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Near-inertial currents (NICs) play a key role in surface material redistribution
and ocean mixing, yet their long-term variability remains poorly known. Using
in situ current measurements from surface drifters, we provide observational
evidence for a pronounced intensification of surface NICs in the Atlantic Ocean
over the past two decades (2003-2022). Basin-mean NIC strength increases at
a rate of 3.8 +1.7% per decade, with a spatial pattern characterized by
strengthening in the South Atlantic and the high-latitude North Atlantic, and
weakening in the low-latitude North Atlantic. We further show that these
trends in Atlantic NICs are primarily driven by changes in near-inertial wind
forcing, particularly those associated with mesoscale weather systems, while
variations in mixed-layer depth playing a minor role. This observed intensifi-
cation of Atlantic NICs may have important implications for ocean transport
and mixing, and needs to be properly represented in the current generation of
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climate models.

As a core component of the Earth’s climate system, ocean currents play
a fundamental role in regulating global climate and sustaining marine
ecosystems by mediating the multiscale transport of heat, carbon, and
nutrients'”. Depending on their characteristic temporal and spatial
scales and underlying dynamical mechanisms, ocean currents can be
broadly decomposed into several components, including ocean gyre
circulation, mesoscale eddies, sub-mesoscale motions, Ekman flows,
tides, and near-inertial currents (NICs). Among these components,
NICs stand out as one of the most energetic high-frequency motions,
oscillating at frequencies close to the local inertial frequency®”®. They
are tightly coupled to atmospheric variability and derive the majority
of their energy from wind forcing, with near-inertial wind power esti-
mates ranging from 0.26-1.4 TW depending on the wind products and
methods used®™". In the surface ocean, NICs play an essential role in
shaping the transport pathways of floating materials, often producing
arc-shaped, semi-circular, near-circular, or flower-like trajectories that
strongly influence drift prediction, pollutant dispersion, and marine
search-and-rescue operations'®*°. Globally, approximately 1/3 of the

lifetime of surface-floating objects featured clear near-inertial
trajectories®. In addition, near-inertial oscillations within the mixed
layer can radiate as downward-propagating near-inertial internal
waves, providing a major conduit for transferring wind energy from
the surface boundary layer into the ocean interior. This downward
energy flux constitutes a key energy source for deep-ocean mixing and
thereby contributes to the maintenance of the global overturning
circulation®*>,

Under ongoing global warming, multiple components of the
ocean currents have already exhibited pronounced long-term
changes® . For example, western boundary currents have under-
gone significant intensification as well as poleward and shoreward
shifts?**2, mesoscale eddy kinetic energy has strengthened across large
portions of the global upper ocean®, and both the generation and
propagation speeds of internal tides have increased markedly**. In
contrast, despite their climatic and dynamical importance, long-term
changes in NICs remain poorly constrained. Due to their high-
frequency nature, observational coverage of these signals is limited,

'State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China. 2Centre for

Ocean and Atmospheric Sciences, School of Environmental Sciences, University of East Anglia, Norwich, UK. 3Guangdong Key Laboratory of Ocean Remote

Sensing and Big Data, Guangzhou, China. “University of Chinese Academy of Sciences, Beijing, China. °Centre for Ocean and Atmospheric Sciences, School

of Engineering, Mathematics and Physics, University of East Anglia, Norwich, UK. ®Ocean and Earth Science, University of Southampton, Southampton, UK.
e-mail: duyan@scsio.ac.cn

Nature Communications Article in Press


https://doi.org/10.1038/s41467-026-78555-0
http://orcid.org/0009-0004-6369-1627
http://orcid.org/0009-0004-6369-1627
http://orcid.org/0009-0004-6369-1627
http://orcid.org/0009-0004-6369-1627
http://orcid.org/0009-0004-6369-1627
http://orcid.org/0000-0001-6357-2354
http://orcid.org/0000-0001-6357-2354
http://orcid.org/0000-0001-6357-2354
http://orcid.org/0000-0001-6357-2354
http://orcid.org/0000-0001-6357-2354
http://orcid.org/0000-0002-7283-4405
http://orcid.org/0000-0002-7283-4405
http://orcid.org/0000-0002-7283-4405
http://orcid.org/0000-0002-7283-4405
http://orcid.org/0000-0002-7283-4405
http://orcid.org/0000-0002-7842-0801
http://orcid.org/0000-0002-7842-0801
http://orcid.org/0000-0002-7842-0801
http://orcid.org/0000-0002-7842-0801
http://orcid.org/0000-0002-7842-0801
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78555-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78555-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78555-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-026-78555-0&domain=pdf
mailto:duyan@scsio.ac.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-78555-0

and they are often filtered out from both observations and the atmo-
spheric forcing used in ocean models. An early study using NCEP
reanalysis winds to drive a slab model revealed an approximately 25%
increase in global near-inertial wind power from 1948 to 2001”. More
recent studies employing slab-model or MITgcm simulations forced by
ERAS reanalysis wind products have also suggested significant
increases in near-inertial wind power input and near-inertial energy
associated with tropical cyclones and over the Southern Ocean®**,
However, these model-based estimates are subject to model biases
and deficiencies and remain largely unvalidated against in situ ocean
measurements, leaving the magnitude and robustness of long-term
NIC changes in the real ocean uncertain.

