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Abstract: Oceanic datasets derived from satellite altimeters are of great significance to physical
oceanography and ocean dynamics research and the protection of marine environmental resources.
Ageostrophic velocity induced by centrifugal force is not considered in altimeter products. This
study introduces an iterative method to perform cyclogeostrophic corrections of mesoscale eddies’
surface velocities derived from satellite altimeters. The corrected eddy velocity field and geostrophic
velocity field were compared by combining eddy detection and mathematical statistics methods. The
results show that eddies with small curvature radii, high roundness, or Rossby number larger than 0.1
illustrate that cyclogeostrophic correction is required. The cyclogeostrophic velocity is greater (less)
than the geostrophic velocity in anticyclonic (cyclonic) eddies. Additionally, the iterative method is
applied to cyclogeostrophic-corrected multi-year (1998-2012) Kuroshio surface velocities. The effect
of cyclogeostrophic correction is significant for the Kuroshio Extension region, where the maximum
relative difference of velocities with and without correction is about 10% and the eddy kinetic energy
is 20%.

Keywords: satellite altimeter; geostrophic current; eddy; cyclogeostrophic balance; Kuroshio Exten-
sion

1. Introduction

Satellite altimeters are important marine microwave remote sensors where measured
data can be applied to physical oceanography, marine dynamics, marine climates and
environments, and sea ice monitoring. For example, the distribution characteristics of
regional- and global-scale surface current fields [1], the variation characteristics of mesoscale
ocean circulation [2,3] and western boundary currents (such as the Kuroshio and the Gulf
Stream) [4,5], the dynamic fluctuation of the sea surface [6], the ocean tidal wave system [7],
the propagation of sea surface gravity waves [8], and the role of ocean dynamic phenom-
ena in global climate change and El Nifio-Southern Oscillation [9]. Based on the linear
relationship between the sea surface pressure gradient force and the sea surface current
field, quasi-steady sea surface velocities are derived from altimeters without considering
the effect of the sea surface wind stress [10-15]. However, the classical geostrophic balance
theory ignores the centrifugal force acting on the actual current when it moves along a
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curved path, which results in biases in the sea surface velocity derived from altimeters un-
der the geostrophic balance assumption [16-20]. This bias is different from the ageostrophic
velocity component caused by the sea surface wind stress, and it is mainly caused by the
nonlinear term induced by the local curvature of the streamline.

Douglas and Richman [20] compared the azimuthal velocities of some intense mesoscale
eddies in the Gulf Stream using altimeter and numerical model data. They proposed that a
more complete statistical description, including nonlinear terms, can be obtained from obser-
vation data by properly considering the dynamics of eddies. Uchida et al. [16] corrected the sea
surface velocity derived from satellite altimeters by taking into account the ageostrophic com-
ponent caused by the curvature of the Kuroshio. The curvature effect of streamlines corrects
the geostrophic balance between the pressure gradient force and Coriolis force to the balance
between pressure, Coriolis and centrifugal forces (Figure 1). This balanced state is called
“cyclogeostrophic balance,” and the current under this balance is called a “cyclogeostrophic
current” [21]. A cyclogeostrophic current is a kind of approximate geostrophic current, which
is the correction of centrifugal acceleration to the current along the curved streamline. This
correction is very important in strong eddies and eddies with Rossby numbers (Ro) close
to 1. Small Ro numbers indicate that the motion is significantly affected by Coriolis force,
while large Ro numbers indicate that the motion is dominated by inertial force (centrifugal
force) [11].
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Figure 1. The force diagram of a cyclonic eddy (CE) and an anticyclonic eddy (ACE) under
geostrophic and cyclogeostrophic conditions.

With the development of the new generation of high-resolution marine remote sens-
ing satellites, ocean current curvature-induced biases can no longer be ignored. Penven
et al. [19] corrected the geostrophic velocity derived from the altimeter and accurately
evaluated the current field, especially the azimuth velocity of the anticyclonic eddies in the
Mozambique Strait. Ioannou et al. [22] cyclostrophically corrected the surface geostrophic
velocity derived from altimeters for eddies with strong ageostrophic components in the
Mediterranean Sea. While several studies focused on the correction of mesoscale eddies
surface velocity derived from altimeters, little is known about the correction methods and
dynamic characteristics of eddies with different shapes and sizes as well as meanders.

In this paper, based on satellite altimeter data, the surface velocities of mesoscale
eddies and Kuroshio are cyclogeostrophically corrected by an iterative method, and the
dynamic characteristics of the cyclogeostrophic current field are discussed. Section 2
provides a description of the materials and methods used in this study. The main results
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are given in Section 3. The influence mechanism of cyclogeostrophic correction is discussed
in Section 4, and the summary is presented in Section 5.

