the eddy on the f-

plane looks very weak and has no stable pattern at all (the right

column in Figure 4 and Video S4). The magnitude of the time

mean wr induced by the eddy on the b-plane reaches 4.6×10-5 m/

s (Figure 5A), approximately one order of magnitude larger than

that of the eddy on the f-plane (figure not shown). Since the only

difference between these two experiments is the b-effect, this
contrasting pair of numerical experiments verified not only the

existence of a w-dipole in an isolated eddy as predicted by our

“eddy b-spiral” mechanism but also the disappearance of the w-

dipole when the b-effect is removed for a nearly symmetric

isolated eddy. Yang et al. (2020) conducted a numerical

simulation of an isolated warm eddy on the b-plane to study

eddy tilting. However, in their result, the eddy w at model day 10

exhibited a dipole pattern in the NW-SE direction, rather than

east-west, if it was purely from the b-effect. This difference may

be due to the instability of the eddy, which causes eddy structure

variations at that time, as the time-averaged w-dipole should be

east-west oriented according to our “eddy b-spiral” mechanism.

Moreover, as described in section 3, we may use the w-

equation (1) to further diagnose the eddy w in this quantitation.

The total solution from the w-equation (1) considering the b-
term almost fully captures the eddy-induced w on the b-plane,
with the former being only 5% weaker than the latter

(Figure 5B). However, omitting the b-term (Figure 5C), the

magnitude of the w solution is much smaller (<1×10-5 m/s), and

this part is due to the weak asymmetry that remains in the time

mean eddy structure. Similar w solutions with comparable

magnitudes were also obtained in other studies (Barceló-Llull
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et al., 2017; Mason et al., 2017) with the b-term being omitted

from the w-equation (1). In contrast, the contribution to w from

the b-term (Figure 5D) shows a significant dipole pattern, with a

magnitude very close to that of the model result (Figure 5A).

Comparing the magnitude of w fields in Figure 5, the w-dipole

induced by the “eddy b-spiral” accounts for 86% of the total w,

clearly demonstrating the dominance of the “eddy b-spiral”
mechanism in a nearly symmetric isolated eddy.

According to the “eddy b-spiral”mechanism, the w in the eddy

is supposed to be significantly amplified with depth due to the

vertically cumulative effect of the b-spiral. The east-west vertical

cross-section of w in the idealized eddy on the b-plane (Figure 5E)
confirmed this conjecture. This w-dipole pattern is seen to be very

weak in the upper layer but increases dramatically with depth. Its

maximum reaches 5.4×10-5 m/s at approximately h = 1000 m, one

order of magnitude greater than that at h = 50 m. Meanwhile, the

corresponding v field decreases drastically with depth. The

maximum v at h = 1000 m is 0.07 m/s, which is only 9% of its

surface value. This result implies that the w-dipole is much stronger

in the deep layer where the eddy horizontal motion becomes much

weaker. This relatively strong w beneath the main eddy body may

exert a considerable impact on deep ocean mixing and mass

transport. Based on the moorings of the Scientific Observation

Network of the Chinese Academy of Sciences in the western Pacific,

Ma et al. (2019) observed a series of intensified temperature

variabilities in a deep channel (~4000 m) at the Pacific Yap‐

Mariana Junction. They suggested that these deep ocean

variabilities are likely generated by energetic surface eddies

moving across the rough topography. This observation may be
A B C D

E F G H

FIGURE 5

Time-mean depth-averaged (0~2000 m) w in the idealized eddy on the b-plane (upper row) obtained from the (A) ROMS outputs, (B) w-
equation with all terms, (C) w-equation without the b-term, and (D) w-equation with the b-term only (shading), superimposed by the time mean
r (contours) and horizontal velocity (vectors) on the surface, and corresponding vertical profiles of w across the eddy centers in the zonal
direction lower row, (E–H), superimposed by the time mean r (contours).
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possible evidence of the impact of the eddy w-dipole on the deep

layer, which needs further verification.

The vertical profile of w determined by the w-equation (1)

with all terms (Figure 5F) is nearly identical to that of the

simulated w. Consistent with its horizontal distribution, the

vertical cross-section of w is also dominated by the b-term,

which accounts for 84% of the total w (Figures 5G, H). Notably,

the eddy w-dipole does not reach its maximum at the bottom

because of the boundary condition w = 0 at the flat bottom.

