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Long-term evolution of ocean eddy activity in 
a warming world

Nathan Beech    1 , Thomas Rackow    2, Tido Semmler    1, Sergey Danilov    1,3, 
Qiang Wang    1 and Thomas Jung    1,4

Mesoscale ocean eddies, an important element of the climate system, 
impact ocean circulation, heat uptake, gas exchange, carbon sequestration 
and nutrient transport. Much of what is known about ongoing changes in 
ocean eddy activity is based on satellite altimetry; however, the length of the 
altimetry record is limited, making it difficult to distinguish anthropogenic 
change from natural variability. Using a climate model that exploits a 
variable-resolution unstructured mesh in the ocean component to enhance 
grid resolution in eddy-rich regions, we investigate the long-term response 
of ocean eddy activity to anthropogenic climate change. Eddy kinetic energy 
is projected to shift poleward in most eddy-rich regions, to intensify in the 
Kuroshio Current, Brazil and Malvinas currents and Antarctic Circumpolar 
Current and to decrease in the Gulf Stream. Modelled changes are linked to 
elements of the broader climate including Atlantic meridional overturning 
circulation decline, intensifying Agulhas leakage and shifting Southern 
Hemisphere westerlies.

Since the advent of satellite altimetry, researchers have exploited 
the concept of geostrophy to characterize the movement of the 
near-surface ocean1–3. By balancing the Coriolis force with the pres-
sure gradient, geostrophic currents can be calculated until the Coriolis 
parameter becomes negligible near the equator4. These currents are 
accurate enough to identify both consistent, large-scale circulation 
features such as gyres and boundary currents and smaller short-lived 
phenomena such as eddies5. The major drivers of ocean eddies are 
barotropic and baroclinic instability that convert mean kinetic energy 
and available potential energy from the mean flow of ocean currents 
into eddy kinetic energy (EKE)6–8. These mechanisms connect eddy-rich 
regions to the paths of major ocean surface flows including gyres and 
boundary currents, although other factors, such as bathymetry3,9 and 
wind stress10, also influence eddy activity. Eddies subsequently impact 
physical and biological ocean systems through ventilation11,12, volume 
transport13, carbon sequestration14 and heat and nutrient transport15–17, 
fuelling the interest in ocean eddy research.

Early altimetry studies were able to identify western boundary 
currents as eddy-rich regions and estimate their energy content, 

spatial scale and movement during the first brief periods for which 
data were available1,2. More recent altimetry studies have taken 
advantage of growing datasets to evaluate variability and change in 
ocean surface velocities and eddy fields and generally detect modest 
linear changes10,18–20, although some caution that much longer data-
sets will be necessary for robust results21. Just as satellite altimetry 
overcame the spatial and temporal limitations of in situ velocity 
observations, modern numerical climate models can overcome 
the temporal limitations of the observational record by simulat-
ing datasets longer than the altimetry record will grow for genera-
tions to come. However, the length, resolution and ensemble size 
of model simulations are constrained by computational efficiency 
and resources.

In the sixth phase of the Coupled Model Intercomparison Pro-
ject22 (CMIP6), the average ocean resolution is approximately 60 km 
(ref. 23), which is insufficient to resolve eddies in most of the global 
ocean. At low latitudes, eddy-present simulations require resolutions 
of approximately 25 km or finer, and eddy-rich simulations require 
resolutions of approximately 10 km or finer. At higher latitudes, 
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Model performance and contextualization of 
observations
AWI-CM-1-1-MR reproduces observed EKE with remarkable accuracy 
for a CMIP6 model (Fig. 2a,b), most of which are eddy parameterizing23. 
The spatial distribution is particularly well represented compared with 
observed EKE from a gridded satellite altimetry product (Fig. 2b), with 
regions of high-eddy activity concentrated along well-known ocean 
surface currents, including western boundary currents and ocean 
gyres, and a band of high-eddy activity represented in the tropics. 
Nonetheless, there are some regions in which EKE representation is 
noticeably different, such as the lower-than-observed simulated EKE 
corresponding to preconditioned regions of insufficient grid resolu-
tion around the East Australian Current and the Mozambique Channel. 
EKE distribution in the North Atlantic follows a path more zonal than 
is observed, which reflects the common challenges of Gulf Stream 
separation bias and North Atlantic current representation in climate 
models often attributed to grid resolution37,38. In FESOM, the path can 
be improved with higher model resolution, although this is not the only 
factor33. Because the ocean grid of AWI-CM-1-1-MR can only be consid-
ered eddy-present in large parts of major ocean currents (Extended 
Data Figs. 1 and 2), it can be expected that modelled EKE is lower than 
is observed by satellites, ranging from about 51% of observed EKE in 
the Antarctic Circumpolar Current (ACC) to about 82% in the Kuroshio 
Current (Supplementary Table 1). The magnitude of EKE variability is 
more accurately resolved (Supplementary Table 2) but again underrep-
resents observations. This underrepresentation must be acknowledged 
as a limitation when interpreting EKE change within these simulations.