Here, we address this gap by leveraging the global surface drifters
to directly quantify changes in upper-ocean NICs. A gridded and
significance-testing framework is developed to enable robust estima-
tion of regional NIC trends from spatially sparse drifter observations,
providing a systematic assessment of NIC variability over the period
2003-2022. The results indicate that upper-ocean NICs have
strengthened across most of the global ocean, with the Atlantic exhi-
biting the most pronounced and spatially coherent change (Fig. 1b, d).
Owing to its dense drifter sampling (Supplementary Fig.1) and the
strong, latitudinally coherent signal in its NIC trends, the Atlantic is
selected as the primary basin of focus. Analyses based on two state-of-
the-art reanalysis hourly wind products (ERAS and CFS) show that
changes in near-inertial wind forcing largely account for the observed
NIC trends in the Atlantic. In addition, slab-model experiments reveal
that long-term variations in mixed-layer depth (MLD) further modulate
the NIC response. Collectively, these findings provide an observation-
based attribution of long-term changes in Atlantic NICs and establish a
reliable foundation for future observational and modeling studies of
near-inertial motions.

Results

Observed intensification of near-inertial currents

By applying a band-pass filter to the global surface drifter velocity
records (see “Methods”), we extracted near-inertial speed at each
drifter location and aggregated them onto a 2° x 2° grid to compute
long-term mean fields (Fig. 1a). The resulting climatology shows that
NICs are strongest in the mid-latitude westerly wind regions of both
hemispheres, with amplitudes exceeding 10 cms™. The zonal-mean
distribution reveals a clear latitudinal dependence, with NIC speed
increasing with latitude and peaking near 40°. Histogram-based basin-
scale averages indicate a global mean NIC speed of 7.5 + 2.8 cm s, with
relatively similar distributions among the major ocean basins (Fig. 1c).
When examined by latitude bands, the Northern Hemisphere high
latitudes (30-60°N) exhibit the strongest NICs, with a mean value of
10.4 +2.7 cms™, followed by the Southern Hemisphere high latitudes
(30-60°S). In contrast, lower-latitude regions in both hemispheres
(5-30°N and 5-30°S) show substantially weaker NICs, highlighting a
pronounced meridional inhomogeneity in near-inertial energy
distribution.

Because the number of available drifters increased substantially
only after 2003 (Supplementary Fig. 1a), we evaluated linear trends in
NIC speed over the period 2003-2022 and mapped them onto the
same 2° x 2° grid (Fig. 1b). Grid points with insufficient data coverage
or statistically insignificant trends are shown in white (see “Methods”).
Because kinetic energy depends quadratically on speed, it is more
sensitive to the spatially discrete drifter sampling. We therefore focus
on the more robustly estimated trends in NIC speed. The resulting
trend map exhibits alternating positive and negative signals across
different regions, likely reflecting genuine variability in NICs, and
possibly the influence of the spatially heterogeneous distribution of
drifter observations. On the global average, NIC speed increases at a
rate of 2.1 +1.0% per decade. Basin-mean trends indicate increases by
3.8 +1.7% per decade in the Atlantic Ocean, 1.5 + 0.8% per decade in the

Pacific Ocean, 1.2 + 0.8% per decade in the Indian Ocean, and 2.1+1.1%
per decade in the Southern Ocean (Fig. 1d).

Notably, the Atlantic Ocean exhibits the most pronounced and
spatially coherent signals (Fig. 1b). Given that the Atlantic also has the
densest drifter coverage among all basins (Supplementary Fig.1b),
whereas other basins show basin-mean increases without spatially
consistent patterns in the gridded fields, subsequent analyses focus
primarily on the Atlantic Ocean. Latitudinally, the strongest increase is
observed in the high-latitude North Atlantic (NA), with a trend of
7.6 £2.4% per decade. Significant increases are also found in the low-
latitude South Atlantic (SA) and high-latitude SA, with trends of
3.4 +1.8% and 5.0 +2.0% per decade, respectively. In contrast, the low-
latitude NA exhibits a marked weakening trend of -3.6 +0.7% per
decade (Fig. 1d).

Monthly analyses indicate that changes in NIC speed in the
Atlantic Ocean are broadly uniform throughout the year, with only
slightly weaker increasing trends during boreal summer (Supplemen-
tary Fig.2). Moreover, all seasons consistently exhibit strengthening
NICs in the high-latitude NA as well as in the SA, while a weakening
signal persists in the low-latitude NA. These results demonstrate that
the observed intensification in Atlantic NICs occurs year-round, rather
than being confined to a particular season.

