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Abstract In this research, we normalized the character-
istics of ocean eddies by using satellite observation of the
Sea Level Anomaly (SLA) data to determine the most
typical shape of ocean eddies. This normalization is based
on modified analytic functions with nonlinear optimal
fitting. The most typical eddy is the Taylor vortex (~50%),
which exhibits a Gaussian-shaped exp(—7?) SLA and a
vorticity distribution of (1 —7?)exp(—#?) as a function of
the normalized radii ». The larger the amplitude of the
eddy, the more likely the eddy is to be Gaussian-shaped.
Furthermore, approximately 40% of ocean eddies are
combinations of two Gaussian eddies with different
parameters, but the composition of these types of eddies
is more like a quadratic eddy than a Gaussian one. Only a
small portion of oceanic eddies are pure quadratic eddies
(< 10%) with the same vorticity distribution as a Rankine
vortex. We concluded that the Taylor vortex is a good
approximation of the typical shape of ocean eddies.

Keywords sea level anomaly, ocean eddies, Taylor
vortex, typical shape

1 Introduction

Recent satellite observations have revealed that the world
ocean surfaces are mostly occupied by oceanic mesoscale
eddies (Chelton et al., 2007). As a dominant phenomenon
in the upper ocean, these mesoscale eddies play important
roles in ocean dynamics (Roemmich and Gilson, 2001;
Chelton et al., 2011a; Dong et al., 2014) as well as in ocean
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chlorophyll concentrations (Chelton et al., 2011b). A
fundamental problem is developing a method to determine
the parameters characteristic of ocean eddies. Knowledge
of such parameters is important for not only the description
ofthe ocean eddy shape (Chelton et al., 2011a), but also the
determination of the composition of the 3-dimensional
structures of eddies (Chaigneau et al., 2011; Dong et al.,
2012; Yang et al., 2013; Zhang et al., 2013) because the
composition method requires the shape parameters to be in
terms of the appropriate length scales. The composition of
the 3-dimensional structures of eddies is very useful for
both theoretical studies and model simulations (e.g., Early
et al., 2011).

To solve the above problem, the shapes of mesoscale
eddies in combined eddies were investigated by normal-
izing the Sea Level Anomaly (SLA) data within each eddy
by its amplitude 4, (negative for cyclones and positive for
anticyclones), and then normalizing the spatial coordinates
of each eddy by the vorticity-based length scale L of the
eddy (Chaigneau et al., 2011; Chelton et al., 2011b; Yang
et al, 2013; Zhang et al., 2013). Because both the
amplitude 4, and the length scale L are easily obtained
from the eddy identification data, we consider this a “direct
normalization method.”

Using these approaches, doubly normalized SLA
profiles were obtained with normalized amplitudes and
normalized radii (7), but the results are too diverse to rely
on. The normalized profiles (the mean and the mode)
generate a variety of shapes (Chelton et al., 2011a). The
mean profile is a Gaussian function exp(—7?) for 2 out of 3
of the eddy interiors (» < 2/3). In contrast, the mode profile
indicates a quadratic structure 1-7* within the eddy (» < 1).
A recent paper (Zhang et al., 2013) claimed that the
mesoscale eddies in the ocean exhibit a universal structure.
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Horizontally, the pressure anomaly profile is well
described by a function of the normalized radial distance
from the eddy center (1-#*/2)exp(-+*/2). How do we
reconcile these paradoxical results?

After revisiting the above-described normalization
method, we found that the parameters may be inaccurate
when using the direct identification method, and that two
shift parameters should be added to the normalizations.
The first shift parameter is the horizontal shift. In general,
the eddy center might not be located exactly at the grid
point, which implies that the choice of any point as the
eddy center might introduce some errors. As a result, the
calculated length scales might exhibit some errors. The
second shift parameter is the amplitude shift. The back-
ground flow might shift the SLA values (Early et al., 2011),
making it difficult to identify the exact amplitude.

The identified method may also affect the result. Chelton
et al. (2011a) used an SLA-based identification method in
which several closing eddies may be identified as a
multinuclear eddy. That is, the identified eddy described by
Chelton et al. (2011a) might be a mixture of different
eddies. Zhang et al. (2013) used a vorticity-based (Okubo—
Weiss parameter) method (Isern-Fontanet et al., 2003;
Chaigneau et al., 2008; Chelton et al., 2011a), which may
avoid the parameter-shift problem via differentiation, but
some other problems remain (Chelton et al., 2011a). For
example, the interiors of eddies defined by the closed
contours of the Okubo—Weiss parameter do not generally
coincide with the closed contours of the SLA (Chaigneau
et al., 2008; Chelton et al., 2011a).