The internal variability of the modelled EKE ensemble over the 
28-year observational period suggests that the signal-to-noise ratio of 
anthropogenic changes to natural variability is still quite low (Fig. 3).  
Despite this, previous analysis of the altimetry record has identified 
statistically significant positive linear trends in the Agulhas, ACC and 
Brazil and Malvinas currents (BMC), and non-significant increases have 
been identified in the Gulf Stream and Kuroshio20. To contextualize 
these observations, simulated Gulf Stream EKE during the observa-
tional period (1993–2020) changes very little, and the ensemble spread 
includes both positive and negative trends (Extended Data Fig. 3), 

where the local Rossby radius decreases and the size of ocean eddies 
shrinks accordingly, resolution demands become greater and even 
at eddy-rich and eddy-present resolutions, certain characteristics 
of eddies, including size and frequency, may still not be entirely 
captured by models24.

In the face of limited computing resources and a demand for finer 
resolutions in ocean modelling, it is advantageous to reduce net com-
putational effort relative to grid resolution. Existing modelling studies 
of ocean eddies tend to rely on idealized simulations10, ocean-only 
models25,26 or simulations limited in spatial coverage, ensemble size 
or length15,27–29. In contrast, the Finite Element Sea-ice Ocean Model30,31 
(FESOM) enables the concentration of computational resources via an 
unstructured mesh with which the spatial resolution of regions can 
be adjusted based on relevance to the global climate system and the 
needs of the user31–33. This variable-resolution capability, along with 
excellent scalability34, allows FESOM to regionally resolve small-scale 
ocean processes before similar simulations using regular grids can 
feasibly achieve the necessary resolution throughout the global ocean. 
FESOM participated in CMIP6 and contributed to the Intergovernmen-
tal Panel on Climate Change’s Sixth Assessment Report as the ocean 
component of the coupled model AWI-CM-1-1-MR (refs. 35,36), uniquely 
facilitating eddy-rich and eddy-present ocean resolutions in selected 
regions (Extended Data Figs. 1 and 2) within the already computation-
ally demanding CMIP framework.

In this study, the CMIP6 simulations from AWI-CM-1-1-MR  
(refs. 35,36), in which fundamental aspects of mesoscale eddy activity 
are remarkably well reproduced (Fig. 1), are used to assess histori-
cal and future changes in EKE given ongoing anthropogenic climate 
change. Methodology is tailored to the dataset to address challenges 
in analysing EKE within a changing climate. Consistency with the CMIP 
framework will allow results to be interpreted in the context of more 
comprehensive climate change research, such as the Intergovernmen-
tal Panel on Climate Change assessment reports, and a wealth of other 
climate change projections. The satellite altimetry record is put into 
the perspective of prolonged warming under historical emissions, and 
a projected emissions scenario and potential physical mechanisms 
behind simulated EKE changes are investigated.
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reinforcing the insignificance of observed trends. The simulated EKE 
rise in the Kuroshio Current and BMC accelerates between the obser-
vational period and the subsequent projections (Extended Data Fig. 3), 
suggesting that observed EKE rise, whether significant or not, is not yet 
fully representative of long-term change. In the Agulhas region, EKE rise 
during the observed period decreases drastically in the following pro-
jected period, and only in the ACC is EKE change consistent throughout 

