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Abstract: In this paper, we propose a new hybrid mesoscale eddy tracking method to enhance the
eddy tracking accuracy from global satellite altimeter data. This method integrates both physical
and geometric eddy properties (including the distance between eddies, the area and amplitude
of eddy, and the shape of the eddy edge) via the output of detection and the calculation of
Hausdorff distance, which could describe the similarity between eddy boundaries. We applied
the proposed hybrid method to several previously reported eddies and compared the results with
those from two traditional tracking methods. A quantitative comparison indicates that the hybrid
algorithm can better reveal eddy signals in terms of their spatial scale, amplitude, lifespan, and
splitting. The hybrid method was used for global mesoscale eddies tracking from 1993 to 2015.
Global distributions of net eddy numbers revealed that the sources of eddies are located along the
eastern boundaries of the world oceans, while the sinks of eddies are located along the western
boundaries. The lifespan distribution of eddies exhibited steep growth from high and low latitudes
to middle latitudes. A clear divergent pathway demonstrates that cyclonic/anticyclonic eddies tend
to travel poleward/equatorward in the world oceans.
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1. Introduction

Mesoscale eddies are large bodies of swirling water with scales ranging from ten to hundreds
of kilometres and with lifespans ranging from days to years [1-3]. They are ubiquitous in the world
oceans and play a major role in the kinetic energy balance of the ocean, primary production, heat
transfer and air-sea interactions [4-9]. Accurate detecting and tracking eddies is a key preliminary
step in gaining a better understanding of their physical properties, transport, circulation, evolution,
decay and their impact on other ocean processes.

Satellite altimeter data from 23 years allows us to carry out mesoscale eddy investigations in
large-scale and long time series. In the literature, methods for detecting and tracking mesoscale eddies
have been developed. The eddy detection methods are mainly categorized into three types: (1) methods
based on eddy inherit parameters, such as the Okubo-Weiss (OW) method; (2) eddy geometry-based
methods, including the eddy-induced sea level anomaly (SLA)-based method; and (3) hybrid methods,
which use both physical parameters and flow pattern associated with eddies. The eddy tracking
methods have attracted a great deal of attention to understand different scientific problems [10-16].
The first school of tracking methods is referred to as the similarity method. Penven et al. [17] first used
the Euclidean distance of non-dimensional eddy properties to describe and match eddy similarities in
two sets of successive altimeter data. This method and its improved version have been widely used
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for mesoscale eddy tracking globally [2,18-21]. The second type of popular eddy tracking methods
adopted by [2,22] consist of finding the closest eddy centre and using loose limitations to constrain the
search results in two contiguous time steps [16,23]. This type of method (hereafter termed the CH11
method) differs from a similarity method because it uses only threshold limitations to end the tracking
calculation. For example, Doglioli et al. [24] and Xiu et al. [25] employed the CH11 method to extract
eddy signals to understand characteristics of regional eddies.

Many studies have shown that eddies are more of a subsurface phenomenon [26-30]. Therefore,
eddy signals may disappear from the surface, leading to eddy tracking uncertainties. To address this
transient “disappearance” problem, some interesting studies [31-33] have allowed eddies to transiently
“disappear” for a certain time interval while continuing to track similar eddies in the next time step.

Based on the studies mentioned above and considering algorithm computational efficiency and
cost, we adopted an SLA-based method similar to that used in Mason et al. [21], which belongs to one
of the geometry-based detection methods, to identify mesoscale eddies. This study involved four main
parts: (1) We proposed using a combination of the physical parameters setting from CH11 method and
the geometry shape of eddy edge during tracking as a new hybrid method to track 23 years of eddies:
from 1 January 1993 to 31 December 2015; (2) In this hybrid method, we first considered the shape
variations of the eddy boundary via Hausdorff distance (HD) during the eddy propagation. Based on
the same identification results, CH11 and similarity tracking methods adopted from Chelton et al. [2]
and Mason et al. [21] were also implemented for comparison. Furthermore, the differences in and
influences of the different tracking methods in terms of the eddy properties” statistics were also
investigated by excluding the identification factor. In addition, we compared the mean properties of
mesoscale eddies obtained using our method with those obtained using CH11 and similarity methods
to examine the performance of the hybrid method and its ability to track eddies in detail; (3) The
sources and sinks of global eddies are further discussed; (4) Globally, there is a clear divergent pathway
with cyclonic eddies traveling poleward, while anticyclonic eddies move equatorward.