The motivation for this study is to understand the
paradoxical results in determining the structure of ocean
eddies, and to find the main eddy types in the ocean. To this
end, we used two new procedures. First, we used a
mononuclear eddy identification method (Li et al., 2014) to
avoid the problem faced by Chelton et al. (2011a).
Moreover, it is difficult to directly determine the
parameters due to the various noises in the SLA data and
the coarse spatial resolution. Instead, we obtain the
parameters by a nonlinear optimal fitting approach. We
call this new method the “optimal normalization method.”

2 Data and methods
2.1 Data

The SLA data used here was from the merged and gridded
satellite product of MSLA (Maps of Sea Level Anomaly),
which is produced and distributed by AVISO (http:/www.
aviso.oceanobs.com/) based on TOPEX/Poseidon, Jason 1,
ERS-1, and ERS-2 data (Ducet et al., 2000). Currently, the
products are available on a daily-scale with a 0.25° x 0.25°
resolution in the global ocean. Those data were corrected
for all geophysical errors. In this work, the SLA data used

were from July 5th, 2006 to Jan 19th, 2011, corresponding
to a total of 1,660 days/maps of observations.

2.2 Method

The ocean eddies were identified by the SLA extremes and
a sufficient number of neighboring regions similar to those
of the previous method (Chelton et al., 2011a), except that
the amplitude of the eddy was required to be larger than 3
cm and subjected to a mononuclear eddy constraint (Li et
al., 2014). Compared with the smaller amplitude cut-off
values used in previous studies, the present values were as
large as the measurement error of the SLA data (Ponte et
al., 2007). Thus, fewer eddies may have been identified
than in the previous studies. On average, there were
approximately 3,200 eddies per map, over 5 million in total
(Li et al., 2014).

We sampled the profiles of the eddy shapes from the
horizontal section. The horizontal x axis is the horizontal
distance from the center, which is chosen at the largest
amplitude (SLA maximum or minimum). The north-south
profiles were abandoned because there is no anisotropy of
the eddy shape in the orthogonal east-west and north-south
cross sections (Chelton et al., 2011a). The vertical axis 4 is
the SLA of the corresponding point.

In this study, we used the “optimal normalization
method” to normalize the eddies. For the first step, we
used the analytical profiles to fit the observed profiles to
eliminate the observation errors. As we know, the center of
the eddy is not always located exactly at a pixel point, and
the background geostrophic flow might shift the SLA
height. For each eddy, the shape profile was taken from the
observed data pairs of the displaced position x from the
eddy extreme and its sea level anomaly height, 4.

2.3 Models

The equation for the sea level anomaly height 4 of the
analytical Gaussian type eddy is as follows:

(x—x0)2

h=de L& 4B (1)

where A and L. are the amplitude and the e-fold length
scale of the eddy, respectively. Compared to the previous
study, two parameters, x, and B, were added as the
horizontal (position) and vertical (amplitude) shifts,
respectively. The vorticity of the eddy in the geostrophic
approximation is

_ el (x—x0)* o xR /I
L2 L
where g and f are the gravity acceleration and rotation

parameters, respectively. The vorticity formula is the
Taylor vortex in classical fluid dynamics (Wu et al., 2006).
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Such a profile is also exactly the universal structure
obtained in Zhang et al. (2013). The only difference is that
Zhang et al. (2013) used the vorticity-based length scale
L = /2L, /2 in their studies, where L is the radius at which
the axial speed of an axisymmetric Gaussian eddy is
maximal, and hence the relative vorticity is zero (Chelton
et al. 2011a). Note that the vertical shift B vanishes in
Eq. (2). Similarly, the equation for the analytical quadratic
type eddy is as follows:

B 1 (x—x0)2
h_APE 5 ]+B. 3)

The vorticity of the quadratic type eddy is the Rankine
vortex in classical fluid dynamics (Wu et al., 2006).

For each profile, we used Eq. (1) or Eq. (3) to fit the data,
and we determined the eddy type based on which condition
passed the fitting examination. The smaller the residue is,
the better the model is. The parameters A, B, xy, and L,
were obtained from nonlinear fitting. If the eddy failed to
fit the data, we classified it as the rest type.

Next, we normalized the eddy shape (for each type of
eddy) by the following formula:

1B

h
! A

4)

Figure 1(a) shows a profile of an eddy and its best fit.
There is a notable shift and asymmetry, which may due to
the movement of the eddy or other influences. The
normalized profiles obtained by the direct method and by
the optimal method are depicted in Fig. 1(b). It is obvious
that the profile from the optimal method is very close to the
ideal Gaussian function.

