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Mesoscale eddy prediction has been a big challenge to oceanographers and

marine environment forecasters. Although the traditional initialization for the

prediction, i.e., through assimilating the satellite-derived sea level anomalies

(SLA) into a model, has some improvement, it is yet unable to predict well the

main characteristics of a mesoscale eddy, including its three-dimensional (3D)

structure, moving track, size, and intensity. In this study, a vortex-implanted

initialization scheme for the mesoscale eddy prediction (VISTMEP) is

developed. With the VISTMEP, a bogus vortex is first constructed in terms of

3D SLA-derived currents, and then it is implanted into the model initial field to

obtain amore accurate 3D current field of amesoscale eddy for prediction. The

results from idealized experiments show that the VISTMEP can significantly

improve prediction of the mesoscale eddy with a longer valid prediction length

up to 30 days compared to the experiment with the traditional initialization.

Detailed analysis indicates that, as the model is integrated forward, a more

“realistic” 3D structure of the eddy in terms of both current and temperature

fields is formed when the VISTMEP is employed, leading to the improvement of

the eddy prediction regarding to the moving track, size, and intensity of the

eddy, which is largely influenced by the accuracy of the initial current field of

the eddy obtained by the VISTMEP. This study provides an innovative method

for the mesoscale eddy prediction, which could have great potential

application in operational services of the marine environments.
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Introduction
As an important part of the marine environment, oceanic

mesoscale eddies not only have direct impact on the distributions

of ocean temperature, salinity and current, but also play a key role

in the transports of mass, momentum, heat and other tracers in

the ocean (Wang et al., 2005). In addition, marine activities, such

as marine engineering, sailing and fishing, are also influenced

greatly by mesoscale eddies. Improving prediction of mesoscale

eddies by numerical models is of great importance and practical

value from both perspectives of scientific research and operational

services of the marine environments.

Oceanic mesoscale eddies have always been an important

research object for the oceanographers. The development of

oceanic satellite remote sensing technology since the 1990s

makes it possible for wide-range, quasi-synchronous and long-

term marine observations, from which the Sea Level Anomaly

(SLA) observed by the satellite is widely used in the research of

mesoscale eddies (Morrow et al., 2004; Chaigneau and Pizarro,

2005; Chelton et al., 2007; Halo et al., 2014). The satellite-derived

SLA can be used to estimate the sea surface characteristics of

mesoscale eddies, such as the location, amplitude, radius,

lifecycle and movement speed. However, it cannot reflect the

vertical structures of mesoscale eddies. The accumulation of

Argo buoy/CTD/XBT/observed temperature/salinity (T/S)

profiles in the last several decades provides valuable

information for understanding the interior of the ocean. With

the satellite-derived SLA and T/S profiles, a number of studies on

mesoscale eddies are carried out, including their generation,

development, movement, and dissipation (e.g. 2007; 2011;

Chelton et al., 2000; Liang et al., 2012; Xu et al., 2016; Zhang

et al., 2016). However, although a few studies tried to describe

the 3D structures of mesoscale eddies (e.g. Isern-Fontanet et al.,

2004; Chaigneau et al., 2011; Dong et al., 2012; Yang et al., 2013;

Zhang et al., 2013), the observations beneath the sea surface are

still far enough to construct their 3D structures exactly.

Moreover, mesoscale eddies are usually in states of continuous

movement with life cycles of several months, a specific mesoscale

eddy is hardly being fully observed by the current

observation network.

With the development of computer technique, marine

numerical models are able to simulate or predict most of the

marine environment elements or features in an acceptable

accuracy, such as temperature, salinity, currents, waves,

tropical cyclones (TC), and so on (e.g. Lee et al., 2018;

Sandhya et al., 2018; Peng et al., 2019; Zhu et al., 2020).

However, it is still difficult for models to predict the moving

track and intensity of a mesoscale eddy like a TC. The reasons

could be: 1) the generation, movement and dissipation of

oceanic mesoscale eddies, which involve the cascade and

inverse cascade of energy between different scales, are one of

the most complicated dynamic processes in the ocean, of which
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the related physical mechanisms are still elusive; 2) an accurate

3D structures of oceanic mesoscale eddies cannot be obtained for

the model in the initial time due to the insufficient observations

beneath the sea surface, which seriously affects the prediction for

oceanic mesoscale eddies.