Role of wind forcing

Because NICs in the ocean are primarily driven by wind forcing, we
examined whether the observed changes in near-inertial speed are
associated with corresponding changes in the wind field. To this end,
we employed two state-of-the-art reanalysis wind products with hourly
resolution to quantify near-inertial wind stress (NIWS), which is known
to be most efficient at exciting NICs through inertial resonance’**?°,
Figure 2 presents the climatological mean state and linear trends of
Atlantic NIWS calculated solely from gridded wind fields, without
accounting for ocean surface currents in the stress calculation. Both
wind products reveal a pronounced meridional structure, with NIWS
decreasing from high to low latitudes and attaining values at high
latitudes that are approximately two to three times larger than those in
low-latitude regions (Fig.2a, b, e). NIWS derived from the CFS wind
product is consistently larger than that from ERAS across all latitude
bands. The spatial pattern of the mean NIWS closely resembles that of
NIC speed, indicating a strong link between wind forcing and the dis-
tribution of upper-ocean NICs. Consistent with this spatial agreement,
NIWS trends over the past two decades also mirror the observed
changes in NICs (Fig. 2c, d). Both wind products indicate a significant
basin-wide increase in Atlantic NIWS, with trend magnitudes of
2.7 £1.9% per decade and 4.6 + 1.9% per decade derived from ERAS and
CFS, respectively (Fig. 2f). In addition, both datasets show pronounced
increases in NIWS in the SA and high-latitude NA, accompanied by a
clear decrease in the low-latitude NA. With the exception of low-
latitude NA, where the two products yield comparable results, the
magnitudes of both positive and negative trends derived from CFS are
systematically larger than those from ERAS.

We further computed NIWS using an alternative formulation that
accounts for surface ocean velocities in the wind stress calculation (see
“Methods”; Supplementary Fig. 3). The resulting spatial patterns are
broadly consistent with those shown in Fig.2. In terms of trends,
increases and decreases are generally stronger than those obtained
using the wind-only formulation, except in the low-latitude SA. This
leads to basin-mean Atlantic NIWS trends slightly higher than those
calculated solely from gridded wind fields. Results from both stress
calculation approaches and two wind products consistently reveal a
pronounced increase in NIWS, with magnitudes comparable to those
of NIC changes. This close correspondence suggests that NIWS
represents a key driver of the observed changes in NICs over the past
two decades.
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Fig. 1| Global climatology and trends of near-inertial currents (NICs) derived
from surface drifter observations. a Gridded climatology of NIC speed (cm s™)
and its zonal-mean distribution for different ocean basins. b Linear trend of gridded
NIC speed (cm s decade™) and its zonal-mean values for different ocean basins.
Regions with insufficient drifter sampling or without a significant trend (see
“Methods”) are shown in white. In panels a and b, the black, red, blue, and green
curves on the right denote the zonal averages for the global ocean, Atlantic, Pacific,
and Indian Oceans, respectively. ¢ Regional NIC speed climatology summarized for
major basins. d Regional trends expressed as percent changes in NIC speed across

the global ocean and individual basins. Error bars indicate one standard error.
Black, red, blue, green, and yellow bars in (c, d) represent the global ocean, Atlantic,
Pacific, Indian, and Southern oceans, respectively. For each basin, the leftmost bar
indicates the full-latitude mean. From left to right, the remaining adjacent bars
(striped-no outline, unstriped-no outline, unstriped-outlined, striped-outlined)
correspond to the high latitudes of the Northern Hemisphere (30-60°N), low
latitudes of the Northern Hemisphere (5-30°N), low latitudes of the Southern
Hemisphere (5-30°S), and high latitudes of the Southern Hemisphere (30-60°S).
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Fig. 2 | Near-inertial wind stress (NIWS) climatology and trends in the Atlantic
Ocean derived from ERAS and CFS. a, b Gridded NIWS climatology in the Atlantic
Ocean derived from ERAS (a) and CFS (b) reanalysis data. ¢, d Linear trends in
gridded NIWS from ERAS (c) and CFS (d). Regions without a significant trend are
shown in white. e Regional NIWS climatology in the Atlantic Ocean. f Regional NIWS
trends expressed as percent changes across the Atlantic Ocean. Error bars indicate
one standard error. In panels e and f, red and blue bars represent results from ERAS

and CFS, respectively. For each wind product, the leftmost bar denotes the full-
Atlantic mean. From left to right, the remaining adjacent bars (striped-no outline,
unstriped-no outline, unstriped-outlined, striped-outlined) correspond to the
high latitudes of the North Atlantic (30-60°N), low latitudes of the North Atlantic
(5-30°N), low latitudes of the South Atlantic (5-30°S), and high latitudes of the
South Atlantic (30-60°S).

In addition to NIWS, we quantified near-inertial wind power
(NIWP), the rate at which wind directly injects energy into oceanic
near-inertial motions. The spatial pattern of mean NIWP broadly
resembles those of NIWS and NIC speed, but exhibits a more pro-
nounced contrast across latitude bands (Fig.3a, b). Both wind pro-
ducts indicate that NIWP attains its largest values in the high-latitude
SA, reaching 1.20 and 1.26 mW m™ based on ERAS5 and CFS, respec-
tively (Fig. 3e). The second-largest values occur in the high-latitude NA,
with NIWP of 0.94 and 1.02mW m™ derived from ERAS and CFS,
respectively. In both regions, mean NIWP values are substantially lar-
ger than those in low-latitude areas. This enhanced latitudinal contrast
arises from the fact that NIWP scales with the product of NIWS and NIC
speed, thereby amplifying regional differences relative to those seen in
NIWS or NICs alone. The temporal evolution of NIWP mirrors the
pattern observed for NIC speed (Fig. 3c, d). On a basin-wide average,
Atlantic NIWP increases at rates of 8.3% per decade and 14.1% per
decade based on ERAS and CFS, respectively (Fig. 3f). Regionally, sig-
nificant increases are evident in the high-latitude NA and in the SA,
while a marked decrease is observed in the low-latitude NA. Together,
these results show consistent changes in NIWS, wind-to-ocean near-
inertial energy input, and NICs in the Atlantic over the past two dec-
ades. The strong spatial correspondence among NIWS, NIWP, and NIC
further supports the important role of wind forcing in regulating NICs
(Supplementary Fig. 4).

