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Abstract 23 

Near-inertial currents (NICs) play a key role in surface material redistribution and ocean 24 

mixing, yet their long-term variability remains poorly known. Using in situ current 25 

measurements from surface drifters, we provide observational evidence for a 26 

pronounced intensification of surface NICs in the Atlantic Ocean over the past two 27 

decades (2003–2022). Basin–mean NIC strength increases at a rate of 3.8 ± 1.7% per 28 

decade, with a spatial pattern characterized by strengthening in the South Atlantic and 29 

the high-latitude North Atlantic, and weakening in the low-latitude North Atlantic. We 30 

further show that these trends in Atlantic NICs are primarily driven by changes in near-31 

inertial wind forcing, particularly those associated with mesoscale weather systems, 32 

while variations in mixed-layer depth playing a minor role. This observed 33 

intensification of Atlantic NICs may have important implications for ocean transport 34 

and mixing, and needs to be properly represented in the current generation of climate 35 

models. 36 
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Introduction 38 

As a core component of the Earth’s climate system, ocean currents play a 39 

fundamental role in regulating global climate and sustaining marine ecosystems by 40 

mediating the multiscale transport of heat, carbon, and nutrients1-5. Depending on their 41 

characteristic temporal and spatial scales and underlying dynamical mechanisms, ocean 42 

currents can be broadly decomposed into several components, including ocean gyre 43 

circulation, mesoscale eddies, sub-mesoscale motions, Ekman flows, tides, and near-44 

inertial currents (NICs). Among these components, NICs stand out as one of the most 45 

energetic high-frequency motions, oscillating at frequencies close to the local inertial 46 

frequency6-9. They are tightly coupled to atmospheric variability and derive the majority 47 

of their energy from wind forcing, with near-inertial wind power estimates ranging from 48 

0.26 to 1.4TW depending on the wind products and methods used10-17. In the surface 49 

ocean, NICs play an essential role in shaping the transport pathways of floating 50 

materials, often producing arc-shaped, semi-circular, near-circular, or flower-like 51 

trajectories that strongly influence drift prediction, pollutant dispersion, and marine 52 

search-and-rescue operations18-20. Globally, approximately 1/3 of the lifetime of 53 

surface-floating objects featured clear near-inertial trajectories20. In addition, near-54 

inertial oscillations within the mixed layer can radiate as downward-propagating near-55 

inertial internal waves, providing a major conduit for transferring wind energy from the 56 

surface boundary layer into the ocean interior. This downward energy flux constitutes 57 

a key energy source for deep-ocean mixing and thereby contributes to the maintenance 58 

of the global overturning circulation9,21-25.  59 

Under ongoing global warming, multiple components of the ocean currents have 60 

already exhibited pronounced long-term changes26-33. For example, western boundary 61 

currents have undergone significant intensification as well as poleward and shoreward 62 

shifts26,32, mesoscale eddy kinetic energy has strengthened across large portions of the 63 

global upper ocean28, and both the generation and propagation speeds of internal tides 64 

have increased markedly31,33. In contrast, despite their climatic and dynamical 65 

importance, long-term changes in NICs remain poorly constrained. Due to their high-66 

frequency nature, observational coverage of these signals is limited, and they are often 67 

filtered out from both observations and the atmospheric forcing used in ocean models. 68 

An early study using NCEP reanalysis winds to drive a slab model revealed an 69 

approximately 25% increase in global near-inertial wind power from 1948 to 200112. 70 

More recent studies employing slab-model or MITgcm simulations forced by ERA5 71 

reanalysis wind products have also suggested significant increases in near-inertial wind 72 

power input and near-inertial energy associated with tropical cyclones and over the 73 

Southern Ocean34,35. However, these model-based estimates are subject to model biases 74 

and deficiencies and remain largely unvalidated against in situ ocean measurements, 75 

leaving the magnitude and robustness of long-term NIC changes in the real ocean 76 

uncertain. 77 

Here, we address this gap by leveraging the global surface drifters to directly 78 

quantify changes in upper-ocean NICs. A gridded and significance-testing framework 79 

is developed to enable robust estimation of regional NIC trends from spatially sparse 80 
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drifter observations, providing a systematic assessment of NIC variability over the 81 

period 2003–2022. The results indicate that upper-ocean NICs have strengthened across 82 

most of the global ocean, with the Atlantic exhibiting the most pronounced and 83 

spatially-coherent change (Fig. 1b, d). Owing to its dense drifter sampling 84 

(Supplementary Fig. 1) and the strong, latitudinally coherent signal in its NIC trends, 85 

the Atlantic is selected as the primary basin of focus. Analyses based on two state-of-86 

the-art reanalysis hourly wind products (ERA5 and CFS) show that changes in near-87 

inertial wind forcing largely account for the observed NIC trends in the Atlantic. In 88 

addition, slab-model experiments reveal that long-term variations in mixed-layer depth 89 

(MLD) further modulate the NIC response. Collectively, these findings provide an 90 

observation-based attribution of long-term changes in Atlantic NICs and establish a 91 

reliable foundation for future observational and modelling studies of near-inertial 92 

motions. 93 

 94 

Results 95 

Observed Intensification of Near-Inertial Currents 96 

By applying a band-pass filter to the global surface drifter velocity records (see 97 