the observed period and the long-term projections (Extended Data  
Fig. 3). Thus, in most regions, the modelled results indicate that 
the length of the observational record is still insufficient to capture 
long-term EKE changes either in character or magnitude and that 
care must be taken when distinguishing anthropogenic change from 
natural variability. Differences in the magnitude of linear change over 
the observed and projected periods could be indicative of a nonlinear 
EKE response to anthropogenic forcing, nonlinear GHG emissions, high 
natural variability or a time of emergence of change occurring at some 
point during the observational period.

Eddy kinetic energy change
Unlike model performance and the coherence of simulated EKE change 
during the altimetry era, the long-term modelled projections of EKE 
cannot be validated using observations. Instead, they must be inter-
preted with respect to current knowledge of ocean circulation and 
climate dynamics, applicable historical analogues and the published 
literature. The following paragraphs will link the long-term projections 
of EKE to the potential physical mechanisms responsible for them, and 
by doing so, solidify the reliability of the modelled results.

The Gulf Stream
In addition to the widely anticipated poleward shift of the Gulf 
Stream39–41, the North Atlantic is projected to experience a major 
decrease in eddy activity over the twenty-first century (Fig. 3c). After 
a slight increase between the mid-twentieth century and the present, 
the ensemble mean of simulated EKE falls by approximately 2.5 standard 
deviations (σ) by 2090 at a rate of −0.84 σ °K−1 after mean global sur-
face temperature (MGST) surpasses a 1 °K anomaly threshold (Figs. 3a  
and 4a). One explanation for this decrease could be simulated Atlantic 
Meridional Overturning Circulation (AMOC) weakening42, which is 
present in much of the CMIP6 ensemble43, including AWI-CM-1-1-MR 
(ref. 36) (Extended Data Figs. 4 and 5) and would reduce volume trans-
port through the upper Gulf Stream where eddy activity occurs. The 
modelled dataset reveals a relationship between unfiltered AMOC 
and Gulf Stream EKE of 0.23 σ Sv−1 (Extended Data Fig. 6), which, while 
significant, explains relatively little of the simulated interannual EKE 
variability in the Gulf Stream (R2 = 0.10; Extended Data Fig. 6). Isolat-
ing low-frequency variability reveals a much stronger relationship of 
0.36 σ Sv−1 (R2 = 0.24; Extended Data Fig. 6), which suggests that EKE 
measured from satellite altimetry could be a fingerprint of long-term 
changes in AMOC strength.

The Kuroshio Current
Interestingly, the Kuroshio is the only western boundary current for 
which the eddy field is not projected to shift poleward (Fig. 2c). This 
has some precedence in the existing literature, as there is contradictory 
evidence regarding overall spatial change in the Kuroshio39,44, and it 
exhibits a weaker poleward shift relative to natural variability compared 
with other western boundary currents40. This exception may also be due 
to a disconnection between surface and subsurface flow in the region, 
which diverged in 2002, after which only the subsurface continued to 
shift poleward45. Change in the magnitude of Kuroshio EKE is clearer; 
the ensemble mean increases by approximately 4 σ by 2090 and rises 
at a rate of 1.56 σ °K−1 after MGST surpasses a 1 °K anomaly threshold 
(Figs. 3b and 4b).