To assess what atmospheric processes are responsible for the
observed changes in NIWS and NIWP, we further analyzed the rotary
power spectra of Atlantic wind speed and their trends over the past
two decades (Fig.4). The climatological wind power spectra derived
from both datasets exhibit consistent patterns. Across all latitudes,
wind energy is concentrated at periods shorter than 8 days. Moreover,

with increasing latitude, the high-energy region progressively extends
toward higher-frequency bands (Fig.4a, b). Unlike ocean current
spectra, wind power spectra do not exhibit a pronounced peak at near-
inertial frequencies. Nevertheless, significant temporal changes in
wind energy within the near-inertial band have also emerged over the
past two decades (Fig. 4c, d). Specifically, wind energy in the high-
latitude NA has intensified at periods of 13 h-6 days. In contrast, the
low-latitude NA exhibits a general decline in wind energy over periods
of 13h-10 days. In the SA, CFS data indicate an increase in wind
variability at periods of 13 h-2 days, whereas ERAS5 shows alternating
positive and negative trends over 13 h-4 days, with localized regions
exhibiting increases within the near-inertial band. These changes in
near-inertial wind energy closely correspond to the observed changes
in NIWS and NICs.

Previous studies have shown that NIWS is primarily influenced by
two classes of atmospheric processes: synoptic weather systems and
mesoscale weather systems, with characteristic time scales of 2-6 days
and 1h-2 days, respectively***’. Our power spectral analysis indeed
reveals that changes in wind energy within the near-inertial band clo-
sely align with variability associated with these two atmospheric pro-
cesses. To distinguish their respective contributions, we further
examined the kinetic energy trend associated with wind fluctuations
over 1 h-2 day and 2-6 day periods (Supplementary Fig. 5). The results
show that changes in Atlantic near-inertial wind energy are strongly
aligned with variations in mesoscale weather systems, whereas they
differ markedly from those associated with synoptic weather systems,
and even exhibit opposite trends in the high-latitude SA and parts of
the high-latitude NA. We further assess their interannual correlations
with near-inertial wind energy (Supplementary Fig.6). Mesoscale
weather systems exhibit significant positive correlations across nearly
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Fig. 3 | Near-inertial wind power (NIWP) climatology and trends in the Atlantic
Ocean derived from ERAS and CFS. a, b Gridded NIWP climatology in the Atlantic
Ocean derived from ERAS (a) and CFS (b) data. ¢, d Trends in gridded NIWP from
ERAS (c) and CFS (d). e The Regional NIWP climatology in the Atlantic Ocean.

f Regional NIWS trends expressed as percent changes across the Atlantic Ocean. In
panels e and f, red and blue bars represent results from ERAS and CFS, respectively.

For each wind product, the leftmost bar denotes the full-Atlantic mean. From left to
right, the remaining adjacent bars (striped-no outline, unstriped-no outline,
unstriped-outlined, striped-outlined) correspond to the high latitudes of the
North Atlantic (30-60°N), low latitudes of the North Atlantic (5-30°N), low lati-
tudes of the South Atlantic (5-30°S), and high latitudes of the South Atlan-

tic (30-60°S).

all regions, including near-equatorial areas where the local inertial
period exceeds 2 days. In contrast, synoptic weather systems show
positive correlations primarily in low-latitude regions below 30°, with
substantially weaker magnitudes than those associated with mesoscale
systems. At higher latitudes, synoptic variability displays limited
positive correlations and is instead characterized by widespread sig-
nificant negative correlations. Taken together, these findings suggest
that mesoscale weather systems are likely the dominant atmospheric
processes driving the observed changes in near-inertial wind energy,
NIWS, and NICs in the whole Atlantic over the past two decades,
whereas synoptic weather systems exert a more limited influence,
primarily confined to low-latitude regions.

Role of mixed-layer depth

Wind-driven near-inertial energy at the ocean surface is generally
considered to be distributed within the mixed layer, such that MLD
represents an important factor modulating surface NICs’”**, For a
given amount of near-inertial energy input, a deeper mixed layer leads
to weaker near-inertial speed within the mixed layer. To quantify the
contribution of MLD changes to the observed evolution of Atlantic NIC
speed over the past two decades, we conducted a set of controlled
experiments using a slab model driven by the two wind products, ERAS
and CFS. We conduct paired simulations with identical wind forcing
but different MLD fields: one uses the climatological monthly mean
MLD, retaining only the seasonal cycle, while the other uses the
observed monthly MLD, including both seasonal and long-term
variability.