The remainder of this paper is organized as follows: Section 2 describes the data and method
used in this study. Section 3 reports a comparison of the tracking algorithms and discusses the results,
as well as the validation process. The global eddy propagation features, sources and sinks are also
further described in this section. Finally, our conclusions are given in Section 4.

2. Materials and Methods

2.1. Data

In this study, the altimeter data were provided by the Archiving, Validation, and Interpretation
of Satellite Oceanographic (AVISO, [34]). From the database is a combination of data from
TOPEX/Poseidon, Jason-1, Jason-2 and Environmental Satellite (Envisat) [34]. The altimeter data
products are daily two-sat merged global SLA with a 0.25° x 0.25° spatial resolution from January
1993 to December 2015. Interpolated daily 25 km resolution microwave sea surface temperature (SST)
data were acquired from Remote Sensing Systems (RSS, [35]). The SST data were used here to validate
the tracking results, while the altimeter data were adopted to detect and track mesoscale eddies.

2.2. Eddy Detection

The method for detecting mesoscale eddies adopted here was from Liu et al. [36] and similar to
that used in Mason et al. [21]. The detection procedures are as follows. First, a global SLA map is
divided into several regions. Second, the SLA field is spatially high-pass filtered using a zonal distance
of 20° and a meridional distance of 10° to remove large-scale features from the data field [2]. The zonal
and meridional components (1 and v, respectively) of the surface geostrophic velocity were computed
using the following geostrophic balance equations:

u=——=—, (1)
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where g is the gravitational acceleration, f is the Coriolis parameter, & is the filtered SLA, and V is the
geostrophic current speed. Then, the local maximum (minimum) SLA pixel is searched for a possible
anticyclonic(cyclonic) eddy core by looking for locations at which the SLA pixel is higher (lower) than
the nearest eight pixels. SLA contours are computed and searched in 0.25 cm intervals for levels from
the minimum /maximum SLA value of all the possible cyclonic/anticyclonic cores. Four criteria are
assigned to test each “searching” closed contour [36]. First, they must contain only one eddy core.
Second, the size of the closed contour is between 8 and 1000 SLA pixels. Third, eddy shape test with
an error of 55% (the error is the ratio between the areal sum of the closed SLA contour deviations from
its fitted circle and the area of that fitted circle). Fourth, Amplitude of an eddy (A) is between 1 cm
and 150 cm. If all four criteria are satisfied, the outermost closed SLA contour and related possible
eddy core are selected as the effective edge and core of the eddy. A is calculated as A = [Hcore — Ho|,
where Heore is the SLA value at the eddy core, and Hy is the average SLA value of the outermost closed
SLA contour. Meanwhile, the maximum average geostrophic speed (rotational speed, the average
value of the speed around the speed-based contour) is computed from Equations (1)—(3) and recorded
while searching the SLA contour. Finally, regional eddy merging is conducted by removing the smaller
eddy when two eddies share the same eddy core. Using 23 years” worth of SLA data, we identified
more than 21 million cyclonic and 20 million anticyclonic eddy signals globally. Figure 1 presents
a geographical distribution of the 23 years” worth of eddy numbers in each 1° square; the left side
displays the anticyclonic eddy signals, and the right side shows the cyclonic eddy signals.

Number
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Figure 1. Geographical distribution of the identified (a) anticyclonic and (b) cyclonic eddy signals in
each 1° x 1° region over a period of 23 years from 1993 to 2015.

2.3. Eddy Tracking

Currently, eddy tracking is primarily based on “similarity” matching. Depending on the similarity,
different studies have used different parameters to compute the similarities between eddies. However,
there is no unique criterion for the tracking parameter selection. Furthermore, the geometrical shape
of the eddy boundary was not taken into consideration when automatic tracking methods were
implemented. Recently, some studies have evaluated their identification and tracking results against
those from an “expert” visual method [13-16,18,33,37], which tracks eddies based on the shape, size
and location of two successive images. Based on this “expert” visual idea, we propose to use the HD
to replace the “expert” step. Thus, we can automatically consider shape variations while tracking,
especially for global long time-series tracking.

