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Abstract

Based on the latest oceanic surface drifter dataset from the global drifter program during 2000–2019, this study
investigated the global variation of relative frequency shift (RFS), near-inertial energy (NIE) and inverse excess
bandwidth (IEB) of near-inertial motions, and analyzed their relations with oceanic mesoscale dynamics, relative
vorticity and strain. Compared with previous works, we have some new findings in this study: (1) the RFS was high
with negative values in some regions in which we found a significant blue shift of the RFS in the equatorward of
30°N (S) and from 50°N to 60°N in the Pacific, and a red shift in the western boundary currents and their extension
regions, the North Atlantic and the Antarctic Circumpolar Current regions; (2) more peak values of the NIE were
found in global regions like the South Indian Ocean, the Luzon Strait and some areas of the South Ocean; (3) the
global distribution of the IEB were characterized by clear zonal bands and affected by vorticity and wind field; (4)
the RFS was elevated as the absolute value of the gradient of vorticity increased, the IEB did not depend on the
gradient of vorticity, and the eddy kinetic energy (EKE) weakened with the decrease of the absolute value of RFS;
(5) the NIE decreased with increasing absolute value of the relative vorticity and the gradient of vorticity, but it
increased with increasing strain and EKE when EKE was larger than 0.003 2 m2/s2.
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1  Introduction
Near-inertial motions in the mixed layer, which are featured

by clockwise (anticlockwise) rotation in the northern (southern)
hemisphere with frequencies close to local inertial frequency f,
contain half of the kinetic energy in the internal wave field in
oceans (Ferrari and Wunsch, 2009). Surface wind is a dominant
driver of the near-inertial motions in the mixed layer. The diver-
gence/convergence caused by near-inertial motions can disturb
the mixed layer and excite near-inertial internal waves that
propagate downward and transfer energy from the mixed layer to
the interior (Chen et al., 2017). It ultimately dissipates to micro-
scale turbulent mixing by nonlinear wave-wave interactions
(Alford et al., 2016). Therefore, the near-inertial motions are vi-
tally important for multi-scale dynamic processes and energy
budget in oceans.

In recent decades much attention has been paid to estimate
the energy flux from wind to near-inertial motions. Alford (2001)
estimated the distribution of the energy flux from wind to inertial
motions in mixed layer from 50°S to 50°N by using NCEP-NCAR
global reanalysis surface winds and a slab model. He concluded
that the total power can reach 0.29 TW there, and 0.47 TW on the
larger region of 70°S to 70°N (Alford, 2003). Watanabe and Hibiya
(2002) estimated an energy flux of 0.7 TW on a similar global re-
gion except for a small difference in the South Ocean. Using a

general circulation model, Simmons and Alford (2012) and Jo-
chum et al. (2013) obtained the total wind-power input to near-
inertial motions of 0.4 TW. Jiang et al. (2005) and Rimac et al.
(2013) proved that different temporal and spatial resolutions of
wind data would affect the magnitude or pattern of the energy
flux. Due to the slab model’s disadvantages that it does not con-
sider dissipation mechanisms and it is sensitive to different wind
products, observed drifter data was applied to calculated inertial
energy in the mixing layer and the result can reach about 300
J/m2 (Chaigneau et al., 2008). Liu et al. (2019) illustrated the glob-
al distribution of the mean near-inertial wind power using the
wind stress based on computation without the ocean current im-
print on wind stress and drifter data in which they gave a 0.31 TW
of the global integrated power between 60°S to 60°N. In brief,
these studies suggest that different methods of near-inertial en-
ergy estimation in the mixing layer give quantitatively different
results.

The decay of near-inertial motion has been found by many
researchers in different regions with timescale varying from 3 d to
5 d (Chen et al., 2013; Kim et al., 2014; Park et al., 2009). Using a
numerical model, Park et al. (2009) presented a global map of de-
cay timescale of near-inertial motion in which they suggested
that the timescale increased with higher latitude. Using drifter
data during 2000–2007, Elipot et al. (2010) estimated the global  
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near-inertial energy, the decay timescale, and the frequency shift
of near-inertial motions. However, the complete and precise
global distributions of the three variables were not attainable
from the limited number of drifters available then. During the
last two decades, a large number of drifters have been deployed
to collect global oceanic data that enable us to explore them
more extensively and precisely.