Improving the accuracy of initial conditions is one of the

most effective ways to reduce marine forecasting errors of

numerical models (Shriver et al., 2007; Wang et al., 2014).

Data assimilation, which incorporates available observations

into numerical models, is a common way to generate initial

conditions of higher accuracy for marine forecast (Usui et al.,

2006; Martin et al., 2007; Chassignet et al., 2009). The previous

studies on improving the initial conditions for the simulation of

mesoscale eddies usually rely on the assimilation of satellite-

derived SLA. However, the assimilation of SLA can only improve

the T/S or current structure of mesoscale eddies in the near-

surface layer. It is crucial to assimilating observations like T/S

profiles or current beneath the sea surface for improving the

structure of mesoscale eddies in deeper layers. Unfortunately,

these observations beneath the sea surface are still scarce for

describing the structure of a specific mesoscale eddy currently.

Therefore, the 3D vortex structure of an eddy could hardly be

represented accurately in the initial field through regular

methods such as data assimilation.

Mesoscale eddies are somewhat similar to TCs in terms of

vortex dynamics. Similarly, the 3D structure of a TC is also

crucial to the initialization of atmospheric models for TC

forecast, but it could not be well represented in the initial

fields of atmospheric models 30 years ago due to the coarse

resolution of data for generating initial fields and insufficient

observations within a 3D TC. To overcome this, Kurihara et al.

(1993) proposed an initialization scheme, called the “Bogus”

scheme, for the TC forecast, which implants a false but more

accurate 3D tropical cyclone into the initial field of the

atmospheric numerical model to replace the original one. This

“Bogus” scheme was proved to improve the tropical cyclone

track forecast significantly. Inspired by the “Bogus” scheme, this

study develops a vortex-implanted initialization scheme for the

mesoscale eddy prediction (VISTEMP) in the Northwestern

Pacific Ocean. Through the VISTEMP, the 3D structure of an

eddy retrieved from the satellite-derived SLA is implanted into

the initial field of ocean model to replace the original one,

generating a new initial field that gives a more accurate

description of the 3D structure of the eddy. The impact of

VISTEMP on eddy prediction is then evaluated through the

idealized eddy prediction experiments.

The rest of this paper is organized as follows. The next section

gives a brief introduction of the model and data assimilation

schemes used in this study, followed by a description of the

VISTEMP scheme in Section 3. The experimental setup is

described in section 4, and the experimental results as well as

associated discussion are presented in section 5. A summary is

given in the final section.
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Model and data assimilation

Model configurations

The model used in the study is the Regional Oceanic

Modeling System (ROMS, 2005; Shchepetkin and McWilliams,

2003), with version of ROMS_ARGIF 3.1.1 (http://www.

romsagrif.org/. Penven et al., 2006; Debreu et al., 2012). The

radiational open boundary scheme (Orlanski, 1976; Raymond

and Kuo, 1984) and K-Profile Parameterization (KPP) vertical

mixing scheme (Large et al., 1994) are chosen for the model. The

model domain covers the Northwestern Pacific Ocean (128°-

143°E, 16°-24.8°N) with a horizontal resolution of 1/12°×1/12°

and 32 sigma vertical levels. The topography of the domain is set

as flat base with a constant depth of 4800 m, which is

approximately equal to the mean depth of the domain. For the

initial filed, the zonal- and meridional- components of the

current (u and v) and the sea surface height (SSH) are set to 0,

while the salinity is set to 34 psu and the temperature is set to be

horizontally homogeneous but vertically varying, of which the

temperature at each vertical level is taken from region-mean

temperature of the CSIRO Atlas of Regional Seas 2009

(CARS2009, www.cmar.csiro.au/cars) dataset. There is no

heat/momentum/mass exchange between the atmosphere and

the ocean in the model. In the lateral boundary, the temperature,

salinity, SSH and v are set to be equal to those of the initial field,

while the u is set to -0.1 m/s to generate westward current. No

sponge layer is defined.
Data assimilation scheme

The data assimilation scheme used is the 3D variational

assimilation (3DVAR) scheme developed by Li et al. (2008a;

2008b). The cost function of 3DVAR is represented in the form

of increment:

J dxð Þ = 1
2
dxTB−1dx +

1
2

Hdx − dyð ÞTR−1 Hdx − dyð Þ (1)

In which dx=x−xb is the increment of the model state vector

x relative to the background state vector xb , dy=y−Hxb is

difference between the observational vector y and the

corresponding model state vector Hxb , in which Hxb

represents the model state vector at the same location of y,

and H is the Jacobian matrix of the nonlinear observational

operator. The superscript T represents the matrix transposition.