In brief, the contrasting idealized eddy experiments on the b-
plane and the f-plane verified that the “eddy b-spiral” is the

dominant mechanism for the formation of w-dipole patterns in

nearly symmetric isolated eddies. The b-term must be

considered in the w-equation (1) for the study of vertical

motions in mesoscale eddies.
Evidence from OFES outputs

Similar w-dipoles due to the “eddy b-spiral” can also be

found in isolated eddies simulated by the other eddy-resolving

models. Here, two examples of isolated eddies from the OFES

outputs described in section 2.2 are analyzed to confirm the

existence of the w-dipole patterns in isolated eddies. Consistent

with the situation in the idealized eddy on the b-plane, the time

mean �w in both eddies has significant east-west dipole patterns

(Figures 6A and 7A), with their maximum magnitudes reaching

6.4×10-5 m/s and 7.6×10-5 m/s in the AWE and KECE cases,

respectively. There is an upwelling/downwelling zone in the

eastern part of the warm/cold eddy. Opposite polarities of the w-
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dipole of cold/warm type are simply due to their opposite

polarities of v dipoles, as can be inferred from the “eddy b-
spiral” w-equation (3).

The solutions of the w-equation (1) considering all terms in

F (Figures 6B and 7B) show nearly identical dipole patterns as

OFES outputs, with the former being approximately 10%

stronger than the latter. A part of this difference is due to the

artificial bottom boundary condition, ∂w
∂ z = 0 at z = 2000 m,

which only alters the solution above 2000 m in a minor manner

and is set to avoid the complications associated with complex

bottom topography. Meanwhile, w solutions omitting the b-term
(Figures 6C and 7C) are much weaker than the w from OFES

outputs, and these remaining parts due to the weak asymmetry

in the mean eddy structure account for only approximately 1/4

of the total w. In contrast, solutions considering the b-term alone

(Figures 6D and 7D) showed significant w-dipole patterns.

Comparing the averaged magnitudes of w in Figures 6 and 7,

the w-dipoles induced by the “eddy b-spiral” in the AWE and

KECE are found to account for 72% and 74% of the total w,

respectively, again confirming that the “eddy b-spiral”
dominates the w-dipoles in nearly symmetric isolated eddies.

Consistent with that of the idealized simulation on the b-
plane, the w-dipoles in both eddies appear very weak near the

surface but increase dramatically with depth (Figures 6E and

7E). Their maxima at h = 2000 m reach 6.8×10-5 m/s and 9.7×10-

5 m/s in AWE and KECE, respectively, which are one order

greater than those at h = 50 m. The vertical profiles of the

solutions by the w-equation (1) (Figures 6G, H and 7G, H) are

quite similar to those from the idealized simulation on the b-
plane. Corresponding to their horizontal distributions, vertical
A B C D

E F G H

FIGURE 6

Same as Figure 5 except for the case of the Agulhas warm eddy (AWE).
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profiles of the w solutions due to the b-term alone (Figures 6H

and 7H) present significant dipole patterns, which are 3 times

stronger than those induced by other terms in F (Figures 6C and

7C). In conclusion, these two examples further demonstrate the

dominance of w-dipoles in isolated eddies, which is induced by

the b-effect and can be well explained by the “eddy b-
spiral” mechanism.
The w-dipole index

To develop a simple index to quantify the w-dipole in eddies,

we introduced a w-dipole index in section 2.4. For example, the

time mean w-dipole index from the model outputs (Dwmodel ) of

the idealized eddy on the b-plane is 2.7×10-5 m/s, 240 times

stronger than that on the f-plane (1.1×10-7 m/s), which provides

us with a quantitative measure for the dominance of w-dipoles

by the “eddy b-spiral” (Figure 8A) in the pair of

idealized simulations.

The time mean w-dipole indices from the w-equation (1)

solutions with all terms (Dw) are found to be very close to

Dwmodel . The relative errors (
Dwmodel−Dw
Dwmodel

) are 6.4%, 8.1% and -8.7%

in the idealized eddy on the b-plane, KECE and AWE, respectively,

confirming the accuracy of w reconstructed by the w-equation (1).

