
����������
�������

Citation: Wang, Y.; Chen, X.; Han, G.;

Jin, P.; Yang, J. From 1/4◦ to 1/8◦ :

Influence of Spatial Resolution on

Eddy Detection Using Altimeter Data.

Remote Sens. 2022, 14, 149. https://

doi.org/10.3390/rs14010149

Academic Editor: Sergei Badulin

Received: 2 November 2021

Accepted: 26 December 2021

Published: 30 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

From 1/4◦ to 1/8◦: Influence of Spatial Resolution on Eddy
Detection Using Altimeter Data
Yinuo Wang 1, Xiaoyan Chen 1, Guiyan Han 1, Pingping Jin 1 and Jie Yang 1,2,*

1 College of Marine Technology, Institute for Advanced Ocean Study, Ocean University of China,
Qingdao 266100, China; wangyinuo@stu.ouc.edu.cn (Y.W.); xiaoyanchen@stu.ouc.edu.cn (X.C.);
hgy8969@stu.ouc.edu.cn (G.H.); jpp@ouc.edu.cn (P.J.)

2 Qingdao National Laboratory for Marine Science and Technology, Qingdao 266237, China
* Correspondence: yangjie2016@ouc.edu.cn; Tel.: +86-532-667-812-63

Abstract: A substantial portion of ocean eddies, especially small ones, may be missed due to insuffi-
cient spatial or temporal sampling by satellite altimetry. In order to illustrate the influence of spatial
resolution on eddy detection, this study provides a comparison of eddy identification, tracking,
and analysis between two sets of merged altimeter data with spatial resolutions of 1/4◦ and 1/8◦.
One main study area (the Mediterranean Sea), and three confirmatory areas (the South-China Sea,
the North-West Pacific, and the South-East Pacific) are chosen. The results show that the number
and density of eddies captured by the 1/8◦ data are about twice as much as those captured by
the 1/4◦ data, while the ratios of corresponding eddy parameters, i.e., radius, amplitude, (eddy
kinetic energy (EKE)) are about 0.6–0.8 (1.3) for the two datasets (1/8◦ ÷ 1/4◦). Long-term eddy
tracking (1993–2018) is conducted in the Mediterranean Sea, indicating that the improvement in
spatial resolution will increase the observed values of both the lifetime and the propagation distance
of robust eddies. The number of eddies identified using the 1/4◦ data only accounts for ~30% to
60% of those identified using the 1/8◦ data. However, for eddies that can be detected using the two
datasets, ~5% to 10% present errors (i.e., confusion). In comparison between the four regions, we
find that for the enclosed seas with complex conditions, the increase in spatial resolution may lead to
more significant improvements in the efficiency and accuracy of eddy detection.

Keywords: oceanic eddies; high precision altimetry data; eddy identification and tracking; eddy
characteristic analysis; the Mediterranean Sea

1. Introduction

Ocean eddy is a general term for the rotational motion of seawater with a scale smaller
than a Rossby wave, which is controlled by the (quasi) geostrophic potential vorticity
conservation equation [1]. They are broadly distributed in the ocean and play a significant
role in the transportation and mixing of physical and biological properties [1–3]. As
a ubiquitous ocean phenomenon, ocean eddies account for ~90% of the kinetic energy
of the global ocean [4]. The momentum transport resulting from them has effectively
impacted many features of the circulation, large-scale seawater distribution, and ecosystem
characteristics of the global ocean [5–11]. Eddies can enhance biological production by
increasing the concentration of nutrients in the open ocean, which has an important impact
on the distribution of marine primary productivity [12,13]. Moreover, due to the large
space and time scale span of eddies, they can also interact with the atmosphere through
processes including wind stress, cloud cover, heat fluxes, and precipitations, resulting in
energy transmission between ocean and atmosphere. Ocean eddies are also responsible for
energy conversion between different scale phenomena in the ocean [14,15]. As a result, the
study of ocean eddies has become a core theme of modern oceanography over the past few
decades [16].
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The detection of ocean eddies using remote sensing observations has focused on ocean
properties such as sea surface temperature (SST), sea surface ocean color (chlorophyll con-
centration), sea surface wind (SSW), and sea surface height (SSH) [17,18]. D’Alimonte [19]
used SST data to iterate SST isotherms for automatic eddy identification and correlation
structure characterization. Dong et al. [20] proposed an automated approach to detect
ocean eddies from SST data. Gonzalez-Silvera et al. [21] effectively identified and tracked
18 eddies in the tropical Pacific Ocean using five months data from SeaWiFS and AVHRR
sensors. Park et al. [22] made an observation of diurnal variations in eddy sea-surface
currents using GOCI data.

However, constrained by atmospheric processes such as clouds and some ocean
phenomena, eddy detection using such ocean properties is prone to false positives [23].
Carsy et al. [24] detected eddies in southern Greenland using SAR images of sea ice in the
winter of 1992. Rouault et al. [25] identified and studied several eddies near the Agulhas
Current using Envisat images. Although SAR-based eddy detection has a high spatial
resolution that can capture small-scale eddies, it is vulnerable to the influence of the SSW
field. Eddy identification with profiling Argo floats has made great progress [26], yet it is
more specific to the vertical structure of eddies.