2. Data and Methods
2.1. Satellite Altimeter Data

This study uses the gridded-merged sea surface height (SSH) satellite altimeter data
provided by Validation and Interpolation of Satellite Oceanographic (AVISO). AVISO
altimetry gridded data are produced by merging multi-satellite altimeters (European remote
sensing satellite, TOPEX/Poseidon, Jason-1, Jason-2, Cryosat2, SARAL/ALLtiKa, and HY-2)
and the data unification and altimeter combination system (DUACS) [23]. The geostrophic
velocities used in this study are derived from the absolute dynamical topography provided
by AVISO.

The daily AVISO/DUACS DT2018 data have a spatial resolution of 1/4° and extend
from January 1998 to December 2012. The mesoscale errors of the DT2018 data are estimated
using independent and in situ measurements. Due to the influence of various disturbances
(e.g., atmosphere and instruments) on the altimeter, DT2018 adopts dynamic atmospheric
correction (DAC) and ocean tide correction. Additionally, DT2018 uses new altimetry
standards and geophysical corrections, improves data selection, and applies optimum
interpolation (OI) parameters for global and regional map generation. Compared with the
previous version, the geostrophic currents error of DT2018 has been reduced by about 5%
globally [23].

2.2. Methods
2.2.1. Skewness
Skewness is a measure of the degree of asymmetry of statistical data distribution

relative to the mean [24]. For a sample of n values, the skewness (sk) is calculated as
follows:

_ (-’
sk = ) (2
s= /sl - %) , )
= sk = ”Z(xi*f)s

(n-1)(n-2) (4 E(x—2?)

where s is the standard deviation of the data, X is the mean of the data, and x; is the
i-th of the data sample. Skewness is defined by using the third moment. For a group of
asymmetric data, a positive (sk > 0) means that the data with smaller relative average values
are relatively centralized, while a negative (sk < 0) means that the data with larger relative
average values are relatively centralized. The skewness of normal distribution sk = 0.

2.2.2. Iterative Algorithm

Many nonlinear equations of ocean dynamics cannot be solved analytically. In most
cases, the approximate solution of nonlinear equations can only be obtained by numerical
calculations. An iterative algorithm is a common method in numerical analysis. The
iterative algorithm uses an initial value to generate a sequence of improving approximate
solutions for a class of problems in which the n-th solution is the best approximation of the
solution [25-27]. Iteration can be divided into precise iteration and approximate iteration.
The most common methods, the Newton iteration method [28] and bisection method [29],
are approximate iteration methods. The iterative method consists of three steps:

e  Determine the initial value;
e  Derive the iteration equation;
e  Determine the conditions for the termination of the iterative sequence.

The iterative method is a process of taking a limit, which requires multiple iterations.
Only convergent iterations have practical significance. For multivariate nonlinear equations
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(e.g., vectors and matrices), the concept of the norm can be introduced to judge whether
the iterative method converges. The norm can be estimated as follows:

Hi—?H= Vi —x)+ - wn), @)

- —
where X(x1,y1) and Y (xp,12) are two vectors. Common criteria for stopping the it-

eration are (a) when the change of the independent variable is sufficiently small, i.e.,

= (k1) = (k) . . .
|| x — x || < & (eis asmall value) and (b) when the function value drops sufficiently.
geostrophic current:

Penven et al. [19] used an iterative method to solve the equation of sea surface cyclo-

L)} (o) _sm)
u -—x(u -vu = U,, 3)
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where f = 2()sin ¢ is the Coriolis parameter, () is the angular frequency of the rotation of

— —
the Earth, ¢ is the latitude, k is the vertical unit vector, U is the velocity vector of sea surface

—
horizontal current, Uy is the velocity vector of the sea surface geostrophic current, and n
is the number of iteration steps. The norm calculation equation of the iterative algorithm
[Equation (3)] is as follows:

10 62 0%) — U (o)) = /2 — P 4 (22— o)), @

where u is the zonal velocity and v is the meridional velocity. This iterative algorithm may
diverge after a few steps [19]. According to Penven et al. [19] and Ioannou et al. [22], for
intense mesoscale eddies, the iteration occurs for each grid point, and the criterion for
stopping iteration is when ¢ is 0.01.

