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Abstract
Numerous studies have indicated that mesoscale eddies play an important role
in diapycnal mixing and drive global water circulation. Although the relation-
ships between eddy surface features and turbulent mixing have been discussed
for individual cases of typical eddies, global studies cannot rely on ship-based mi-
crostructural measurements. Fine-scale methods have been developed, wherein
either the vertical shear of velocity or density strain is used to estimate turbu-
lent mixing. In this study, the turbulent dissipation rate was estimated using
strain information from Argo floats trapped in eddies. Spatially averaged esti-
mates revealed the global distribution patterns of the dissipation rates inside the
eddies. In addition, the relationships between eddy features (polarity, radius,
vertical extent, and aspect ratio) and turbulent dissipation rates were analyzed.
Three main conclusions were made from this study. First, turbulent dissipation
rates inside anticyclones were generally larger than those inside cyclones. Sec-
ond, turbulent dissipation rates inside eddies are related to their vertical extent
but not to their horizontal scale. For shallow eddies (with a vertical extent less
than 250 m for cyclones and 300 m for anticyclones), the deeper the vertical
extent, the larger the turbulent dissipation rate. Finally, the relationship be-
tween the eddy aspect ratio and turbulent dissipation rate was characterized
by skewness. The average turbulent dissipation rate reached a maximum value
when the cyclone aspect ratio was approximately 0.007; conversely, no maxi-
mum value was reached for anticyclones. This work establishes a correlation
between eddy features and turbulent dissipation rates, which will help guide
numerical simulations of mesoscale eddies.

Key words: Mesoscale eddy; Turbulent dissipation rate; Aspect ratio; Eddy
features
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Introduction
Ocean mixing is generally divided into three types: molecular diffusion, vertical
convection diffusion, and turbulent diffusion. Turbulent mixing is the primary
form of mixing in the ocean (Thorpe, 2005) and plays an important role in
determining the heat transport, water exchange, and vertical transport of dis-
solved substances at local and global scales (Whalen et al., 2012). In addition,
turbulent mixing is accompanied by the transport of water components, which
changes both horizontal and vertical density gradients and drives ocean circu-
lation. Predictions of climate change are inseparable from predictions of ocean
circulation (Vallis, 2006); thus, whether existing turbulent mixing parameter-
ization schemes can meet the increasing spatial resolution of climate models
should be addressed (Pope and Stratton, 2002). However, it is currently diffi-
cult to investigate the global distribution of turbulent mixing because of a lack
of observations with sufficient spatial and temporal resolutions.

Based on the traditional one-dimensional convection-dissipation model, Munk
(1966) proposed that the average ocean diffusion coefficient should reach
Ο(10−4 𝑚2

𝑠 ) to maintain the observed ocean stratification structure. However,
by using the microstructure profiler and chemical tracers, Gregg (1987) found
that the average diffusion coefficient of the actual ocean was an order of mag-
nitude less than the estimate of Munk at only Ο(10−5 𝑚2

𝑠 ). These differences
have attracted the attention of scientists, and observations and experiments
have followed. Subsequent observations indicated that the turbulent diffusion
coefficient has an obvious topographical dependence. The average diapycnal
diffusivity observed by Polzin et al. (1996) in the sill, which is located in the
equatorial Atlantic Ocean, is 150 × 10−4𝑚2/𝑠. In rough seabed topography, the
diffusion coefficient may even exceed Ο (10−2 𝑚2

𝑠 ) (Carter and Gregg, 2002).
Thus, the spatial and temporal variability of global turbulent mixing and its
underlying mechanisms have remained a hot research topic.

To date, most turbulent mixing estimates have been based on specialized shear
and microstructure observations with Ο(1 𝑐𝑚) resolution (Kunze et al., 2006).
As turbulent mixing research progresses, observation technology can no longer
meet the needs of the research community. Thus, scholars have begun using
large-scale parameters to describe turbulent mixing. Henyey et al. (1986) first
proposed a parameterization scheme to express the dissipation rate of turbulent
kinetic energy by velocity shear and verified the validity of the method through
numerical simulation. Subsequently, Wijesekera et al. (1993), no longer limited
to using the velocity shear to represent turbulent mixing, attempted to calculate
the turbulent dissipation rate using the stretching of the island surface. Kunze et
al. (2006) summarized and further popularized the aforementioned estimation
methods, which are now widely used to estimate the turbulent dissipation rate
and turbulent diffusion coefficient (detailed in Section 2).

Internal wave breaking is one of the fundamental dynamic mechanisms of tur-
bulent mixing in the ocean and is the main mechanism of internal wave energy
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dissipation. The mechanism of internal wave breaking is very complex, involv-
ing the nonlinear interaction between internal waves, sub-harmonic instability
of nonlinear resonance, gravity instability, interaction between mesoscale eddies,
and topography. Whalen et al. (2012) summarized four main factors affecting
the turbulent dissipation rate: tidal energy, seafloor topography, near-inertial
energy of the mixing layer, and mesoscale eddies. To study the relationship
between tides and the turbulent dissipation rate, Peters (1997) carried out con-
tinuous observations in the Hudson Estuary for two days and found that ocean
stratification was strong during neap tides, but the turbulent dissipation rate
was small. Egbert and Ray (2003) discussed the relationship between each com-
ponent tide and turbulent dissipation, and the results demonstrated that the
M2 component tide caused the strongest dissipation of all the components. In
addition, based on observations of and research on flat ocean basins and shelf
slopes, Gregg et al. (2003) found that the turbulent dissipation rate increased
as the roughness of the topography increased.