B and R are background error covariance matrix and

observational error covariance matrix, respectively.

The control variables in 3DVAR include increments of

temperature (T), salinity (S), SSH (z), stream function (y) and
potential function (c ):
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dxTc = dxTz 0 , dxTy 00c 00 , dxTTS
� �

(2)

The y and c are calculated from the ageostrophic terms of

the whole current field. The number of vertical levels in 3DVAR

is set to 36 from sea surface to 2000m depth unequally. In

addition, two dynamical constraints, i.e., the hydrostatic balance

and geostrophic balance, are considered in the 3DVAR.
The construction of B matrix

The B matrix in 3DVAR is decomposed into the correlation

and standard deviation matrixes due to its extremely vast size:

Bzn =o​
zn C

xy
zno​

zn (3)

BV =o​
V Cxyz

V o​
V (4)

in which V represents the variables of y, c , T or S; S is the

standard deviation matrixes; C is the two- or three- dimensional

self- and co- correlation matrixes; x, y and z represent zonal,

meridional and vertical directions, respectively. The C has a huge

order of magnitude in storage. Thus, the Kronecker method

(Graham, 1981) is applied to decompose C into components of

Cx, Cy and Cz corresponding to x, y and z directions, respectively.

Therefore, the computation of B is simplified as the

computations of S and C, and could also be represented

theoretically as:

B = 〈 xf − xt
� �

xf − xt
� �T

〉 (5)

In which xf and xt represent the forecast and the “true” of the

ocean, respectively;<> is the variance and superscript T is the

transpose of matrix. Since the forecast errors could not be

calculated directly due to lack of an adequate number of

observations, the NMC method (National Meteorological

Center, Parrish and Derber, 1992) is used to obtain a proxy

based on the differences of model states between different

forecast times. In this study, the computation of B is further

simplified. The one-dimensional (1D) correlation matrixes of Cx

and Cy are assumed as Gaussian-distribution and isotropic, in

which the horizontal correlation coefficient Cs of each variable

between two model grids (r1, r2) is defined as (Daley, 1993):

Cs r1, r2ð Þ = exp − r2 − r1ð Þ2= 2L2
� �� �

(6)

In which L is the horizontal decorrelation length which

represents the length when Cs decreases from 1 to e-1/2. The

value of L is set as 80km in our study. The definition of Cz is

similar to Cx and Cy which decreases with the increase of

distance between two vertical levels:

Cz = e
− dep ið Þ−dep i−1ð Þð Þ2

2L2z

� �
,  i = 2, 3, 4,…,  N (7)
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in which dep is the depth of the vertical level in 3DVAR, Lz is

the vertical decorrelation length (Lz=200m), i is the vertical level

and N (N=32) is the number of vertical levels. The root-mean-

square deviation (RMSD) is isotropic horizontally but varying

vertically. The vertical profile of RMSD is defined as:

RMSD = RMSD0*e
−dep ið Þ2
dep Nð Þ ,i =   1, 2, 3,…,N (8)

In which RMSD0 is the RMSD of each variable at sea surface.

The values of RMSD0 are listed in Table 1.

Design of the VISTEMP

The VISTEMP scheme consists of two steps. The first step is

to retrieve the current fields of 3D eddy from the SLA of

mesoscale eddies using the method proposed by Zhang et al.