The slab model broadly reproduces the observed evolution of
Atlantic NIC speed, yielding spatial patterns that are comparable to
those derived from drifter observations (Fig.5a-d). Although the
simulated rates of increase are lower than those inferred from

observations (Fig. 5e), likely because the slab model assumes a verti-
cally uniform mixed-layer velocity and highly idealized damping and
downward energy radiation processes’*, it remains well suited for
isolating and quantifying the relative contribution of long-term MLD
changes to the observed changes in NICs. When the climatological
MLD is used, the slab model driven by ERAS and CFS winds yields
Atlantic NIC speed increases of 1.3+ 0.6% and 2.7 +1.0% per decade,
respectively. When the observed monthly MLD is prescribed, these
rates increase to 1.4 £ 0.8% and 2.9 + 0.7% per decade, suggesting a
modest positive contribution of MLD changes to the basin-scale
increase in Atlantic NIC speed. However, this contribution is unlikely to
be significant, as the uncertainty ranges overlap. Regionally, the
impact of MLD changes differs between high-latitude and low-latitude
Atlantic regions. In slab model simulations using the observed monthly
MLD, the increasing trends at high latitudes decrease modestly for
both wind products, although the changes are unlikely to be sig-
nificant. In contrast, the trends at low latitudes shift significantly
toward more positive values. For example, in the CFS-driven simula-
tion, the near-inertial speed trend in the low latitude SA changes from
-1.8+0.5% per decade when climatological monthly MLD is used to
1.5+ 0.6% per decade when the observed monthly MLD is prescribed,
bringing the simulated trend closer to observations. Sensitivity tests
further indicate that neither the specific MLD estimation method
(Supplementary Fig.7) nor the choice of the damping parameter r
(Supplementary Fig. 8) in the slab model exerts a substantial influence
on these results.

Overall, long-term MLD changes exert a negative contribution to
the growth of NICs in the high-latitude Atlantic and a positive con-
tribution in low-latitude regions. When integrated over the entire
basin, MLD changes result in a minor and insignificant net positive
contribution to the increase in Atlantic NIC speed, further supporting
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Fig. 4 | Wind power, rotary spectrum climatology and trends in the Atlantic
Ocean derived from ERAS and CFS. a, b Climatological wind power rotary spectra
in the Atlantic Ocean derived from ERAS (a) and CFS (b). ¢, d Trends in the wind
power rotary spectra derived from ERAS (c) and CFS (d). In panels a-d, the

horizontal axis denotes the spectral period, with clockwise and counterclockwise
rotary components shown on the right and left sides of the x-axis, respectively. The
black curves indicate the inertial frequency corresponding to each latitude.

the dominant role of long-term wind-field changes in the observed NIC
intensification.

Discussion

Using in situ surface drifter observations, we show that NICs in the
Atlantic Ocean have intensified over the period 2003-2022, at a rate of
3.8 £1.7% per decade. Regionally, the strongest increase occurs in the
high-latitude NA, reaching 7.6 + 2.4% per decade. Significant increases
are also observed in the low- and high-latitude SA, with trends of
3.4 +£1.8% and 5.0 + 2.0% per decade, respectively. In contrast, the low-
latitude NA displays a weakening trend of -3.6+0.7% per decade.
Consistent changes in NIWS and NIWP derived from both ERAS5 and
CFS winds closely match the spatial patterns and magnitudes of NIC
changes, providing strong evidence that changes in wind forcing are
the primary driver of the observed trends in Atlantic NICs. Further
analysis of wind rotary power spectra suggests that mesoscale weather
systems are likely the dominant atmospheric processes driving the
observed changes in near-inertial wind energy, NIWS, and the asso-
ciated evolution of NICs in the Atlantic. In addition, slab-model
experiments indicate that changes in MLD also modulate NIC speed,
yielding a minor and insignificant net positive contribution over the
entire Atlantic basin.

A key remaining question is whether the observed intensification
of NICs reflects decadal variability or a longer-term trend under global
warming. Although surface drifter observations have become suffi-
ciently dense only over the past two decades, the ERAS reanalysis
provides continuous wind records spanning several decades. Given the

strong correlation between near-inertial currents and NIWS in both
their spatial distributions and trends, we use the NIWS time series
derived from ERAS winds over 1961-2022 as a proxy for long-term
changes in surface NIC speed (Fig. 6). The results reveal a significant
long-term increase in Atlantic NIWS since 1961, at a rate of approxi-
mately 1.4 + 0.2% per decade, slightly weaker than the 1.5+ 0.9% per
decade increase observed over the past two decades. Regionally, NIWS
exhibits significant long-term increases across all Atlantic subregions
since 1961. In the high-latitude North Atlantic and both the low- and
high-latitude South Atlantic, the trends over the recent two decades
are comparable to or exceed their corresponding long-term trends. By
contrast, the recent trend in the low-latitude North Atlantic reverses
sign, indicating a decrease that may partly reflect decadal variability in
tropical cyclones and low-latitude storms, which has been suggested
to be influenced by the Atlantic Multidecadal Variability*. Together,
these findings indicate that the observed increase in Atlantic NIC speed
is likely a manifestation of long-term changes in the wind field asso-
ciated with global warming, while the pronounced weakening in the
low-latitude North Atlantic may reflect superimposed decadal varia-
bility acting on this background trend. Consistent with this inter-
pretation, the global analysis shows that NIWS exhibits a comparable
increase over both the past six and the past two decades (Fig. 6f). This
long-term intensification of near-inertial wind forcing is consistent
with the earlier finding that reported an approximately 25% increase in
global near-inertial wind power over 1948-2001“. Together, these
results suggest that the observed global enhancement of NICs may
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Fig. 5 | Influence of mixed-layer depth (MLD) representation in slab-model
simulations on the trend of near-inertial currents (NICs) in the Atlantic Ocean.
a, b Trends in Atlantic NIC speed simulated using ERAS wind forcing combined with
a purely seasonal MLD climatology (a) and the observed monthly MLD (b). c, d
Same as panels a and b, but for simulations driven by CFS wind forcing with a
seasonal MLD (c) and a full monthly MLD (d). e Regional NIC speed trends are
expressed as percent changes across the Atlantic Ocean. Error bars indicate one