Methods), we extracted near-inertial speed at each drifter location and aggregated them 98 

onto a 2° × 2° grid to compute long-term mean fields (Fig. 1a). The resulting 99 

climatology shows that NICs are strongest in the mid-latitude westerly wind regions of 100 

both hemispheres, with amplitudes exceeding 10 cm s⁻¹. The zonal-mean distribution 101 

reveals a clear latitudinal dependence, with NIC speed increasing with latitude and 102 

peaking near 40°. Histogram-based basin-scale averages indicate a global mean NIC 103 

speed of 7.5±2.8 cm s⁻¹, with relatively similar distributions among the major ocean 104 

basins (Fig. 1c). When examined by latitude bands, the Northern Hemisphere high 105 

latitudes (30–60°N) exhibit the strongest NICs, with a mean value of 10.4±2.7 cm s⁻¹, 106 

followed by the Southern Hemisphere high latitudes (30–60°S). In contrast, lower-107 

latitude regions in both hemispheres (5–30°N and 5–30°S) show substantially weaker 108 

NICs, highlighting a pronounced meridional inhomogeneity in near-inertial energy 109 

distribution. 110 

Because the number of available drifters increased substantially only after 2003 111 

(Supplementary Fig. 1a), we evaluated linear trends in NIC speed over the period 112 

2003–2022 and mapped them onto the same 2° × 2° grid (Fig. 1b). Grid points with 113 

insufficient data coverage or statistically insignificant trends are shown in white (see 114 

Methods). Because kinetic energy depends quadratically on speed, it is more sensitive 115 

to the spatially discrete drifter sampling. We therefore focus on the more robustly 116 

estimated trends in NIC speed. The resulting trend map exhibits alternating positive and 117 

negative signals across different regions, likely reflecting genuine variability in NICs, 118 

and possibly the influence of the spatially heterogeneous distribution of drifter 119 

observations. On the global average, NIC speed increases at a rate of 2.1 ± 1.0% per 120 

decade. Basin-mean trends indicate increases by 3.8 ± 1.7% per decade in the Atlantic 121 

Ocean, 1.5 ± 0.8% per decade in the Pacific Ocean, 1.2 ± 0.8% per decade in the Indian 122 

Ocean, and 2.1 ± 1.1% per decade in the Southern Ocean (Fig. 1d). 123 
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Notably, the Atlantic Ocean exhibits the most pronounced and spatially-coherent 124 

signals (Fig. 1b). Given that the Atlantic also has the densest drifter coverage among 125 

all basins (Supplementary Fig. 1b), whereas other basins show basin-mean increases 126 

without spatially consistent patterns in the gridded fields, subsequent analyses focus 127 

primarily on the Atlantic Ocean. Latitudinally, the strongest increase is observed in the 128 

high-latitude North Atlantic (NA), with a trend of 7.6 ± 2.4% per decade. Significant 129 

increases are also found in the low-latitude South Atlantic (SA) and high-latitude SA, 130 

with trends of 3.4 ± 1.8% and 5.0 ± 2.0% per decade, respectively. In contrast, the low-131 

latitude NA exhibits a marked weakening trend of −3.6 ± 0.7% per decade (Fig. 1d). 132 

Monthly analyses indicate that changes in NIC speed in the Atlantic Ocean are 133 

broadly uniform throughout the year, with only slightly weaker increasing trends during 134 

boreal summer (Supplementary Fig. 2). Moreover, all seasons consistently exhibit 135 

strengthening NICs in the high-latitude NA as well as in the SA, while a weakening 136 

signal persists in the low-latitude NA. These results demonstrate that the observed 137 

intensification in Atlantic NICs occurs year-round, rather than being confined to a 138 

particular season. 139 

 140 

Role of Wind Forcing 141 

Because NICs in the ocean are primarily driven by wind forcing, we examined 142 

whether the observed changes in near-inertial speed are associated with corresponding 143 

changes in the wind field. To this end, we employed two state-of-the-art reanalysis wind 144 

products with hourly resolution to quantify near-inertial wind stress (NIWS), which is 145 

known to be most efficient at exciting NICs through inertial resonance7,34,36. Figure 2 146 

presents the climatological mean state and linear trends of Atlantic NIWS calculated 147 

solely from gridded wind fields, without accounting for ocean surface currents in the 148 

stress calculation. Both wind products reveal a pronounced meridional structure, with 149 

NIWS decreasing from high to low latitudes and attaining values at high latitudes that 150 

are approximately two to three times larger than those in low-latitude regions (Fig. 2a, 151 

b, e). NIWS derived from the CFS wind product is consistently larger than that from 152 

ERA5 across all latitude bands. The spatial pattern of the mean NIWS closely resembles 153 

that of NIC speed, indicating a strong link between wind forcing and the distribution of 154 

upper-ocean NICs. Consistent with this spatial agreement, NIWS trends over the past 155 

two decades also mirror the observed changes in NICs (Fig. 2c, d). Both wind products 156 

indicate a significant basin-wide increase in Atlantic NIWS, with trend magnitudes of 157 

2.7 ± 1.9% per decade and 4.6 ± 1.9% per decade derived from ERA5 and CFS, 158 

respectively (Fig. 2f). In addition, both datasets show pronounced increases in NIWS 159 

in the SA and high-latitude NA, accompanied by a clear decrease in the low-latitude 160 

NA. With the exception of low-latitude NA, where the two products yield comparable 161 

results, the magnitudes of both positive and negative trends derived from CFS are 162 

systematically larger than those from ERA5. 163 

We further computed NIWS using an alternative formulation that accounts for 164 

surface ocean velocities in the wind stress calculation (see Methods; Supplementary 165 

Fig. 3). The resulting spatial patterns are broadly consistent with those shown in Fig. 2. 166 