For meanders, in order to determine the convergence scheme of the iterative algorithm,
this study tests the velocity of a curved section of meander located in the Kuroshio derived
by satellite altimeter on 12 August 1998. First, the local norm ¢ is set as 0.01 and calculated
on the central grid point and the eight nearest grid points. Second, the velocities in
the curved jet section, which are located on the grid point with longitude 145.375°E and
latitudes 32.125°N to 35.875°N (blue dotted line in Figure 2) are corrected using the iterative
algorithm. The maximum and minimum velocity of grid points selected for testing is 1.2
and 0.1 m/s, respectively. The convergence is slower after five steps [22]. When the initial
geostrophic speed is large, the scheme converges quickly after four iterations, as shown in
Figure 3. Figure 3a shows that the norm value of the tested points with large velocity is
generally less than 0.01 after the third iteration, the norm value of the points with small
velocity is less than 0.01 after the first iteration, and the norm value of some points is less
than 0.01 in the first iteration. Comparing the geostrophic velocity with the velocity after
each iteration (Figure 3b), it is found that the cyclogeostrophic correction of the velocity at
grid points with large velocity or large curvature is significant, and the cyclogeostrophic
velocity is greater than the geostrophic velocity. Combined with the variation characteristics
of velocity and norm, the grid resolution of the altimeter merged datais 1/4° x 1/4°. To
ensure the accuracy of the correction, the judgment condition of convergence is determined
as stop iterative calculation when the local norm value is less than 0.01 or starts to increase.
In addition, it should be noted that for grid points with small geostrophic velocities, the
number of iteration steps is only one.
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Figure 2. Velocities of a curved path derived from altimeters in the Kuroshio Extension region on 12

August 1998. Velocity vectors along the blue dashed line are tested by the convergence scheme of the
iterative algorithm.
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Figure 3. Results of the iterative algorithm applied to the test of a curved path of the Kuroshio
Extension region where (a) is the change of the norm along the blue dashed line in Figure 2 (norm

value = 0.01), and (b) is the current velocity obtained by each iteration along the blue dashed line in
Figure 2; unit: m/s.
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In order to evaluate the effects of the cyclogeostrophic correction, the relative difference
of average velocity () can be defined as:

a0 = (X' Statany) % [(Vi = Vi) / V] X 100%) /XS 1t o (5)

where V; is the cyclogeostrophic velocity, Ve is the geostrophic velocity, and Sy joni) is the
grid area.

2.2.3. Eddy Automated Detection Algorithm

Eddies can be defined as a region where the velocity vector rotates clockwise or anti-
clockwise around a central point. Automated eddy detection technology can be classified
by those that use either Eulerian or Lagrangian data. Based on the Eulerian method, eddies
can be detected by two- or three-dimensional field images (snapshot data at a certain time).
In contrast, the Lagrangian method can be used to identify eddies by tracking particles.
In this study, a Eulerian eddy-detection algorithm is used to identify eddies [30]. The
algorithm has been successfully applied to eddy detection in the global oceans [31]. The
algorithm is as follows. The center of the eddy is determined by the geometry of the velocity
vector through four limiting conditions [32-34]:

1.  In the east-west direction along the eddy center, the v component of velocity has
opposite signs on both sides of the eddy center, which gradually increases away from
the center point;

2. In the north-south direction along the eddy center, the 1" component of velocity has

opposite signs on both sides of the eddy center, which gradually increases away from

the center point;

In the local region of the eddy center, the velocity is the minimum;

4. Around the eddy center, the rotation of the eddy velocity vector is consistent. The
direction of two neighboring velocity vectors must be in the same or two neighboring
quadrants.

w

Here " and v’ are the surface velocity anomalies of zonal and meridional currents. The
minimum velocity detected by the first three limiting conditions is not necessarily related
to the eddy structure and cannot be directly defined as the eddy center. Therefore, the
fourth limiting condition must be introduced to prevent false detection. The fourth limiting
condition can successfully distinguish the local velocity minima related to eddies and avoid
excessive detection of eddies. The grid point satisfied by the above four conditions is
identified as the eddy center. Once the eddy center is determined, the boundaries of each
eddy can be calculated. The eddy boundary is defined by the contour of stream function.
The eddy velocity field is weak divergence, and the velocity vector is tangent to the stream
function contour. With the increase of the tangential velocity, the tangential velocity reduces
at the eddy boundary. Therefore, the boundary of the eddy is defined as the outermost
closed contour around the center point.

2.2.4. Rossby Number
The eddy Rossby number, which is related to the maximum eddy radius (Ry;ax) and

velocity (Viuax), is calculated by:

Vmax
Ro = 6
0 FRuar” (6)

The normalized relative eddy vorticity used to characterize the motion state of the
eddy can be estimated as follows:

/ !
ch:av /ax;au /Yy ~ Ro, @

where ( is the relative vorticity.
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The cyclogeostrophic Rossby number (CRo) is given by [21]:
2
CRo =~ ®
1o

where 1y is the radius of curvature. If the current moves along a straight path (i.e., 7y tends
to infinity), then CRo tends to 0 (v = vy). If CRo # 0 (v # vg), then the current flow path
must be curved. For different latitudes, speeds, and shapes of currents, the sensitivity
of ry to the dynamic process of cyclogeostrophic current is different. Assuming that the
radius of curvature is the same (ry = R, where R is a constant), the CRo is related to the
cyclogeostrophic velocity and the Coriolis parameter.