Notably, individual ensemble members exhibit periods of EKE in 
the Kuroshio substantially higher than the mean (for example, 2040–
2050; Fig. 3b). Closer inspection of these periods reveals that changes 
between the Large Meander (LM) and Non-Large Meander (NLM) states 
of the Kuroshio9,46, result in large velocity anomalies along both paths. 
These anomalies are the result of a spatial oscillation in mean flow but 
can be misinterpreted as time-varying flow due to the bimodal nature of 
the path of the Kuroshio (Supplementary Video 1). It should, therefore, 
be concluded that the intermittent periods of particularly intense EKE 
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Fig. 2 | Simulated and observed eddy kinetic energy patterns in the 
global ocean. a, Ensemble mean of simulated eddy kinetic energy during the 
observational period (1993–2020). b, Observed mean eddy kinetic energy 
(1993–2020). c, Change in ensemble mean of eddy kinetic energy between 
historical (1860–1949) and projected (2061–2090) periods with GHG forcing, 
according to SSP3–7.0.
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in the Kuroshio (Fig. 3a) are not entirely representative of eddy activity, 
nor is the region of high EKE along the paths of the LM and NLM realistic 
(Fig. 2c). The same analysis of the observational dataset, which defines 
anomalies with respect to a reference period, reveals a similar pattern 
of intermittent eddy activity along the paths of the LM and NLM (Fig. 3a  
and Supplementary Video 2). This suggests that seemingly unrealistic 
high EKE in regions with spatially oscillating mean flow is an issue 
affecting methodology rather than the dataset. While distinguishing 
these periods of apparently high EKE from the overall eddy activity in 
the Kuroshio, there still appears to be an increase in the magnitude of 
EKE (Figs. 3b and 4b). Such an increase can be attributed to greater vol-
ume transport through the upper-layer Kuroshio, which increased by 
approximately 1 Sv, or 8% of the historical mean over the course of the 
simulations (Extended Data Figs. 4 and 5 and Supplementary Table 4).  
This response has been predicted in the context of climate change 
using both numerical models and observations as a result of intensi-
fied local wind stress47, ocean stratification48 and tropical cyclones49. 
Further analysis of the relationship between Kuroshio volume transport 
and EKE is confounded by the correlation between high (low) volume 
transport and the LM (NLM) path50, and by extension, the aforemen-
tioned unrepresentatively high EKE values. For this reason, correlation 
between EKE and volume transport in the Kuroshio is not investigated.

The Agulhas Current
Modelled results show the eddy-rich region corresponding to the Agulhas 
Current shifting westward and poleward as warming continues (Fig. 2c).  
A positive trend of 0.29 σ °K−1 is identified in the Agulhas (Fig. 4c), and 
while statistically significant, temperature rise is a poor predictor of 
local EKE (R2 = 0.03). Despite relatively little change in magnitude 

(Fig. 3c), EKE change in the Agulhas region can provide insight into 
local ocean circulation. The substantial projected intensification of 
eddy activity from the southern coast of Africa into the South Atlantic 
appears to be indicative of Agulhas leakage: the transport of warm, salty 
Indian Ocean water into the South Atlantic. Agulhas leakage tends to 
take the form of mesoscale activity51,52, and simulated leakage approx-
imated by volume transport (Supplementary Table 4) increases by 
approximately 6 Sv, or 28% of the historical mean, over the course of 
the simulations (Extended Data Figs. 4 and 5).