Since the early 1980s, it has been recognized that eddy variability scales are particularly
accessible to capture by altimeter [27]. It is worth noting that the motion of mesoscale
eddies may lead to the rise or fall of continuously closed quasi-circular sea level contours,
that is, the surface geometric representation of eddies that allows them to be identified
effectively by satellite altimetry [12]. In the past few years, satellite altimetry technology
has greatly improved our understanding of large-scale ocean circulation and its interaction
with mesoscale dynamics, and has been effectively applied to the tracking systems of
ocean eddies on regional or global scales, leading to the formation of several decadal eddy
datasets with a grid size of 1/4◦ on daily or weekly repetitions [12,28].

In the wake of the combination of these unprecedented measurements with other
parallel multidisciplinary data sources, a significant process has been made in many fields
of marine science [29,30]. However, the existing satellite altimeters are still insufficient in
horizontal resolution and vertical profile detection abilities. The measurement process, and
associated mapping programs used to calculate the gridded maps, can distort the features
of an eddy field to a large extent. There is an along-track/cross-track inequality in the
sampling interval of the current generation of satellite altimeters. This inherent spatial
or temporal heterogeneity leads to little sampling in the meridional/zonal dimensions,
and the resulting sampling field tends to mix the unresolved scales into larger ones and
hence overestimating the number of large eddies and strongly modifying the amplitude
of eddies. More importantly, eddy detection methods based on SSH gridded products
with low-resolution largely underestimate the density of eddies, capturing only ~6% to
16% of the number of real eddies [31]. Most of the small-scale eddies with radius scales of
10–50 km are missed.

According to Chelton et al. [1], the feature scale that can be resolved by AVISO merged
altimeter data is around 0.4◦, which is approximately ~44.4 km at the equator and ~31.4 km
at the middle latitudes. By removing the sensor noise, the scale improved to 25–35 km by
2012 [32]. More recently, the emergence of more altimeter satellites has further improved
the feature scale to approximately 20 km [33]. Previous work has assessed the effects of
data resolution on eddy research. For example, the eddy contribution to the meridional
transport of salt in the North Atlantic was studied using the 1/4◦ and 1/12◦ resolution
data [34]. The eddies in the Mediterranean Sea were studied by using 1/8◦ data and
higher resolution model data such as 1/32◦, 1/36◦ and 1/120◦ [35–37]. While the eddy
properties detected by the model datasets at higher resolutions are expected (i.e., more
quantity, smaller radius, and longer life), they are artificially improved “false” accuracy
and have no practical significance. Therefore, comparisons of the ocean eddy detection
ability of 1/4◦ and 1/8◦ resolution altimeter data are essential for marine science. The
upcoming Surface Water and Ocean Topography (SWOT) mission, to be launched in 2022,
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will provide higher resolution data sets that can further explore the effect of data resolution
on eddy detection [38]. However, this paper assesses eddy detection results given current
altimeter resolution limitations.

The rest of this paper is organized as follows: the sea level anomaly (SLA) data used
in the study, and eddy identification, tracking, and matching methods, are presented in
Section 2. In Section 3, we analyze and compare the experimental results using 1/4◦, 1/8◦

all-sat, and 1/8◦ two-sat data in the Mediterranean Sea and discuss the reliability of the
results and the difference between regions in Section 4. Finally, the main conclusions of this
paper are presented in Section 5.

2. Materials and Methods
2.1. SLA Data

The SLA data used in this study is derived from the delayed-time products distributed
by CMEMS (Copernicus Marine and Environment Monitoring Service, marine.copernicus.eu),
consisting of merged data from all available altimeter missions, i.e., Jason-3, Sentinel-3A,
HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2. Daily SLA
gridded (L4) products are used with two grid resolutions: 1/4◦ × 1/4◦ (global product)
and 1/8◦ × 1/8◦ (regional product). Note the grid scales of the variability that is resolved
in the DUACS merged products are adjusted by the parameters (temporal and spatial
correlation length scales) of the correlation function used in the OI mapping procedure [39].
Furthermore, two versions are applied to the Mediterranean Sea region: all-satellites (all-
sat) and two-satellites (two-sat). The difference between them is the number of satellites
used to compute the gridded maps, as their names imply. The advantage of the former is
that it makes full use of all the available information to provide the best products, but the
error is not constant in time due to the number of satellites it depends on. While the latter
has a consistent error over the period at the cost of missing much available information
from other satellites. In order to verify the methodology developed for the Mediterranean
Sea, and to compare the eddy characteristic in different sea areas, we selected another three
test regions for this study: the South-China Sea; the North-West Pacific; and the South-East
Pacific. Some details of the datasets we used are shown in Table 1.

Table 1. Details of the SLA data sets used in this study.

Resolution Coverage Range Time Series Satellites Type

1/4◦ × 1/4◦

Daily Global Ocean 90◦S–90◦N
180◦W–180◦E 19930101–

20181231

All-Sat 1©

Gridded
1/8◦ × 1/8◦

Daily

Mediterranean
Sea

30◦N–46◦N
6◦W–37◦E

All-Sat 2©

Two-Sat 3©

South-China
Sea

0◦–25◦N
105◦E–125◦E

20180101–
20181231 All-SatNorth-West

Pacific
25◦N–45◦N

120◦E–160◦E

South-East
Pacific

55◦S–35◦S
130◦W–90◦W

Note. CMEMS ID of the downloaded datasets: 1© SEALEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047.
2© SEALEVEL_MED_PHY_L4_REP_OBSERVATIONS_008_051. 3© SEALEVEL_MED_PHY_CLIMATE_L4_REP_

OBSERVATIONS_008_056.