standard error. Red, blue, green, and purple bars represent results obtained from
the four simulations shown in panels a-d, respectively. For each simulation, the
leftmost bar denotes the full-Atlantic mean. From left to right, the remaining
adjacent bars (striped-no outline, unstriped-no outline, unstriped-outlined,
striped-outlined) correspond to the high latitudes of the North Atlantic (30-60°N),
low latitudes of the North Atlantic (5-30°N), low latitudes of the South Atlantic
(5-30°S), and high latitudes of the South Atlantic (30-60°S).

partly reflect long-term changes in wind forcing under a warming
climate.

This study provides an assessment of long-term trends in ocean
surface currents derived directly from in situ current measurements.
Our analysis demonstrates that the density of surface drifter obser-
vations has become sufficient over the past two decades to quantify
changes in NICs, offering an important benchmark for future studies of
ocean current variability. Given that most contemporary assessments
of ocean circulation rely on geostrophic currents inferred from sea
surface height, temperature, and salinity fields, surface drifters pro-
vide a unique and complementary perspective by directly capturing
ageostrophic and high-frequency motions. This highlights the need for
continued and expanded deployment of surface drifters to better
support future observational studies. With the continued expansion of
the global drifter array, in situ current observations are expected to
play an increasingly important role in characterizing multiscale chan-
ges in ocean currents.

Owing to the spatially discrete distribution of surface drifters,
direct estimation of kinetic energy trends introduces substantially
larger sampling-related uncertainties than estimates based on velocity,
because kinetic energy scales with the square of velocity. We therefore
focus on trends in NIC speed, which can be more robustly quantified
from available observations. This quadratic dependence implies that
the observed increase in NIC speed corresponds to an even stronger
enhancement of near-inertial energy. Consistent with this interpreta-
tion, NIWP, which quantifies wind-driven energy input into near-
inertial motions, indicates an Atlantic near-inertial energy increase of
approximately 8.3-14.1% per decade. When placed in the context of
previously reported global mesoscale eddy kinetic energy trends of

only ~1-3% per decade?®*°, the magnitude of the observed increase in
NIC speed and energy is substantial.

The observed intensification of surface NICs has broad implica-
tions for Lagrangian transport in the upper ocean. Stronger NICs
promote more pronounced near-inertial trajectories and increased
trajectory widths, substantially altering the dispersion of floating
materials such as oil spills, marine debris, and biological tracers, with
direct consequences for drift prediction and material transport path-
ways. At the same time, enhanced NICs can increase energy dissipation
in the upper ocean, potentially contributing to mixed-layer deepening
and sea surface temperature cooling. Beyond the surface layer, near-
inertial motions generated within the mixed layer can radiate down-
ward as near-inertial internal waves, providing a key pathway for
transferring wind energy into the ocean interior. The documented
increase in near-inertial energy therefore implies an enhanced supply
of mechanical energy to the deep ocean, with potential consequences
for sustaining diapycnal mixing and global overturning circulation.
However, whether the current generation of climate models can cap-
ture the magnitude and trends of NICs and their impacts on ocean
mixing remains uncertain, underscoring the need for improved model
representation through enhanced temporal resolution and the devel-
opment of physically based parameterizations for near-inertial
processes.

Methods

Datasets

We use surface current observations from the Global Drifter Program
maintained by the Atlantic Oceanographic and Meteorological
Laboratory to estimate near-inertial velocities in the upper ocean. The
Global Drifter Program provides hourly estimates of location and
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over 1961-2022, with the corresponding percentage changes indicated in the
upper-left corner of each panel. The gray solid lines represent trends over

2003-2022, with percentage changes shown in the lower-right corner of
each panel.

surface velocity derived from in situ drifter observations*.. Each drifter
is equipped with a subsurface drogue centered at a nominal depth of
15 m, designed to ensure that the measured velocity is representative
of the near-surface ocean flow. The Global Drifter Program data used in
this study is version 2.01, spanning from 1987 to 2022 and containing
19 396 individual surface drifter trajectories, providing broad spatial
coverage across the global ocean. However, because the global drifter
array did not reach sufficiently dense coverage until the early 2000s
(Supplementary Fig. 1), we focus our analysis of NIC variability on the
period after 2003, when drifter sampling becomes adequate for robust
estimation of long-term changes.

To quantify wind forcing, we employ two state-of-the-art hourly
reanalysis wind products. The first is the European Center for Medium-
Range Weather Forecasts Reanalysis v5 (ERAS), which has a spatial
resolution of 0.25°*2,. The second is the Climate Forecast System (CFS)
reanalysis produced by the National Centers for Environmental
Prediction****. Using two independent wind products allows us to

assess the robustness of the estimated near-inertial wind forcing and
to reduce potential uncertainties associated with individual reanalysis
systems.