The HD is a non-linear operator that measures the mismatch between two point sets. The HD has
been widely used in image matching and shape comparison tasks and can be applied to measure the
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similarity between two patterns of points in images denoting edges [38—40]. Given two finite point
sets A = {ag, ay, as... ay,} and B = {by, by, bs... by}, the HD is defined as follows:

H(A,B) = max(h(A,B),h(B, A)) 4)
h(A,B) = JJdax min||a — b|| )

where ||*|| is the basic norm of the points A and B. The HD distance H(A, B) is the maximum value
of h(A, B) and h(B, A). The larger the distance, the more dissimilar the two objects are. Since the
HD is sensitive to the “outlying” points of AA or BB, the eddy detection algorithm implements a
shape-testing algorithm. To pass the shape test, the error must be less than 55% [21].

The proposed hybrid tracking algorithm comprises the following steps (also see Figure 2):

(i) Initialization: Initialize the global eddy tracks using the eddy cores identified in the first time
step, t.

(ii) Searching: Search for each eddy at time ¢; then, search for the next candidate eddies in the
next time step (t+1) within a specific range. The search area is an “ellipse” with a zonally
oriented major axis. The western boundary of the ellipse is the distance from the eddy core,
which is determined from the maximum value between 1.75 times the daily long Rossby wave
propagation distance [41] and the mean mesoscale eddy propagation distance on the order of
10 km per day [42,43]. However, since 150 km was set as the minimum search range for weekly
data by Chelton et al. [2] and we used daily data, the maximum daily travel distance of an eddy
should be approximately 21 km. Furthermore, the altimeter data resolution is approximately
25 km; the eddy might “jump” or “disappear” because of sampling errors and measurement
noise [2]. Thus, we extended the minimum search range of the western, eastern, southern and
northern boundaries to 50 km.

(iii) Selecting: After setting the search range, a selection procedure is carried out. Eddies within the
search range at time step #+1 are candidate eddies if their area and amplitude are between 0.25 and
2.75 times those of the current eddy. When candidate eddies exist, the HD is calculated between
the boundary of each candidate eddy and the current eddy boundary, and the candidate eddy
with the minimum HD is selected as the next eddy. To account for the transient “disappearance”
of the mesoscale eddies from the sea surface, we also allow eddies to “disappear” for one time
step while tracking. Meanwhile, we expand the search area based on the propagation distance.
Of course, we could perform the calculation using a larger number of time steps, but that is not
the point of this paper. When no candidate eddy exists at time step t+1, a similar selection process
is conducted at time step £+2 to find the next eddy. When no eligible eddy can be found at time
step t+1 or t+2, the track of this eddy is stopped at time t. During this procedure, the selected
eddy is flagged as true, while non-selected eddies are flagged as false.

(iv) Updating: We update the recorded tracks at time t with the next selected eddies. Subsequently, if
some eddies are still flagged as false at time t+1, then new tracks are initiated with each of these
eddies, repeating the preceding steps to complete the long time series tracking of global eddies
until the property limitations are exceeded.

For comparison, we also implemented the CH11 and similarity tracking methods for the same
identified eddy dataset. To investigate the influences of eddy geometry, we also coded the CH11 and
similarity tracking methods to allow eddies to “disappear” for one time step. Thus, the influence of
a “disappearance” factor is excluded. Figure 3 shows the tracking results of the hybrid method for
anticyclonic and cyclonic eddies.
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Figure 2. Hybrid algorithm workflow.
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Figure 3. Geographical distribution of long-lived (longer than 16 weeks) (a) Anticyclonic and
(b) Cyclonic eddytracks identifiedusing the hybrid method over a period of 23 years from 1993