2.2. Methods

During the past dozen years, several eddy identification algorithms have been devel-
oped, e.g., the Okubo–Weiss parameter method [18]; the 2D wavelet method [40]; the wind-
ing angle method [41]; the flow-direction-based method [42]; the SSH-based method [1];
the Lagrangian coherent structure method [43]. Alongside these, several eddy tracking
algorithms have also been developed, e.g., the nearest neighbor method [44]; the similarity
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method [45]; the pixel overlap method [46]. Our early work [47,48] that improved the work
of Chelton et al. [1] has been applied to this study.

2.2.1. Eddy Identification

The eddy identification steps used are as follows. First, a high pass Gaussian filtering
is applied to the SLA data with a half-power filter of 20 longitudes × 10 latitudes. Second,
the local extreme points of SLA fields in each 5 × 5 grid cell are identified by scanning the
map and are defined as eddy seeds. Third, the global SLA field is divided into 40 regular
blocks (8 × 5) at the basin scale with overlaps. Fourth, SLA contours are computed at
a 0.25 cm interval to extract eddy boundaries corresponding to maximum geostrophic
current speed. Finally, all the blocks are merged seamlessly into a global eddy map with
duplicates eliminated.

Seeds are judged as eddies when searching for SLA contour if the following conditions
are met:

1. They contain no more than one “seed” (local minimum/maximum);
2. 9 pixels ≤ eddy size ≤ 2000 pixels (endure mesoscale);
3. Eddy shape test within an error threshold of 55%;
4. Eddy amplitude (A) ≥ 0.25 cm can be described by Equation (1).

A = |hseed − h0| (1)

where hseed is the SLA value at the seed, and h0 is the SLA value of the outermost closed
SLA contour and defines the circumference of the eddy.

The eddy kinetic energy (EKE) can be described by Equation (2).

EKE =
1
N ∑N

1

[
1
2
×
(

U2
g + V2

g

)]
(2)

where N is the number of gridded SLA data points located within the eddy contours, and
Ug (zonal velocity) and Vg (meridional velocity) are the geostrophic velocity anomalies
that are obtained from the SLA data according to Equation (3).

Ug =
−g

f
∂SLA

∂y
, ·Vg =

g
f

∂SLA
∂x

(3)

where g is the gravitational acceleration, f is the Coriolis parameter, x and y are the zonal
and meridional spatial coordinates, respectively [49]. It is worth mentioning that the
minimum pixels of the two different resolution data sets are controlled to the same value.

To verify whether 1/8◦ data can accurately identify small-scale eddies that go unrec-
ognized in the 1/4◦ data, the eddy identification results superposed on the SLA field are
shown in Figure 1.

2.2.2. Eddy Tracking

Anticyclonic eddies (AEs) and Cyclonic eddies (CEs) are tracked separately. For each
eddy identified at time step1 (t1), the eddies for the next time step (t2) are searched to
find the closest eddy within a radius of 0.5◦ from its centroid. If multiple t2 eddies (k) fall
within the search range, only the eddy with the minimum set of dimensionless similarity
parameters (i.e., EKE (∆E), amplitude (∆a), distance (∆d), and eddy area (∆A) between
eddies at time steps t1 and t2) is assumed to be the t2 candidate [45]:

St1,t2,k =

√(
∆E
E0

)2
+

(
∆a
a0

)2
+

(
∆d
d0

)2
+

(
∆A
A0

)2
(k > 1) (4)

the characteristic values are used in our computation are as follows: E0 = 100 cm2·s−2,
d0 = 0.25◦, a0 = 2 cm, A0 = π602 km2. Due to sampling errors and noises in the SLA
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interpolated products, it is possible for eddies to disappear temporarily, and reappear a
few time steps later [1]. We allow eddies to disappear for five times steps while tracking.
t2 eddies without t1 counterparts are considered as new eddies. The tracking process is
executed iteratively until all identified eddies are traversed. Using these identification and
tracking schemes, a whole eddy dataset covering the global ocean has been created and is
maintained by Tian et al. [48] at http://coadc.ouc.edu.cn/tfl/ and http://data.casearth.cn/
(Data ID: XDA19090202; Accessed date: 15 September 2021).

Figure 1. SLA (cm) and eddy identification results (eddy effect contour and eddy centroid core) of
three datasets in the Mediterranean Sea: (a) 1/4◦; (b) 1/8◦ all-sat; (c) 1/8◦ two-sat.

http://coadc.ouc.edu.cn/tfl/
http://data.casearth.cn/
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2.2.3. Eddy Matching

Altimetry spatial resolution plays an important role in correctly describing mesoscale
eddies and analyzing various ocean phenomena [50,51]. To intuitively compare the ability
of data with different spatial resolutions, we matched and compared two sets of eddies.
Four matching situations (A, B, C, D) are presented in Table 2. Since the radius of a 1/4◦

eddy is usually larger than that of a 1/8◦ eddy, we have made three comparisons based on
1/4◦ eddies (A, B, C) and one based on 1/8◦ eddies (D).

Table 2. Resulting from four different situations of eddy matching.

Situation A B C D

1/4◦ eddy number 1 1 1 0
1/8◦ eddy number 1 0 >1 1

• Situation A: There is a 1/8◦ eddy in a 1/4◦ eddy, and we call these eddies
“correct eddies”;

• Situation B: There is no 1/8◦ eddy in a 1/4◦ eddy, we call the situation a
“redundant” one;

• Situation C: There are multiple (usually two) 1/8◦ eddies in one 1/4◦ eddy. These are
called “confused eddies”;

• Situation D: There is no 1/4◦ eddy matched with a 1/8◦ eddy. This is referred to
as “missed”.