In terms of trends, increases and decreases are generally stronger than those obtained 167 
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using the wind-only formulation, except in the low-latitude SA. This leads to basin-168 

mean Atlantic NIWS trends slightly higher than those calculated solely from gridded 169 

wind fields. Results from both stress calculation approaches and two wind products 170 

consistently reveal a pronounced increase in NIWS, with magnitudes comparable to 171 

those of NIC changes. This close correspondence suggests that NIWS represents a key 172 

driver of the observed changes in NICs over the past two decades. 173 

In addition to NIWS, we quantified near-inertial wind power (NIWP), the rate at 174 

which wind directly injects energy into oceanic near-inertial motions. The spatial 175 

pattern of mean NIWP broadly resembles those of NIWS and NIC speed, but exhibits 176 

a more pronounced contrast across latitude bands (Fig. 3a, b). Both wind products 177 

indicate that NIWP attains its largest values in the high-latitude SA, reaching 1.20 and 178 

1.26 mW m⁻² based on ERA5 and CFS, respectively (Fig. 3e). The second-largest 179 

values occur in the high-latitude NA, with NIWP of 0.94 and 1.02 mW m⁻² derived 180 

from ERA5 and CFS, respectively. In both regions, mean NIWP values are substantially 181 

larger than those in low-latitude areas. This enhanced latitudinal contrast arises from 182 

the fact that NIWP scales with the product of NIWS and NIC speed, thereby amplifying 183 

regional differences relative to those seen in NIWS or NICs alone. The temporal 184 

evolution of NIWP mirrors the pattern observed for NIC speed (Fig. 3c, d). On a basin-185 

wide average, Atlantic NIWP increases at rates of 8.3% per decade and 14.1% per 186 

decade based on ERA5 and CFS, respectively (Fig. 3f). Regionally, significant 187 

increases are evident in the high-latitude NA and in the SA, while a marked decrease is 188 

observed in the low-latitude NA. Together, these results show consistent changes in 189 

NIWS, wind-to-ocean near-inertial energy input, and NICs in the Atlantic over the past 190 

two decades. The strong spatial correspondence among NIWS, NIWP, and NIC further 191 

supports the important role of wind forcing in regulating NICs (Supplementary Fig. 192 

4). 193 

To assess what atmospheric processes are responsible for the observed changes in 194 

NIWS and NIWP, we further analyzed the rotary power spectra of Atlantic wind speed 195 

and their trends over the past two decades (Fig. 4). The climatological wind power 196 

spectra derived from both datasets exhibit consistent patterns. Across all latitudes, wind 197 

energy is concentrated at periods shorter than 8 days. Moreover, with increasing latitude, 198 

the high-energy region progressively extends toward higher-frequency bands (Fig. 4a, 199 

b). Unlike ocean current spectra, wind power spectra do not exhibit a pronounced peak 200 

at near-inertial frequencies. Nevertheless, significant temporal changes in wind energy 201 

within the near-inertial band have also emerged over the past two decades (Fig. 4c, d). 202 

Specifically, wind energy in the high-latitude NA has intensified at periods of 13 hour–203 

6 day. In contrast, the low-latitude NA exhibits a general decline in wind energy over 204 

periods of 13 hour–10 day. In the SA, CFS data indicate an increase in wind variability 205 

at periods of 13 hour–2 day, whereas ERA5 shows alternating positive and negative 206 

trends over 13 hour–4 day, with localized regions exhibiting increases within the near-207 

inertial band. These changes in near-inertial wind energy closely correspond to the 208 

observed changes in NIWS and NICs. 209 

Previous studies have shown that NIWS is primarily influenced by two classes of 210 

atmospheric processes: synoptic weather systems and mesoscale weather systems, with 211 
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characteristic time scales of 2–6 days and 1 hour–2 days, respectively 34,37. Our power 212 

spectral analysis indeed reveals that changes in wind energy within the near-inertial 213 

band closely align with variability associated with these two atmospheric processes. To 214 

distinguish their respective contributions, we further examined the kinetic energy trend 215 

associated with wind fluctuations over 1 hour–2 day and 2–6 day periods 216 

(Supplementary Fig. 5). The results show that changes in Atlantic near-inertial wind 217 

energy are strongly aligned with variations in mesoscale weather systems, whereas they 218 

differ markedly from those associated with synoptic weather systems, and even exhibit 219 

opposite trends in the high-latitude SA and parts of the high-latitude NA. We further 220 

assess their interannual correlations with near-inertial wind energy (Supplementary 221 

Fig. 6). Mesoscale weather systems exhibit significant positive correlations across 222 

nearly all regions, including near-equatorial areas where the local inertial period 223 

exceeds 2 days. In contrast, synoptic weather systems show positive correlations 224 

primarily in low-latitude regions below 30°, with substantially weaker magnitudes than 225 

those associated with mesoscale systems. At higher latitudes, synoptic variability 226 

displays limited positive correlations and is instead characterized by widespread 227 

significant negative correlations. Taken together, these findings suggest that mesoscale 228 

weather systems are likely the dominant atmospheric processes driving the observed 229 

changes in near-inertial wind energy, NIWS, and NICs in the whole Atlantic over the 230 

past two decades, whereas synoptic weather systems exert a more limited influence, 231 

primarily confined to low-latitude regions. 232 

 233 

Role of Mixed-layer depth 234 

Wind-driven near-inertial energy at the ocean surface is generally considered to be 235 

distributed within the mixed layer, such that MLD represents an important factor 236 

modulating surface NICs9,17,34. For a given amount of near-inertial energy input, a 237 

deeper mixed layer leads to weaker near-inertial speed within the mixed layer. To 238 

quantify the contribution of MLD changes to the observed evolution of Atlantic NIC 239 

speed over the past two decades, we conducted a set of controlled experiments using a 240 

slab model driven by the two wind products, ERA5 and CFS. We conduct paired 241 

simulations with identical wind forcing but different MLD fields: one uses the 242 

climatological monthly mean MLD, retaining only the seasonal cycle, while the other 243 

uses the observed monthly MLD, including both seasonal and long-term variability. 244 