2.2.5. Eddy Kinetic Energy

Eddy kinetic energy (EKE) is a very important energy in the ocean which can be
calculated by the geostrophic current velocity estimated using altimeters. EKE can be

estimated by:

EKE = % x ()2 + (@)%, )

The relative difference in EKE (a,,) is
Aoke = [(EKEl- — EKEg) /EKEg] x 100%, (10)

where EKE; and EKE, are the eddy kinetic energy of the cyclogeostrophic and geostrophic
eddies, respectively.

3. Results

This section mainly uses the iterative algorithm to correct the geostrophic current
derived from altimeter data. The differences of the kinematic characteristics between
the cyclogeostrophic and geostrophic current in eddies are investigated in Section 3.1.
The differences between the cyclogeostrophic current and the geostrophic current in the
Kuroshio Extension region are statistically analyzed in Section 3.2.

3.1. Cyclogeostrophic Corrected Surface Velocities of Eddy

Eddies are among the most common dynamic processes in global ocean circulation.
According to their rotational characteristics, they can be divided into cyclonic and anti-
cyclonic eddies. Due to their different rotation directions, their kinematics and dynamics
characteristics are also different. Therefore, it is necessary to discuss the cyclonic eddy
and anticyclonic eddy separately when studying the influence of the cyclogeostrophic
correction. In order to quantitatively analyze the influence of cyclogeostrophic correction
on the difference in eddy kinematics, ten eddies were randomly selected: five cyclonic and
five anticyclonic eddies. Table 1 displays the maximum geostrophic velocity (ngax), the
maximum cyclogeostrophic velocity (V;,y), the geostrophic vortex Rossby number (Rog),
the cyclogeostrophic vortex Rossby number (Ro;), and a,.

The five cyclonic eddies are located in mid-latitudes. In Case 1, the cyclonic eddy
intensity is the largest: Vgpay reaches 1.36 m/s, Rog is 0.3, the maximum velocity is 1.11
m/s after cyclogeostrophic correction, Ro; is 0.25, and the difference ratio of the weighted
average velocity of the eddy is —14.34%. The cyclogeostrophic correction of this eddy
is the most significant among the five cyclonic eddies. The velocity of the eddy is the
smallest in Case 2, and the Rog is only 0.08, the a; is only —7.90%, which is the smallest
correction effect among the ten cases. The result shows that the smaller the Roy is, the
weaker the influence of centrifugal force on the eddy. As a result, the difference between the
geostrophic and circyclogeostrophic velocity of this eddy is small. Comparing a cyclonic
eddy (Case 2) with an anticyclonic eddy (Case 8), it is found that when the Ro, is the
same, the correction of the anticyclonic eddy is more important than that of the cyclonic
eddy. The anticyclonic eddy of Case 10 is located in the low latitude seas, where the
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Coriolis parameter is relatively small, and Vg is also small (0.41 m/s). However, its Rog
is 0.23, and the g, is 17.22%. The cyclogeostrophic correction is important for this eddy.
A comprehensive analysis of the parameters of the ten eddies shows that the larger the
Rog, the greater the absolute value of a,, and the more important the cyclogeostrophic
correction. In summary, the cyclogeostrophic correction is significant for eddies with Rog
greater than 0.1 [22]. The cyclogeostrophic velocities of the cyclonic eddies are lower than
the geostrophic velocities, and the cyclogeostrophic velocities of the anticyclonic eddies are
higher than the geostrophic velocities.

Table 1. Comparison of the cyclogeostrophic and geostrophic currents of ten eddies in the Northern
Hemisphere on 12 August 1998.

Case Type Vemax (m/s) Vimax (m/s) Lat (°N) Rog Ro; ay (%)
Case 1 CE! 1.36 1.11 30-31 0.30 0.25 —14.34
Case 2 CE 1.13 1.08 32-34 0.08 0.07 —7.90
Case 3 CE 1.24 1.20 35-36 0.23 0.22 —11.95
Case 4 CE 1.17 1.06 34-35 0.18 0.17 —10.31
Case 5 CE 1.33 1.19 36-37 0.21 0.19 —11.09
Case 6 ACE?2 1.05 1.14 36-38 0.12 0.13 8.69
Case 7 ACE 1.25 1.36 3941 0.07 0.08 8.81
Case 8 ACE 0.85 0.86 4042 0.08 0.09 8.92
Case 9 ACE 0.14 0.16 7-8 0.11 0.12 8.94
Case 10 ACE 0.41 0.52 8-9 0.23 0.29 17.22