MLD information is obtained from an Argo-based observational
product (BOA-Argo), which consists of monthly temperature and
salinity fields derived from in situ Argo float measurements®. This
dataset provides MLD estimates based on two commonly used criteria.
The firstis a density-based criterion, in which the mixed-layer depth H,,
is defined as the depth where the potential density referenced to the
surface, 0o, exceeds that at 10 m by a threshold of 0.03 kg m™, that is,

0o(z= —Hy)=00(z= —10m)+0.03kgm™>...... 4

The second criterion defines the MLD as the minimum of density-
based and temperature-based estimates, where the temperature-
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based estimate is given by
T(z= —Hy)=T(z= —10m)-0.2°C...... 2

Both definitions are considered in this study to evaluate the sen-
sitivity of NIC speed estimates to uncertainties in MLD.

Drifter data processing

We first preprocess the surface drifter trajectories to ensure data
continuity and quality. Trajectories containing more than 10 con-
secutive missing values are divided into two independent sub-trajec-
tories; otherwise, missing values are linearly interpolated. Sub-
trajectories with durations shorter than 300h are subsequently
excluded to ensure sufficient temporal coverage for near-inertial
analysis.

In general, each drifter is equipped with a subsurface drogue
centered at a nominal depth of 15m. However, as deployment time
increases, a fraction of drifters experience drogue loss. Such undro-
gued drifters can introduce significant observational biases due to
enhanced wind drag acting on the surface float*’. To minimize the
influence of wind forcing and drogue loss on the estimated drifter
velocities, we apply a wind-driven slip correction®.

"

ki ... 3)

where dy, is the drifter velocity, 4, is the wind velocity linearly inter-
polated to the position and time of drifter observations, and k is the
coefficient of correction. When the drifter is drogued, the coefficient is
k4 =7x10"*. When the drifter is undrogued, the coefficient applied

is47'48:

ky=(u, —ug)/u, tky ...... C)]

where u, and u, represent the downwind components of the drogued
and undrogued drifter velocities, respectively, u,, is the amplitude of
wind speed, and the upper horizontal bar denotes the spatially aver-
aged value in a 2° x 2° spatial box.

After applying the wind-driven slip correction using two inde-
pendent wind products, the resulting drifter velocity time series are
used to extract NICs. Due to the large change of inertial frequency
along long drifter trajectories, velocity estimates tracked by a drifter
are divided into half-overlapping 300-h segments in order to extract
the near-inertial velocities ti;,'**°. The near-inertial band 0.75-1.25f is
adopted, where f is the mean Coriolis frequency of each segment.

Notably, similar spatial patterns of NIC trends are obtained whe-
ther using wind-corrected drifter velocities or uncorrected velocities
from drogued and undrogued drifters (Supplementary Fig.9). This
consistency indicates that the wind correction does not bias the
inferred NIC trends, while substantially increasing the number of
usable drifter observations.

Near-inertial wind stress and power
To investigate the physical drivers of changes in NICs, we compute
near-inertial wind stress (NIWS), which is known to be particularly
efficient in exciting NICs through inertial resonance. Accordingly, wind
stress is estimated using two complementary formulations to assess
the robustness of the inferred NIWS variability.

In the first approach, wind stress is calculated using only the wind
field, without accounting for ocean surface currents,

T :paCD‘l_le ‘ﬁlo ~~~~~~ (&)

where p, =122 kg m? is the air density, Cp is the drag coefficient, and
U, is the 10-m wind velocity vector. For ERAS, Cp is provided #by
ECMWF and accounts for the effects of surface waves, while Uy,

denotes the 10-m neutral wind velocity vector. For CFS, because 10-m
neutral winds are not available, U,y denotes the 10-m true wind
velocity vector, and Cp is calculated using the COARE 3.0 bulk
algorithm*. Wind stresses calculated using (5) are almost identical to
the direct wind stress outputs provided by ERA5 and CFS.

In the second approach, the relative motion between the atmo-
sphere and the ocean surface is explicitly considered by incorporating
the surface current velocity observed by the drifters,

i:paCD‘wa - a](ﬁw —) (6)

where i denotes the surface ocean current velocity. Each approach has
distinct advantages and limitations. The first method relies on gridded
wind products and avoids potential sampling biases associated with
the spatiotemporal distribution of surface drifters. The second
method interpolates wind velocities to the time and location of indi-
vidual drifter observations; although this may introduce sampling-
related uncertainties, it accounts for the effect of surface currents on
air-sea momentum exchange. An error assessment based on HYCOM
surface ocean currents driven by CFS winds shows that neglecting
surface currents in the wind stress calculation introduces an error of
approximately 3% in the estimated NIWS. When surface currents are
included, NIWS estimates based on drifter-sampled data reproduce the
spatial patterns of both the mean state and trends derived from the
gridded data (Supplementary Fig. 10).

Following a procedure analogous to the extraction of NICs, a
band-pass filter spanning 0.75-1.25 f is applied separately to the zonal
and meridional components of the wind stress, yielding the NIWS

components t,;, and 7,;,. The magnitude of NIWS is then defined as

2, + 712

NIWS=\ |2, +T2, ... )

In addition to NIWS, we also compute near-inertial wind power
(NIWP), which directly quantifies the rate at which wind transfers
energy to NICs and therefore provides an energetic measure of wind
forcing on near-inertial variability. NIWP is defined as

NIWP=T iy, ...... ®)
where U, is the ocean surface near-inertial velocities.