to 2015.
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The biggest difference between our tracking method and the other two methods (CH11 and
similarity) lies in the selection of the next eddy. We take the experiment shown in the schematic
diagram (Figure 4) as an example. The top single panel shows the current eddy at time 1, and the
lower panels show three eddies that satisfy the area and amplitude criteria while searching nearby
eddies during the next time step, t2. For CH11, the area and amplitude of nearby eddies match, and
the first encountered eddy is selected if the two eddies have the same distance. This approach was also
adopted by Faghmous et al. [33]. However, in this approach, the first selection depends on the loops
in the routine instead of on the practical situation and may lead to a “jump” between eddy tracks.
For the similarity method, it depends largely on the similarity of the physical properties of the eddies,
whereas the proposed hybrid method considers the loose physical property limitations adopted from
CH11 and the variation of the eddy boundary via HD. The HD distances between the t1 and {2 eddies
were 2.97, 0.08, and 2.53. The result of this selection process is similar to that of “expert” tracking, and
this process selects the middle eddy shown in the lower panels that has the smallest HD. Detailed
comparison results are described in Section 3.
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Figure 4. Example eddy at the 1 time step and its candidate eddies at the {2 time step.

3. Global Long Time Series Comparison and Discussion

We tracked global mesoscale eddies with lifetimes longer than 10 days from 1993 to 2015 using
three methods. Both the consistencies and discrepancies of the statistical results will be discussed
in detail.

Table 1 shows the statistics for the detected eddy properties. We found that the values of the
number, mean amplitude and rotational speed of cyclonic eddies are larger than those of anticyclonic
eddies. In contrast, the values of the mean lifespan and radius of anticyclonic eddies are larger than
those of cyclonic eddies. The discrepancies lie in the different values of the mean and maximum eddy
properties tracked by the different methods. For instance, the hybrid method finds much longer-lived
eddies, with a mean duration of approximately 31 days for cyclonic eddies and 32 days for anticyclonic
eddies, while other methods indicate a duration of approximately 29 days for both cyclonic and
anticyclonic eddies. The results from the three tracking methods show that the mean and maximum
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lifespans of anticyclonic eddies are longer than those of cyclonic eddies. The hybrid method results
are more consistent with the mean and maximum results from the physical similarity method, which
more reasonably selects the next candidate eddy.

Table 1. Properties of eddies with lifespans longer than 10 days obtained using the three
tracking algorithms.

Tracking Track Mean . Max Me.an M;'ax Me;.an Ma.x Mefan M;.ax
Method Number Lifespan  Lifespan Amplitude Amplitude Radius Radius Rotational Rotational
(Days) (Days) (cm) (cm) (km) (km) Speed (cm/s)  Speed (cm/s)
CH11_CE 552,310 28.7 853 5.5 98.4 67.0 246.6 16.2 162.5
CHI11_AE 537,753 28.9 940 52 96.1 69.4 293.3 15.4 157.1
Simi_CE 552,217 28.7 853 59 78.1 68.8 2459 16.6 150.8
Simi_AE 537,632 28.9 940 5.6 78.0 71.8 274.9 15.8 109.0
Hybrid_CE 528,916 31.3 1113 5.8 78.0 69.0 234.6 16.5 150.8
Hybrid_AE 512,444 317 1162 5.5 69.2 72.0 274.2 15.7 106.0

3.1. Validation

Limited by the spatiotemporal resolution of satellite data, validation of eddy trajectories is
performed in different ways. Some studies have reported paths inferred from sequential infrared
imagery and drifting buoy trajectories [16,44], while some regional studies have compared the tracking
results with “expert” visual results, as mentioned by Isern-Fontanet et al. [23].

In this paper, some reported eddies were used to validate the tracking results. Furthermore, SST
and surface geostrophic currents (Equations (1)—~(3)) were also adopted to further validate the tracking
accuracy. Xu et al. [45] deployed 17 Argo floats to track an anticyclonic eddy from 27 March 2014
to 10 September 2014 in the North Pacific Ocean. Three tracking methods were applied to track this
anticyclonic eddy. This specific eddy was also visually tracked by several “experts” as a comparison.
In fact, visual inspection revealed that this eddy had existed since 4 December 2013. All three automatic
algorithms could track this eddy. However, the hybrid method appeared to track the eddy for the
longest period of time, as shown in Figure 5a. The CH11 and similarity methods achieved the same
tracking results, tracking the eddy for 224 days, from 26 January 2014, to 6 September 2014. In contrast,
as shown in the figure, the hybrid method tracked the eddy for 277 days, from 4 December 2013,
to 6 September 2014 comparable to the visual tracking result. Figure 5b shows the eddies reported
by Nan et al. [46] in the South China Sea, among which are two longer-lived eddies. These two
eddies were generated on 5 August 2007, and 27 June 2007 and disappeared in January of 2008 and
at the end of October of 2007 (tracks labelled 1 and 2), respectively. The algorithms had different
performances in tracking these two eddies. The two traditional algorithms could achieve part-time
tracking but regarded one eddy as several eddies, whereas the hybrid method could keep tracking of
the eddy signals.