The occurrence probability and density distribution of the four situations are described
in detail below.

3. Results
3.1. Eddy Identification in the Mediterranean Sea

The results of eddy identification using the two spatial resolutions and types of data
in the Mediterranean Sea are shown in Figure 2. It can be seen that the number and density
of eddies identified using the 1/8◦ data are larger than those identified using the 1/4◦,
and generally have smaller radii. The shape of eddies detected using the high-resolution
data is closer to an egg-like shape: i.e., a very good approximation to a mathematical
ellipsoid with a semi-major and semi-minor axis of 87.0 km and 54.0 km respectively [52].
Some parameters describing the eddy identification are presented in Table 3, including the
average daily eddy number, eddy density, and the median of the eddy radii, amplitude,
EKE, and eccentricity.

Table 3. Parameters describing the identified eddies in the Mediterranean Sea.

Sea Area Mediterranean Sea

resolution 1/4◦ 1/8◦ all-sat 1/8◦ two-sat
Eddy number 39 102 96

Eddy density (num·deg−2·day−1) 0.15 0.38 0.35
Eddy radius (km) 67 42 43

Eddy amplitude (cm) 2.68 1.90 1.86
EKE (cm2·s−2) 29 39 36

Eddy eccentricity 0.77 0.78 0.78
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Figure 2. Overlay maps of eddy identification with two spatial resolutions and data types in the
Mediterranean Sea: (a) 1/4◦ and 1/8◦ all-sat; (b) 1/4◦ and 1/8◦ two-sat. The black dots represent
eddy effect contours identified using the 1/4◦ data, and the magenta (desert blue) dots represent
eddy effect contours identified using the 1/8◦ all-sat (two-sat) data.

The eddy density is calculated based on a 1◦ × 1◦ grid. In the Mediterranean Sea, the
number and density of 1/8◦ eddies are about 2.5 times that of 1/4◦ eddies, and numbers
derived when using the all-sat dataset are slightly larger than when using the two-sat data.
We also calculate the eddy frequency of occurrence in each 1◦ × 1◦ grid, which can be
regarded as the visualization pattern of density. Figure 3 shows that the density distribution
results are similar for the different spatial resolutions, but the range of values is different.
The northwestern region has the lower density: <0.2 (0.4) eddy per 1◦ × 1◦ grid per day
using the 1/4◦ (1/8◦) resolution data, especially in the Adriatic, the Ionian Sea, and the
Levantine Basins. The North African coasts have higher densities: >0.2 (0.4) eddy per
1◦ × 1◦ grid per day using the 1/4◦ (1/8◦) resolution data. On the other hand, as illustrated
by the pie chart, the area proportion of the eddy density in the range of 0–0.17 derived
using the 1/8◦ resolution data is about 0.4 times that derived using the 1/4◦ resolution
data, which shows that the areal proportion of low-density areas decreases with an increase
in data resolution. The dominant density ranges of the two sets of data are 0–0.34 (1/4◦)
and 0.34–0.9 (1/8◦), respectively.
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Figure 3. Eddy density distribution maps and density ratio pie charts for the Mediterranean Sea:
(a) 1/4◦; (b) 1/8◦ all-sat; (c) 1/8◦ two-sat. The colored squares represent the range of eddy density, as
shown in the legend. The color pie charts represent the proportion of each density range.

The eddy radius presented in Table 3 is the median of the statistical series of all radii
obtained over the study period. The radii for eddies identified using the 1/4◦ data are
around 67 km, while those obtained using the 1/8◦ data are around 42 km (all-sat) and
43 km (two-sat) in the Mediterranean Sea. The ratio of the eddy radii identified using
the 1/8◦ data to the 1/4◦ data is about 0.6. The radii derived for eddies using all-sat and
two-sat products are almost the same. The average radii of all eddies in each 1◦ × 1◦ grid
are also calculated. In the Mediterranean Sea, the distribution of eddy radii (Figure 4a–c) is
similar to that of density to some extent. The eddies along the northern coast generally have
smaller radii. On the contrary, the regions with larger radii are concentrated in the south,
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especially in the Algerian current and the Libyo–Egyptian current in the Mediterranean
Sea. Hence, it appears that eddy radius decreases with increasing latitude, which is in line
with the change in the Rossby radius of deformation [53]. The reliability of eddy detection
with 1/8◦ data is further verified. Besides, the radii of eddies identified with 1/4◦ data
are larger (65–120 km) than that with 1/8◦ data (20–55 km). As shown in the histogram
of Figure 4d, the minimum (maximum) radii of eddies identified using the 1/4◦ data and
1/8◦ data are 39 km (253 km) and 19 km (164 km), respectively. The peak radii of the 1/4◦

eddies (~52 km) are consistently larger than the 1/8◦ eddy radii for both all-sat (~30 km)
and two-sat (~29 km) products. The ratios of the minimum, maximum, and peak values of
the two spatial resolutions data are all around 0.5–0.6, which is almost equal to the ratio
of the median of their radius value. In addition, the patterns of eddy radius identified by
all-sat and two-sat products are almost the same. In a sense, the improved resolution of
satellite altimetry data shows a better ability to capture small-scale eddies.