Increased Agulhas leakage has been identified as a result of historical 
climate change using both hindcast modelling simulations53 and observa-
tions54,55, and prior modelling studies have projected further increases 
as climate change continues56. Proxy records have also linked increased 
inter-ocean exchange through the Agulhas to periods of rapid warming 
during transitions from glacial to interglacial conditions57, which could 
be analogous to anthropogenic climate change. Heat and salinity trans-
ported from the Indian Ocean to the South Atlantic by Agulhas leakage 
contribute to AMOC strength58–61, but the decline of AMOC in our simula-
tions (Extended Data Figs. 4 and 5 and Supplementary Table 4) indicates 
that the overall effect of anthropogenic climate change on AMOC will be 
negative. High Agulhas leakage and a southwestward shift of the Agulhas 
retroflection have been associated with lower overall Agulhas transport62. 
Our simulations reinforce this association, as Agulhas volume transport 
is projected to decrease by 10 Sv or 15% of mean historical transport. 
EKE change in the Agulhas can be attributed to the poleward shift and 
intensification of Southern Hemisphere westerly winds53,55,63,64, and this, 
too, is consistent with the modelled dataset in which mean zonal surface 
wind decreases between approximately 25–45° S and increases south of 
approximately 45° S (Extended Data Fig. 7).
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The BMC
EKE in the BMC basin is projected to shift southward (Fig. 2c) and 
increase in magnitude by approximately 5 σ by 2090 (Fig. 3d) at a rate 
of approximately 1.35 σ °K−1 (Fig. 4d). The spatial EKE shift is corrobo-
rated by analysis of the relatively short observational record, which 
has already detected a modest southward shift of the currents in this 
region65–67. Independent numerical experiments have further corrobo-
rated this result68,69 and attribute the spatial shift of the BMC to a weak-
ening of the Malvinas Current as Southern Hemisphere westerlies shift 
south. The simulations considered here produce similar conditions; 
westerlies shift south over the Southern Ocean (Extended Data Fig. 
7), and volume transport through the Malvinas Current decreases by 
approximately 11 Sv, or 15% of the historical mean (Extended Data Figs. 4 
and 5 and Supplementary Table 4). Observational studies of the intensity 
of transport through the BMC have generally found insignificant or no 
trends65,66, but palaeoclimatic evidence of ocean transport in the region 
may set a precedent for rising EKE. Sediment core proxy records have 
linked periods of high volume transport in the Brazil Current to weak 
AMOC70,71, which is consistent with the approximately 3 Sv, or 17% decline 
of simulated AMOC in these simulations (Extended Data Figs. 4 and 5 and 
Supplementary Table 4). AMOC is a relatively strong indicator of BMC 
EKE, particularly considering low-frequency variability (R2 = 0.53 and 
Extended Data Fig. 6). The mechanism for this change theorized from 
proxy evidence is that as the northward removal of warm, salty water 
from the southern and tropical Atlantic lessens, transport shifts towards 
a southward route in response to a build-up of heat and salinity70–73. Once 
again, the modelled dataset supports this hypothesis; volume transport 
through the North Brazil Current decreases by approximately 2 Sv, or 
6% of the historical mean, and increases through the Brazil Current by 
approximately 2 Sv, or 4% of the historical mean, over the course of the 

simulations (Extended Data Figs. 4 and 5 and Supplementary Table 4). 
Linear regression reveals significant relationships between BMC EKE 
and Brazil and North Brazil Current volume transport, particularly after 
isolating low-frequency variability (Extended Data Fig. 6).

The ACC
In the ACC, intensification of strong atmospheric westerly winds74 has 
already imparted more energy to the surface ocean via wind stress75. 
This has increased Southern Ocean eddy activity while transport has 
remained stable according to the theory of eddy saturation76. Our pro-
jections suggest this will continue throughout the twenty-first century 
(Extended Data Fig. 7), resulting in ensemble mean EKE approximately 
6 σ greater than the observational period mean by 2090 (Fig. 3e). EKE 
is projected to rise at a rate of 1.92 σ °K−1 after the 1 °K MGST anomaly 
threshold (Fig. 4e). Meanwhile, transport through the Drake Passage 
decreased by approximately 2 Sv, or 1% of historical mean annual 
transport (Extended Data Figs. 4 and 5 and Supplementary Table 4). 
Although a statistically significant change, this is most likely physically 
inconsequential to the local conditions, suggesting that the ACC simu-
lated by FESOM is at or near its eddy-saturated state, where stronger 
winds no longer increase mean transport but instead intensify eddy 
activity. Interestingly, the ACC is the only basin considered here where 
simulated EKE rise begins before the start of the observational period 
(Fig. 3e), suggesting that observed trends here should already reflect 
long-term change. Indeed, simulated ACC EKE rises at approximately 
the same rate both during and after the observational period (Extended 
Data Fig. 3). However, it has been shown that EKE rise in response to 
wind stress along the ACC is greater in higher-resolution models76, 
meaning EKE rise could be even more intense than these projections 
if a higher-resolution mesh is used.
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Conclusions
Analysis of EKE in the world’s oceans has historically been limited by the 
length of the satellite altimetry record and the computational challenge 
of modelling long time series at eddy-present resolutions. AWI-CM-1-
1-MR, and specifically the ocean component, FESOM, contends with 
these challenges using a highly scalable dynamical core, along with 
an unstructured mesh and variable-resolution ocean grid. As a result, 
AWI-CM-1-1-MR’s CMIP6 contribution is able to reproduce key features 
of global eddy activity, creating a unique opportunity to investigate 
how eddy activity might change in a warming world. Although AWI-CM-
1-1-MR’s unique characteristics have made this study possible, it will 
be essential for future work to corroborate the results using a diverse 
model ensemble.