The slab model broadly reproduces the observed evolution of Atlantic NIC speed, 245 

yielding spatial patterns that are comparable to those derived from drifter observations 246 

(Fig. 5a-d). Although the simulated rates of increase are lower than those inferred from 247 

observations (Fig. 5e), likely because the slab model assumes a vertically uniform 248 

mixed-layer velocity and highly idealized damping and downward energy radiation 249 

processes17,38, it remains well suited for isolating and quantifying the relative 250 

contribution of long-term MLD changes to the observed changes in NICs. When the 251 

climatological MLD is used, the slab model driven by ERA5 and CFS winds yields 252 

Atlantic NIC speed increases of 1.3 ± 0.6% and 2.7 ± 1.0% per decade, respectively. 253 

When the observed monthly MLD is prescribed, these rates increase to 1.4 ± 0.8% and 254 

2.9 ± 0.7% per decade, suggesting a modest positive contribution of MLD changes to 255 
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the basin-scale increase in Atlantic NIC speed. However, this contribution is unlikely 256 

to be significant, as the uncertainty ranges overlap. Regionally, the impact of MLD 257 

changes differs between high-latitude and low-latitude Atlantic regions. In slab model 258 

simulations using the observed monthly MLD, the increasing trends at high latitudes 259 

decrease modestly for both wind products, although the changes are unlikely to be 260 

significant. In contrast, the trends at low latitudes shift significantly toward more 261 

positive values. For example, in the CFS-driven simulation, the near-inertial speed 262 

trend in the low latitude SA changes from −1.8 ± 0.5% per decade when climatological 263 

monthly MLD is used to 1.5 ± 0.6% per decade when the observed monthly MLD is 264 

prescribed, bringing the simulated trend closer to observations. Sensitivity tests further 265 

indicate that neither the specific MLD estimation method (Supplementary Fig. 7) nor 266 

the choice of the damping parameter 𝑟 (Supplementary Fig. 8) in the slab model exerts 267 

a substantial influence on these results. 268 

Overall, long-term MLD changes exert a negative contribution to the growth of 269 

NICs in the high-latitude Atlantic and a positive contribution in low-latitude regions. 270 

When integrated over the entire basin, MLD changes result in a minor and insignificant 271 

net positive contribution to the increase in Atlantic NIC speed, further supporting the 272 

dominant role of long-term wind-field changes in the observed NIC intensification. 273 

 274 

Discussion 275 

Using in situ surface drifter observations, we show that NICs in the Atlantic Ocean 276 

have intensified over the period 2003–2022, at a rate of 3.8 ± 1.7% per decade. 277 

Regionally, the strongest increase occurs in the high-latitude NA, reaching 7.6 ± 2.4% 278 

per decade. Significant increases are also observed in the low- and high-latitude SA, 279 

with trends of 3.4 ± 1.8% and 5.0 ± 2.0% per decade, respectively. In contrast, the low-280 

latitude NA displays a weakening trend of −3.6 ± 0.7% per decade. Consistent changes 281 

in NIWS and NIWP derived from both ERA5 and CFS winds closely match the spatial 282 

patterns and magnitudes of NIC changes, providing strong evidence that changes in 283 

wind forcing are the primary driver of the observed trends in Atlantic NICs. Further 284 

analysis of wind rotary power spectra suggests that mesoscale weather systems are 285 

likely the dominant atmospheric processes driving the observed changes in near-inertial 286 

wind energy, NIWS, and the associated evolution of NICs in the Atlantic. In addition, 287 

slab-model experiments indicate that changes in MLD also modulate NIC speed, 288 

yielding a minor and insignificant net positive contribution over the entire Atlantic 289 

basin. 290 

A key remaining question is whether the observed intensification of NICs reflects 291 

decadal variability or a longer-term trend under global warming. Although surface 292 

drifter observations become sufficiently dense only over the past two decades, the 293 

ERA5 reanalysis provides continuous wind records spanning several decades. Given 294 

the strong correlation between near-inertial currents and NIWS in both their spatial 295 

distributions and trends, we use the NIWS time series derived from ERA5 winds over 296 

1961–2022 as a proxy for long-term changes in surface NIC speed (Fig. 6). The results 297 

reveal a significant long-term increase in Atlantic NIWS since 1961, at a rate of 298 
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approximately 1.4 ± 0.2% per decade, slightly weaker than the 1.5 ± 0.9% per decade 299 

increase observed over the past two decades. Regionally, NIWS exhibits significant 300 

long-term increases across all Atlantic subregions since 1961. In the high-latitude North 301 

Atlantic and both the low- and high-latitude South Atlantic, the trends over the recent 302 

two decades are comparable to or exceed their corresponding long-term trends. By 303 

contrast, the recent trend in the low-latitude North Atlantic reverses sign, indicating a 304 

decrease that may partly reflect decadal variability in tropical cyclones and low-latitude 305 

storms, which has been suggested to be influenced by the Atlantic Multidecadal 306 

Variability39. Together, these findings indicate that the observed increase in Atlantic 307 

NIC speed is likely a manifestation of long-term changes in the wind field associated 308 

with global warming, while the pronounced weakening in the low-latitude North 309 

Atlantic may reflect superimposed decadal variability acting on this background trend. 310 

Consistent with this interpretation, the global analysis shows that NIWS exhibits a 311 

comparable increase over both the past six and the past two decades (Fig. 6f). This 312 

long-term intensification of near-inertial wind forcing is consistent with the earlier 313 

finding that reported an approximately 25% increase in global near-inertial wind power 314 

over 1948–200112. Together, these results suggest that the observed global enhancement 315 

of NICs may partly reflect long-term changes in wind forcing under a warming climate.  316 