We detected an eddy off the west coast of the South Atlantic Ocean with a lifespan from early
July to mid-December, 2006 (Figure 6). The existence of this eddy was further validated by the SST
and surface geostrophic current field (Figure 6b). From the SST and current field, we can see that this
eddy split into small-scale features on 21 September 2006 and finally merged into the background
current on 12 December 2006. However, the hybrid method kept tracking signals as one main eddy
maintaining its shape similar to the original eddy shape, while other methods regarded it as several
eddies. The similarity method appears to be more vulnerable than the CH11 and hybrid methods, in
mistakenly splitting one eddy into multiple smaller eddies during tracking (Figure 6a).

Another example involves eddies from the eastern South Pacific Ocean, as shown in Figure 7.
Several eddies were tracked in this area from August 2003 to July 2004. All the algorithms detected
these eddies and yielded the same result. Anticyclonic eddies and one cyclonic eddy in this area
travelled equatorward and poleward. This divergent path of the anticyclonic and cyclonic eddies
is a general feature of the world ocean and will be discussed in Section 3.3. The trajectories of the
anticyclonic eddies consisted of different eddies that exceeded the amplitude or area limitation of
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the algorithm, although they were geographically connected. Additionally, note the SST patterns
around the eddy centres in Figure 7b; the anticyclonic and cyclonic eddies last for a long time. SST
along the anticyclonic eddy trajectories varies from time to time. The SST pattern also verifies that the
anticyclonic eddies should not be considered as one eddy. In this eddy tracking example, the results of
the hybrid method are comparable to those of the CH11 and similarity methods.

Overall, the hybrid method can track eddies for a longer period of time and detect eddy signals
more robustly by taking the eddy boundary shape into consideration while tracking. Moreover, the
hybrid method performed better when tracking splitting eddies.
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Figure 5. (a) For a reported Western Pacific eddy, the CH11 and similarity methods produce the
same track (magenta line), while the hybrid method tracks the eddy for a longer period of time
(blue dotted line). The green star denotesthe milestone points along the track. The dates are as follows:
“2013-12-04” denotes where and when this eddy formed and the beginning of the hybrid method
tracking,”2014-01-26" denotes the point at which the CH11 and similarity tracking began,”2014-03-27"
denotes where and when the 17 Argo floats were deployed, and “2014-09-06” denotes when and where
the tracking ended; (b) Tracking results of the three algorithms for eddies reported in the South China
Sea. Numbers “1” and “2” represent two eddies named Eddy1 and Eddy2. Eddy1 was tracked using
the hybrid method from “2007-05-29" to “2007-10-29”, and Eddy2 was tracked from“2007-06-27" to
2008-01-07". This result is consistent with former validated work. The other two methods resulted in
different tracks along the eddy paths.
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Figure 6. (a) Anticyclonic eddy off the west coast of the South Atlantic Ocean tracked using three
methods (CH11, similarity and hybrid methods, from left to right) in 2006; (b) SST and geostrophic
current field extracted from the eddy region. This eddy splits into two parts while propagating.
Only the hybrid method could tolerate the split and continue tracking it using the major feature of the
“mother” eddy.
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Figure 7. Two eddies tracked in the eastern South Pacific Ocean from August 2003, to August 2004.
(a) Tracking paths from the three methods; (b) Corresponding SST and geostrophic current field along
the trajectory of the hybrid method.
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3.2. Eddy Frequency, Radius, Amplitude