As expected, the time mean w-dipole indices from the solutions

considering the b-term alone (Dwb ) account for 86.2%, 79.9% and

74.8% of Dw in the idealized eddy on the b-plane, KECE and AWE,

respectively, demonstrating the dominance of the “eddy b-spiral”
effect on w-dipoles again. Meanwhile, the contribution of the first

two terms of the rhs of Eq. (2) to the indexes (Dw ) account for the
Frontiers in Marine Science 10
remaining 15%~25%, indicating that the weak asymmetry in the

eddy will also produce nonnegligible contributions to the w-dipole,

which has been investigated in previous studies (e.g., Nardelli, 2013;

Pidcock et al., 2013; Barceló-Llull et al., 2017; Mason et al., 2017). In

a symmetric eddy, the w-dipole will be absolutely dominant, as the

“eddy b-spiral” mechanism predicts. The larger the asymmetry is,

the lower the b-effect dominance.

The comparisons of w-dipole indices and eddy strengths of

different eddies from the model outputs and w-equation (1)

solutions indicate that the greater the eddy strength is, the

stronger the w-dipole (Figure 8A). In particular, in terms of

the solution of the w-equation that considers the b-term alone

(Eq.3), the corresponding w-dipole index, Dwb , is expected to

increase linearly with the eddy strength (Figure 8B). Meanwhile,

there is a significant temporal variation in the w-dipole with the

evolution of the eddy (Figure 8B), which will be discussed

separately in another paper.

In the classic “b-spiral” theory proposed by Stommel and

Schott (1977), a greatly simplified vorticity equation, f ∂w
∂ z =

bv, is used instead of the more accurate w-equation for the

gyre−scale circulation. However, it is not applicable for the

mesoscale processes, where the scales of other terms in the w-

equation are likely comparable to that of bv . In the case of

isolated eddy, the w-equation (1) is simplified into Eq. (3).

Thus, the main difference from the b-spiral vorticity equation
is the Laplacian term, ∇2

h (N
2w),    although our use of w-

equation also allows applying proper surface and bottom

boundary condition for w, the horizonal Laplacian term

tends to inflate the horizonal patterns of v and reduce the

strength of the eddy w-dipole due to b-effect. To quantitative
A B C D

E F G H

FIGURE 7

Same as Figure 5 except for the case of the Kuroshio extension cold eddy (KECE).
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evaluation of the contribution of the Laplacian term, we

recalculated the w of the idealized eddy by setting N2=0 in

the w-equation. The difference between the solution with and

without this term is as expected (not shown). In fact, the

larger the eddy size than the Rossby radius deformation, the

smaller this effect is and the fuller of b-spiral effect as noted by
Stommel and Schott (1977). The smaller the eddy size, the

stronger reduction on the b-spiral effect will be.
Conclusions and discussions

This study revealed that there is a robust east-west oriented

w-dipole in an isolated and nearly symmetric mesoscale eddy

induced by the b-effect. In particular, it can extend to the very

deep ocean. This eddy w-dipole pattern can be understood

simply by the “eddy b-spiral” mechanism, which is

approximately described by the simplified w-equation (3).

Therefore, the b-term should not be ignored in the w-equation

(1) during the study of eddy vertical motions.
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The significance of this study is threefold. First, it suggests that

the isolated warm (cold) eddies have an upwelling (downwelling)

center on their western side and a downwelling (upwelling) center

on their eastern side. Second, the robustw-dipoles in isolated eddies

do not conform to the conventional concept of monopole

downwelling (upwelling) in cold (warm) eddies. In particular, this

result suggests that warm eddies may also pump nutrients from the

subsurface to the euphotic layer, which requires further

observational validation. Third, the w-dipoles are found to reach

significantly deep into the ocean, which may have considerable

impacts on deep ocean mixing and vertical mass transport. Further

modeling studies of the impacts of deep ocean vertical motion

associated with isolated eddies in the presence of weak background

diffusion will be reported in forthcoming papers. In addition, this

study only demonstrated that the w-dipole induced by the “eddy b-
spiral” is dominant on the condition that the eddy is isolated and

nearly round. It is likely to be overpowered by other processes for

eddies under other conditions. The importance of the “eddy b-
spiral” in frontal eddies or eddies with strong deformation also

needs to be further evaluated.
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(A) Bar diagram of the time mean w-dipole indices obtained from model outputs (Dwmodel, purple bars), w-equation with all terms (Dw, blue
bars), w-equation with the b-term only (Dwb, green bars) and w-equation without the b-term (Dw", yellow bars) for the idealized eddy on the
b-plane (b-plane), the Agulhas warm eddy (AWE), the Kuroshio extension cold eddy (KECE) and the idealized eddy on the f-plane (f-plane),
respectively. Red bars represent the corresponding eddy strength (V). (B) Temporal variation in the w-dipole indices and the corresponding eddy
strength (V) of the idealized eddy on the b-plane.
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