This study provides an assessment of long-term trends in ocean surface currents 317 

derived directly from in situ current measurements. Our analysis demonstrates that the 318 

density of surface drifter observations has become sufficient over the past two decades 319 

to quantify changes in NICs, offering an important benchmark for future studies of 320 

ocean current variability. Given that most contemporary assessments of ocean 321 

circulation rely on geostrophic currents inferred from sea surface height, temperature, 322 

and salinity fields, surface drifters provide a unique and complementary perspective by 323 

directly capturing ageostrophic and high-frequency motions. This highlights the need 324 

for continued and expanded deployment of surface drifters to better support future 325 

observational studies. With the continued expansion of the global drifter array, in situ 326 

current observations are expected to play an increasingly important role in 327 

characterizing multiscale changes in ocean currents. 328 

Owing to the spatially discrete distribution of surface drifters, direct estimation of 329 

kinetic energy trends introduces substantially larger sampling-related uncertainties than 330 

estimates based on velocity, because kinetic energy scales with the square of velocity. 331 

We therefore focus on trends in NIC speed, which can be more robustly quantified from 332 

available observations. This quadratic dependence implies that the observed increase in 333 

NIC speed corresponds to an even stronger enhancement of near-inertial energy. 334 

Consistent with this interpretation, NIWP, which quantifies wind-driven energy input 335 

into near-inertial motions, indicates an Atlantic near-inertial energy increase of 336 

approximately 8.3–14.1% per decade. When placed in the context of previously 337 

reported global mesoscale eddy kinetic energy trends of only ~1–3% per decade28,40, 338 

the magnitude of the observed increase in NIC speed and energy is substantial. 339 

The observed intensification of surface NICs has broad implications for 340 

Lagrangian transport in the upper ocean. Stronger NICs promote more pronounced 341 

near-inertial trajectories and increased trajectory widths, substantially altering the 342 
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dispersion of floating materials such as oil spills, marine debris, and biological tracers, 343 

with direct consequences for drift prediction and material transport pathways. At the 344 

same time, enhanced NICs can increase energy dissipation in the upper ocean, 345 

potentially contributing to mixed-layer deepening and sea surface temperature cooling. 346 

Beyond the surface layer, near-inertial motions generated within the mixed layer can 347 

radiate downward as near-inertial internal waves, providing a key pathway for 348 

transferring wind energy into the ocean interior. The documented increase in near-349 

inertial energy therefore implies an enhanced supply of mechanical energy to the deep 350 

ocean, with potential consequences for sustaining diapycnal mixing and global 351 

overturning circulation. However, whether the current generation of climate models can 352 

capture the magnitude and trends of NICs and their impacts on ocean mixing remains 353 

uncertain, underscoring the need for improved model representation through enhanced 354 

temporal resolution and the development of physically based parameterizations for 355 

near-inertial processes. 356 

 357 

Methods 358 

Datasets 359 

We use surface current observations from the Global Drifter Program maintained 360 

by the Atlantic Oceanographic and Meteorological Laboratory to estimate near-inertial 361 

velocities in the upper ocean. The Global Drifter Program provides hourly estimates of 362 

location and surface velocity derived from in situ drifter observations41. Each drifter is 363 

equipped with a subsurface drogue centered at a nominal depth of 15 m, designed to 364 

ensure that the measured velocity is representative of the near-surface ocean flow. The 365 

Global Drifter Program data used in this study is version 2.01, spanning from 1987 to 366 

2022 and containing 19 396 individual surface drifter trajectories, providing broad 367 

spatial coverage across the global ocean. However, because the global drifter array did 368 

not reach sufficiently dense coverage until the early 2000s (Supplementary Fig. 1), we 369 

focus our analysis of NIC variability on the period after 2003, when drifter sampling 370 

becomes adequate for robust estimation of long-term changes. 371 

To quantify wind forcing, we employ two state-of-the-art hourly reanalysis wind 372 

products. The first is the European Centre for Medium-Range Weather Forecasts 373 

Reanalysis v5 (ERA5), which has a spatial resolution of 0.25°42. The second is the 374 

Climate Forecast System (CFS) reanalysis produced by the National Centers for 375 

Environmental Prediction43,44. Using two independent wind products allows us to assess 376 

the robustness of the estimated near-inertial wind forcing and to reduce potential 377 

uncertainties associated with individual reanalysis systems. 378 

MLD information is obtained from an Argo-based observational product (BOA-379 

Argo), which consists of monthly temperature and salinity fields derived from in situ 380 

Argo float measurements45. This dataset provides MLD estimates based on two 381 

commonly used criteria. The first is a density-based criterion, in which the mixed-layer 382 

depth HM is defined as the depth where the potential density referenced to the surface, 383 

σ₀, exceeds that at 10 m by a threshold of 0.03 kg m⁻³, that is, 384 

𝜎0(𝑧 = −𝐻𝑀) = 𝜎0(𝑧 = −10 m) + 0.03 𝑘𝑔 𝑚−3……(1) 385 
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The second criterion defines the MLD as the minimum of density-based and 386 

temperature-based estimates, where the temperature-based estimate is given by 387 