(2013).The second step is to implant the retrieved current fields

of 3D eddy into the model initial field to generate a new initial

field with more accurate 3D eddy.
The retrieval of 3D eddy

According to the universal structure of oceanic mesoscale

eddies (Zhang et al., 2013), the pressure field of a 3D eddy (pn)

can be decomposed into horizontal and vertical structure

functions (R and H) under the assumption that the mesoscale

eddies are upright in the ocean. The decomposition are

represented as:

pn rn, zð Þ = R rnð Þ · H zð Þ (9)

rn = r=R0 (10)

in which z is the vertical coordinate, r the radial coordinate

and R0 the radius of the mesoscale eddy. pn(rn,z) is the standard

pressure anomaly obtained by standardizing the pressure

anomaly p′(r,z) with R0 and the eddy center pressure P0:

pn rn, zð Þ = p0 r=R0, zð Þ=P0 (11)

P0 = r0gh0 (12)

Here r0 is sea surface density, which is set to 1025kg/m3, g is

the gravitational acceleration and h0 is the SLA at eddy center.

R could be expressed by the theoretical model considering

large-time asymptotics of potential vorticity under effects of

horizontal diffusion (Kloosterziel, 1990):
Frontiers in Marine Science 04
R rnð Þ = 1 − r2n=2
� �

· exp −r2n=2
� �

(13)

H is defined in a stretched coordinate (formula 14) as

suggested by a theoretical study of eddies within the quasi-

geostrophic framework (Flierl, 1987):

zs =
Z z

0
N=fð Þdz (14)

H zsð Þ = H0 · sin kzs + q0ð Þ +Have (15)

In which H0 、k、 q0 and Have are unknown parameters.

In the practice of the 3D eddy retrieval, the formula (9)

should be further deduced. The hydrostatic balance under the

sea water density anomaly r′ is:

r0 = −
1
g
∂ p0

∂ z
(16)

Combining formula (9), (10), (11), (12) and (16), r′ could be
expressed as:

r0 r, zð Þ = −r0h0 · R r=R0ð Þ dH zð Þ
dz

  = h rð Þ · J zð Þ (17)

in which h(r) and J(z) are the SLA of mesoscale eddy and the

vertical structure function of r′:

h rð Þ = h0 · R r=R0ð Þ (18)

J zð Þ = −r0
dH zð Þ
dz

(19)

in which h0 represents the SLA in the eddy center. Once the

h0 and R0 are given, h(r) could be calculated using formula (18)

to generate a horizontally isotropous mesoscale eddies. However,

in the retrieval of the real mesoscale eddies, h(r) is equal to

satellite-derived gridded SLA of the mesoscale eddies and could

be obtained easily. Therefore, the key point of obtaining r′ is the
calculation of J(z) . Combining r′ and the mean density �r, we
can get the density field of 3D eddy r , and then get the current

field of 3D eddy through the geostrophic balance relationship:

u = −
1
f r

∂ P
∂ y

(20)

v =
1
f r

∂ P
∂ x

(21)
TABLE 1 The surface RMSD of each variable defined in the 3DVAR.

variable Temperature Salinity u&v SSH

RMSD0 0.5°C 0.2psu 0.1m/s 0.05m
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The implantation of 3D eddy

Before the implantation procedure, the SLA in the whole

model domain is first assimilated into the initial field by 3DVAR

to achieve a good representation of the near-sea surface structure

of mesoscale eddy, and then the retrieved current field of 3D

eddy is implanted. To reduce the model shock caused by the

imbalance of the initial field, the current of the initial field is

decomposed into the large-scale (seasonal climate state) and

small-scale components (perturbation field). Only the small-

scale component of initial current field of the original mesoscale

eddy is replaced by the retrieved current field of 3D eddy, and

the large-scale component remains unchanged.

The detailed process of vortex-implantation is shown as

Figure 1. First, the SLA in the whole domain is assimilated model

initial field (denoted as MINI) by 3DVAR to generate a high-

quality analysis field (denoted as ANA) for the model initial

conditions; Second, the current field of ANA is decomposed into

the seasonal climate state (denoted as CLIM_ANA) and the

perturbation field (denoted PERT_ANA); Third, the retrieved

current field of 3D eddy is implanted into PERT_ANA to

generate a new perturbation field (denoted as PERT1_ANA)

by adjusting the currents of PERT_ANA near the location of the

eddy center through the following formula:

V = x*EP + 1 − EPð Þ*y, (22)

where V, x and y represent the currents of PERT1_ANA, the

constructed 3D eddy and PERT_ANA, and EP is a ratio

coefficient defined as:

EP = 1 − e
− r

R0
−2:5

� �8

(23)

