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Abstract 20 

Mesoscale eddies, prevalent across the global ocean, play a crucial role in the 21 

transport and mixing of climate-sensitive tracers such as heat, salt, and nutrients. While 22 

traditional quasi-geostrophic theory predicts symmetric kinematics and equivalent 23 

material transport by cyclonic and anticyclonic eddies, our analysis of satellite altimeter 24 

and surface drifter data shows a significant asymmetry in drifter distribution inside 25 

ocean eddies. We find that globally cyclonic eddies capture about 12.5% more drifters 26 

than their anticyclonic counterparts, particularly near eddy centers. Numerical 27 

experiments reveal that this asymmetry results from eddy-wind interactions, which 28 

induce anomalous convergence in cyclonic eddies and divergence in anticyclonic 29 

eddies, enhancing particle aggregation in cyclones. These findings provide new insights 30 

into the distribution of ocean surface buoyant materials, including oil spills, plastics, 31 

and other pollutants.  32 

Plain language summary 33 

Swirling water motions, known as mesoscale eddies, are common phenomena of 34 

the ocean. Scientists have long assumed that the two types of these eddies, cyclonic 35 

versus anticyclonic, transport materials in the same way. However, by analyzing data 36 

from satellites that measure sea surface height and floating devices that track surface 37 

water movement, we show a clear difference in how small particles accumulate in these 38 

two eddy types across the world’s oceans. Computer simulations further reveal that 39 

interactions between the eddies and winds are the main reason for this difference. Our 40 

results offer new perspectives on how oceanic eddies spread light materials near the sea 41 

surface and highlight the need to include this process into climate models for more 42 

accurate climate predictions.  43 

1. Introduction 44 

Satellite observations have unveiled a highly turbulent ocean surface, populated 45 

by mesoscale cyclonic (CEs) and anticyclonic eddies (AEs) with spatial scales ranging 46 

from tens to hundreds of kilometers (Chelton et al., 2007; 2011; Ni et al., 2020). These 47 

eddies, primarily generated from instabilities of the general ocean circulation (Gill et 48 

al., 1974; Ferrari and Wunsch, 2009; Zhai and Marshall, 2013), play a critical role in 49 

shaping large-scale gyres, modulating air-sea exchanges, and redistributing oceanic 50 
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properties including mass, carbon, and pollutants (Qiu and Chen, 2005; Jing et al., 51 

2020; Frenger et al., 2013; Gaube et al., 2015; Zhang et al., 2014; Gruber et al., 2011). 52 

Classical quasi-geostrophic theory predicts perfect symmetry in the structure and 53 

kinematics of CEs and AEs (McWilliams, 2008), implying equivalent material trapping 54 

capabilities for the two eddy types. This equal trapping assumption is widely accepted 55 

in eddy transport research, though the exact magnitude of eddy trapping efficiency 56 

remains debated (Zhang et al., 2014; Dong et al., 2014; Sun et al., 2019; Abernathey 57 

and Haller, 2018; Liu et al., 2022; Xia et al., 2022). However, Vic et al. (2022) found 58 

that CEs contain more surface drifters than AEs in the North Atlantic, challenging the 59 

common assumption. It remains unclear whether this eddy clustering asymmetry exists 60 

globally. Moreover, the spatial pattern of material aggregation inside eddies is poorly 61 

understood: does enhanced drifter clustering occur at CE centers or edges? Resolving 62 

this spatial distribution may provide important insights into physical mechanisms 63 

driving the eddy trapping asymmetry.  64 

Two candidate processes may explain why CEs cluster more surface drifters than 65 

AEs. The first is ageostrophic frontogenesis, which is thought to induce material 66 

convergence in cyclonic regions during CE formation (Vic et al., 2022). This effect is 67 

expected to be strongest at eddy edges where frontogenesis is most active (Capet et al., 68 

2008; Siegel et al., 2011; Zhang et al., 2018). The second is eddy-wind interactions. 69 