In this study, we used the latest drifter dataset to investigate
the global pattern of near-inertial motion features including rela-
tive frequency shift (RFS), inverse excess bandwidth (IEB) and
near-inertial energy (NIE) in the mixed layer, which represented
the refraction, decay timescale and energy of near-inertial mo-
tions, respectively. Furthermore, their relations with mesoscale
dynamics, vorticity and strain were discussed. This paper is or-
ganized as follows. Section 2 introduces the data and methods.
Section 3 gives the global map of near-inertial motions and their
seasonal cycles. Section 4 discusses the relationship between
near-inertial motions and mesoscale dynamics. Section 5 sum-
marizes the paper.

2  Data and methods

2.1  Data
The Global Drifter Program (GDP) dataset from 2000 to 2019

was used to investigate the features of the near-inertial motions
in this study (https://www.aoml.noaa.gov/phod/gdp/hourly_
data.php). The drifter records were sampled at 15 m depth. The
velocity fields were derived from the locations of the drifters
which were sampled temporally and randomly with the time in-
terval of 1–2 h. In this paper, we utilized the interpolation
product of regular 1-h time series (Elipot and Lumpkin, 2008).
We excluded datapoints ranging between 10°N–10°S for avoid-
ance of problems with geostrophic effect (Elipot et al., 2010). The
number of drifter velocity observations were counted in each
1°×1° bin (Fig. 1). The total number of datapoints reached about
1.24×108. The product density was much higher and the domain
was much larger than in previous studies (Elipot et al., 2010).

To explore the relationship between the near-inertial mo-
tions and the mesoscale dynamics, we used sea level anomaly
(SLA) dataset to calculate the relative vorticity, gradient of the re-
lative vorticity, eddy kinetic energy (EKE). We used strain down-
loaded from the AVISO product with resolutions of 0.25°×0.25° in
spatial and 1 d in temporal (https://www.aviso.altimetry.fr/home.

html). In addition, the Argo profiles product was applied to es-
timate the global climatological mixed layer depth and the near-
inertial kinetic energy (Holte et al., 2017). To match the drifter
dataset, all above quantities were interpolated into the same reso-
lution in space and time.

2.2  Methods
The drifter trajectories were separated into 2.5×105 segments

every 20 d without overlapping and each segment contained 480
observations as an independent unit (Elipot et al., 2016). Using
the quadratic multitaper method with 6 tapers for a time band-
width product of 4 (Prieto et al., 2007), the velocity frequency
spectra were computed for all the segments. The diurnal and
semidiurnal tidal signals could be incorrect for the near-inertial
peaks at the area near latitude 30° and 75°, so tidal-induced baro-
tropic velocity was subtracted from each velocity segment before
the spectral analysis at these areas. The barotropic velocities
were derived from the Oregon State University Topex/Poseidon
global inverse solution (Egbert and Erofeeva, 2002). Due to insuf-
ficient data the baroclinic components of tides were not
subtracted.

The RFS was defined as

RFS =
ωp − f

f
,

where f was the inertial frequency of the mean latitude of the cor-
responding 20-d trajectory, ωp was the spectral peak frequency
which was closest to f. If ωp–f   was higher than 0.2f, or the spec-
tral peak of ωp was less than decuple the background spectral
magnitude, this RFS was discarded. A positive (negative) RFS
means that the frequency of the motion was higher than f,
namely blue (red) shift.

The inverse excess bandwidth (IEB) was defined as

IEB =


Δω− Δωr
,

where the bandwidth Δω was defined as the difference between
the frequencies where the power falls to one half of peak value
ωp. The minimum bandwidth Δωr was the time bandwidth
product (which was 4 in our study) times the spectral resolution.
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Fig. 1.   The number of velocity observations in 1°×1° bins.
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The IEB represented the decay timescale of the NIO, and the rela-
tionship of IEB and decay timescale were shown in Fig. 3 in the
work by Elipot et al. (2010).

Assuming that the near-inertial velocity was vertically uni-
form over the mixed layer depth, the NIE was calculated as

NIE =


ρu

NIHmix. (1)

u
NI

u
NI = NIV =

∫
ΔωS (ω)dω

The  was estimated by near-inertial variance (NIV) of the
near-inertial motions. , where S(ω) was

the velocity frequency spectra for each segment, ρ was the dens-
ity (ρ=1 025 g/m3), and Hmix was mixed layer depth. After that, the
RFS, NIE and IEB were averaged in each spatial bin and every
hour in temporal weighting by the length of time that a drifter
spent in each bin.