Mesoscale eddies also play an important role in turbulent mixing (Yang et al.,
2014; Yang et al., 2019). Internal wave breaking caused by the interaction
between eddies and topography is one of the most important mechanisms of
turbulent mixing (Wunsch and Ferrari, 2004; Caulfield et al., 2017). Kunze
and Sanford (2009) provided a theoretical solution for the propagation path of
near-inertial internal waves in background shear flow by applying ray tracing
theory and predicted that the anticyclone would strengthen turbulent mixing.
However, global dissipation rates inside eddies are not available due to the lack
of observations, making this prediction difficult to verify. Nevertheless, some
scholars have conducted research on individual cases of eddies observed using
a set of hydrographic and microstructural measurements (Sheen et al., 2015;
Yang et al., 2019; Qi et al., 2020). Sheen et al. (2015) investigated the impact
of a subsurface anticyclone in the Southern Ocean on local turbulent dissipation
rates and found that turbulent dissipation was enhanced along the upper and
lower eddy boundaries. Yang et al. (2019) found that turbulent dissipation
was enhanced along the horizontal boundaries by observing a cyclone generated
in the East China Sea and inferred that active sub-mesoscale processes at the
edge of eddies enhance turbulent mixing. Qi et al. (2020) further observed an
anticyclone with a complete trajectory using an underwater glider and concluded
that the turbulence diffusivity at the posterior edge of the anticyclonic mesoscale
eddy was an order of magnitude higher than that at the anterior side; the cause
of this result was also inferred to be related to the generation and growth of
sub-mesoscale motions at the posterior edge of the anticyclone. However, it is
difficult to test such inferences with more examples of eddies, owing to the lack
of efficient thermohaline observation methods. In recent years, an increasing
number of Argo floats have been launched, making it possible to estimate the
turbulent dissipation rate on a global scale. Wei et al. (2014) calculated the
average diffusivity in 41 warm eddies and 27 cold eddies in the South China
Sea based on Argo buoy data. The authors found that the average diffusivity
in warm eddies was one order of magnitude higher than that in cold eddies in
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the upper layer (from 100 to 500 m deep). In 2012, Whalen et al. discussed
the spatiotemporal variability of turbulent dissipation on a global scale based
on data acquired by the Argo floats. In another study by the authors, the
amplitude of the seasonal cycle of turbulent mixing was enhanced in the presence
of a strong and temporally uniform field of eddy kinetic energy (Whalen et al.,
2018). To build off of previous reports, in this study, we attempted to establish
a systematic relationship between turbulent mixing and eddy feathers based on
Argo floats in the global ocean.

The remainder of this paper is organized as follows. In Section 2, we briefly
describe the data and methods used for eddy detection and calculation of the
turbulent dissipation rate. Section 3 presents the results of our analyses and
a detailed discussion of the relationships between eddy features and turbulent
dissipation rates inside the eddies. Finally, the study’s conclusions are presented
in Section 4.

Data and methods
2.1 Automated eddy detection
Eddies were identified from the most recent version of post-processed daily sea
surface height anomaly (SSHA) data for the period from January 2002 to De-
cember 2017, which was provided by the Copernicus Marine Environment Mon-
itoring Service (http://marine.copernicus.eu/services-portfolio/access-to-
products/), with a spatial resolution of 0.25°×0.25°. It is important to note
that these gridded data have been smoothed to some degree, and both excessive
and insufficient smoothing can cause misjudgment in eddy detection, especially
for small-scale eddies. According to previous estimates (Chelton et al., 2011),
the present SSH field has a feature resolution of only approximately 40 km.
Relatively small eddies (radius less than 40 km) at high latitudes were mostly
unresolved; therefore, SSHA data at latitudes higher than 60° were excluded
from this study.

Automated eddy detection methods are basic tools for studying eddy character-
istics from large datasets provided by satellite altimetry missions and numerical
model simulations. Over the past 20 years, many studies have focused on the ex-
ploration of automated eddy detection methods, and many practical algorithms
have been proposed (Chelton et al., 2007, 2011; Nencioli et al., 2010; Lily et
al., 2011; Faghmous et al., 2015). These methods can usually be divided into
two categories based on their application scenarios: the Lagrange and Euler
methods. The former is primarily used to extract the oscillatory features of
specific eddies in the regional sea (Lily et al., 2011), while the latter is more
adaptable to large datasets and identifies eddies based on either their physical or
geometrical characteristics. Euler methods based on physical criteria typically
use expert-defined parameters to determine traces of the presence of an eddy,
such as the Okubo–Weiss parameter (Petersen et al., 2013) and wavelet analysis
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of the relative vorticity field (Doglioli et al., 2007). These methods can provide a
clear picture of eddy evolution; however, they are also sensitive to noise. While
spatial filtering is an effective tool for overcoming noise, it inevitably ignores
some eddy signals. Such omissions add to the uncertainty in global ocean eddy
monitoring studies (Souza et al., 2011). Euler methods based on geometrical
characteristics identify eddies using physical parameters that exceed the chosen
thresholds, such as sea surface temperature and SSHA. These methods involve
searching for all possible eddy signals from the distribution of physical param-
eters and then removing false eddy signals by applying the constraints derived
from the geometric characteristics of the eddy. Therefore, the main advantage
of these methods is that they minimize the omission of eddy signals through
a process of exclusion. However, using an empirical threshold to define the
eddy boundary, as opposed to a physical one, inevitably introduces uncertainty.
Despite these uncertainties, an improved geometric algorithm proposed by Fagh-
mous et al. (2015) is able to recover 96.4% of the features identified by domain
experts.

In this study, we used the automatic identification method proposed by Fagh-
mous et al. (2015) based on gridded SSHA observations. After automatic detec-
tion, ~16.6 million cyclones and ~16.2 million anticyclones were identified from
January 2002 to December 2017. On average, approximately 2840 cyclones and
2770 anticyclones were identified for each daily SSHA map, which is consistent
with the results of Faghmous et al. (2015).