The values of EP regarding to the radius are shown in

Figure 2. Based on Eq. (23) and the values of EP, the current

field in the PERT_ANA is replaced by the retrieved current

field of 3D eddy within 1.25 times eddy radius, and keeps

unchanged beyond the 2 times eddy radius. It is a transitional

region between the 1.25 and 2 times eddy radius to avoid an
Frontiers in Marine Science 05
abrupt change of the current field. Finally, the PERT1_ANA is

recombined with the CLIM_ANA to generate a new model

initial field (denoted as NMINI) for eddy forecast.
Design of observational system
simulation experiment (OSSE)

The purpose of OSSE is to assess the influence of an

observational system or a forecast technique on the forecast

skill, in which the “true” state is obtained from the model

simulation or other mathematic ways (Arnold and Dey, 1986;

Masutani et al., 2010). Before performing the OSSE, the 3D

eddy should be constructed first because the mesoscale eddies

could not be generated automatically by the free run under

idealized model setting of ROMS. Here, two idealized 3D

eddies including the warm and cold eddies were constructed

separately for the OSSEs through the theoretical formulas

(17)-(21). The h(r) and J(z) of the idealized 3D eddies are

calculated using (18) and (19), in which the related

parameters are set as follows: R0 =50km, h0 = ± 0.3m,

N=0.008, q0 =p, k=(3p/2- q0 )/1800, H0 =10 and Have =1,

and the integral range in (19) is from sea surface to 1800m

depth. The parameters for the constructions of the idealized

warm and cold eddies are the same except for the sign of h0 ,

which “+” represents the warm eddy and “-” represents the

cold eddy. The profile of �r is calculated using the T/S profile

from the initial field of the experiment. The potential

temperature of the idealized 3D eddies is calculated using a

simplified state equation of sea water r=r0(1−aT) , in which

r0 is 1025kg/m3 and a is 0.0003°C-1, The salinity of the

idealized 3D eddies is set to a constant of 34 psu. Figure 3

shows the vertical structure of J(z) of the idealized 3D eddies,

and Figure 4 shows the 3D r′ , potential temperature

anomaly, u and v of the idealized 3D warm eddy.

The first step of the OSSEs is to generate the “true” state.

A 30-day free run is conducted first to get a background field

with steady westward current of u=-0.1m/s. Then, the SLA,
frontiersin.org
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temperature anomaly and current of the idealized 3D warm

or cold eddy constructed before are added into the

background field at the location 138°E, 21°N, followed by

another 52-day simulation, which denotes as the “true” state

run. The results between the 20th to 52th (33 days) day from

the “true” state run are chosen as the “true” state for the

OSSEs (Figure 5). Based on the background field, five

experiments are designed for the OSSEs (Table 2). In the

first pair of experiments (DASLA_W and DASLA_C), only

the SLAs in the model domain obtained from the two “true”
Frontiers in Marine Science 06
states are assimilated. In the second pair of experiments

(ED_BOG_W and ED_BOG_C), the VISTEMP scheme is

applied, of which the implanted 3D eddies is retrieved as

follows: 1) the h(r) of the implanted 3D eddies is obtained

from the SLA of the “true” state, 2) the parameters N and f of J

(z) are calculated based on the mean T/S and location of the

“true” 3D eddies at the implanting moment, and 3) the other

parameters are set as follows to fit the vertical structure of

“true” 3D eddies at the implanting moment: k=p/18000, q0
=-1800k, H0 =1/sin(q0 ), Have=0. The values of J(z) for the
FIGURE 2

The function distribution of the implantation proportion coefficient EP of the 3D eddy.
FIGURE 3

The vertical structure function J(z) of potential density of the idealized 3D eddy.
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implanted 3D eddies are plotted in Figure 6, from which we

can see that the implanted 3D eddies dissipates greatly below

the depth of 200m comparing to the idealized 3D eddies. As

indicated in Section 3, J(z) is the key to the accuracy of the

implanted 3D eddy, and in practice the estimate of J(z) could

exist considerable biases. Therefore, the fifth experiment

(ED_BOG_W_2J) is designed to investigate the impact of

the J(z) estimate biases on the eddy prediction by erroneously

doubling the absolute values of J(z) below the depth of 200m

in the ED_BOG_W. All the five experiments are initialized

with the results from 30-day free run. The assimilation of SLA

or the application of the VISTEMP scheme is carried out at

0000 UTC of each day for 3 days, followed by a 30-day eddy

prediction, as schematically illustrated in Figure 5.
Frontiers in Marine Science 07
Results and discussion