1 Cyclonic eddy (CE). 2 Anticyclonic eddy (ACE).

In order to more specifically analyze the difference in the kinematic and dynamic
characteristics of the eddies under geostrophic balance and cyclogeostrophic balance, this
paper analyzes the spatial distribution characteristics of the velocity, eddy kinetic energy,
and relative vorticity of an isolated cyclonic and anticyclonic eddy. Figure 4 shows a
cyclonic eddy in the Southern Hemisphere. Comparing the cyclogeostrophic velocity
with the initial geostrophic velocity, it is found that the geostrophic velocity of a cyclonic
eddy is greater than the cyclogeostrophic velocity, with a maximum difference ratio of
30% (Figure 4a). For a region with large streamline curvature, the difference between the
cyclogeostrophic and the geostrophic current directions are large. In addition, the spatial
distribution characteristics of the percentage difference of EKE of the two current fields
are shown in Figure 4b. The results show that the EKE under geostrophic equilibrium
overestimates the actual EKE, and the maximum a,, can reach 40%, which is consistent with
the conclusions of Maximenko and Niiler [35]. The eddy detection method is used to detect
the initial geostrophic and cyclogeostrophic current fields. It is found that the position of
the corrected eddy center has not changed, but the boundary shape of the cyclonic eddy is
slightly different. The corrected eddy boundary is smaller than the boundary of the initial
geostrophic eddy. The Rossby number quantifies the relative importance of centrifugal
force and Coriolis force. In order to study the influence of centrifugal force on the eddy,
the normalized relative vorticity (Figure 4c) of the eddy is more suitable for studying the
importance of centrifugal force in a regional current field. The normalized relative vorticity
of the cyclonic eddy under geostrophic balance reaches 0.6 at the eddy center, indicating
that the centrifugal force compared with the Coriolis force on the eddy is not negligible.
Figure 4d shows the relative vorticity of the cyclogeostrophic current, which is weaker than
the initial geostrophic current, and its polarity has not changed.
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Figure 4. Cyclogeostrophic correction of an isolated cyclonic eddy in the southern hemisphere on
1 February 2003. (a) Spatial comparison of corrected velocity and initial geostrophic velocity. The
black vectors represent the initial geostrophic current, the red vectors represent the cyclogeostrophic
current, and the background color represents the relative difference of velocity. (b) The black dotted
circle and dot represent the cyclonic eddy boundary and center derived from the altimeter, the
red solid circle and plus sign represent the eddy boundary and center after the cyclogeostrophic
correction, and the background color represents the relative difference of the eddy kinetic energy. (c)
The black vector arrow represents the initial geostrophic current, and the background color represents
the normalized relative vorticity (Ro) of the initial geostrophic current. (d) The red vectors represent
the cyclogeostrophic current, and the background color represents the normalized relative vorticity
(Ro) of the cyclogeostrophic current.

The thermodynamic, kinematic, and dynamic characteristics of anticyclone eddies in
the ocean are significantly different from those of cyclonic eddies. Therefore, this study
selected an anticyclone eddy in the northern hemisphere for discussion. Calculating
the percentage difference between the corrected cyclogeostrophic velocity and the initial
geostrophic velocity (Figure 5a) shows that the velocity based on the altimeter underesti-
mates the actual eddy velocity. The difference in corrected eddy velocity is about 50%, and
the direction of current changes significantly at the grids near the eddy center. Figure 5b
shows the relative difference in EKE. It is found that the difference of EKE is obvious,
and the maximum a., exceeds 85%. The boundary of the cyclogeostrophic eddy is larger
than the initial geostrophic eddy detected by the eddy detection method. The geostrophic
relative vorticity at the eddy center is 0.4 (Figure 5c), and the cyclogeostrophic relative
vorticity increases to 0.6 (Figure 5d).
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Figure 5. Cyclogeostrophic correction of an anticyclonic eddy in the northern hemisphere on 29 July
2011. (a) Spatial comparison of corrected velocity and initial geostrophic velocity. The black vectors
represent the initial geostrophic current, the blue vectors represent the cyclogeostrophic current. (b)
The black dotted circle and dot represent the anticyclonic eddy boundary and center derived from
the altimeter, and the blue solid circle and plus sign represent the anticyclonic eddy boundary and
center following the cyclogeostrophic correction, while the background color represents the relative
difference of the eddy kinetic energy. (c) The black vector arrow represents the initial geostrophic
current, and the background color represents the normalized relative vorticity (Ro) of the initial
geostrophic current. (d) The blue vectors represent the cyclogeostrophic current, and the background
color represents the normalized relative vorticity (Ro) of the cyclogeostrophic current.

According to the difference analysis of the kinematic characteristics of the above two
eddies, the correction has a certain impact on the shape of the eddy. Eight eddies with
different shapes were randomly selected (four cyclones and four anticyclones), as shown
in Figure 6. For the elliptical eddy, the effect of cyclogeostrophic correction on the eddy
boundary was not significant (Figure 6b—d,f). For the eddy with high roundness, the
cyclogeostrophic correction had a significant effect on the eddy boundary (Figure 6a,e,g).