The relative wind effect, accounting for the relative motion between surface winds and 70 

ocean currents, induces Ekman divergence in AEs and Ekman convergence in CEs 71 

(Stern, 1965). This favors material aggregation at CE centers where Ekman pumping 72 

peaks (McGillicuddy et al., 2007; Gaube et al., 2015; Wilder et al., 2022). In this study, 73 

we use global observations to document this eddy clustering asymmetry and conduct 74 

numerical experiments to identify its driving mechanisms.  75 

2. Data and methods 76 

2.1. Data processing 77 

Daily 1/4° altimeter sea level anomaly (SLA) data are sourced from the 78 

Copernicus Marine Environment Monitoring Service. To remove large-scale signals, 79 

we apply a high-pass spatial Gaussian filter with a half-power cutoff wavelength of 20° 80 

to each SLA map (Ni et al., 2023a). Six-hourly trajectory and velocity data from 81 
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drogued surface drifters are provided by the Global Drifter Program. Hourly MERRA-82 

2 wind vector data (0.5° latitude × 0.625° longitude) are obtained from the NASA 83 

Global Modeling and Assimilation Office, while hourly 1/4° ERA5 wind vector data 84 

are provided by the European Centre for Medium-Range Weather Forecasts. Daily mid-85 

time winds are low-pass-filtered with the same 20° cutoff wavelength to extract large-86 

scale background winds. Argo float trajectory data come from the China Argo Real-87 

time Data Center. All datasets spanning 1998-2017 are used in this study.  88 

2.2. Eddy detection and compositing 89 

Mesoscale eddies are identified from the high-pass-filtered SLA data using a 90 

geometry-based eddy detection algorithm (Chelton et al., 2011; Ni et al., 2020). SLA 91 

contours are extracted at 1-cm intervals. Eddy center is the average of the innermost 92 

closed contour, and eddy edge is the outermost closed contour containing no more than 93 

one eddy center. Eddy radius equals the radius of a circle matching the area bounded 94 

by the eddy edge. Small-size mesoscale eddies at high latitudes are excluded in this 95 

study due to limited resolution of current SLA data. For composite analysis, we 96 

establish a 0.1r×0.1r grid (r is the eddy radius; Chaigneau et al., 2011; Ni et al., 2021), 97 

centered on each eddy center with positive x-axis eastward and positive y-axis 98 

northward. Surface drifter trajectories and velocities are projected onto this normalized 99 

eddy-centric coordinate system (Fig. S1) for compositing.  100 

2.3. Ekman transport and pumping 101 

The anomalous Ekman transport (Price et al., 2008) is calculated from  102 

𝑻 =
𝝉𝒓𝒆𝒍ି𝝉𝒂𝒃𝒔

ఘ௙
,      (1) 103 

where 𝜌  is the seawater density, 𝑓  is the Coriolis parameter, 𝝉𝒓𝒆𝒍 = 𝜌௔𝑐ௗ(𝒖௪ −104 

𝒖௢)|𝒖௪ − 𝒖௢|  is the relative wind stress, and 𝝉𝒂𝒃𝒔 = 𝜌௔𝑐ௗ(𝒖௪)|𝒖௪|  is the absolute 105 

wind stress (where 𝜌௔ is the air density, 𝑐ௗ is the drag coefficient, 𝒖௪ is the surface 10-106 

m wind velocity, and 𝒖௢ is the surface ocean current velocity). Relative wind stress 107 

accounts for the relative motion between surface winds and ocean surface currents, 108 

which induces Ekman pumping velocities inside mesoscale eddies. In contrast, absolute 109 

wind stress depends on surface winds alone and produces no such vertical velocities. 110 

Ekman pumping is calculated as follows (Stern, 1965; McGillicuddy et al., 2007; 111 
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Gaube et al., 2015): 112 