𝑇(𝑧 = −𝐻𝑀) = 𝑇(𝑧 = −10 m) − 0.2 °𝐶 …… (2) 388 

Both definitions are considered in this study to evaluate the sensitivity of NIC speed 389 

estimates to uncertainties in MLD. 390 

 391 

Drifter data processing 392 

We first preprocess the surface drifter trajectories to ensure data continuity and 393 

quality. Trajectories containing more than 10 consecutive missing values are divided 394 

into two independent sub-trajectories; otherwise, missing values are linearly 395 

interpolated. Sub-trajectories with durations shorter than 300 hours are subsequently 396 

excluded to ensure sufficient temporal coverage for near-inertial analysis. 397 

In general, each drifter is equipped with a subsurface drogue centered at a nominal 398 

depth of 15 m. However, as deployment time increases, a fraction of drifters experience 399 

drogue loss. Such undrogued drifters can introduce significant observational biases due 400 

to enhanced wind drag acting on the surface float46. To minimize the influence of wind 401 

forcing and drogue loss on the estimated drifter velocities, we apply a wind-driven slip 402 

correction45. 403 

𝐮⃗⃗ = 𝐮⃗⃗ 𝐝𝐫 − 𝑘𝐮⃗⃗ 𝐰   …… (3) 404 

where 𝒖⃗⃗ 𝒅𝒓 is the drifter velocity, 𝒖⃗⃗ 𝒘 is the wind velocity linearly interpolated to the 405 

position and time of drifter observations, and k is the coefficient of correction. When 406 

the drifter is drogued, the coefficient is 𝑘𝑑 = 7 × 10−4. When the drifter is undrogued, 407 

the coefficient applied is47,48: 408 

𝑘𝑢 = (𝑢𝑢 − 𝑢𝑑) 𝑢𝑤⁄ + 𝑘𝑑  ……  (4) 409 

where 𝑢𝑑 and 𝑢𝑢 represent the downwind components of the drogued and undrogued 410 

drifter velocities, respectively, 𝑢𝑤  is the amplitude of wind speed, and the upper 411 

horizontal bar denotes the spatially averaged value in a 2° × 2° spatial box. 412 

After applying the wind-driven slip correction using two independent wind 413 

products, the resulting drifter velocity time series are used to extract NICs. Due to the 414 

large change of inertial frequency along long drifter trajectories, velocity estimates 415 

tracked by a drifter are divided into half-overlapping 300-hour segments in order to 416 

extract the near-inertial velocities 𝒖⃗⃗ 𝒊𝒏.16,20 The near-inertial band 0.75f–1.25f is adopted, 417 

where f is the mean Coriolis frequency of each segment. 418 

Notably, similar spatial patterns of NIC trends are obtained whether using wind-419 

corrected drifter velocities or uncorrected velocities from drogued and undrogued 420 

drifters (Supplementary Fig. 9). This consistency indicates that the wind correction 421 

does not bias the inferred NIC trends, while substantially increasing the number of 422 

usable drifter observations. 423 

 424 

Near-inertial wind stress and power 425 

To investigate the physical drivers of changes in NICs, we compute near-inertial wind 426 

stress (NIWS), which is known to be particularly efficient in exciting NICs through 427 

inertial resonance. Accordingly, wind stress is estimated using two complementary 428 
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formulations to assess the robustness of the inferred NIWS variability. 429 

In the first approach, wind stress is calculated using only the wind field, without 430 

accounting for ocean surface currents, 431 

𝛕⃗ = 𝜌𝑎𝐶𝐷|𝐔⃗⃗ 𝟏𝟎|𝐔⃗⃗ 𝟏𝟎  …… (5) 432 

where 𝜌𝑎=1.22 kg m-3 is the air density, CD is the drag coefficient, and 𝐔⃗⃗ 𝟏𝟎 is the 10-m 433 

wind velocity vector. For ERA5, CD is provided by ECMWF and accounts for the 434 

effects of surface waves, while 𝐔⃗⃗ 𝟏𝟎 denotes the 10-m neutral wind velocity vector. For 435 

CFS, because 10-m neutral winds are not available, 𝐔⃗⃗ 𝟏𝟎 denotes the 10-m true wind 436 

velocity vector, and CD is calculated using the COARE 3.0 bulk algorithm49. Wind 437 

stresses calculated using (5) are almost identical to the direct wind stress outputs 438 

provided by ERA5 and CFS. 439 

In the second approach, the relative motion between the atmosphere and the ocean 440 

surface is explicitly considered by incorporating the surface current velocity observed 441 

by the drifters, 442 

𝛕⃗ = 𝜌𝑎𝐶𝐷|𝐔⃗⃗ 𝟏𝟎 − 𝐮⃗⃗ |(𝐔⃗⃗ 𝟏𝟎 − 𝐮⃗⃗ )  ……  (6) 443 

where 𝒖⃗⃗   denotes the surface ocean current velocity. Each approach has distinct 444 

advantages and limitations. The first method relies on gridded wind products and avoids 445 

potential sampling biases associated with the spatiotemporal distribution of surface 446 

drifters. The second method interpolates wind velocities to the time and location of 447 

individual drifter observations; although this may introduce sampling-related 448 

uncertainties, it accounts for the effect of surface currents on air–sea momentum 449 

exchange. An error assessment based on HYCOM surface ocean currents driven by 450 

CFS winds shows that neglecting surface currents in the wind stress calculation 451 

introduces an error of approximately 3% in the estimated NIWS. When surface currents 452 

are included, NIWS estimates based on drifter-sampled data reproduce the spatial 453 

patterns of both the mean state and trends derived from the gridded data 454 

(Supplementary Fig. 10). 455 

Following a procedure analogous to the extraction of NICs, a band-pass filter spanning 456 

0.75f–1.25f is applied separately to the zonal and meridional components of the wind 457 

stress, yielding the NIWS components 𝜏𝑥𝑖𝑛and 𝜏𝑦𝑖𝑛. The magnitude of NIWS is then 458 

defined as 459 

𝑁𝐼𝑊𝑆 = √𝜏𝑥𝑖𝑛
2 + 𝜏𝑦𝑖𝑛

2   ……  (7) 460 

In addition to NIWS, we also compute near-inertial wind power (NIWP), which directly 461 

quantifies the rate at which wind transfers energy to NICs and therefore provides an 462 

energetic measure of wind forcing on near-inertial variability. NIWP is defined as 463 