Comparing the distribution characteristics before and after the cyclogeostrophic cor-
rection shows that the cyclogeostrophic correction had a significant impact on the eddy
dynamic process, especially for the eddy whose Rog was greater than 0.1 and EKE difference
was large. Second, the effect of the correction on the anticyclonic eddy was greater than
that on the cyclonic eddy. In addition, the shape of the eddy with high roundness was
noticeably changed by the corrections.
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Figure 6. Comparison of the effect of cyclogeostrophic corrections on (a—d) cyclonic eddies and
(e-h) anticyclonic eddies. The arrows in the figure are the zonal the meridional velocity anomaly
components along the eddy radius. The circle is the eddy boundary (black represents the initial
geostrophic current field, blue represents the cyclogeostrophic cyclonic eddy, and red represents the
cyclogeostrophic anticyclonic eddy), and the background color is the cyclogeostrophic normalized
relative vorticity.

3.2. Cyclogeostrophic Corrected Surface Velocities of Kuroshio Extension

Western boundary currents are warm, deep, narrow ocean currents and jets formed on
the western side of a given ocean basin and continental slope due to western intensification.
They transport warm water from the tropics to the poles. Relevant to the current study, the
Kuroshio in the Pacific Ocean originates in the southeast of the Philippines coast, flowing
northward along the east coast of Taiwan Island and the continental slope in the East China
Sea [36]. Many studies compared the surface velocity from satellite altimeter and drift
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buoy data in the Kuroshio current and found that there were differences between the two
observational platforms [16,18,37,38]. The non-geostrophic velocity component caused by
sea surface wind stress is one of the reasons for the difference [18]. The Kuroshio has a large
meandering structure free from topographic constraints, and the two sides of the main axis
are full of curved currents of various scales [39-41]. By distinguishing the non-geostrophic
velocity caused by surface wind stress, Uchida et al. [16] pointed out that the curvature
of the Kuroshio increased the small non-geostrophic velocity component and improved
the surface velocity calculated by satellite altimetry (TOPEX/POSEIDON). Therefore, it
is of great scientific significance to study the cyclogeostrophic velocities of the Kuroshio.
The iterative algorithm in Section 2.2.2 is applied to the Kuroshio Current system based on
altimeter data gridded at 1/4° resolution from 1998-2012.

Figure 7 analyzes the distribution characteristics of the cyclogeostrophic velocities and
the spatial difference between the cyclogeostrophic and the initial geostrophic velocities
in the Kuroshio Current system. The large multi-year average cyclogeostrophic velocities
are distributed in the Kuroshio Extension region (Figure 7a). Figure 7b shows the spatial
difference between the multi-year average velocity of the cyclogeostrophic current and
the geostrophic current. It was found that cases in which the cyclogeostrophic velocity
was less disturbed than the geostrophic velocity were mostly distributed in the south
of the Kuroshio Extension path, and cases in which the cyclogeostrophic velocity was
greater than the geostrophic velocity were mostly distributed in the north of the Kuroshio
Extension path. The maximum relative difference is 10%. Additionally, for grid points with
small geostrophic velocities, there are differences between the cyclogeostrophic and the
geostrophic velocities with a relative difference of about 2%.
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Figure 7. (a) Cyclogeostrophic average eddy velocity (m/s) and (b) relative difference between the
multi-year (1998-2012) average velocity of the cyclogeostrophic current and the geostrophic current

in the Kuroshio Extension region.

According to the EKE statistical analysis, the maximum cyclogeostrophic average EKE
is above 1500 cm?/s? in the Kuroshio Extension region (Figure 8a). For the quantitative
analysis of the difference between the cyclogeostrophic and the geostrophic average EKE,
the spatial difference characteristics are shown in Figure 8b. The spatial characteristics of
the EKE difference are similar to those of the velocity difference. The positive difference
is distributed north of the Kuroshio Extension path, and the negative difference is to the
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south. The relative difference in EKE is much greater than that of velocity, with a maximum
relative difference of about 20%. The relative difference for grid points with small velocity
is about 5%.
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Figure 8. (a) Cyclogeostrophic average eddy kinetic energy and (b) relative difference between the
multi-year (1998-2012) averages of the eddy kinetic energy of the cyclogeostrophic current and the

geostrophic current in the Kuroshio Extension region.