𝑤 =
ଵ

ఘ
∇ × ቀ

𝝉𝒓𝒆𝒍

௙ାక
ቁ ≈

∇×𝝉𝒓𝒆𝒍

ఘ(௙ାక)
+

𝝉𝒓𝒆𝒍 .∇క

ఘ(௙ାక)మ
,      (2)  113 

where 𝜉 =
డ௩೚

డ௫
−

డ௨೚

డ௬
  is the relative vorticity of ocean surface geostrophic currents. 114 

Equationௗ2 contains two dynamical terms. The first term relates directly to wind stress 115 

curl, producing a monopolar vertical velocity pattern centered at the eddy core 116 

insensitive to wind direction. The second term arises from the interaction between the 117 

wind stress and relative vorticity gradient, yielding a wind-direction-dependent dipolar 118 

vertical velocity structure. Eddy-induced sea surface temperature anomalies can also 119 

generate dipolar vertical velocities (Gaube et al., 2015). When integrated over the eddy 120 

area, these dipolar signals are largely canceled out. We therefore only consider the first 121 

term in the subsequent analysis.  122 

2.4. Initial eddy field 123 

Three-dimensional eddy temperature and salinity fields used for our modeling 124 

study are initialized by 125 

𝐹 = 𝐸′௛ ∙ 𝐸
ᇱ
௩ + 𝐹ത,      (3) 126 

where 𝐸′௛  is the horizontal structure of random eddies synthesized by superposing 127 

sinusoidal functions (Brannigan et al., 2015): 128 

𝐸′௛ = [∑ sin ൬
ଶగ௞௫

௅
+ 𝜃ଵ(𝑘, 𝑙)൰ ∙ sin ൬

ଶగ௟௬

௅
+ 𝜃ଶ(𝑘, 𝑙)൰ ∙ 𝐺௡(𝒌)

ଶ଴
௞,௟ୀଵ ],      (4) 129 

where 𝑘 and 𝑙 are the zonal and meridional components of the wavenumber vector 𝒌, 130 

𝐿 is the domain size, 𝜃௜ is random phase angle, and 𝐺௡(𝒌) = 𝑒ି
భ

మ
(
𝒌షೖబ
య.ఱ

)మ is a Gaussian 131 

function confining the eddy length scale around 𝒌 = 𝑘଴ . Square brackets represent 132 

normalization by the eddy-centric mean. The vertical eddy temperature or salinity 133 

profile 𝐸′௩  comes from Argo composite analysis, and the climatological profile 𝐹ത is 134 

obtained from World Ocean Atlas 2018 data. These profiles match Figure 3 in Ni et al. 135 

(2023b). Initial density uses MITgcm’s linear equation of state (eosType=‘LINEAR’), 136 

and horizontal velocities are calculated via the thermal wind balance.  137 

2.5. Numerical experiments 138 

To investigate the mechanism behind the observed drifter clustering asymmetry 139 
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between CEs and AEs, we perform two sets of idealized numerical experiments using 140 

the MITgcm (Marshall et al., 1997). The model runs on an 𝑓-plane at 30°N latitude 141 

with double periodic boundary conditions. The rectangular domain extends 1000 km in 142 

both horizontal directions and reaches 4000-m depth. The mean initial eddy radius is 143 

80 km, corresponding to 𝑘଴ = 1000 km / (4×80 km) = 3.1 in Equation 4. Horizontal 144 

resolution is set to 10 km, insufficient to resolve submesoscale motions. There are 60 145 

levels in the vertical, ranging from 2 m near the surface to 200 m near the seafloor. 146 

Horizontal mixing employs a Laplacian operator (5 m2 s-1), while vertical mixing adopts 147 

the K-profile parameterization scheme (Large et al., 1994), with a background 148 

diffusivity of 10-5 m2 s-1.  149 

The two sets of numerical experiments differ only in wind stress forcing: 150 

Experiment 1 uses absolute wind stress, while Experiment 2 uses relative wind stress. 151 

A spatially uniform eastward wind of 13 m s-1 is applied over the eddy field. To mimic 152 

surface drifters, Lagrangian particles are released at ~15-m depth from every-other grid 153 

point at simulation onset via MITgcm’s FLT package. Their trajectories are recorded at 154 

6-hour intervals. Each experiment comprises an ensemble of 10 simulations, initialized 155 

with random eddy fields reconstructed from Equation 3.  156 

3. Results 157 

3.1. Drifter aggregation inside eddies 158 

To investigate material clustering by mesoscale eddies, we combine three global 159 

datasets: satellite altimeters, surface drifters and MERRA-2 winds from 1998 to 2017. 160 