Figure 4. Eddy radius distribution maps and radius histogram of the Mediterranean Sea: (a) 1/4◦;
(b) 1/8◦ all-sat; (c) 1/8◦ two-sat. The colored squares represent the range of eddy radii, as shown
in the legend. The histogram (d) represents the relationship between eddy radii and number in the
different datasets, where the black line represents the eddies identified using the 1/4◦ data, and the
magenta (desert blue) line represents eddies identified using the 1/8◦ all-sat (two-sat) data.

The time series statistics and ratio scatter diagrams of three parameters (eddy radius,
eddy amplitude, EKE) from the Mediterranean Sea are shown in Figure 5. It is worth
noting that the time series statistics use the complete dataset, which includes all eddies
identified using two spatial resolution data sets, while the ratio scatter diagrams used the
eddy matching dataset, which contains only the eddies that can be detected using both
resolutions (see Section 3.3). In addition, since the results from the all-sat and two-sat data
sets are similar in these analyses, we only show those of the all-sat products. In the whole
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time series from the Mediterranean Sea, the daily average of radii derived from the two
sets of data show a stable trend (Figure 5a), with values of about 67 km (1/4◦) and 42 km
(1/8◦).

Figure 5. Time series statistics (a–c) and ratio scatter diagram (d–f) of three parameters in the
Mediterranean Sea: (a,d) eddy radius; (b,e) eddy amplitude; (c,f) EKE. In (a–c), the red dotted (solid)
lines represent the daily average values of 1/4◦ (1/8◦ all-sat) eddies, corresponding to the red axis in
the left, and the solid blue lines represent the ratio of the values of two resolutions, corresponding to
the blue axis in the right. In (d–f), the abscissa (ordinate) represents the values of 1/4◦ (1/8◦) eddies’
parameter, and the color squares represent the number of eddies that meet the point value, and their
ranges are shown in the legend. The cyan lines are the two-dimension fitting of scattered points, and
the black dotted lines are diagonal.

The ratio of the radii from the two sets of data is about 0.6, which is the same as
that of the median radii (Table 3). Figure 5d shows that the radii of 1/4◦ eddies are still
larger than those of 1/8◦ eddies in more cases for the matching eddy dataset. As for the
amplitude, the ratios of the two resolutions are both about 0.7, similar to the ratio of the
median values in Table 3. However, the eddies in the matching dataset with two resolutions
have similar amplitude values. This can be explained as follows. For the median and daily
mean amplitudes of all eddies, the difference between the results from the two sets of data
is caused by the small eddies identified by the 1/8◦ data. However, the situation for EKE is
the opposite as the larger the EKE, the more eddies there are in the higher resolution. For
EKE, the ratio of the two resolutions is about 1.3, which is due to the calculation of EKE
depending on the area of a single eddy. As for the eccentricity of the eddy, it can be seen
from Table 3 that the data resolution does not affect this property and values are all close to
0.78 [52].

3.2. Eddy Tracking in the Mediterranean Sea

We tracked eddies in the Mediterranean Sea from 1993 to 2018. Previous studies
have suggested that estimated lifetimes and propagation distances of regional eddies
will increase with increased spatial resolution [31]. Therefore, here we focused on the
longest living individual anticyclonic and cyclonic eddies, and robust eddies with long
propagation distances (Figure 6). It is found that the positions of the longest-lived eddies
in the Mediterranean Sea are almost the same derived from the different spatial resolution
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and type of datasets (anticyclonic eddy: 35◦N, 22◦E; cyclonic eddy: 35◦N, 27◦E), as shown
by the red and blue stars in Figure 6. We speculate that the physical activities near this
area are relatively stable, resulting in short eddy propagation distances and high stability.
Obviously, this is independent of the resolution of the data.

Figure 6. Results from tracking typical eddies in the Mediterranean Sea. (a) represents typical
anticyclonic eddies and (b) represents typical cyclonic ones. The red (blue) stars in the figure
represent the location of the anticyclonic (cyclonic) eddy with the longest life in the Mediterranean
Sea from 1993 to 2018. The three lifetimes indicated in the insert boxes are the tracking results based
on 1/4◦, 1/8◦ all-sat, and 1/8◦ two-sat datasets respectively. The shapes and trajectories of the
long-distance eddies are shown in inserts on the left. The black lines represent the eddy identified
using the 1/4◦ data, and the magenta (desert blue) lines represent the eddy identified using the 1/8◦

all-sat (two-sat) data.

The life spans of eddies are also shown in the insert text boxes in Figure 6. It is worth
noting that although the data resolution has little effect on the position of long-lived eddies
(defined by Chen et al. [54] as eddies with lifetimes longer than one year), it has a great
influence on the length of eddy life. The eddies tracked by the low-resolution data may be
missed for a while, and the same eddies are erroneously identified as new ones when they
are observed again, which leads to the disconnection of these eddies’ life spans. Therefore,
the lifetimes of eddies tracked using the low-resolution data are sometimes shorter than
those obtained using the high-resolution data, especially for long-lived eddies.
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The inserted figures on the left side of Figure 6 show the two large anticyclonic
and cyclonic eddies with long propagation distances which occurred on 4 June 2002 and
30 January 2018, respectively. The visualization results of the three datasets are shown
separately. It can be observed that the eddy tracked using the 1/4◦ data has a larger radius
and shorter propagation distance. Moreover, the tracking accuracy using the two-sat data
is better than that using the all-sat data, which is a reasonable result based on their different
altimetry principles.