Trend analysis

Owing to the spatiotemporally inhomogeneous distribution of surface
drifters, we adopt multiple approaches to estimate trends in NIC speed
in order to obtain robust results. As described above, wind-driven slip
correction using two independent wind products yields two corre-
sponding sets of drifter velocity estimates. For each velocity dataset,
we quantify NIC speed trends using three complementary methods.
The first method estimates change as the difference between the mean
NIC speed over the last decade (2013-2022) and that over the first
decade (2003-2012). The second and third methods compute trends
by first constructing gridded annual-mean and gridded monthly-mean
NIC speed, respectively, followed by least-squares linear regression to
estimate trends and their standard errors.

Quality control is applied to the trend estimates derived from
each method. For the first method, trend values are shown only for
grid cells with more than 3000 samples in both decades. For the sec-
ond method, only grid cells with at least 12 data points per year and
data coverage exceeding 15 years are retained. For the third method,
grid cells are required to have data coverage exceeding 72 months.
Statistical significance is assessed using a criterion in which the mag-
nitude of the estimated trend exceeds one standard error*®. For the
second and third methods, only grid cells that satisfy both the sam-
pling requirements and the significance criterion are displayed. As
shown in Supplementary Fig.11, trend estimates derived from the
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different methods exhibit highly consistent spatial patterns, indicating
that the inferred NIC trends are robust to the choice of estimation
method.

When computing regional-mean trends, we depart from the
approach outlined above by including all grid cells that satisfy the
sampling requirements, rather than restricting the calculation to sta-
tistically significant grid cells only. Restricting the analysis to sig-
nificant grid cells alone tends to inflate trend magnitudes, as regions
exhibiting weak or negligible changes are excluded, potentially leading
to biased estimates. Accordingly, the NIC and NIWS trends reported in
the main text represent the average across multiple trend estimation
methods, while the associated standard errors are taken as the mean of
those derived from the second and third methods. For NIWP, which is
proportional to the product of NIWS and NIC, the use of the second
and third methods substantially amplifies the effects of spatially
inhomogeneous drifter sampling, leading to large uncertainties. To
avoid this sampling-induced bias, NIWP is therefore estimated exclu-
sively using the first method.

Slab model simulations

Slab models are widely used to simulate wind-driven near-inertial
motions in the ocean mixed layer””’>¢, To quantify the contribution of
long-term changes in MLD to trends in NIC speed, we conduct slab-
model simulations forced by two independent wind products (ERAS
and CFS). The governing equations of the slab model are

ou —_T
{E tru—fo= 5

...... 9)
o)) — (
at +ru+fu— Po’{/M

where u and v are the zonal and meridional components of the mixed-
layer velocity, respectively; p, is the reference seawater density;
7=(1,, 7)) denotes the wind stress; and H,, is the mixed-layer depth.
The parameter r represents a linear damping term that parameterizes
the loss of near-inertial energy from the mixed layer to the ocean
interior. We adopt r=0.25x107s™, a value that yields a slab-model
NIC speed close to the drifter-based observations. NICs are extracted
from the model output using the same band-pass filter spanning
0.75-1.25 f as applied to the observations.

To isolate the influence of long-term MLD changes, we perform
paired simulations in which the wind forcing is held identical while the
MLD differs. One set of simulations uses the climatological monthly
mean MLD field that retains only the seasonal cycle, whereas the other
uses the observed monthly MLD, including both seasonal and long-
term variations. The difference between these two simulations allows
us to quantify the relative contribution of long-term MLD changes to
trends in NIC speed.

It should be noted that the slab model assumes vertically uniform
mixed-layer velocity and idealizes damping and downward energy
radiation. It therefore cannot fully represent vertical shear, subsurface
stratification, mesoscale vorticity, or other three-dimensional pro-
cesses affecting NIC amplitude and trends. However, its simplicity
enables individual physical effects to be isolated through controlled
sensitivity experiments. We therefore use it primarily to quantify the
contribution of MLD variations, which have been suggested to mod-
ulate NIC strength'”**, rather than to reproduce the full observed trend
magnitude.

Data availability

The Global Drifter Program data are provided by the Atlantic Ocea-
nographic and Meteorological Laboratory, available at www.aoml.
noaa.gov/phod/gdp/hourly_data.php. ERA5 wind data is provided by
ECMWEF, downloaded from https://cds.climate.copernicus.eu/cdsapp#
I/dataset/reanalysis-era5-single-levels?tab=form. CSFv2 wind data are
obtained from the U. S. Global Ocean Data Assimilation Experiment

website https://www.hycom.org/dataserver/ncep-cfsr and www.
hycom.org/dataserver/ncep-cfsv2. BOA-Argo mixed layer depth data
are available at https://argo.ucsd.edu/data/argo-data-products/.
HYCOM current data are downloaded from https://www.hycom.org/
dataserver/gofs-3ptl/reanalysis and https://www.hycom.org/
dataserver/gofs-3ptl/analysis. Land boundaries are obtained from
Natural Earth (https://www.naturalearthdata.com/downloads/50m-
physical-vectors). The processed datasets generated in this study are
available from Zenodo at https://doi.org/10.5281/zenodo.18607058.

Code availability
All figures were generated by the authors using MATLAB and the
m_map toolbox. Code link to reproduce the results: https://doi.org/10.
5281/zen0do0.18607058
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