Eddies are detected from daily SLA fields (Fig. S1), using a well-established SLA-161 

contour method (Chelton et al., 2011; Ni et al., 2020). Then, an eddy-centric coordinate 162 

system is set up for each eddy (Chaigneau et al., 2011; Ni et al., 2021). Surface drifter 163 

data are further projected onto this coordinate system for composite analysis. Full 164 

technical details are given in the Methods section. Globally over 20 years, 14.8 million 165 

snapshots of CEs, with a mean radius of 79.8±39.4 km, and 14.4 million snapshots of 166 

AEs, with a mean radius of 80.6±39.9 km, are identified. There are 3.6 million drifter 167 

records inside CEs versus 3.2 million inside AEs. With nearly equal total surface area, 168 

CEs contain 12.5% more drifters than AEs on a global scale.  169 

To characterize the global distribution of eddy clustering asymmetry, we calculate 170 
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the relative difference in drifter records between CEs and AEs in 5°×5° bins using 171 

metric 𝛾 = (𝑁஼ா௦ − 𝑁஺ா௦)/𝑁஺ா௦ , where 𝑁஼ா௦  and 𝑁஺ா௦  represent the drifter record 172 

numbers within one eddy radius of CEs and AEs, respectively. The 𝛾 is significantly 173 

larger in strong current regions and at low latitudes (Fig. 1a), where eddy-induced 174 

Ekman pumping is strongest (Figs. 1b-c; Gaube et al., 2015). Negative values emerge 175 

in some regions (e.g., the northeastern Pacific), indicating locally greater drifter 176 

aggregation in AEs. We suspect that this discrepancy arises because the initial metric 177 

ignores regionally variable eddy areal coverage. We therefore refine the metric to 𝛾ௌ =178 

(𝑁஼ா௦/𝑆஼ா௦ − 𝑁஺ா௦/𝑆஺ா௦)/(𝑁஺ா௦/𝑆஺ா௦), where 𝑆஼ா௦ and 𝑆஺ா௦ denote the total CE and 179 

AE areas per bin. The resulting  𝛾ௌ values are mostly positive (Fig. 1d), confirming that 180 

CEs generally trap more drifters than AEs after eddy area normalization.  181 

Composite analysis of surface drifter records in the eddy-centric coordinate system 182 

also reveals a significant difference between CEs and AEs in both hemispheres. Using 183 

a 0.1r × 0.1r eddy grid, the number of drifter records at CE center (~7900) is 40% higher 184 

than that at AE center (~5600), with both eddy types containing more drifters than 185 

ambient waters (Figs. 2a-d). This provides the first global observational evidence that 186 

CEs cluster more surface particles than AEs, consistent with the North Atlantic results 187 

(Vic et al., 2022) and challenging the long-standing kinematic symmetry assumption 188 

(McWilliams, 2008; Zhang et al., 2014; Liu et al., 2022). In addition, AEs exhibit 189 

relatively uniform drifter distribution, while CEs’ drifter concentrations increase 190 

gradually from edge to center (Figs. 2a-d). This pattern supports eddy-wind interactions 191 

as the dominant mechanism, rather than periphery-dominated frontogenesis (Capet et 192 

al., 2008; Siegel et al., 2011; Zhang and Qiu, 2018).  193 

3.2. Relationship with Ekman pumping 194 

When background winds blow over mesoscale eddies, the relative wind stress is 195 

weaker on the side where winds and currents align and stronger on the side where they 196 

oppose. This relative wind stress variation generates Ekman convergence over CEs and 197 

divergence over AEs, triggering downwelling within cyclones and upwelling within 198 

anticyclones. We next explore how eddy-wind interactions produce the observed eddy 199 

clustering asymmetry. Using global daily MERRA-2 winds and altimeter-derived 200 

geostrophic currents, both interpolated to drifter locations, we calculate the anomalous 201 

Ekman transport and Ekman pumping induced by the relative wind effect (see 202 
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Methods). Consistent with previous studies (McGillicuddy et al., 2007; Gaube et al., 203 