3  Results

3.1  The global distribution of the RFS, NIE and IEB

3.1.1  The RFS
Figure 2 shows that the RFS varied geographically with a

mean value of 0.012 6 interlaced with blue and red shifts. It can
be seen that the blue shift of the RFS predominated from 30°N to
30°S, 55° N to 70°N and in the Drake Passage. The red shift of the
RFS dominated the areas of the western boundary currents, their
extension (the Kuroshio and Gulf Stream), and the Agulhas Ret-
roflection. In the mid-latitude band (30°–55°) of the Pacific basin
and the Southern Ocean, the RFS was relatively small and usu-
ally positive (blue shift).

The propagation of near-inertial motions can cause the differ-
ence between their intrinsic frequency and local Coriolis fre-
quency because of the β effect and lead to blue shift of near-iner-
tial motions (Fu, 1981; Garrett, 2001). The blue shift between
30°N and 30°S also were found by Elipot et al. (2010) where the

near-inertial motions were intensively generated by the storm
(Chang et al., 2002; Alford et al., 2016) and propagated long dis-
tances toward the equator, resulting in a significant large RFS.
Moreover, there was the possibility that the blue shift near 75°
and 30° may be associated with the internal tide, since the iner-
tial frequency is close to the frequency of diurnal and semi-di-
urnal tide at these places, such as the strong blue shift in the
Drake Passage (Li et al., 2015). Even so, the blue shift near 70°N
was more likely to be caused by the near-inertial motions rather
than the internal tide because the strength of RFS has an obvious
seasonal cycle (see Section 3.2).

In addition, the vorticity of the background field (ζ) can shift
the local inertial frequency by ζ/2 and further lead to red shift of
the RFS (Kunze, 1985; Whale et al., 2018; Zhang et al., 2018).
Figure 2a shows that the red shift occurred at regions with active
eddies that was consistent with the background vorticity field
(Fig. 2c). Jeon et al. (2019) stated that poleward propagation of
near-inertial motions was generated at western boundary cur-
rent, since the inertial frequency at low latitude was lower than it
at high latitude. This propagation could further lead to the red
shift. Therefore, the red shift in the western boundary current re-
gion could be motivated by both eddy and strong current. Noted
that the portion of negative RFS at the 30°–55°N latitude of the At-
lantic was larger than that of the Pacific except for in the western
boundary currents and their extension regions. The mechanism
of this asymmetry between the two basins is still unclear.

3.1.2  The NIE
Since the NIV excluded the mixed layer, to understand the

global energy budget at the upper oceans, we calculated the NIE
in global scale (Fig. 3a). It can be seen that our results were com-
parable with previous results derived from the slab model
(Alford, 2001; Alford, 2003; Watanabe and Hibiya, 2002) and drift-
er data (Liu et al., 2019). The peak values of the NIE with about
800 J/m2 occurred at the high latitudes of the North Pacific and
the South Indian Ocean coinciding with the location of storm
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Fig. 2.   The global (a) and probability (b) distributions of RFS, and the global distribution of temporal average eddy kinetic energy (c).
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tracks (Chang et al., 2002). In addition, the peak values of the NIE
also appeared at the Luzon Strait, where immense energy of in-
ternal wave were found (Hsu and Liu, 2000). In the North At-
lantic and the rest areas of the South Ocean, the NIE were still
strong with values of about 500 J/m2. Overall, the averaged glob-
al value of the NIE reached about 300 J/m2, consistent with
Chaigneau et al. (2008).

3.1.3  The IEB
Figure 3b shows the global distribution of the IEB character-

ized by clear zonal bands, which was excluded in Elipot et al.
(2010) for lack of data. The modal value of the IEB was 7.5 d, cor-
responding to an exponential decay timescale of approximately
2 d based on the conversion relation between the two variables
(Elipot et al., 2010), which was half of the common decay times-
cale (Park et al., 2009). In the North Pacific, the values of the IEB
were relatively low in the 15°–20°N and 50°–60°N latitude band.
But they were relatively high from 40° to 50°N corresponding to
the region with high NIE in Fig. 3a because near-inertial motions
with higher energy could take more time to decay. There were
low values from 50° to 60°N in the North Atlantic, and a narrow
band of high values near 30°N. The results suggested that the de-
cay timescale in the North Atlantic was unlike the North Pacific
having such a trend of increase with latitude (Park et al., 2009). In
the southern hemisphere, low values occurred in the 15°–20°S
latitude band, which was similar with the North Pacific.
Moreover, low values also were found at the region with high EKE
in Fig. 2c, perhaps owing to the rectification effect of the relative
vorticity (Park et al., 2009). Differ to Park et al. (2009), we can see
that high values of the IEB occur near 30° in the northern hemi-
sphere overlapping the area where the frequency of internal tide
equals to f in this study, and this coincidence should be dis-
cussed further in future.