The evaluation of eddy prediction

For the evaluation of eddy prediction, the Okubo-Weiss

(OW) method is applied to the detection of eddies in the

predicted fields. The feature variables, including the track, eddy

center SLA (ECSLA), 0-500m averaged relative vorticity (RV),

sea surface eddy kinetic energy (SSEKE), amplitude, rotation

speed (ROS), size, and zonal/meridional moving speeds (mu

and mv) are selected for the evaluation. Figure 7 shows the sea

surface current and the vertical cross sections of u, v and

temperature from “true” 3D warm eddy, DASLA_W and

ED_BOG_W at the 10th day. For the “true” 3D warm eddy,
B

C D

A

FIGURE 4

The 3D fields of potential density anomaly (A), potential temperature anomaly (B), current u-component (C) and current v-component (D) of
the idealized 3D warm eddy.
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the sea surface current presents an asymmetrical distribution

that is stronger in the south and weaker in the north, which is

attributed to the westward background current (Figure 7A); the

vertical sections of u and v show that the depth of the “true” 3D

warm eddy reaches down to 1000m depth (Figures 7D, G). For

DASLA_W, the sea surface current is much weaker than that in

the “true” 3D warm eddy (Figure 7B), and the assimilation of

SLA can only adjust the current down to a depth of about 300m

beneath the sea surface through the B-matrix and dynamical

constrains in the 3DVAR system (Figures 7E, H). For

ED_BOG_W, the vertical structure of predicted eddy in

terms of current field ((Figures 7C, F, I) and temperature

field is very close to the “true” 3D warm eddy (Figures 7J, K,

L). The results from the experiments for 3D cold eddy are

similar (not shown).

The 30-day averaged prediction biases of eddy feature

variables for the warm and cold eddies are listed in Tables 3

and 4, respectively. The implement of the VISTEMP

significantly reduces the biases of the track, ECSLA, RV,

SSEKE, amplitude and ROS of the predicted warm eddy, but

has little effect on biases of size, mu and mv. Similar results are

obtained for the experiment with a cold eddy (ED_BOG_C); in
Frontiers in Marine Science 08
addition, the bias of size is also reduced. Figures 8 and 9 show

the eddy tracks from “true” eddies and different experiments as

well as the time series of the prediction biases of eddy feature

variables for different experiments. The “true” warm (cold)

eddy moves southwestward (northwestward) under the

influences of background current and b-effect (Chelton et al.,

2011; Liu et al., 2012). The track predicted by DASLA_W

(DASLA_C) presents a significant southern (northern)

deviation, which is corrected by the VISTEMP scheme in

ED_BOG_W (ED_BOG_C) (Figures 8 and 9A, B). The eddy

size is underestimated (overestimated) in DASLA_W

(DASLA_C), while it is overestimated in ED_BOG_W

(Figure 8I) and well predicted in ED_BOG_C (Figure 9I).

Generally, the larger the eddy scale, the further poleward the

eddy moves due to the stronger b-effect (Chelton et al., 2011).

It is obvious that, while DASLA_W and DASLA_C

significantly underestimate the ECSLA, RV, SSEKE,

amplitude and ROS of the eddy, ED_BOG_W and

ED_BOG_C provide a much better prediction of the eddy

regarding to these feature variables (Figures 8/9E, F, G, H, J).

It should be aware that the VISTEMP is developed under

the assumption that the mesoscale eddies are upright in the
FIGURE 5

The flowchart of generation of “true” state and idealized prediction experiments.
TABLE 2 The design of idealized prediction experiment.