2.2 Characteristics of eddies
We defined eddy boundary using the peak azimuthal velocity to be consistent
with the formula used for calculating the eddy aspect ratio. To obtain the
peak azimuthal velocity, the eddy was decomposed into the azimuthal mean
component and angular mode components in a polar coordinate system, with
the eddy center as the pole (Liao et al., 2019):

ℎ(𝑟, 𝜃) = ℎ0(𝑟) + ∑𝑖=∞
𝑖=1 (𝑎𝑖(𝑟)𝑐𝑜𝑠(𝑖𝜃) + 𝑏𝑖(𝑟)𝑠𝑖𝑛(𝑖𝜃)) , (1)

where the ℎ0(𝑟) is the azimuthal mean component, representing the rotational
symmetry of the eddy. The remaining components represent the interaction
between the azimuthal mean component and Earth’s vorticity field. From ℎ0(𝑟),
the ideal geostrophic flow field of eddies can be obtained. The geostrophic flow
field is then integrated along r, and the abscissa corresponding to the maximum
value of the integrated geostrophic velocity is the eddy radius.

The eddy vertical extent cannot be obtained directly because of the lack of
observations of the interior ocean. In this study, we inferred the eddy vertical
extent using the following equation:

𝐻 = 2ℎ2 = 𝛼𝑅, (2)

where ℎ2 and R represent the eddy vertical half-height and radius, respectively,
and � is the eddy aspect ratio (defined as the vertical half-height over the eddy
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radius). The most frequently cited relation for � is 𝛼 = 𝑓/𝑁 , where f is the
Coriolis parameter and 𝑁 represents the average buoyancy frequency of the
background field. This relationship is inferred from the quasi-geostrophic (QG)
potential vorticity reported by Charney et al. (1971). However, the constraints
under the QG equation are very restrictive, and Aubert et al. (2012) demon-
strated that none of the meddies or laboratory eddies in their study satisfied
these constraints. Hassanzadeh et al. (2012) derived a new relationship for the
aspect ratio based on inviscid Boussinesq equations, given as:

𝛼2 = ( ℎ2
𝑅 )2 = 𝑅𝑂 (1 + 𝑅𝑂) 𝑓2/(𝑁2

𝑐 − 𝑁2), (3)

where 𝑅0 is the Rossby number, defined as 𝑅0 = 𝑉𝜃/𝑓𝑅 (𝑉𝜃 is the maximum
value of the integrated geostrophic velocity mentioned above). 𝑁 and 𝑁𝑐 repre-
sent the average buoyancy frequency of the background field and average buoy-
ancy frequency at the eddy center, respectively. According to Equation (3),
eddy aspect ratios strongly depend on the Rossby number, R𝑂, and buoyancy
frequency at the eddy center, 𝑁𝑐. The Argo program provided approximately
2,000,000 profiles from January 2002 to December 2017, which can be used to
calculate the average buoyancy frequencies, 𝑁 and 𝑁𝑐, and are freely available
online (http://www.argodatamgt.org/access-to-data/). Aubert et al. (2012)
validated Hassanzadeh et al.’s scaling law for � using laboratory eddies and found
good agreement between calculations and observations for typical eddy aspect
ratios, such as those of Atlantic meddies, Jupiter’s Great Red Spot, and Oval
BA. More recently, Liu and Liao (2021) calculated the eddy aspect ratio in the
global ocean and found a marked improvement in the magnitude of the aspect
ratio in middle-high latitudes (>30°) over previously proposed scaling laws.

2.3 Calculating the turbulent dissipation rate inside eddies
We used the strain method originating from fine-scale parameterizations to es-
timate diapycnal mixing. This method was developed by Kunze et al. (2006)
based on previous studies (Gregg, 1989; Wijesekera et al., 1993). The Argo
program provides the temperature and salinity profiles required by the strain
method. The Argo profiles were subjected to preliminary quality control by the
Argo data center, and data flagged as good were used in our analysis. We further
removed the mixed layer and areas of low stratification, as described by Whalen
et al. (2012). The remaining profiles were divided into 250-m, half-overlapping
segments starting from the bottom of each profile. The dissipation rate, 𝜀, for
each segment was calculated as follows:

𝜀 = 𝜀0
𝑁2
𝑁2

0

⟨𝜉2
𝑧⟩2

⟨𝜉2
zGM⟩2 ℎ(𝑅𝜔)𝐿(𝑓, 𝑁), (4)

where 𝜉𝑧 = (𝑁2 − 𝑁2
fit)/𝑁2 is the strain, 𝑁 is the buoyancy frequency de-

rived from the Argo profiles, 𝑁 is the vertically averaged buoyancy frequency
of the segment, and 𝑁2

fit is a quadratic fit of the buoyancy frequency. 𝜀0 =
8 × 10−10 𝑚2 • 𝑠−2 and 𝑁0 = 5.24 × 10−3 𝑟𝑎𝑑 • 𝑠−1 are reference values from
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the Garrett–Munk (GM) model (Garrett and Munk 1975; Cairns and Williams
1976). To quantify the train variance ⟨𝜉2

𝑧⟩2, a linear fit was removed, and each
strain segment was spatially Fourier-transformed for the stain spectra. ⟨𝜉2

𝑧⟩2 was
calculated by integrating the strain spectra from the minimum wavelength to
the maximum wavelength (50 and 300 m, respectively). The integration range
can be adjusted for each Argo profile to avoid errors caused by instrument noise
and removal of the linear fit (Kunze et al., 2006). The corresponding value from
the GM model, ⟨𝜉2

zGM⟩2, was integrated over the same wavenumber range as
⟨𝜉2

𝑧⟩2. The term ℎ(𝑅𝜔) accounts for the aspect ratio and frequency content of
the internal wave field, expressed as follows:

ℎ (𝑅𝜔) = 1
6

√
2

𝑅𝜔(𝑅𝜔+1)
√𝑅𝜔−1 , (5)

where 𝑅𝜔 represents the shear-to-strain variance ratio. For a single wave, 𝑅𝜔
depends on the velocity, and for the GM frequency spectrum, 𝑅𝜔GM = 3. The
GM value 𝑅𝜔 = 𝑅𝜔GM = 3 was chosen as a reasonable estimate of 𝑅𝜔 for
the upper 2,000 m because of the lack of velocity observations (Kunze et al.,
2006; Whalen et al., 2012). The term 𝐿(𝑓, 𝑁) in equation (4) contains latitude
dependence (Gregg et al., 2003), as follows:

𝐿(𝑓, 𝑁) = 𝑓𝑎𝑟𝑐𝑐𝑜𝑠ℎ( 𝑁
𝑓 )

𝑓30𝑎𝑟𝑐𝑐𝑜𝑠ℎ( 𝑁0
𝑓30 ) , (6)

where f is the Coriolis parameter and 𝑓30 is the Coriolis frequency at 30°. Ac-
cording to equation (2), the value 𝐿(𝑓, 𝑁) at the equator is much smaller than
that at mid-latitudes and 𝐿 = 1 at 30°, which is consistent with the result of a
previous study on turbulent dissipation rates (Whalen et al., 2012).

In summary, we chose to use the strain method rather than the shear method
given the lack of velocity observations. A software tool (based on both the strain
method and the shear method) for estimating diapycnal mixing was developed
previously, and the code is available from the IMAS (Institute for Marine and
Antarctic Studies) technical report (Meyer et al., 2014). Finally, the turbulent
dissipation rate 𝜀, derived from Argo profiles ranging from 10−12 𝑊 • kg−1 to
10−8 𝑊 • kg−1, and the logarithm of the dissipation rate (log10 𝜀) were used
to more simply describe the intensity of diapycnal mixing in the subsequent
analysis.

2.4 Synthetic analysis

The synthesis method used in this study assumes that the turbulent dissipation
rates inside different eddies share similar distribution characteristics, that is,
the eddies are barotropic. Based on the eddy detection results, the positions of
the Argo floats were matched with eddy centers. The Argo floats trapped inside
the eddies were selected for synthetic analysis. Briefly, we transferred all Argo
floats trapped in different eddies into a normalized eddy, which behaved as a
standard circle. The positions of the Argo floats were rearranged according to
their positions relative to the eddy centers. The radius of the normalized eddy
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was divided into 10 segments, and the variation in turbulent dissipation rates at
different distances from the eddy center was obtained by averaging the turbulent
dissipation rate at each segment. The specific steps are described below.

First, only the Argo profiles trapped inside the eddies were required in this study.
An Argo float could be used if it satisfied both of the following constraints: (1)
the time interval between the Argo floats and the eddy was no more than two
days, and (2) the distance between the Argo floats and the eddy center was
less than the eddy radius. Illustrative examples of Argo floats collected inside
eddies are shown in Fig. 1. Using this method, approximately 0.54 million
Argo profiles, trapped inside approximately 0.42 million eddies, were selected
for synthetic analysis. Detailed statistics on the quantities of Argo floats trapped
inside an eddy are presented in Table 1. The coordinates of the Argo floats were
transformed into an eddy-centered polar coordinate system normalized by the
eddy radius. In this system, an Argo float located precisely at the eddy center
would have the coordinates (𝜌 =0), whereas an Argo float located precisely at
the boundary of an eddy would have the coordinates (𝜌 =1). For example, in
Fig. 1, the Argo float 𝐴1 is 28 km away from the eddy center C, and the eddy
radius R is 42 km; thus, 𝐴1 has coordinates (𝜌 =0.67). Finally, the normalized
radius was divided into 10 segments (Fig. 2). All Argo floats located in each
segment were collected, the quantities of which are presented in Fig. 2.

In summary, based on the assumption that turbulent dissipation rates inside
different eddies share similar distribution characteristics, all Argo floats trapped
in different eddies were transferred into a normalized eddy for synthetic analysis.
The average turbulent dissipation rate inferred from these Argo profiles indicates
the distribution of the turbulent dissipation rate along the eddy radius.

Results
3.1. Variability of turbulent dissipation rates along eddy
trajectories
In Section 2, a large number of Argo floats trapped inside eddies (as determined
by altimeter observations) were collected to calculate turbulent dissipation rate
profiles. However, it was difficult to investigate the evolution of the turbulent
dissipation rate along eddy trajectories owing to the temporal and spatial dis-
continuity of the Argo data. Only 676 eddy trajectories (331 cyclone trajectories
and 345 anticyclone trajectories) sustained Argo float observations throughout
their lifetimes. Among them, an anticyclonic and a cyclonic trajectory were se-
lected as examples to illustrate the variability of the turbulent dissipation rate
along eddy trajectories.