 464 

𝑁𝐼𝑊𝑃 = 𝛕⃗ ∙ 𝐮⃗⃗ 𝐢𝐧   ……  (8) 465 
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where 𝐮⃗⃗ 𝐢𝐧 is the ocean surface near-inertial velocities. 466 

 467 

Trend analysis 468 

Owing to the spatiotemporally inhomogeneous distribution of surface drifters, we 469 

adopt multiple approaches to estimate trends in NIC speed in order to obtain robust 470 

results. As described above, wind-driven slip correction using two independent wind 471 

products yields two corresponding sets of drifter velocity estimates. For each velocity 472 

dataset, we quantify NIC speed trends using three complementary methods. The first 473 

method estimates change as the difference between the mean NIC speed over the last 474 

decade (2013–2022) and that over the first decade (2003–2012). The second and third 475 

methods compute trends by first constructing gridded annual-mean and gridded 476 

monthly-mean NIC speed, respectively, followed by least-squares linear regression to 477 

estimate trends and their standard errors. 478 

Quality control is applied to the trend estimates derived from each method. For the 479 

first method, trend values are shown only for grid cells with more than 3,000 samples 480 

in both decades. For the second method, only grid cells with at least 12 data points per 481 

year and data coverage exceeding 15 years are retained. For the third method, grid cells 482 

are required to have data coverage exceeding 72 months. Statistical significance is 483 

assessed using a criterion in which the magnitude of the estimated trend exceeds one 484 

standard error50. For the second and third methods, only grid cells that satisfy both the 485 

sampling requirements and the significance criterion are displayed. As shown in 486 

Supplementary Fig. 11, trend estimates derived from the different methods exhibit 487 

highly consistent spatial patterns, indicating that the inferred NIC trends are robust to 488 

the choice of estimation method. 489 

When computing regional-mean trends, we depart from the approach outlined 490 

above by including all grid cells that satisfy the sampling requirements, rather than 491 

restricting the calculation to statistically significant grid cells only. Restricting the 492 

analysis to significant grid cells alone tends to inflate trend magnitudes, as regions 493 

exhibiting weak or negligible changes are excluded, potentially leading to biased 494 

estimates. Accordingly, the NIC and NIWS trends reported in the main text represent 495 

the average across multiple trend estimation methods, while the associated standard 496 

errors are taken as the mean of those derived from the second and third methods. For 497 

NIWP, which is proportional to the product of NIWS and NIC, the use of the second 498 

and third methods substantially amplifies the effects of spatially inhomogeneous drifter 499 

sampling, leading to large uncertainties. To avoid this sampling-induced bias, NIWP is 500 

therefore estimated exclusively using the first method. 501 

 502 

Slab model simulations 503 

Slab models are widely used to simulate wind-driven near-inertial motions in the 504 

ocean mixed layer12,17,36. To quantify the contribution of long-term changes in MLD to 505 

trends in NIC speed, we conduct slab-model simulations forced by two independent 506 

wind products (ERA5 and CFS). The governing equations of the slab model are 507 
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𝜕𝑡
+ 𝑟𝑣 + 𝑓𝑢 =

𝜏𝑦

𝜌0𝐻𝑀

    …… (9) 508 

where 𝑢  and 𝑣  are the zonal and meridional components of the mixed-layer 509 

velocity, respectively; 𝜌0  is the reference seawater density; 𝛕⃗ = (𝜏𝑥, 𝜏𝑦)  denotes the 510 

wind stress; and 𝐻𝑀  is the mixed-layer depth. The parameter 𝑟  represents a linear 511 

damping term that parameterizes the loss of near-inertial energy from the mixed layer 512 
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5552 553 
10-5s-1, a value that yields slab-model NIC speed close to the drifter-based observations. 554 

NICs are extracted from the model output using the same band-pass filter spanning 555 

0.75f–1.25f as applied to the observations. 556 

To isolate the influence of long-term MLD changes, we perform paired 557 

simulations in which the wind forcing is held identical while the MLD differs. One set 558 

of simulations uses the climatological monthly mean MLD field that retains only the 559 

seasonal cycle, whereas the other uses the observed monthly MLD, including both 560 

seasonal and long-term variations. The difference between these two simulations allows 561 

us to quantify the relative contribution of long-term MLD changes to trends in NIC 562 

speed. 563 

It should be noted that the slab model assumes vertically uniform mixed-layer 564 

velocity and idealizes damping and downward energy radiation. It therefore cannot 565 

fully represent vertical shear, subsurface stratification, mesoscale vorticity, or other 566 

three-dimensional processes affecting NIC amplitude and trends. However, its 567 

simplicity enables individual physical effects to be isolated through controlled 568 

sensitivity experiments. We therefore use it primarily to quantify the contribution of 569 

MLD variations, which have been suggested to modulate NIC strength17, 34, rather than 570 

to reproduce the full observed trend magnitude.  571 
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 601 

Fig. 1| Global climatology and trends of near-inertial currents (NICs) derived from 602 

surface drifter observations. a Gridded climatology of NIC speed (cm s⁻¹) and its 603 

zonal-mean distribution for different ocean basins. b Linear trend of gridded NIC speed 604 