2015), the relative wind stress drives Ekman convergence and downwelling inside CEs 204 

and Ekman divergence and upwelling inside AEs (Figs. 2e-h). Eddy-centric mean 205 

Ekman pumping velocities reach ~15 cm day-1, regardless of hemisphere or eddy 206 

polarity. Replacing MERRA‑2 with ERA5 wind data yields similar results (Fig. S2). 207 

If eddy-wind interactions are responsible for the observed eddy trapping 208 

asymmetry, we would expect this asymmetry to intensify with increasing Ekman 209 

pumping. To test this hypothesis, we compare drifter aggregation in CEs and AEs 210 

against the Ekman pumping velocities at the eddy centers. The Ekman pumping 211 

velocity at the center of each eddy is diagnosed (see Methods) and categorized into 212 

groups by magnitude. Drifter record counts within and around eddies are composited 213 

per group in the eddy-centric coordinate system.  For weak Ekman pumping, drifter 214 

distributions are uniform and comparable between CEs and AEs (Figs. 3a-d). As Ekman 215 

pumping increases, the clustering asymmetry grows, with greater drifter accumulation 216 

in CE core (Figs. 3e-l). We quantify this disparity via the relative difference (i.e., 𝛾 =217 

(𝑁஼ா௦ − 𝑁஺ா௦)/𝑁஺ா௦) in drifter records between CEs and AEs, calculated within one 218 

quarter eddy radius from eddy center. The resulting 𝛾 rises with the Ekman pumping 219 

and saturates around 0.7 (Fig. 3m). Regional assessments confirm this increasing trend, 220 

showing steeper slopes in western boundary currents and tropical oceans (Fig. S3). This 221 

observational analysis supports that the eddy clustering asymmetry is primarily driven 222 

by Ekman pumping during eddy-wind interactions.  223 

3.3. Principal dynamic mechanism 224 

To further examine the role of eddy-wind interactions in driving the eddy 225 

clustering asymmetry, we conduct two numerical experiments in a rectangular domain. 226 

Model setup details are provided in the Methods section. The two experiments differ 227 

only in wind stress forcing: Experiment 1 uses absolute wind stress, which depends 228 

solely on surface winds, while Experiment 2 uses relative wind stress, accounting for 229 

the relative motion between surface winds and ocean currents (Hughes and Wilson, 230 

2008; Zhai et al., 2012; Wilson, 2016). Therefore, relative wind stress-induced Ekman 231 

pumping is present in Experiment 2 but absent in Experiment 1. Each experiment 232 

comprises an ensemble of 10 simulations, initialized with random eddy fields 233 

reconstructed from observed eddy structures (Ni et al., 2023b). To mimic surface 234 
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drifters, Lagrangian particles anchored at a depth of ~15 m are released from every 235 

other grid point at simulation onset.  236 

We analyze ensemble-mean Lagrangian particle distributions over the simulation 237 

duration using identical eddy detection and composite methods applied to observations. 238 

In Experiment 1, particle counts and spatial patterns are nearly identical between AEs 239 

and CEs (Figs. 4a-b), resembling observed drifter fields under weak Ekman pumping 240 

conditions (Figs. 3a-b). This homogeneous particle distribution may result from the 241 

combined effect of eddy trapping due to eddy nonlinearity and absent Ekman pumping. 242 

In contrast, Experiment 2 produces clear asymmetry: Ekman convergence drives strong 243 

particle clustering at CE cores, while Ekman divergence lowers particle concentrations 244 

within AEs (Figs. 4c-d). This pattern closely resembles the observed drifter distribution 245 

under strong Ekman pumping conditions (Figs. 3k-l). Furthermore, particle 246 

concentrations stay nearly steady in both eddy types in Experiment 1, whereas 247 

Experiment 2 shows rising (falling) concentrations inside CEs (AEs) over time (Fig. 248 