The anticyclone was generated on January 5, 2017, and declined on April 24,
2017, persisting for 110 days. The average radius of the anticyclone was 67.4
km. An Argo float moving along the anticyclone was selected and provided
12 valid profiles. The positions of the observation stations and the anticyclone
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trajectory are shown in Fig. 3a. The dissipation rate profiles inferred from
the 12 observation sites are shown in Fig. 3b and Fig. 3c. As shown in Fig.
3c, the average dissipation rate profile inside the anticyclone was divided into
three segments centered at depths of 200–400 m, 400–1200 m, and 1200–1800
m. Between 200 and 400 m, the average dissipation rate tended to decrease
rapidly from Ο(10−7) to Ο(10−9) in just 200 m. This was assumed to represent
the continuation of the turbulent kinetic energy dissipation in the mixed layer.
Between 400 and 1200 m, the average dissipation rate tended to decrease slowly
from Ο(10−9) to Ο(10−10) in 800 m. Below 1200 m, the average dissipation rate
was stable at Ο(10−10). Extreme values for 1200–1600 m are shown in Fig. 3c
and are also evident in Fig. 3b (highlighted by the black dotted box). Sheen et al.
(2015) used a number of observations to investigate a subsurface Southern Ocean
eddy and concluded that the presence of the eddy enhanced dissipation rates
near the upper and lower boundaries of the eddy, causing extreme turbulent
dissipation rate values in the inner ocean. Therefore, although it was difficult
to estimate the vertical extent from the aspect ratio of the anticyclone due to
the lack of observations at the anticyclone center, the vertical extent at the
observation sites could be estimated based on the turbulent dissipation rate
profiles. The extreme values observed near the 1800-m depth were considered
to be related to bottom roughness, which was also mentioned in Whalen et al.
(2012).

The cyclone was generated on January 31, 2004, and declined on April 6, 2017,
persisting for 67 days. The average radius of the cyclone was 59 km. An Argo
float moving with the cyclone provided eight valid profiles (Fig. 4a). Maps
showing the turbulent dissipation rate profiles inferred from the eight obser-
vation sites are presented in Fig. 4b and Fig. 4c. The average turbulent
dissipation rate profile inside the cyclone shared a distribution pattern similar
to that inside the anticyclone and was also divided into three segments, which
were centered at depths of 200–350 m, 350–1100 m, and 1100–1600 m. Between
200 and 350 m, the average dissipation rate tended to decrease rapidly from
Ο(10−8) to Ο(10−12) in just 150 m. The average dissipation rate then decreased
more slowly from Ο(10−12) to Ο(10−14) between 350 and 1100 m. Below 1100
m, the dissipation rate remained stable at Ο(10−14). Two distinct extreme seg-
ments were observed in the turbulent dissipation rate profiles in Fig. 4c between
700–1000 m and 1200–1600 m (highlighted by the black dotted box). The max-
min of the turbulent dissipation rates between these two segments were large
(from Ο(10−12) to Ο (10−16); Fig. 4b). This large difference indicates that the
turbulent mixing process inside the cyclone is complex. Owing to the lack of
observations, it was difficult to study whether dynamic processes occurring at
the cyclone bottom boundary dominate the extreme segments between 700–1000
m. As shown in Fig. 4b, the extreme values near 1600 m were clearly visible
from day 10 and extended upward; thus, we considered the extreme values be-
tween 1200–1600 m to be related to bottom roughness, which is consistent with
Whalen et al. (2012).

In summary, eddy polarity plays an important role in turbulent mixing inside
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eddies. Owing to a lack of observations, it is difficult to analyze the dynamic
mechanisms of the variance; therefore, in the following sections, we will sum-
marize the relationships between eddy characteristics (namely polarity, radius,
vertical extent, and aspect ratio) and the turbulent dissipation rate using sta-
tistical methods.

3.2. Spatial and seasonal variability of turbulent dissipation
rates
Fig. 5 shows the vertical profile of the average dissipation rate inside the eddies.
The dissipation rate is primarily related to variations in buoyancy frequency
(Equation (4)); therefore, the average dissipation rate decreases with depth.
Three different patterns of average dissipation rates with depth are shown in
Fig. 5. Between 200 and 600 m, the average dissipation rate decreased rapidly.
Between 600 and 1000 m, the average dissipation rate exhibited a significant
maximum before decreasing with depth below 1000 m. However, compared with
the decreasing trend observed for 200–600 m, the average dissipation rate de-
creased more slowly below 1000 m and was accompanied by a small disturbance.
Based on these trends, we focused our analysis on three segments centered at
depths of 200–600 m, 600–1000 m, and 1000–2000 m. Notably, the variance of
the average dissipation rate decreased with depth, indicating that the mecha-
nism affecting the turbulent dissipation rate in the upper layer was more complex
than that in the bottom layer. The spatial distribution of the turbulent dissipa-
tion rate inside the eddies for segments centered between the abovementioned
depths is shown in Fig. 6. The turbulent dissipation rate is closely related to
the tidal energy, near-inertial energy, mesoscale kinetic energy, roughness topog-
raphy, and proximity to the equator (Whalen et al, 2012), thereby exhibiting
significant spatiotemporal heterogeneity. Some locally intensified mixing dissi-
pation over regions of rough topography is related to breaking internal waves,
which are generated by local interactions between the geostrophic or tidal flow
and topography (Kunze et al., 2006; Whalen et al, 2012). Heightened mixing
occurs in the strong Antarctic Circumpolar Current (ACC) and West Boundary
Current (WBC) regions, such as the Kuroshio and Gulf streams. These are also
regions of active mesoscale eddies with high mesoscale kinetic energy (Chang
et al., 2015; He et al., 2019) and strong near-inertial energy (Chaigneau et al.,
2008; Guo et al, 2020). In this study, we observed regional intensification of the
turbulent dissipation rate inside the eddies in the upper layer (200–600 m), as
shown in Fig. 6a. The mean dissipation rate at the depth interval of 600–1000
m also exhibited high values in both the ACC and WBC regions.

We also analyzed the seasonal distribution of the turbulent dissipation rate
inside the eddies (Fig. 7). In the upper layer (200–600 m), the turbulent
dissipation rates inside the eddies during winter and spring were generally larger
than those during summer and autumn; this seasonal variation was specific
to the upper 600 m. Similar seasonal variations were previously proposed by
Whalen et al. (2012), who showed that the seasonal variation in turbulent
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mixing is consistent with the seasonal variations in surface wind stress.