3.3. Eddy Matching in the Mediterranean Sea

Results so far have suggested that the accuracy of high-resolution data is greater than
that of low-resolution in eddy identification and tracking. Eddy matching can intuitively
show the advantages of resolution improvement on eddy detection. The visualization
patterns of the four situations described in Section 2.2.3 are shown in Figure 7, and the
probabilities of eddy matching are presented in Table 4.

Table 4. Probabilities of eddy matching in the Mediterranean Sea.

Situations
Datasets

Foundations
Mediterranean Sea

All-Sat Two-Sat

A
1/4◦

0.72 0.70
B 0.17 0.20
C 0.11 0.10

D 1/8◦ 0.63 0.63

It can be seen that ~70% of the 1/4◦ eddies can match 1/8◦ eddies without consid-
ering the accuracy of the parameters (Figure 7b). As shown in the density distribution
maps (Figure 8a,e), most of the “correct eddies” (Situation A) are distributed in the center
of the enclosed sea, and their density distribution is consistent with that of the overall
eddy density.

The causes of Situation B may be the misunderstanding closure of 1/4◦ SLA contours
caused by some specific influences (Figure 7c). We need more in-depth analysis to judge
whether there is a leakage of 1/8◦ eddy. The probability values of Situation B (Table 4)
using the two-sat data are higher than that when using the all-sat data because of their
orbital observation principles. The two-sat model pays more attention to the identification
and tracking of the single robust eddies, which makes it easier to miss small or complex
eddies that are not easily identified. Compared with the overall distribution of eddy density,
the distributions of “redundant eddies” using the all-sat in the Mediterranean Sea appear
opposite, while the distribution using the two-sat data appears similar (Figure 8b,f).

Eddy identification using the 1/4◦ data may confuse several small eddies into a
large one (Situation C), which is one of the important reasons for the lower numbers and
larger radii of 1/4◦ eddies (Figure 7c). As can be seen in the density distribution maps
(Figure 8c,g), the pattern of Situation C in the Mediterranean Sea is like that of the eddy
density.

The first three situations are matched based on 1/4◦ eddies. Since the radii of 1/8◦

eddy are generally smaller than those of 1/4◦ eddies, there may be no eddy core of a
1/4◦ eddy within a 1/8◦ eddy, even if the two sets of data have identified the same eddy.
The accurate search range for an external eddy core has not yet been determined and
needs further analysis. Thus, we have only conducted one matching based on 1/8◦ eddies
(Situation D). These 1/4◦ eddies should have existed but did not actually. This situation can
most intuitively reflect the superiority of 1/8◦ data. It can be observed from the results of
eddy visualization (Figure 7d), that the missing eddies have small radii and are distributed
near the coastline or in complex islands (Figure 8d,h). The large interval of 1/4◦ SLA
contours and their closed structure make it difficult for eddies to form or be detected in
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the presence of complex obstacles. In terms of the probability (Table 4), the values in the
Mediterranean Sea are both about 0.63 using the all-sat and two-sat data products.

Figure 7. Visualization of eddies for four matching situations from two different resolution data
sets in the Mediterranean Sea. The black lines represent eddy effect contours identified using the
1/4◦ data, and the magenta lines represent eddy effect contours identified using the 1/8◦ data.
(a) represents all eddies identified under 1/4◦ and 1/8◦all-sat data, (b) represents Situation A,
(c) represents Situation B and C, and (d) represents Situation D. (See Section 2.2.3 for a description of
the four situations).
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Figure 8. Density distribution of four matching situations in the Mediterranean Sea: (a,e) Situation A;
(b,f) Situation B; (c,g) Situation C; (d,h) Situation D (See Section 2.2.3 for a description of the four
situations). On the left are the results using the all-sat data, and on the right are the results using the
two-sat data. The legend on the right shows the range of density values.

4. Discussion

Here we apply the methods developed for the Mediterranean Sea to three test regions:
the South-China Sea; the North-West Pacific; and the South-East Pacific. The basic parame-
ters used to describe eddies in the Mediterranean Sea (Table 3) are also presented for the
three test regions (Table 5).

Table 5. Parameters of eddies in the three regions.

Sea Area South-China Sea North-West Pacific South-East Pacific

Resolution 1/4◦ 1/8◦ 1/4◦ 1/8◦ 1/4◦ 1/8◦

Eddy number 35 54 94 165 148 254
Eddy density

(num·deg−2·day−1) 0.09 0.14 0.14 0.24 0.19 0.32

Eddy radius (km) 72 48 77 47 79 49
Eddy amplitude (cm) 2.55 1.43 6.18 3.02 3.43 1.88

EKE (cm2·s−2) 162 111 146 94 31 23
Eddy eccentricity 0.79 0.78 0.79 0.78 0.78 0.77

Compared to the values from the Mediterranean Sea, there are fewer lower ratios
(1/8◦ ÷ 1/4◦) in the number and density of eddies: i.e., around 1.5 in the South-China
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Sea and 1.7 in the Pacific. This may be related to their different data sources and ocean
characteristics. However, the average ratio, which is close to 1.5–2.5, is likely because the
precision of the 1/8◦ data is twice of the 1/4◦.