(cm s⁻¹ decade⁻¹) and its zonal-mean values for different ocean basins. Regions with 605 

insufficient drifter sampling or without a significant trend (see Methods) are shown in 606 

white. In panels a and b, the black, red, blue, and green curves on the right denote the 607 

zonal averages for the global ocean, Atlantic, Pacific, and Indian Oceans, respectively. 608 

c Regional NIC speed climatology summarized for major basins. d Regional trends 609 

expressed as percent changes in NIC speed across the global ocean and individual 610 

basins. Error bars indicate one standard error. Black, red, blue, green, and yellow bars 611 

in (c-d) represent the global ocean, Atlantic, Pacific, Indian, and Southern oceans, 612 

respectively. For each basin, the leftmost bar indicates the full-latitude mean. From left 613 

to right, the remaining adjacent bars (striped–no outline, unstriped–no outline, 614 

unstriped–outlined, striped–outlined) correspond to the high latitudes of the Northern 615 

Hemisphere (30–60°N), low latitudes of the Northern Hemisphere (5–30°N), low 616 

latitudes of the Southern Hemisphere (5–30°S), and high latitudes of the Southern 617 

Hemisphere (30–60°S). 618 
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 620 

Fig. 2| Near-inertial wind stress (NIWS) climatology and trends in the Atlantic 621 

Ocean derived from ERA5 and CFS. a–b, Gridded NIWS climatology in the Atlantic 622 

Ocean derived from ERA5 (a) and CFS (b) reanalysis data. c–d, Linear trends in 623 

gridded NIWS from ERA5 (c) and CFS (d). Regions without a significant trend are 624 

shown in white. e, Regional NIWS climatology in the Atlantic Ocean. f, Regional 625 

NIWS trends expressed as percent changes across the Atlantic Ocean. Error bars 626 

indicate one standard error. In panels e and f, red and blue bars represent results from 627 

ERA5 and CFS, respectively. For each wind product, the leftmost bar denotes the full-628 

Atlantic mean. From left to right, the remaining adjacent bars (striped–no outline, 629 

unstriped–no outline, unstriped–outlined, striped–outlined) correspond to the high 630 

latitudes of the North Atlantic (30–60°N), low latitudes of the North Atlantic (5–30°N), 631 

low latitudes of the South Atlantic (5–30°S), and high latitudes of the South Atlantic 632 

(30–60°S). 633 

 634 

 635 
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 636 

Fig. 3| Near-inertial wind power (NIWP) climatology and trends in the Atlantic 637 

Ocean derived from ERA5 and CFS. a–b, Gridded NIWP climatology in the Atlantic 638 

Ocean derived from ERA5 (a) and CFS (b) data. c–d, Trends in gridded NIWP from 639 

ERA5 (c) and CFS (d). e, Regional NIWP climatology in the Atlantic Ocean. f, 640 

Regional NIWS trends expressed as percent changes across the Atlantic Ocean. In 641 

panels e and f, red and blue bars represent results from ERA5 and CFS, respectively. 642 

For each wind product, the leftmost bar denotes the full-Atlantic mean. From left to 643 

right, the remaining adjacent bars (striped–no outline, unstriped–no outline, unstriped–644 

outlined, striped–outlined) correspond to the high latitudes of the North Atlantic (30–645 

60°N), low latitudes of the North Atlantic (5–30°N), low latitudes of the South Atlantic 646 

(5–30°S), and high latitudes of the South Atlantic (30–60°S). 647 
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 649 

Fig. 4| Wind power rotary spectrum climatology and trends in the Atlantic Ocean 650 

derived from ERA5 and CFS. a–b, Climatological wind power rotary spectra in the 651 

Atlantic Ocean derived from ERA5 (a) and CFS (b). c–d, Trends in the wind power 652 

rotary spectra derived from ERA5 (c) and CFS (d). In panels a–d, the horizontal axis 653 

denotes the spectral period, with clockwise and counterclockwise rotary components 654 

shown on the right and left sides of the x-axis, respectively. The black curves indicate 655 

the inertial frequency corresponding to each latitude. 656 
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 658 

Fig. 5| Influence of mixed-layer depth (MLD) representation in slab-model 659 

simulations on the trend of near-inertial currents (NICs) in the Atlantic Ocean. 660 

a–b, Trends in Atlantic NIC speed simulated using ERA5 wind forcing combined with 661 

a purely seasonal MLD climatology (a) and the observed monthly MLD (b). c–d, Same 662 

as panels a–b, but for simulations driven by CFS wind forcing with a seasonal MLD (c) 663 

and a full monthly MLD (d). e, Regional NIC speed trends expressed as percent 664 

changes across the Atlantic Ocean. Error bars indicate one standard error. Red, blue, 665 

green, and purple bars represent results obtained from the four simulations shown in 666 

panels a–d, respectively. For each simulation, the leftmost bar denotes the full-Atlantic 667 

mean. From left to right, the remaining adjacent bars (striped–no outline, unstriped–no 668 

outline, unstriped–outlined, striped–outlined) correspond to the high latitudes of the 669 

North Atlantic (30–60°N), low latitudes of the North Atlantic (5–30°N), low latitudes 670 

of the South Atlantic (5–30°S), and high latitudes of the South Atlantic (30–60°S). 671 
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 674 
Fig. 6| Time series and trends of near-inertial wind stress (NIWS) from 1961 to 675 

2022 derived from ERA5. Panels a–f show regionally averaged NIWS values (units: 676 

10-2 N m-2) for the Atlantic Ocean (a), high-latitude North Atlantic (b), low-latitude 677 

North Atlantic (c), low-latitude South Atlantic (d), high-latitude South Atlantic (e), and 678 

the global ocean (f), respectively. The black dashed lines denote linear trends over 679 

1961–2022, with the corresponding percentage changes indicated in the upper-left 680 

corner of each panel. The gray solid lines represent trends over 2003–2022, with 681 

percentage changes shown in the lower-right corner of each panel. 682 
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