Fitting

u] o Observation

L. 1 1 1 1 1 1
-100 =50
x/km
(a)

Front. Earth Sci. 2015, 9(2): 202-208

3 Results

3.1 Gaussian shape

First, there are many eddies of Gaussian type. Figure 2(a)
shows a profile of the typical Gaussian-type eddy. It is clear
that the eddy shape can be well fitted by a Gaussian
function, with 4 =21 cm, L, = 60.4 km, B= 1.8 cm and x,=
1.8 km. This eddy has a perfect Gaussian function profile,
and the position shifts are comparably small.

We normalized the Gaussian eddies using the “optimal
normalization method”. Each point was normalized using
Eq. (4). We drew the points as the probability density
function in Fig. 2(b). The points cluster into a perfect
Gaussian function where the density of the scatter points

has three local maxima at x,=0 and x,, = ++/2/2.
3.2 Quadratic shape

Second, as found by Chelton et al. (2011a), there were
quite a few quadratic eddies, i.e., the Rankine vortex in our
study. As shown in Fig. 3(a), the second type of typical
eddy is the quadratic type. It is well-known that the nucleus
of the eddy acts as a solid rotation fluid.

We normalized the quadratic eddies using the “optimal
normalization method”. Each point was normalized using
Eq. (4). We drew the points as the probability density
function, as shown in Fig. 3(b). The points clustered into a
perfect quadratic function.

3.3 Rest shape

There are many eddies that cannot be easily classified into
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Fig. 1 (a) A typical Gaussian eddy profile (squares) and fitting profile (curve) with 4 =-35.1 cm, L= 62.8 km, B= 7.4 cm and xo=-19.1
km. (b) The profiles of the direct normalization (triangles) and the optimal normalization (circles) are shown, and the curve is the profile

from the normalized Gaussian function.
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Fig. 2 (a) A typical Gaussian eddy profile with 4 =21 cm, L, = 60.4 km, B = 1.8 cm and xy= 1.8 km. (b) Probability density function

distribution of the normalized SLA shape for Gaussian eddies.
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Fig. 3 (a) A typical quadratic eddy with 4 = 61.8 cm, L= 92.6 km, B = -17.7 cm, and xo= 2.2 km; (b) Probability density function

distribution of the normalized SLA shape for quadratic eddies.

either of these two simple types of eddies. We classify such
eddies as the rest type. Most of these eddies might be
combinations of a simple-type eddies. Figure 4(a) shows a
combination of two Gaussian-shaped eddies with different
parameters. The combination eddies are very common in
the ocean, where two eddies are often too close to be
separated.

The composite eddy of the rest type is quite different
from the above ones, as is shown in Fig. 4(b). The
combination eddies have binary profiles. The center of the
binary profiles is more like a quadratic eddy than a
Gaussian eddy. This similarity to a quadratic eddy may be
the reason why the mode profile obtained was quadratic.

3.4 Shape potions

Finally, we simply classified all eddies into three typical
types: the Gaussian eddy, quadratic eddy, and the rest.
Next, we calculated the amplitudes of the different eddies.
Similar to the previous results, as the amplitude decreased,
so did the number of eddies.

As shown in Fig. 5, the Gaussian type eddies comprised
more than half of the total analyzed eddies. As the
amplitude increased, so did the ratios of the Gaussian
eddies to the quadratic eddies and to the rest. When the
amplitude was 5-15 c¢cm, only approximately half of the
eddies were Gaussian. This percentage increased to near
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Fig. 4 The rest type of eddies. (a) A combination eddy consisting of two Gaussian eddies (left: 4 =45cm, L, =132.2km, B=-10.3 cm
and xo= 0.65 km; right: 4 = 18.5cm, L, = 121.3 km, B = 16.46 cm and xo= 7.24 km). (b) Probability density function distribution of the

normalized SLA shape of Gaussian eddies.
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Fig. 5 Numbers of eddies per map and ratios of the different
types of eddies.

70% as the amplitude increased to 100 cm.

Furthermore, the quadratic eddies comprised a small
portion of the total eddies (< 10%). The rest eddies
comprised approximately 40% of the total eddies, and their
portion decreased from 60% to 30 as the amplitude
increased. Among these rest eddies, most were a
combination of two Gaussian eddies with different
parameters. Note that the mononuclear eddy method can
identify approximately 30% to 40% more eddies than the
multinuclear eddy method (Li et al., 2014), which is
consistent with the present results.

Overall, most of the ocean eddies are of the simplest
type: the Gaussian-shaped Taylor vortex. The larger the

amplitude is, the greater the ratios of the Gaussian-shaped
eddies to the quadratic eddies and to the rest.