3.1.4  The relations of the RFS, NIE and IEB
To understand the relations among the three variables, we

compared them pairwise (Fig. 4). The x-coordinate was divided
into several bins and the average values of the parameters be-
longing to each bin were computed. In Figs 4a and b, we chose
the RFS as the x-coordinate to avoid average RFS values. It can be
seen that both the NIE and IEB reached their peak values when
the IEB was close to zero, while they reduced gradually with in-
crease of the absolute RFS. Moreover, the NIE was almost pro-
portional to the IEB with small fluctuations (Fig. 4c).

3.2  The seasonal cycle of the RFS, NIE and IEB
We averaged the all three parameters during each season and

plot them in Fig. 5. A significant seasonal variation of these vari-
ables is evident, suggesting the important role of the wind field
on modulating the near-inertial motions. They all showed max-
imum values in winter, and gradually reduced from autumn,
summer to spring. In specific, the mean value of the RFS in
winter was about 0.13, which was 3.9 times higher than it in
spring. Although the magnitudes of the RFS varied with time,
spatial structures persisted (Fig 5a). Note that the magnitude of
the RFS from 30° to 60°S reached the maximum in autumn rather
than in winter.

The NIE reached a mean value of about 1 290 J/m2 in winter,
4.3 times larger than in spring (Fig. 5b). Its seasonal variability
was much more significant than found by previous studies
(Chaigneau et al. 2008; Liu et al., 2019). The seasonal variations
of the NIE were weaker in the southern hemisphere than in the
northern, consistent with the global distribution of wind field
(Chang et al., 2002). The magnitudes of the IEB varied largely
with different seasons as well (Fig 5c). The 30-d running average
was 4 times higher in winter than in spring. The IEB showed large
values near 30°N in summer and autumn, but it disappeared in
winter and spring.

4  Correlation analysis
It was found that geostrophic vorticity can accelerate the de-

cay of mixed-layer near-inertial motions (D'Asaro, 1995).
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Fig. 3.   The averaged NIE (a) and IEB (b) in 1°×1° bins.
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Fig. 4.   The relations between the NIE and RFS (a), the IEB and RFS (b), and the NIE and IEB (c). The gray shading represented one-
tenth of the standard error of the mean value for each bin.
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Moreover, van Meurs (1998) claimed that the gradients of the
mesoscale vorticity would affect the generation and evolution of
near-inertial currents in the mixed layer. According to Polzin
(2008) and Polzin (2010), the mesoscale strain field affected both
energy and wavenumber of near-inertial waves. To explore the
influence of different mesoscale dynamics on the near-inertial

motions further, we examined the relations between the para-
meters of near-inertial motions and the relative vorticity, gradi-
ent of relative vorticity, EKE and strain in this section.

4.1  Vorticity
As shown in Fig. 6a, the RFS was proportional to the relative
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Fig. 5.   Global distribution of the averaged RFS (a), NIE (b) and IEB (c) during winter (DJF), spring (MAM), summer (JJA) and autumn
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vorticity (ζ/f), and the slope of the fitted line was about 0.03,
which was relative smaller than 0.39 given by Elipot et al. (2010),
who suggested that this value was consistent with the theory of
Kunze (1985). This discrepancy occurred because the scales of
eddies must be larger than the scale of near-inertial motions in
the theory of Kunze (1985), which was not real in the ocean
(Young and Ben Jelloul, 1997). The intercept of the fitted line was
0.014, larger than 0.007 in Elipot et al. (2010), indicating that the β
effect was of great importance in our study.

The IEB declined with the increase of the absolute value of
the relative vorticity (Fig. 6b). And it has faster declining rate for
cyclone vorticity, which might be caused by the opposite direc-
tion to the rotation between the cyclone vorticity and the near-in-
ertial motions. The NIE similarly declined with the increasing ab-
solute value of the relative vorticity (Fig. 6c). But it showed spa-
tial variation in different regions. Its trend between 30°N and 30°S
was inverse compared with global trend of the NIE where the NIE
decreased to the minimum value when the relative vorticity was
zero. While it kept the same trend with global pattern from 30° to
60°N (S) (not shown).