S4). The experiment comparison thus confirms eddy-wind interactions as the source of 249 

the eddy trapping asymmetry. Since eddy-induced Ekman pumping varies 250 

approximately linearly with wind speed (McGillicuddy, 2007), we run additional 251 

relative-wind-stress experiments with wind speeds ranging 2.5-22.5 m s-1 at 2.5 m s-1 252 

intervals. Near-core 𝛾 = (𝑁஼ா௦ − 𝑁஺ா௦)/𝑁஺ா௦  also increases with wind speed and 253 

saturates near 0.9 (Fig. 4e), consistent with the observations (Fig. 3m). These 254 

simulations further support Ekman pumping as the dominant driver of the observed 255 

asymmetry.  256 

To test the effect of 𝛽 on the asymmetric particle aggregation within eddies, we 257 

repeat the numerical experiments on a 𝛽-plane with 𝛽 = 2×10-11 m-1 s-1. The clustering 258 

asymmetry pattern from the 𝛽-plane runs (Fig. S5) is qualitatively similar to the 𝑓-259 

plane results (Figs. 4a-d). Real background winds over eddies are seldom spatially 260 

uniform (Zavala Sansón et al., 2025). We thus rerun the relative-wind-stress 261 

experiments with constant background wind stress curl, where eastward winds increase 262 

linearly from 10 m s-1 at the southern domain boundary to 16 m s-1 at the northern 263 

domain boundary. These outputs (Figs. S6a-b) agree well with the original ones forced 264 

by spatially uniform winds (Figs. 4c-d), confirming that non-uniform wind stress 265 

contributes little to the eddy clustering asymmetry. Note that, under this constant wind 266 

stress curl, the second term of Equationௗ2 integrated over the eddy area remains negative 267 
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for both eddy types, albeit with small magnitude (Zavala Sansón et al., 2023).  268 

4. Conclusions 269 

Using two decades of state-of-the-art satellite altimeter and surface drifter 270 

observations, we have presented the first comprehensive global evidence of a 271 

significant asymmetry in the aggregation of surface particles between CEs and AEs in 272 

the ocean. CEs are found to capture 12.5% more surface drifters than their anticyclonic 273 

counterparts across the global ocean, with this disparity being most pronounced at the 274 

eddy centers. Both our observational analysis and numerical model experiments 275 

demonstrate that this asymmetry results from eddy-wind interactions. Specifically, 276 

relative wind stress induces anomalous Ekman convergence in CEs and divergence in 277 

AEs, amplifying particle aggregation in CEs.  278 

Other dynamical mechanisms may modulate particle distributions within 279 

mesoscale eddies. Submesoscale fronts have been suggested to cluster particles inside 280 

CEs (Vic et al., 2022). Yet, absolute-wind-stress experiments with 1-km resolution 281 

(submesoscale-permitting; Figs. S6c-d) closely reproduce 10-km resolution outputs 282 

(Figs. 4a-b), indicating that submesoscales are secondary for the observed asymmetry. 283 

Eddy pumping drives downwelling for growing AEs and decaying CEs and upwelling 284 

for decaying AEs and growing CEs (McGillicuddy, 2016); these competing signals 285 

cancel in composite analysis. Vortex Rossby waves induce spiral alternating upwelling 286 

and downwelling (Luo et al., 2026), which also offset in composite averages. Several 287 

mechanisms predict the opposite pattern: CEs repel near-inertial waves while AEs trap 288 

them (Kunze, 1985); barotropic anticyclones concentrate heavy particles in 289 

cyclonically rotating frame (Provenzale, 1999); the Maxey-Riley framework predicts 290 

CEs-driven dispersion and AEs-driven aggregation for inertial particles (Beron-Vera et 291 

al., 2019); bottom Ekman effect generates outward flow in CEs and inward flow in AEs 292 