3.3. Eddy polarity and turbulent dissipation rate
Kunze et al. (1985) proposed that an anticyclone is favorable for the downward
propagation of near-inertial energy. Subsequent studies have also shown that
anticyclones can promote turbulent mixing (Zhai et al., 2005; Kunze et al.,
2006). In this section, statistical methods based on approximately 0.42 million
eddy samples were used to reveal differences in turbulent dissipation rates inside
cyclones and anticyclones.

The eddy samples were divided into two groups based on polarity: approxi-
mately 0.21 million cyclones and 0.21 million anticyclones. The distribution
of the turbulent dissipation rate inside the eddies between the three depth seg-
ments (200–600 m, 600–1000 m, and 1000–2000 m) is shown in Fig. 8. In the
upper layer (200–600 m), the turbulent dissipation rates inside anticyclones are
larger than those inside cyclones, especially in both the ACC and WBC regions.
In the Kuroshio region, a larger dissipation rate was observed between 600 and
1000 m. The ratio of turbulent dissipation rates averaged over a 1° square
bin inside the anticyclones and cyclones (

log10(𝜀cyclone
𝜀anticyclone) ) was used to measure the

magnitude difference in the turbulent dissipation rate. The zonal average of the
global ratio data was obtained, and the statistical results are shown in Fig. 8g–i.
Between the three depth segments, the number of points with a ratio less than
0 was more than 40, which was three times larger than the number of points
with a ratio greater than 0, even five times between 200 and 600 m. Therefore,
we concluded that, in the upper 2000 m, the turbulent mixing intensity inside
anticyclones was generally stronger than that inside cyclones.

3.4. Eddy radius and turbulent dissipation rate
Eddy radius is related to the rotation rate and background stratification. There
may be differences between the turbulent mixing process inside and outside
the eddies, and the turbulent dissipation rates inside eddies with different radii
may also differ. Therefore, the following two issues were considered: (1) the
relationship between the turbulent dissipation rate and the distance from the
eddy center in a range of sea areas (twice the radius from the eddy center),
and (2) the relationship between the turbulent dissipation rate inside the eddies
and at the eddy radius. Consideration (1) can be further broken down into two
parts: (1a) the distribution of the turbulent dissipation rate inside the eddies,
and (1b) the difference between the turbulent dissipation rate inside and outside
the eddies.

To investigate consideration (1a), we analyzed approximately 0.21 million cy-
clones and 0.21 million anticyclones, which were the same as the samples in
Section 3.3. Given the lack of spatially continuous observations, it was difficult
to determine the azimuthal anisotropy of the dissipation rate inside the eddies;
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therefore, we instead focused on the relationship between the turbulent dissi-
pation rate and the distance from the eddy center. All Argo floats trapped in
the eddies were collected, and their positions relative to the eddy centers were
recorded within the normalized radius (detailed in Section 2.4). The relation-
ship between the turbulent dissipation rate inside the eddies and the normalized
radius of the eddies is shown in Fig. 9. The number of Argo floats in each seg-
ment was greater than 1800, adding credibility to the results (also shown in Fig.
2). The turbulent dissipation rate at the eddy center (normalized radius less
than 0.2) was higher than that in the remaining region inside the eddy for both
cyclones and anticyclones. The turbulent dissipation rate in the remaining re-
gion inside the cyclone did not vary with the distance from the eddy center, and
the average turbulent dissipation rate remained almost constant. Conversely,
the turbulent dissipation rate inside the anticyclone decreased with increasing
distance from the eddy center. In addition, the decrease in the dissipation rate
inside the anticyclone was the smallest at 200–600-m depths.

To address consideration (1b), the Argo floats located within a specific sea area
(more than one and less than two times the radius from the eddy center) were
used to calculate the turbulent dissipation rate outside the eddies; in total, 1.1
million profiles for cyclones (Fig. 10) and 1.4 million profiles for anticyclones
(Fig. 11) were included. From the spatial distribution map, the distribution of
turbulent dissipation rates outside the eddies (for cyclones in Fig. 10a–c and
for anticyclones in Fig. 11a–c) and inside the eddies (shown in Fig. 8) shared
a similar pattern. Heightened mixing was observed in the ACC and WBC
regions both inside and outside the eddies. The ratio of turbulent dissipation
rates inside the eddies to that outside the eddies ( log10(𝜀outside

𝜀inside) ) was used to
describe the difference more clearly (Fig. 10d–f and Fig. 11d–f). When the
ratio was greater than 0, the turbulent dissipation rate outside the eddies was
greater than that inside the eddies, and vice versa. The zonal average ratio
of the cyclones is shown in Fig. 10d–f. In the upper layer (200–600 m), the
number of points with a ratio greater than 0 was 44, which was much larger
than the number of points with a ratio less than 0 (14). Between 600 and 2000
m, the number of points greater than 0 was 34, compared to 23 points less
than 0. This indicates that the dissipation rate outside the cyclones was greater
than that inside the eddies, which is consistent with the results of the eddy
case located in the Northern South China Sea (Yang et al., 2019). Adams et
al. (2017) presented high-resolution observations across the ACC as a cyclone
formed in the Scotia Sea and found that enhanced mixing was prompted by
active sub-mesoscale processes; thus, our results can be attributed to the fact
that active sub-mesoscale processes at the cyclone boundaries, related to surface
wind, enhanced turbulent mixing outside the cyclones. The zonal average ratio
of the anticyclones is shown in Fig. 11d–f. Between the three depth segments,
the number of points with a ratio less than 0 was approximately twice the
number of points with a ratio greater than 0. These results indicate that the
turbulent dissipation rate inside eddies is generally larger than that outside
eddies and suggest that turbulent mixing can be enhanced by anticyclones.
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In summary, we found that the turbulent mixing at the eddy center (normal-
ized radius less than 0.2) was enhanced, irrespective of whether inside cyclones
or anticyclones. Additionally, the turbulent dissipation rates in the remaining
regions inside cyclones were evenly distributed, and those outside cyclones were
larger than those inside cyclones due to active sub-mesoscale processes. Lastly,
the turbulent dissipation rates inside anticyclones decreased with distance from
the eddy center, and the average turbulent dissipation rate inside anticyclones
was larger than that outside anticyclones.