SettingExperiment Assimilation of SLA Eddy implantation J(z)

DASLA_W

DASLA_C

√

√

×

×

×

×

ED_BOG_W

ED_BOG_C

√

√

√

√

Calculated from “true” warm eddy

Calculated from “true” cold eddy

ED_BOG_W_2J √ √ Twice the J(z) in ED_BOG_W beneath the depth of 200m
The symbols "√" and "×" represent the application and absence of the corresponding items in the first line of the table, respectively.
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ocean. In the real ocean, the mesoscale eddies are not always

upright, and may have a “lean” in the most dynamic regions

(Poulsen et al., 2019). The decomposition that treats the

mesoscale eddies as an upright body is not perfect, from

which the constructed 3D eddy is only a proxy of the real

one. Therefore, the effect of the VISTEMP for lean eddies may

be limited. Actually, the predicted eddy using the VISTEMP

(Figures 8F, I) also shows a lean in vertical structure, suggesting

that the upright vertical structure of the implanted 3D eddy

could be adjusted to a leaning one that is close to the “true”

state with model integration.
The impact of the estimate biases of the
implanted 3D warm eddy vertical
structure on the mesoscale
eddy prediction

As shown in Figures 8A, B, the eddy track predicted by

ED_BOG_W_2J has larger errors after 15 days than that by

ED_BOG_W, which could be due to errors in the predicted

movement speed (Figures 8C, D). Regarding to the other feature

variables, including ECSLA, RV, SSEKE, amplitude, size, ROS,

ED_BOG_2J generally overestimates them compared

with ED_BOG_W. For instance, the absolute value of RV from

ED_BOG_2J, which is a key measurement for the strength of an

eddy, is much larger than that from ED_BOG_W, indicating a

stronger eddy predicted by ED_BOG_W _2J; moreover, the

absolute value of RV decreases with forecast time in both
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ED_BOG_W _2J and ED_BOG_W, suggesting that the eddy is

dissipated gradually (Figure 8F).

The results show that the key to a good performance in eddy

prediction by the VISTEMP is the accuracy of retrieving the

implanted 3D eddy from SLA, which mainly depends on the

accuracy of J(z) calculation. In the ideal experiment, the accuracy

can be guaranteed because the J(z) can be easily fitted to the

vertical structure of the “true” 3D eddy in the OSSEs by adjusting

the unknown parameters in the theoretical formulas. However,

the J(z) for eddies in the real ocean can only be obtained through

a composite analysis based on the historical satellite-derived SLA

and T/S profiles (e.g. Argo T/S profile), in which the accuracy of J

(z) may be somewhat reduced. Therefore, how to make the bias

in the J(z) calculation within an acceptable range is the key to the

successful application of the VISTEMP in the real mesoscale

eddy prediction.
Summary

In this study, a vortex-implanted initialization scheme for

the mesoscale eddy prediction (VISTEMP) is developed. With

VISTEMP, a 3D eddy is implanted into the model initial field by

replacing the original current field with the one derived from

SLA, generating a new initial field that provides a more accurate

description of mesoscale eddy for prediction. A set of OSSEs

based on the idealized model setting are conducted to evaluate

the effect of the VISTEMP on the prediction of mesoscale eddies.

The results show that the application of the VISTEMP improves
FIGURE 6

The vertical structure function J(z) of potential density of the implanted 3D eddy.
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FIGURE 7

The (A–C) sea surface current, eddy center-crossed section of (D–F) u, (G–I) v component of current and (J–L) temperature on 10th prediction
day from (A, D, G, J) “true” 3D warm eddy, (B, E, H, K) DASLA_W and (C, F, I, L) ED_BOG_W of the idealized experiment, in which the color and
arrows in (A–C) represent the current speed and direction, respectively.
TABLE 3 The 30-day mean prediction error of the eddy feature variables from experiment DASLA_W, ED_BOG_W and ED_BOG_2J.

Experiment DASLA_W ED_BOG_W ED_BOG_W_2J

track(km) 20.18 8.25 17.39

ECSLA(m) 0.04 0.02 0.05

RV(10-6s-1) 4.53 1.24 4.74

SSEKE(108m4s-2) 1.71 1.34 5.67

amplitude(m) 0.02 0.01 0.04

size(km) 4.92 4.96 10.60

ROS(ms-1) 0.12 0.04 0.17

mu(ms-1) 0.03 0.03 0.03

mv(ms-1) 0.02 0.02 0.02
Frontiers in Marine Science
 10
The metrics in the table include track, eddy center SLA (ECSLA), 0-500m averaged relative vorticity (RV), sea surface eddy kinetic energy (SSEKE), amplitude, rotation speed (ROS), size,
and zonal/meridional moving speeds (mu and mv).
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TABLE 4 The same as Table 3 except for the DASLA_C and ED_BOG_C.