The density distribution patterns show that the eddy density in the South-China Sea
gradually decreases from northeast to southwest along a diagonal (Figure 9(Aa,Ab)). In the
North-West Pacific, the East-China Sea, the Sea of Japan, and the Pacific Ocean northeast of
Japan have high densities (Figure S1A). There are no obvious features in the South-East
Pacific (Figure S1B). From the area proportions of the eddy density values described by the
pie charts of the three areas (Figure 9(Ac); Figure S1), it can be seen that the proportion of
low-density areas decreases with increasing spatial resolution.

Figure 9. (A) Eddy density distribution maps ((a) 1/4◦; (b) 1/8◦) and density ratio pie charts (c)
in the South-China Sea. The colored squares represent the range of eddy density, as shown in the
legend. The color pie charts represent the proportion of each density range and the result of 1/4◦

data is on the left. (B) Eddy radius distribution maps ((a) 1/4◦; (b) 1/8◦) and radius line chart (c)
in the South-China Sea. The colored squares represent the range of eddy radius, as shown in the
legend. The histogram represents the relationship between eddy radius and number under different
resolutions, where the black line represents the eddies identified using the 1/4◦ data, and the magenta
line represents the eddies identified using the 1/8◦ data.
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Median eddy radii are presented in Table 5. The values derived when using the 1/4◦

data for the three regions (the South-China Sea; the North-West Pacific; and the South-East
Pacific) are around 72 km, 77 km, and 79 km, respectively, while the values derived from
the 1/8◦ data are around 48 km, 47 km, and 49 km, respectively. The ratios of the values
derived from the two sets of data are all-around 0.6 (1/8◦ ÷ 1/4◦), which is the same as
those in the Mediterranean Sea.

We also calculate the average radii of all eddies in each 1◦ × 1◦ grid. In the South-
China Sea and North-West Pacific, the patterns of eddy radii are somewhat different from
that of density. The eddies with the largest radii are in the midwest of the South-China
Sea (Figure 9(Ba,Bb)), which does not coincide with the highest density which is located
in the northeast. In the North-West Pacific, the largest radii usually occur in the body
of the Pacific Ocean to the east of Japan (Figure S2A). The eddy radius distribution in
the South-East Pacific also has no significant characteristics similar to the eddy density
distribution (Figure S2B).

As shown in the histograms of Figure 9(Bc) and Figure S2(Ac),(Bc), the minimum radii
of eddies identified using the 1/4◦ and 1/8◦ data in the three regions are 38 km (18 km),
40 km (19 km), and 38 km (19 km), respectively. The maximum radii are 314 km (148 km),
320 km (190 km), and 239 km (165 km), respectively. The ratios of the minimum, maximum,
and peak values of the two sets of data are all-around 0.5, which is the same as that for the
Mediterranean Sea.

Time series statistics and ratio scatter diagrams have been calculated in the three test
regions (Figure S3). Over the whole time series, the three parameters (eddy radius; eddy
amplitude; EKE) in these regions present a stable trend, which suggests that there is no
obvious fluctuation in the daily average value of eddy parameters. The ratios between the
two resolution data are all about 0.6. Eddies in the three regions have similar radii when
derived using the two sets of data: 75 km (1/4◦) and 48 km (1/8◦) and are a little larger
than those found in the Mediterranean Sea. The ratio scatter diagrams of eddy radius
(Figure S3(Ad,Bd,Cd)) also show that 1/4◦ eddies have larger radii than 1/8◦ eddies.

The median amplitude of the 1/4◦ eddies in the South-China Sea is similar to that of
the Mediterranean Sea, being about 2.6 cm, while that of the 1/8◦ eddies in the latter region
has larger values and the values of the other two regions are larger, and the North-West
Pacific values are close to twice as large as those of the South-East Pacific. It can be inferred
from this that eddy amplitude is closely related to the ocean topography. Compared
with the open sea areas, the enclosed sea with complex conditions, usually have smaller
parameter values. The ratio scatter diagrams for eddy radius (Figure S3(Ae,Be,Ce)) have
shown that the amplitudes of 1/4◦ eddies are slightly larger than those of 1/8◦ eddies.
They also show that the small-scale eddies identified using the 1/8◦ data pull down the
mean values of the overall eddies.

As for the EKE, there are some anomalies in these three test regions: the higher the
resolution, the lower the EKE. We attribute the anomalies to insufficient data and no pixel
screening, and hence further exploration is needed. In addition, the South-China Sea and
the North-West Pacific have larger values, while the South-East Pacific has the lowest
values, which are closed in value to those of the Mediterranean Sea. This may be because
this sea area which exhibits more ocean dynamics has greater EKE. Their ratio scatter
diagrams (Figure S3(Af,Bf,Cf)) show that the EKE are almost the same for the two sets of
data from the matching dataset. In general, the improvement of data resolution increases
the accuracy of eddy parameters, and differences in these values between the two sets of
data are caused by the small-scale eddies identified using the 1/8◦ data.

The probabilities and the patterns of the four situations (See Section 2.2.3) in the three
regions are presented in Table 6 and Figure 10. Compared with the Mediterranean Sea, the
values of Situation A eddies are larger, which may be due to the complex island distribution
and tortuous sea-land boundary of the Mediterranean Sea. The density distribution patterns
of “correct eddies” are similar to their overall eddy density. The probabilities of Situation B
(Tables 4 and 6) show that the Mediterranean Sea and the South-China Sea are relatively
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high at about 0.18, which are around three times those of the Pacific which are about
0.06. Compared with the overall eddy density, the distributions of “redundant eddies”
(Situation B) from the all-sat data in the Mediterranean Sea and the South-China are opposite
(Figures 8b and 11(Ab)), while the two-sat and the North-West Pacific distributions are
similar (Figures 8f and 11(Bb)). The regularity of the South-East Pacific is not so obvious
(Figure 11(Cb)).