The abovementioned samples was also used to investigate consideration (2). The
variation in turbulent dissipation rates inside the eddies with changes in eddy
radii is shown in Fig. 12. The turbulent dissipation rate inside eddies with radii
greater than 220 km fluctuated significantly, which may be a consequence of the
relatively small number of eddy samples (less than 100). In conclusion, eddy
radius did not influence the turbulent dissipation rate inside the eddies.

3.5 Eddy vertical extent and turbulent dissipation rate
The vertical extent of eddies is a parameter that describes the vertical morpho-
logical characteristics of eddies. Internal wave breaking caused by the interac-
tion between mesoscale eddies and topography in the open ocean is one of the
most important mechanisms of turbulent mixing (Caulfield et al., 2017). There-
fore, differences in vertical extent may correlate with differences in turbulent
dissipation rates.

According to Equation (1), the Temperature/Salinity (T/S) profiles located at
the eddy center (identified within 14 km from the eddy center) are needed to
calculate the vertical extent of the eddies. Therefore, the data were screened
to include 8688 eddies (4284 cyclones and 4404 anticyclones) with vertical ex-
tent ranges from 100 to 4000 m (Liu et al., 2020). Only 672 eddies extended
more than 2000 m, accounting for 7.7%. Thus, samples with vertical extents
greater than 2000 m were removed to be consistent with the depth of the tur-
bulent dissipation profiles. After filtering, 8016 eddies (4099 cyclones and 3917
anticyclones) were included for analysis.

Maps showing the relationship between the eddy vertical extent and average tur-
bulent dissipation rate are presented in Fig. 13. In the upper layer (200–600 m),
the average turbulent dissipation rate inside shallow anticyclones (vertical extent
of less than 200 m) increased with the vertical extent of the eddies. When the
eddy vertical extent was larger than 250 m, the positive correlation disappeared,
and the turbulent dissipation rate (log10 𝜀, W/kg) remained at approximately
-9.5. Below 600 m, no significant relationship was observed between the average
turbulent dissipation rate inside shallow anticyclones (vertical extent less than
250 m) and the eddy vertical extent. For cyclones, the relationship between the
turbulent dissipation rate and the vertical extent was similar throughout the
upper 2000 m. The average turbulent dissipation rate inside shallow cyclones
(vertical extent less than 300 m) increased with the vertical extent; this positive
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correlation disappeared when the vertical extent was greater than 300 m.

Turbulent diffusivity, 𝜅, is another parameter for measuring turbulent mixing.
Turbulent diffusivity is defined as 𝜅 = 𝛾𝜖/𝑁2, where a mixing efficiency of 𝛾 =
0.2 is used, 𝜖 is the turbulent dissipation rate, and 𝑁2 is the average buoyancy
frequency inside the eddies. Therefore, the difference between the turbulent
dissipation rate and diffusivity is related to stratification. The relationship
between the turbulent diffusivity (log10 𝜅) and vertical extent is shown in Fig.
14. The turbulent diffusivity inside shallow anticyclones was much larger than
that inside shallow cyclones, indicating that the weak stratification leading to
anticyclones was not as stable as that leading to cyclones. Thus, turbulent
mixing processes are insensitive to changes in the upper ocean (less than 600 m
in depth).

3.6 Eddy aspect ratio and turbulent dissipation rate
The eddy aspect ratio is the vertical half-thickness over the radius, which is a
three-dimensional index describing the geometric characteristics of eddies. Dif-
ferent eddies are produced and developed in different ways, and the aspect ratios
can range from wide and shallow to narrow and deep as latitude increases. In
this section, we determine the relationship between the eddy aspect ratio and
turbulent dissipation rate to provide a reference value for the turbulent dissipa-
tion rate for use in eddy simulations.

The dataset used for this analysis contained 8688 eddies. Because the number of
eddies with an aspect ratio greater than 0.015 accounted for only 5% of the en-
tire dataset, such eddies were removed to reduce the influence of extreme values.
After filtering, 8017 eddies (3924 cyclones and 4093 anticyclones) were retained.
The relationship between the eddy aspect ratio and the turbulent dissipation
rate is shown in Fig. 15. The magnitude of the average turbulent dissipation
rate (log10 𝜀, W/kg) inside anticyclones at depths of 200–600 m ranged from
-9.9 to -9.6 when the aspect ratio was less than 0.005 and maintained a constant
value of -9.6 when the aspect ratio was greater than 0.005. Between 600 and
1000 m, the magnitude of the average turbulent dissipation rate inside anticy-
clones reached a maximum value. When the aspect ratio was less than 0.008,
the magnitude increased from -11.35 to -10.9; when the aspect ratio was greater
than 0.008, the magnitude decreased from -10.9 to -11.1. Below 1000 m, the
distribution of the magnitude of the average turbulent dissipation rate inside
anticyclones was similar to that observed for the 200–600 m depth; when the
aspect ratio was greater than 0.005, the magnitude approached -11.7. In con-
trast, the magnitude of the average turbulent dissipation rate inside cyclones
exhibited a uniform distribution between the depth three segments, which was
characterized by skewness. As shown in Fig. 15, the magnitude of the average
turbulent dissipation rate inside cyclones reached a maximum when the aspect
ratio was 0.01.