4.2  Gradient of vorticity
In this study, we used the multiplication of magnitude of the

gradient of relative vorticity and the sign of ζ/f to represent the
gradient of vorticity, so that the positive (negative) values indic-
ated cyclone (anticyclone) eddies. Although larger gradient of
vorticity corresponded to larger vorticity (not shown), the rela-
tion between the RFS and the relative vorticity gradient was dif-
ferent with that between the RFS and the relative vorticity
(Figs 6a and 7a). It can be seen that the RFS raised with the in-
crease of the absolute value of the gradient of relative vorticity
both for the cyclone and anticyclone eddies, which was different

with the results by Elipot et al. (2010). On the contrary, the NIE
declined with the increase of the absolute value of the gradient of
relative vorticity (Fig. 7c). This was consistent with the theory
claimed by van Meurs (1998) in which he found that the meso-
scale caused the frequency shift and the wavenumber shift to in-
crease for higher modes and larger gradient of vorticity would
lead to a faster separation of higher modes near-inertial motions
resulting in a faster decay of near-inertial energy in the mixed
layer. However, the IEB was independent on the gradient of relat-
ive vorticity (Fig. 7b).

4.3  Eddy kinetic energy and strain

√
Sn + Ss

In this section, the dependence of the NIE and IEB on EKE
and strain were discussed (Fig. 8). Here the strain was defined as

, where Ss=∂v/∂x+∂u/∂y was the shear component of
strain, and Sn=∂u/∂x–∂v/∂y was the normal component. Figure 8a
shows that the NIE reduced almost linearly with the increase of
log10(EKE) when EKE was less than the threshold of 0.003 2 m2/s2.
Above this threshold, the NIE has the positive linear relation with
the log10(EKE) by and large. The similar trend can be found
between the NIE and the strain (Fig. 8b). This relation con-
formed to the conclusion from Jing et al. (2017) that the strain
was responsible for the energy transferring from geostrophic flow
to near-inertial motions. Contrary to the NIE, the IEB decreased
almost linearly as the log10(EKE) and strain rose after the
threshold, indicating that both the eddies and strain would accel-
erate the decay of near-inertial motions (Figs 8c and d).

In addition, the relations between the RFS and EKE, strain
were examined as well in this section, and the RFS was chosen as
x-coordinate to avoid averaged RFS condition (Fig. 9). Figure 9a
reveals that EKE declined as the decrease of the absolute RFS but
with different decline rate on either side of zero of the RFS. The
EKE were reduced faster when the RFS was negative indicating
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the different decreasing rate may be associated with the amp-
litude of anticyclone being higher than cyclone at the surface
(Chelton et al., 2011; Cheng et al., 2014). And the strain and RFS
kept negative relation in overall.

5  Summary
By using the latest GDP drifter and satellite SLA datasets, we

investigated the features of global near-inertial motions, includ-
ing RFS, NIE and IEB and analyzed the influence of mesoscale
vorticity and strain on these variables. We found that the red shift
occurred at the regions with active mesoscale eddy and anticyc-
lone eddy exerted more influence on the frequency shift of near-
inertial motions than cyclone eddy. The pattern of NIE was
mainly modulated by the energy flux from the wind to near-iner-
tial motions. The distribution of IEB was characterized by a zonal

band in Which it reached the maximum value at the mid-latitude
of the North Pacific corresponding to the region of largest NIE. In
seasonal mean, the variation of three variables showed signific-
ant seasonal cycle in which the magnitude of RFS, IEB and NIE
rose in the winter and declined in the spring. This trend was con-
sistent with the variability of the wind field, suggesting that wind
was crucial for modulating the near-inertial motions.

The relations between vorticity, gradient of the vorticity, EKE,
strain and the three variable showed diversity in this study. The
slope of the fitted line of ζ/f and RFS was very different from the
theory of Kunze (1985). The intercept was twice that in Elipot et
al. (2010), implying the β effect may be a key factor on affecting
RFS in global scale. The IEB was independent of the gradient of
vorticity. The RFS increased as the absolute value of the gradient
of vorticity rose. Moreover, the NIE increased with EKE and
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strain, suggesting that the strain may be responsible for the en-
ergy transferring from geostrophic flow to near-inertial motions
(Jing et al., 2017). We assumed that our results perhaps con-
tained the signals of internal tide which could lead to some inac-
curacy inevitably. In future, more field experiments and explora-
tion are expected.
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