Experiment DASLA_C ED_BOG_C

track(km) 16.95 12.84

ECSLA(m) 0.06 0.04

RV(10-6s-1) 5.23 2.19

SSEKE(108m4s-2) 6.01 1.56

amplitude(m) 0.04 0.01

size(km) 5.31 2.80

ROS(ms-1) 0.21 0.07

mu(ms-1) 0.02 0.02

mv(ms-1) 0.04 0.02
Frontiers in Marine Science
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FIGURE 8

The (A) track, time series of (B) track prediction error, (C) mu, (D) mv, (E) strength, (F) RV, (G) SSEKE, (H) amplitude, (I) scale and (J) ROS of
predicted eddy from “true” warm eddy, DASLA_W, ED_BOG_W and ED_BOG_2J during the prediction period.
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the prediction for mesoscale eddies in terms of track, ECSLA,

vertical structure and so on, as compared to the experiment that

only assimilates SLA. The results of OSSEs also indicate that the

improvement of eddy prediction is largely influenced by the

estimate biases of the vertical structure in the construction of the

3D eddy.

This study provides an innovative method for the mesoscale

eddies’ prediction, which could have great potential application in

operational services of the marine environments. However, more

experiments and analysis need to be carried out before the practical

application, such as the OSSEs for real simulation and the

application in real hindcast. This will be our work in the future.
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Appendix

1) The definition of mesoscale eddies’ feature variables.

The feature variables of mesoscale eddies in this study are

defined as below. a) Track: themoving track of the eddy represented

by the longitude and latitude of an eddy center; b) Radius (km): The

radius of a circle with equal area surrounded by the edge of an eddy;

c) Rotation speed (ms-1): The maximum of the averaged speed

along each closed streamline of an eddy (Chelton et al., 2011); d) Sea

surface eddy kinetic energy (m4s-2): sea surface eddy kinetic energy

of the mesoscale eddy SSEKE, which is represented as

SSEKE =
S* u2 + v2
� �

2
(1)

In which S is the area of the mesoscale eddy at sea surface; e)

Amplitude (m): The height difference between the eddy center and

the averaged SSH along the eddy edge (Chelton et al., 2011); f) Size

(km): The mean distance between the eddy center and the streamline

where the rotation speed located (Chelton et al., 2011); g) Relative

vorticity (s-1): sea surface relative vorticity W, which is represented as

W =
∂ v,

∂ x
−
∂ u,

∂ y
(2)

2) The detection of mesoscale eddies.

The detection method of mesoscale eddies used in this

study is the Okubo-Weiss (OW, Chelton et al., 2007) method.

The OW method define the area where the parameter W less
Frontiers in Marine Science 15
than 2e×10-12s-2 as the area of the eddy (Chaigneau et al.,

2011), in which the parameter W is defined as (2006; Isern-

Fontanet et al., 2003):

W = 4 u2x + vxuy
� �

(3)

Several thresholds are defined for the eddy detection: The

maximum and minimum radiuses of an eddy is 400km and

30km, respectively. The minimum amplitude is 0.02m and the

minimum life period is 7 days.

The eddy should be numbered after detection. Penven

(2006) proposes a dimensionless parameter that represents the

similarity of eddies at different times. For two eddies e1, e2, the

similarity parameter is defined as

Xe1e2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL
L0

	 
2

+
DR
R0

	 
2

+
Dx
x0

	 
2

+
DZ
Z0

	 
2

+
DA
A0

	 
2
s

(4)
In which L0 , R0 , x0 , Z0 and A0 represent the feature

distance, feature radius, feature relative vorticity, feature

mean SSH and feature amplitude, which are set to 15km,

100km, 10-5s-1, 0.1m and 0.1m, respectively. D represents the

difference of feature variable between e1, e2. There are two

rules in the determination of the eddy number: a) The two

eddies with the minimum Xe1e2 are detected as the same eddy

at different time; b) The moving speed of the eddy e1/e2 in a)

should not beyond 0.3ms-1.
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