In summary, the turbulent dissipation rate inside anticyclones was largest when

14



the aspect ratio was 0.007; the turbulent dissipation rate was positively corre-
lated with the eddy aspect ratio, when the aspect ratio was less than 0.007. The
turbulent dissipation rate inside cyclones was largest when the aspect ratio was
0.01 and decreased as the value of the aspect ratio moved away from 0.01 in
either direction. The greater the difference between the aspect ratio and the
value of 0.01, the smaller the turbulent dissipation rate.

Summary and conclusions
Based on the parameterized theory of turbulent mixing, the turbulent dissi-
pation rate inside the eddies can be calculated and analyzed using Argo float
profiles. This study focused on two major issues: (1) the near-global distribution
of the turbulent dissipation rate inside eddies and (2) the relationship between
basic morphological characteristics of eddies (such as the radius, vertical extent,
and aspect ratio) and the turbulent dissipation rate inside eddies. Using SSHA
data combined with Argo float profiles, the spatial and seasonal distribution
of turbulent dissipation rates inside eddies for segments centered at depths of
200–600 m, 600–1000 m, and 1000–2000 m was investigated. The results demon-
strated that heightened mixing occurs in the ACC and WBC regions, such as
the Kuroshio and Gulf streams, which are also regions of active mesoscale eddies
with high mesoscale kinetic energy. In addition, the seasonal characteristics of
the dissipation rate inside the eddies only existed in the upper layer (200–600
m) and indicated that the turbulent dissipation rates in winter and spring are
generally larger than those in summer and autumn.

The relationship between eddy characteristics and turbulent mixing was investi-
gated in detail. According to our analysis, the turbulent dissipation rate inside
anticyclones was larger than that inside cyclones. In addition, turbulent mixing
at the eddy center was enhanced, regardless of eddy polarity; however, while
the distribution of turbulent dissipation rates was uniform inside the remaining
areas of cyclones (normalized radius larger than 0.2), turbulent dissipation rates
inside anticyclones increased with distance from the eddy center.

The turbulent dissipation rates are independent of the horizontal scale of eddies
but are related to the vertical extent of eddies. According to our analysis,
turbulent dissipation rates inside shallow eddies (with vertical extent less than
250 m for cyclones and 300 m for anticyclones) usually increased with the vertical
extent of the eddies; however, for shallow anticyclones, this positive correlation
faded when the depth exceeded 600 m. We also assessed the relationship between
eddy aspect ratio and turbulent dissipation rates and found that, for cyclones,
the closer the aspect ratio was to 0.01, the larger the turbulent dissipation rate
was. With regards to anticyclones, the turbulent dissipation rate was largest
when the aspect ratio was 0.007 and decreased as the aspect ratio decreased.

In conclusion, the results presented herein may provide a reference for turbu-
lence parametrization schemes. The relationships we discovered between eddy
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feathers and the turbulent dissipation rate will enhance our understanding of
the dynamic processes occurring inside eddies.
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Figure legends 

Table.1 The quantities of the Argo floats trapped inside an eddy 

The quantities of 

the Argo floats 

trapped inside an 

eddy 

The quantities 

of the cyclones 

The quantities 

of the 

anticyclones 

Total quantities of 

the eddies 

1 207863 206333 414196 (89.76%) 

2-20 24056 22859 46915 (10.17%) 

21-80 135 211 346 (0.07%) 

 

Fig. 1 Rotational symmetry component of the eddies and illustrative examples of the 

Argo floats collected from the eddies. Left, cyclone; right, anticyclone. F, the position 

of the Argo floats; C, eddy center. 



 

Fig. 2 Histogram of the number of Argo floats inside a normalized eddy. 

 

 

Fig. 3 Example of an anticyclone trajectory to illustrate the variability of the turbulent 

dissipation rate along the eddy trajectory. (a) Positions of the observation stations and 

the anticyclone trajectory. (b) Dissipation rate profiles along the anticyclone trajectory. 

(c) Average turbulent dissipation rate profile. 

(a) 

(b) (c) 

(a) 



 

Fig. 4 Example of a cyclone trajectory to illustrate the variability of the turbulent 

dissipation rate along the eddy trajectory. (a) Positions of the observation stations and 

the cyclone trajectory. (b) Dissipation rate profiles along the cyclone trajectory. (c) 

Average turbulent dissipation rate profile. 

(a) 

(b) (c) 



 

Fig. 5 Vertical profile of the average dissipation rate inside eddies. The red dotted line 

indicates variance. 

 

Fig. 6 Spatial distribution of the turbulent dissipation rate inside eddies. 



 

Fig. 7 Seasonal distribution of the turbulent dissipation rate inside eddies. 

 

Fig. 8 Comparison of the turbulent dissipation rate inside cyclones and anticyclones. 

 



Fig. 9 Relationship between turbulent dissipation rate inside eddies and the 

normalized eddy radius. The red line indicates the number of samples. 

 

 

Fig. 10 Comparison of the turbulent dissipation rate inside and outside cyclones. 

 



Fig. 11 Comparison of the turbulent dissipation rate inside and outside anticyclones. 

 

Fig. 12 Relationship between the turbulent dissipation rate inside eddies and the eddy 

radius. Left, cyclones; right, anticyclones. The red line indicates the number of samples. 

 



 

Fig. 13 Relationship between the turbulent dissipation rate inside eddies and the eddy 

vertical extent. Left, anticyclones; right, cyclones. 

 

Fig. 14 Relationship between the turbulent diffusivity inside eddies and the eddy 

vertical extent. Left, anticyclones; right, cyclones. 



 

Fig. 15 Relationship between the turbulent dissipation rate inside eddies and the eddy 

aspect ratio. Left, anticyclones; right, cyclones. 
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