Figure 8 presents the geographical distribution of the anticyclonic (Figure 8a) and cyclonic
(Figure 8b) eddy frequency contained in the trajectories in each 1° x 1° region. The frequency of an
eddy is the number of eddy occurrences along a track. The global distribution features from the three
methods present similar eddy-rich areas located in the eastern North Pacific Ocean, eastern North
Atlantic Ocean, Kuroshio Extension, Sea of Japan, and most parts of the Southern Ocean. These results
have also been reported by Wooster and Reid [47], Chelton et al. [2], Heywood and Somayajulu [48],
and Isoda [49]. The relative discrepancy, filtered by the Laplace filter between the hybrid and other
methods, is shown in Figure 9. The hybrid method reveals greater eddy frequencies in most areas of
the world oceans, but the relative differences are mostly within 5%. However, the hybrid method can
track more eddy signals along trajectories in the equatorial and high-latitude areas because it considers
variations in eddy shape.

CHI11 Similarity Hybrid

60°E  120°E  180°W 120°W  60°W 60°E  120°E  180°W 120°W  60°W 180°W  120°W  60°W

0° 60°E  120°E  180°W 120°W  60°W 0° 60°E  120°E  180°W 120°W  60°W 0° 60°E  120°%E  180°W 120°W  60°W 0°

Figure 8. Comparison of the geographical distribution of (a) Anticyclonic and (b) Cyclonic eddy
frequencies along eddy trajectories determined using the three tracking methods in each 1° x 1° region.

HD-CHI1 HD-Similarity

Figure 9. Relative differences between the geographical distributions of (a) anticyclonic and (b) cyclonic
eddies determined using the hybrid and CH11 methods (left column) and using the hybrid and
similarity methods (right column) in each 1° x 1° region.
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The geographical distributions of the mean eddy properties are shown in Figure 10. The three
methods show similar distributions of eddy properties. A clear large-scale distribution can be observed
near the equator, where the radius reaches more than 200 km (Figure 10a,b). Large-amplitude eddy
distributions are located in strong current areas, including the Kuroshio Current and its extension,
the Gulf Stream and its extension, the Loop Current in the Gulf of Mexico, the Agulhas Current,
the Agulhas Return Current, the Brazil-Malvinas Confluence Zone, the East Australia Current,
the Antarctic Circumpolar Current and some areas near the Antarctic continent. These results are
consistent with results by Chelton et al. [2]. The relative discrepancies in the radius and amplitude
between the hybrid method and the other methods are small as shown in light green or light blue
colours in Figure 11a,b. The differences in the average eddy radius and amplitude are 78.4 km and
10 cm, respectively. The differences are larger around the equator and in high-latitude regions, which
may be related to the property distribution of the hybrid method averaged over the higher eddy
occurrences in most areas of the ocean, especially in the equatorial and high-latitude regions.
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Figure 10. Average eddy properties, including the (a) radius (km); (b) amplitude (cm); (c) rotational
speed (cm/s) and (d) lifespan (days), for eddies with lifespans longer than 10 days for each 1° x 1°
region from(from left to right) the CH11, similarity and hybrid methods.
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Figure 11. Relative differences in the average eddy properties of (a) radius (km); (b) amplitude (cm);
(c) rotational speed (cm/s) and (d) lifespan (days) between the hybrid and CH11 methods and the
hybrid and similarity methods(left to right)for eddies with lifespans longer than 10 days in each
1° x 1° region.

Based on the geographical distribution of the consistencies and discrepancies between the three
methods, histograms of the mean properties of eddies are shown separately for anticyclonic and
cyclonic eddies in Figure 12a. Anticyclonic and cyclonic eddies show similar distributions. However,
anticyclonic eddies have more large-scale signals than that of cyclonic eddies (here, “large-scale” refers
to an eddy radius greater than 100 km). Approximately 98% of the mesoscale eddies have a radius
smaller than 150 km, and approximately 70% have an amplitude less than 12 cm. Regarding the
rotational speed, eddies with higher rotational speeds (higher than 25 cm/s) tend to be cyclonic. Most
of the mesoscale eddies have a rotational speed of less than 40 cm/s. Approximately 90% of the
eddy, either cyclonic or anticyclonic, have lifespans shorter than 50 days. Histograms of the relative
differences are shown in Figure 12b for comparison. The relative differences in the radius, amplitude
and rotational speeds derived from different methods are within 5%. However, the lifespan exhibits
greater differences. According to the radius and lifespan, the hybrid method not only tracks eddies for
longer durations but also preserves larger-scale eddy signals.