4 Discussion

Comparing these results with the previous composition
method (Chelton et al., 2011a; Zhang et al., 2013), the
results of the present study can explain the controversial
results between them. Because shifts exist, the results
might be as diverse as those of the direct composition
method (Fig. 1). The method used by Zhang et al. (2013) is
better than that of Chelton et al. (2011a) because the
vertical shift parameter automatically vanishes, which may
induce significant errors, as indicated by the following
discussion. Most importantly, we used the optimal fitting
parameters as the length scales. It was obvious that the
identified parameters were easily affected by the observa-
tion errors and resolution errors. For example, the directly
identified L requires the calculation of the differentiation of
the SLA. As noted by Chelton et al. (2011a), the
differentiation amplifies the noise in the SLA field. The
comparisons of the parameters in Figs. 1-4 clearly show
that optimal fitting is required to obtain the proper
parameters. The shape of the combination of Gaussian
eddies also indicates that their simple composition can
result in these eddies being mistakenly classified as
quadratic eddies.

In addition, we added two parameters to eliminate the
observation shift errors which were ignored by the
previous studies. If the ratios of B/A and x¢/L., were
relatively small (e.g., < 0.1), then the graph using Eq. (4)
was very similar to that using the previous method. As we
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can see from Fig. 1(a), the position shifts were quite large
in some cases.

Figure 6 shows the probability density function
distribution of the parameters and their shifts. The
amplitude shift “B” was primarily less than 6 cm, which
is much larger than the observation data error (~ 3 cm). In
Fig. 6(b), the mean of shift B was very small (< 1cm),
while the standard deviation, J, of B was quite large
(~10cm). The ratio 6/4 decreased from 1 to 0.1 as the
amplitude increased from 10 cm to 100 cm. The horizontal
position shift was primarily less than 5 km in Fig. 6(c). The
mean of the shift x, was very small (<2 km), while the
standard deviation, J, was relatively large (10-20 km). The
ratio 0/A decreased from 0.4 to 0.1 as the length scale
increased from 25 km to 200 km.

As mentioned in the Methods Section, the ratios of B/A
and xo/L, should be relatively small for the previously used
method. However, the above results illustrate that they
were not as small as we had expected. This discrepancy is
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why direct normalization would be inaccurate for deter-
mining the eddy shape. In conclusion, the shift parameters
are required for fitting the eddy shape.

It is interesting that the vorticity of the Gaussian eddy in
Eq. (2) has the same distribution (but different length scale)
as that of the pressure anomaly found in a recent work
(Zhang et al., 2013). In their model, the vertical structure
has a nonzero phase at the surface, which was presumed to
be due to differential surface dynamics. According to the
present work, the SLA could exhibit such shape and could
naturally be associated with a similar vorticity distribution.
This result implies that the measurements of SLA and
density profile might be used to derive the 3-dimensional
structure of the eddy in future work (Hu et al., 2011; Dong
et al., 2012).

On the one hand, the vertical structure was found to be
only one simple sinusoid profile (Zhang et al., 2013). On
the other hand, both the field observation (e.g., Hu et al.,
2011; Dong et al., 2012) and theoretical work (Sun, 2011)
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Fig. 6 (a) Distribution of B and 4 of the eddies. (b) Mean and standard deviation of B vs. 4. (¢) The distribution of xy and L, of the

eddies. (d) Mean and standard deviation of x( vs. L.
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revealed that the vertical structure of the eddy may be
described by other laws. Are there other possible vertical
profiles in the ocean? This question remains an open
problem for further studies. Moreover, the eddy structure
could be self-similar in both horizontal and vertical
directions. Accordingly, the separation of variables could
be used in the theoretical eddy models, as was noted
previously (Sun, 2011).

5 Conclusions

In this paper, we fitted the satellite observation SLA data
with Gaussian functions. Two intrinsic length scales
implied that most eddies are self-similar but that their
vertical and horizontal scales are independent. The results
indicated that the SLA of the typical ocean eddies are
primarily of Gaussian shape (~50%). A greater amplitude
was associated with ocean eddies with a more similar
shape. In addition, approximately 40% of the ocean eddies
are a combination of two Gaussian eddies with different
parameters. According to the fitting result, the amplitude
shift is relatively large (~10cm), i.e., larger than the
observation data error (~ 3 cm). As a result, the use of shift
parameters is required in fitting the eddy shape, at least for
the amplitude. In conclusion, the Gaussian shape is a good
approximation for the typical shape of the ocean eddies. In
theoretical and numerical studies we could use this
analytical function as an improved model of ocean eddies.
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