(Ocampo et al., 2024).  293 

Previous studies have shown that Ekman pumping can penetrate below the Ekman 294 

layer and decay with depth (e.g., Wilder et al., 2022; Ni et al., 2023b), implying the 295 

eddy trapping asymmetry may extend downward. However, subsurface observations 296 

resolving its vertical structure remain scarce. We apply the surface drifter analytical 297 

framework to 1000-m Argo float data. Float distributions are nearly identical inside CEs 298 

and AEs at this depth (Figs. S6e-f), indicating that the Ekman pumping-induced eddy 299 
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trapping asymmetry vanishes in the deep ocean. This places a lower bound on the 300 

vertical extent of the asymmetry. Our idealized simulations lack fully equilibrated eddy 301 

dynamics and omit real-ocean complexities, including eddy-wave interactions, variable 302 

forcing and topographic effects. Future work needs to employ more realistic 303 

simulations to further constrain this eddy trapping asymmetry.  304 

Mesoscale eddies are ubiquitous and energetic features of the global ocean 305 

circulation, playing a key role in the transport and mixing of oceanic materials (Chelton 306 

et al., 2011; Zhang et al., 2014; Abernathey and Haller, 2018). The findings of this study 307 

provide important new insights into how mesoscale eddies redistribute surface buoyant 308 

materials in the ocean, including oil spills, plastics and phytoplankton. For instance, 309 

Ekman convergence within CEs elevates surface chlorophyll concentrations via eddy 310 

clustering, while Ekman divergence within AEs fosters phytoplankton blooms by 311 

facilitating nutrient upwelling. This asymmetry between CEs and AEs needs to be 312 

properly incorporated into the next generation of eddy parameterization schemes used 313 

for long-range climate predictions. 314 
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Figures 446 

 447 

Figure 1. (a) Relative difference in drifter records within 5°×5° bins of the global 448 

ocean, computed as 𝛾 = (𝑁஼ா௦ − 𝑁஺ா௦)/𝑁஺ா௦ , where 𝑁஼ா௦  and 𝑁஺ா௦  denote the 449 

number of drifter records inside CEs and AEs, respectively. (b) 20-year mean of Ekman 450 

pumping (cm day-1) within CEs across the global ocean. (c) As Fig. 1b but for Ekman 451 

pumping within AEs. (d) As Fig. 1a but calculated using 𝛾௦ = (𝑁஼ா௦/𝑆஼ா௦ −452 

𝑁஺ா௦/𝑆஺ா௦)/(𝑁஺ா௦/𝑆஺ா௦), where 𝑆஼ா௦ and 𝑆஺ா௦ denote the total area occupied by CEs 453 

and AEs within each bin, respectively.  454 

  455 
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 456 

Figure 2. (a, b) Numbers of surface drifter records within 0.1r×0.1r bins of an eddy-457 

centric coordinate system for cyclonic (CEs) and anticyclonic eddies (AEs) identified 458 

in the Northern Hemisphere during the 20-year period from 1998 to 2017. Black circles 459 

indicate the normalized edges of the eddies, and arrows indicate their rotation 460 

directions. (c, d) As Figs. 2a, b but for the Southern Hemisphere. (e, f) Anomalous 461 

Ekman transport (arrows; m2 s-1) and Ekman pumping (colour shading; cm day-1) inside 462 

and around CEs and AEs in the Northern Hemisphere. Ekman transport vectors and 463 

Ekman pumping velocities are calculated from global daily MERRA-2 winds and 464 

altimeter-derived geostrophic currents and then interpolated to the locations of surface 465 

drifters. (g, h) As Figs. 2e, f but for the Southern Hemisphere. 466 
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 467 

Figure 3. (a-l) Numbers of surface drifter records associated with CEs and AEs, 468 

grouped by the magnitude of relative wind stress-induced Ekman pumping velocity (cm 469 

day-1). (m) Relative difference in drifter record numbers between the two types of 470 

eddies (averaged within one quarter of the eddy radius from the eddy center) plotted as 471 

a function of the magnitude of Ekman pumping velocity. Vertical bars represent one 472 

standard deviation.   473 



19 

 

 474 

Figure 4. Numbers of Lagrangian particles within and around (a) CEs and (b) AEs in 475 

Experiment 1 forced by absolute wind stress. (c, d) As Figs. 4a, b but for Experiment 2 476 

forced by relative wind stress.  (e) Relative difference in Lagrangian particle numbers 477 

between the two types of eddies (averaged within one quarter of the eddy radius from 478 

the eddy center) plotted as a function of the magnitude of wind speed used in relative-479 

wind-stress experiments. Vertical bars represent one standard deviation.   480 