Remote Sens. 2017, 9, 206 13 of 18

=]
[

N
'S

(@) (3 —AE ’ (b)
e —CE| g g %0 g
g 301 304 502
0.1 = = 02 =
00 100 200 00 20 40 : 0 0.02  0.04 (20.05 0 0.05
Radius (km) Amplitude (cm) Radius Amplitude
0.1
£02 502 504 5
31 o 9 151 <
Z0.1 o1 £02 £ 0.05
0 0 0 0
0 20 40 60 80 0 50 100 150 -0.05 0 0.05 0 01 02
Rotational Speed (cm/s) Lifespan (days) Rotational Speed Lifespan

Figure 12. (a) Global eddy statistics for cyclonic (CE) and anticyclonic (AE) eddies tracked by the
hybrid method; (b) Relative difference between the hybrid and CH11 methods and the hybrid and
similarity methods.

3.3. Propagation

The geographical distribution of the eddy rotational speed is shown in Figure 10c. High rotational
speed eddies appear in the strong unstable current areas. The hybrid method produces a higher eddy
rotational speed, an average of 92 cm/s higher (Figure 11c), in most areas, except in areas with strong
currents such as the Kuroshio Current and its extension, the Antarctic circumpolar current region, the
Gulf Stream and the Brazil-Malvinas confluence zone. Since unstable mesoscale eddies are difficult
to track continuously, the consideration of the eddy boundary shape in the hybrid method tends to
select the relatively stable signals whose properties vary less in this area. With less variation of eddy
properties but with relatively more stable signals included in the strong current area of the hybrid
method, the average property values will tend to be slightly smaller than those of other methods.

The lifespan distribution is calculated based on the birth location of each eddy and its track
length. Therefore, we can closely inspect the generation sites where longer-lived eddies are produced.
The lifespan distribution result plotted in Figure 10d shows the general variations. The relative differences
in the lifespan distributions shown in Figure 11d indicate that the hybrid method tracks eddies with
longer lifespans in most areas of the world oceans. The largest difference in the average eddy lifespan
is 114 days. In addition, the CH11 and similarity methods show that approximately 88% of the eddy
lifespans are shorter than 50 days, while the hybrid method derives smaller percentages. The ability of the
hybrid method to perform continuous tracking is further illustrated by the mean latitudinal dependence,
which is calculated by averaging the sum of the lifespan length over the eddy genesis number in each 1°
latitude band (Figure 13). Steep growth is observed from high and low latitudes to the mid-latitudes.

Eddies with a lifespan equal to or longer than 16 weeks that crossed at least 10° longitudes
were selected to investigate the propagation properties. There were 375, 291, and 736 anticyclonic
and 452, 362, and 905 cyclonic eddies for the CH11, similarity, and hybrid methods. The chosen
criterion was based on Chelton et al. [2] to obtain stable eddy signals. A composite analysis was
performed by placing all the eddies at the same starting point (0, 0), as shown in Figure 14. Most
eddies propagate westward, but the anticyclonic and cyclonic eddy trajectories apparently diverge.
Cyclonic and anticyclonic eddies notably prefer poleward and equatorward trajectories, respectively.
This observation was also mentioned by Morrow et al. [50] in their regional eddy study. The poleward
deflection of cyclonic eddies was 73%, while the equatorward deflection was about 23% for the three
methods. The equatorward deflections of the anticyclonic eddies were 85%, 87%, and 78%, and
the poleward deflections were 12%, 10%, and 18% for the CH11, similarity, and hybrid tracking
methods. The eddies propagate westward with meridional deflections caused by the 3 effect, which
was confirmed by Morrow et al. [50]. When eddies rotate, they generate advection in the surrounding
fluid in the same direction, leading small eddies toward the flanks of the large eddies. The combination
of generated small eddies with a large eddy will result in meridional drift. Moreover, Early [51]
mentioned that the finite spreads of the distributions of azimuths in the right column of Figure 14



Remote Sens. 2017, 9, 206 14 of 18

may originate from eddy—eddy interactions. Beyond that, Chelton et al. [2] also mentioned that the
influence of eddy—flow interactions might also cause the divergence of eddy paths.