Table 6. Probabilities of eddy matching in the three regions.

Situations Datasets
Foundations

South-China
Sea

North-West
Pacific

South-East
Pacific

A
1/4◦

0.84 0.88 0.89
B 0.13 0.06 0.06
C 0.03 0.06 0.05

D 1/8◦ 0.43 0.44 0.42

Figure 10. Visualization of eddies for four matching situations of two resolution eddies in the three
regions: (A) the South-China Sea; (B) the North-West Pacific; (C) the South-West Pacific. The black
lines represent eddy effect contours identified by 1/4◦ data, and the magenta lines represent eddy
effect contours identified using the 1/8◦ data. (a) represents all eddies identified using the 1/4◦ and
1/8◦all-sat products, (b) represents Situation A, (c) represents Situation B and C, and (d) represents
Situation D.
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Figure 11. Density distribution of four matching situations in the three regions: (A) the South-China
Sea; (B) the North-West Pacific; (C) the South-East Pacific and (a) Situation A; (b) Situation B; (c)
Situation C; (d) Situation D. The legends show the range of density values.
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As for Situation C, the Mediterranean Sea has the highest values as can be seen
from Tables 4 and 6. There may be two reasons for this: one is that the Mediterranean
data source is different from the other three test regions, which may affect the processing
accuracy; the other is because of the complex island distribution and winding coastline in
the Mediterranean Sea. As shown in the density distribution maps (Figure 11), the patterns
in the Mediterranean Sea, the South-China Sea, and the North-West Pacific are like those of
their eddy density, although in the South-East Pacific eddy density is higher in the west
and lower in the east. Values for Situation D eddies in the Mediterranean Sea are higher
than those of the three test regions. We believe that the reasons for this are consistent with
the explanations for Situations A, B, and C.

5. Conclusions

In this paper, we analyze the impact of the resolution improvement of satellite altimetry
data on eddy research. Four sea areas: the Mediterranean Sea, the South-China Sea,
the North-West Pacific, and the South-East Pacific are selected for the study. Using the
same eddy identification and tracking algorithms, we analyze the characteristics of eddies
under two spatial resolutions (1/4◦ and 1/8◦) and data types (all-sat and two-sat in the
Mediterranean Sea) data sets, yielding the following main results,

Firstly, our results show that the number and density of eddies identified using the
1/8◦ data are twice as great as those identified using the 1/4◦ data. This is consistent
with the generation principle of 1/8◦ data. The 1/8◦ data used in this paper is obtained
by spatial interpolation on the basis of 1/4◦ data. The observation grid is reduced from
0.25◦ × 0.25◦ to 0.125◦ × 0.125◦, and the accuracy is doubled in the unilateral direction to
obtain more precise results. The eddies identified by 1/8◦ data generally have smaller radii,
amplitudes, and larger EKE values, and the ratios of these parameters between the two
spatial resolutions are around 0.6–0.8 and 1.3 (1/8◦ ÷ 1/4◦).

With the improvement in spatial resolution, not only may the eddy parameters be
closer to the true values but more small-scale eddies can be captured, which plays an
important role in the accurate approximation of eddy parameter values. The differences
in parameters between the two resolutions are mainly caused by the small-scale eddies
identified using the 1/8◦ data, especially for the amplitude and EKE parameters. This is of
great significance for the future study of ocean dynamics and ecology.

Secondly, the tracking results show that the improvement of data resolution has little
effect on the distribution position of anticyclonic or cyclonic long-lived eddies, but has
a great effect on the length of their life. Similarly, the values of propagation distances of
eddies are also affected by the data resolution. The higher the resolution, the longer the
eddy life and the propagation distance, which is the inevitable result of the improvement
in the continuous eddy capturing capability.

Thirdly, the eddy matching results show that without considering the difference of
characteristics, ~70% to 80% of the 1/4◦ eddies are correct, and ~20% to 30% are redundant
or confused. The 1/4◦ identified eddies only account for ~30% to 60% of the eddies
identified using the high-resolution data, which suggests that the 1/4◦ resolution will result
in most of the small-scale eddies being missed.

Fourthly, our study shows that the all-sat data have stronger eddy capture ability and
more accurate eddy characteristic analysis potential for most eddies. While the two-sat
data have better eddy capture and eddy tracking ability for a single robust eddy.

Finally, the differences in eddy characteristics in four sea areas (the Mediterranean
Sea and three test regions) are systematically evaluated. For an enclosed sea with complex
conditions such as the Mediterranean Sea and the South-China Sea, the data resolution has a
greater impact on it. Low-resolution data tends to miss more existing eddies, thus affecting
the research results. However, the distribution trend of this kind of sea area is more obvious
and it has stronger regional characteristics. On the contrary, the regional characteristics
of the relatively open Pacific Ocean are not very obvious, and the improvement of data
accuracy has less impact on the eddy studies there.
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and density ratio pie charts in the North-West Pacific and the South-East Pacific; Figure S2: Eddy
radius distribution maps and radius line charts in the North-West Pacific and the South-East Pacific;
Figure S3: Time series statistics and ratio scatter diagrams of three parameters (eddy radius, eddy
amplitude, and EKE) in the South-China Sea, the North-West Pacific, and the South-West Pacific.
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