By correcting the Kuroshio Current velocities derived from altimeters, the difference
between the corrected and geostrophic current fields can be analyzed. The results show that
the correction has a significant impact on the change in EKE. The difference between the cy-
clogeostrophic current and the initial surface current derived from altimeters on both sides
of the Kuroshio main axis is bipolar. Figure 9 shows the skewness distribution (1998-2012)
of the sea surface height anomaly (SSHA) in the Kuroshio Extension region. The spatial
pattern resembles the difference of velocity and EKE between cyclogeostrophic current
and initial surface current, in which the positive SSHA are more probable than negative
ones north of the Kuroshio Extension axis and the negative SSHA are more probable than
positive ones south of the Kuroshio Extension axis. The dynamic structure of ocean eddies
and jets may be the reason for the skewness distribution of SSHA [35]. The movement of
an eddy causes local convergence and divergence of sea water. Ji et al. [32] pointed out
that in the Kuroshio Extension, eddies are generated by the unstable meandering path.
According to this eddy generation mechanism, more cyclonic (anticyclonic) eddies with
long lifespans are in the south (north) of 35°N. The cyclonic eddy presents a negative SSHA,
in which the central sea surface height is lower than the surrounding region. The SSHA of
the anticyclonic eddy is positive, meaning that its center is higher than the surrounding
region [42].
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Figure 9. Spatial distribution of the skewness of the probability density distribution of SSHA (1998-
2012) in the Kuroshio Extension region.

4. Discussion

The effects of centrifugal forces are important in curved currents [19,21]. The correction
of geostrophic currents derived from altimeters is of great significance. Thus, mesoscale
currents at the sea surface need to be further evaluated. A discussion of the influence
mechanism of cyclogeostrophic correction can deepen our understanding of mesoscale
eddies’ and meanders’ dynamics.

4.1. Interpretation of the Cyclogeostrophic Rossby Number

Eleven eddies were selected to evaluate the role of cyclogeostrophic Rossby number
based on Equation (8) (Figure 10). Detailed information on the eddies is listed in Table 2.
The curvature radius and velocity of eddy No. 6 in Figure 10a and eddy No. 8 in Figure 10b
are similar, but the Coriolis parameter of eddy No. 8 (located in low latitudes) is about 1.8
x 107> and that of eddy No. 6 is about 8 x 10~°. Notably, the CRo of No. 8 is greater than
that of eddy No. 6. The correction of eddy No. 8 has a significant impact on the relative
difference of velocity. In the mid-latitudes (with similar Coriolis parameters), cyclonic eddy
No. 6 and anticyclonic eddy No. 3 have similar radii, but the two eddies have different
velocities. The velocity of eddy No. 6 is larger than that of eddy No. 3, leading to different
cyclogeostrophic correction effects. Eddies No. 1 and No. 4 at the same latitude, the
curvature radius of eddy No. 1 is larger than No. 4, the correction of eddy No. 1 has more
significant impact on the relative difference of velocity. The Coriolis parameters are similar
for eddies No. 5, No. 6, and No. 7 at the same latitude, and the first two eddies have larger
velocities. Figure 10a shows that the effects of the cyclogeostrophic correction on the speed
of eddy No. 5 and No. 6 are significantly greater than that of No. 7. The same result is
also shown in the comparison between eddies No. 2 and No. 3. The maximum velocities
of eddy No. 5 and No. 6 are the same, but the curvature radius of eddy No. 5 is smaller
than that of eddy No. 6, such that the CRo of eddy No. 5 is larger, and the influence of the
cyclogeostrophic correction of eddy No. 5 on the relative difference of velocity is significant
(Figure 10a). Similarly, for eddies No. 9 and No. 10 at low latitude, the curvature radius of
eddy No. 9 is smaller than that of eddy No. 10, and the relative difference in velocity is
also significantly greater than that of eddy No. 10 (Figure 10b).
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Figure 10. Spatial distribution of the relative difference between the cyclogeostrophic and the
geostrophic velocities at different latitudes, different velocities, and different shapes, where (a) is the
mid-latitudes of the Pacific Ocean on 5 May 2009 and (b) is the low-latitudes of the Indian Ocean on
12 August 1998. The vectors represent the cyclogeostrophic velocities. The number represents the
eddy code used for the test.

Table 2. Information on the eleven selected eddies.

No. Vinax (m/s) fsD Radius (km)
1 1.2 89 x 107° 110
2 0.7 8.7 x 107° 125
3 1.0 8.6 x 107° 150
4 04 9.0 x 107° 50
5 1.4 7.9 x 1075 100
6 1.4 8.0 x 107° 150
7 0.8 8.0 x 107° 125
8 2.0 1.8 x 107> 300
9 0.6 12 x 107° 50
10 0.8 12 x 1075 75
11 04 1.6 x 107> 75

4.2. Vorticity Adjustment of Meander

According to the results in Figure 9 and the generation mechanism of eddies in the
Kuroshio Extension region, the difference in the cyclogeostrophic correction may be related
to the relative vorticity of the sea surface current. Neglecting the S-effect and the vertical
stretching and extrusion, the relative vorticity is conserved [43]:

Jov oJu JdV

where V = Vu? 4 92 is the velocity in the horizontal direction, and # is the coordinate
direction perpendicular to the meander path. In natural coordinates, the relationship
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between the relative vorticity and curvature of the current is reflected. In Equation (11),
%—‘rf is the shear contribution term, which is called “shear vorticity”. —«V is the vorticity
generated by turning off the current path, which is called “orbital vorticity”. « is the
meander path curvature (the positive values represent the clockwise rotation). In the
Northern Hemisphere, when the fluid turns to the right of the meander axis, the fluid
particles adopt a clockwise orbital vorticity of magnitude xV. Due to the conservation of
relative vorticity, it must be related to the shear vorticity % (Figure 11). The adjustment
of shear vorticity means that the fluid particle tends to move towards the meander path.
Specifically, the fluid particle has the maximum velocity upstream of the meander (main
axis), without shear and orbital vorticity. If the particle turns right in the meander, it
gains clockwise orbital vorticity, which must be compensated by a counterclockwise shear
vorticity of the same order. At the same time, the particle must be located on the left side of
the meander. The adjustment of orbital vorticity means that the movement of the meander
changes, or the fluid particle tends to leave the meander path. The fluid particle occupying
the main axis (with maximum velocity and no shear vorticity) is located on the right side
of the upstream of the meander, and its entire clockwise shear vorticity is converted into
an equivalent clockwise orbital vorticity [43]. It can be concluded that all of the fluid
particles tend to move to the left relative to the main axis at the right turn and to the right
relative to the main axis at the left turn. That is, fluid particles move in the direction of
centrifugal force in the meander. The vorticity adjustment required by the meander may
change the direction of rotation of the fluid particle at the edge of the main axis, resulting
in a mesoscale ring off the main axis.

orbital vorticity

ishearvorticity.‘ Vi
. i
N\

Meanders -

Figure 11. Schematic diagram of the shear vorticity and orbital vorticity of the meander.

As one can see from the above, the method proposed in the present study is aimed
to improve the accuracy in the extraction of velocity information from satellite altimetry
data, which is related to eddies and meanders resolved by the SSH data. The latter strongly
dependents on the quality of the interpolation of the along-track satellite altimetry data.

5. Conclusions

This study investigates the corrections of the sea surface velocity field of mesoscale
eddies and meanders derived from altimeters based on an iterative method. Iterative
experiments are carried out on various shapes of eddies and Kuroshio Current systems
in order to determine the iteration algorithm for geostrophic current observed by the
altimeters with a grid resolution of 1/4 x 1/4°. For mesoscale eddies, the convergence
condition is that the iteration is stopped when the local norm value is less than 0.01 or starts
to increase. For mesoscale curved currents, it should be noted that the number of iteration
steps for grid points with small geostrophic velocity is only one.

It is necessary to cyclogeostrophically correct the surface current field derived from
satellite altimeters. By analyzing the difference, it can be found that the altimeter data
overestimate and underestimate the EKEs of cyclonic and anticyclonic eddies, respectively.
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Cyclogeostrophic correction has a significant impact on the eddies with geostrophic Rossby
numbers greater than 0.1. Combined with the eddy detection method, it is found that the
correction significantly changes the shape of eddies with higher roundness. The statistical
analysis of the Kuroshio Extension current shows that the effect of the cyclogeostrophic
correction of the boundary zonal jet, which is not restricted by topography, is significant.
This is especially the case in the section with large curvature. Since there are many eddies
with long lives and large velocities on both sides of the path, the effect of cyclogeostrophic
correction is significant for the western boundary current. The correction difference of the
western boundary current is related to the change in its relative vorticity.

For currents of different latitudes, velocities and shapes, the significance of the cyclo-
geostrophic correction is mainly determined by CRo. The current flows along a straight line,
and the cyclogeostrophic velocity is equal to the geostrophic velocity. The current flows
along the curved streamline. When the radius of curvature is the same, the error between
the cyclogeostrophic velocity and the geostrophic velocity is related to f and v. When the
velocity is the same, the smaller the f, the larger the error. At the same latitude, the larger
the velocity, the larger the error. At the same velocity, the smaller the radius of curvature,
the larger the error.

The sea surface current derived from satellite altimeters with cyclogeostrophic correc-
tion can effectively promote the application of satellite altimeters in studying mesoscale
and small-scale ocean current dynamics. Although the cyclogeostrophic correction is very
important for AVISO altimeters of 1/4 grid resolution [19], it will become more essential
when the sub-mesoscale current is observed by higher-resolution altimeters. With the
development of remote sensing technology, the spatial resolution of satellite altimeter is
gradually improved, and the smaller-scale phenomena of the sea surface are gradually
revealed. Therefore, it is necessary to study the cyclogeostrophic correction.
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