55 55
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Figure 13. Meridional profiles of the average (solid lines) eddy lifespans (in days) as tracked by the
three methods and the interquartile range of the distribution from the hybrid method (grey shading) in
1° latitude bands.
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Figure 14. Meridional deflections of anticyclonic (left column panels) and cyclonic (middlecolumn
panels) eddies with lifetimes longer than 16 weeks that propagated westward for a minimum of 10°
longitude based on the three methods: (a) CH11; (b) Similarity and (c) Hybrid. The left and middle
panels show the changes in longitude (negative westward) and latitude (positive for poleward and
negative for equatorward due west) relative to the (0, 0) location for anticyclonic and cyclonic eddies.
The right panels show histograms of the average azimuth of each eddy trajectory, defined in the left
and middle columns. The labels in the right panels indicate the percentages of negative (left) and
positive (right) eddy azimuths.
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3.4. EddySources and Sinks

Previous studies (e.g., Xu et al. [52] and Yang et al. [53]) have investigated eddy energy sources
and sinks globally and regionally. In this study, we address the sources and sinks from the perspective
of eddy numbers. The source of an eddy is defined as the starting of each eddy track. Similarly, the
sink of an eddy is defined as the ending of each eddy track. Thus, the net eddy numbers can be
calculated from the difference between 23 years” worth of sources and sinks in each 1°x 1° region.
The geographical distribution of the eddy sources and sinks based on the hybrid method is shown in
Figure 15. Note that the eddy sources tend to be located along the eastern boundaries of ocean basins,
whereas the eddy sinks are located close to the western boundaries of ocean basins. Xu et al. [52]
mentioned that a high eddy energy generation/dissipation rate occurs along eastern boundaries and
in regions with complex topography and current interactions. Most eddies propagate westward after
being generated and then dissipate or transfer energy vertically into higher modes near the western
boundary [2,22,54]. Our results are consistent with the above-mentioned literature results.

Hybrid Number

0° 60°E 120°E 180°W 120°W 60°W  @°

Figure 15. Geographical distribution of the sources and sinks of eddies with lifespans longer than 10
days tracked by the hybrid method in each 1° x 1° region.

4. Conclusions

This paper proposed a hybrid method to automatically track global mesoscale eddies using
identified mesoscale eddy datasets from 23 years of satellite altimeter data. The integration of
both the physical and geometric properties of eddies was adopted to select the next eddies while
tracking. We used Hausdorff distance (HD) to calculate the variations of eddy boundaries. The hybrid
method improved the accuracy and the continuous tracking of eddies—even of splitting eddies.
These results were validated by in situ eddy information datasets. In addition, our tracking results
were geographically and statistically compared to those of other methods in terms of the eddy radius,
amplitude, rotational speed and lifespan. Both the consistencies and discrepancies between the tested
methods were discussed in detail. We found consistent geographical distributions among the methods
in terms of the eddy radius, amplitude and rotational speed on a global scale. However, there were
obvious discrepancies in the eddy lifespans, with relative differences of more than 10%. Based on the
radius and lifespan data, the hybrid method not only tracks eddies longer but also maintains tracking
of larger-scale eddy signals. The sources of eddies are along the eastern ocean boundaries, while the
sinks of eddies are along the western boundaries. The lifespan distribution exhibited steep growth
from high and low latitudes to middle latitudes. A clear divergent pathway shows that cyclonic eddies
tend to travel poleward while anticyclonic eddies tend to travel equatorward. Our analysis shows that
there are more cyclonic eddies than anticyclonic eddies in the world oceans.

The proposed hybrid method can provide technical support for in situ tracking and measurement
of the structures of robust eddies. Furthermore, the generally consistent distribution of the tracking
results could help discover the rules of mesoscale eddies. The limitations of this work are related to the
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lack of regional studies and comparisons for the investigation of specific regional eddy formation and
propagation mechanisms. One issue is that the sampling quality of satellite altimeters in the AVISO
SLA field may lead to inaccurate locations of eddy cores which may result in discontinuities of eddy
trajectories and tracking errors. Due to the lack of additional in situ data, complete validation of the
tracking results still requires further information.
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