Our analyses of CMIP6 simulations from AWI-CM-1-1-MR reveal 
pronounced long-term changes in projected EKE on a global scale. 
Early indications of these changes may be present in the observational 
record20, but EKE changes in most eddy-rich regions do not yet appear 
to be wholly representative of long-term change either in character 
or magnitude. Nonetheless, the observational record is generally 
not contradictory to our results because modelled EKE change dur-
ing the observational period is also not yet reflective of long-term 
projections in most regions. Importantly, the onset of EKE changes 
relative to both time and MGST rise suggests that these changes should 
become increasingly clear relatively quickly as the observational record 
grows, making the altimetry dataset a crucial tool for evaluating these 
projections. Several of the long-term modelled projections reflect 
changes that have begun to appear in the observational record or 
other existing literature. A poleward shift of eddy activity follows the 
poleward shift of many major ocean currents expected in a warming 
climate39,40,44. The ACC appears eddy-saturated as intensifying Southern 
Hemisphere westerlies increase eddy activity and ACC volume trans-
port remains relatively stable76. Lower transport through the Agulhas 
Current reflects a more southwestward retroflection and more Agulhas 
leakage62. Eddy activity in the BMC shifts south while the strength of 
the Malvinas Current decreases and Southern Hemisphere westerlies 
shift south. Other results can generally be reinforced by anticipated 
anthropogenic impacts on ocean circulation. Decreasing EKE in the 
North Atlantic occurs concurrently with the widely anticipated decline 
of AMOC41–43. Substantial growth of Kuroshio EKE occurs in conjunction 
with an anticipated strengthening of Kuroshio volume transport47–49. 
Increased EKE in the southeastern Atlantic reflects greater Agulhas 
leakage, which is anticipated in a warming world based on palaeocli-
matic and modelled evidence53–55,57. Intensification of BMC EKE reflects 
a shift of thermohaline circulation in the Atlantic towards a southern 
route, consistent with model and palaeoclimatic evidence70–73. The rep-
resentation of various anticipated impacts of anthropogenic climate 
change by modelled EKE suggests that EKE discerned from satellite data 
could be a useful proxy for large-scale climatic changes that is more 
conveniently observed than in situ monitoring of ocean velocities or 
overturning circulation.
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Methods
Model configuration
In AWI-CM-1-1-MR, FESOM version 1.4 employs a finite-element numeri-
cal core with a 46-layer ocean mesh varying in horizontal resolution 
from approximately 8 km to 80 km (ref. 36). FESOM’s horizontal grid 
uses triangular cells of variable size rather than a traditional rectangular 
grid to vary grid resolution31. The mesh used in these simulations was 
designed with particular consideration of observed sea surface height 
(SSH) variability as an indicator of dynamically active regions, and these 
regions are refined to sufficient resolution to simulate eddies based 
on the local Rossby radius of deformation32,33. Thus, computational 
resources are allocated according to the observed presence of high local 
mesoscale activity, and resolution requirements for the simulation of 
mesoscale activity. While the design of the mesh is an attempt to make 
the best use of considerable computational resources needed to carry 
out full CMIP6 experiments, the nominal ocean resolution of 25 km, or 
approximately 0.83 million ocean nodes, cannot produce eddy-rich 
conditions across the entire globe under any configuration. Rather, the 
mesh configuration (Extended Data Fig. 1) compromises on resolution 
in large areas of relatively low eddy activity, but by doing so, local grid 
refinements can exceed ½ of the local Rossby radius (R) along the paths 
of major ocean currents where high-eddy activity is observed. Impor-
tantly, ½ R is a crucial threshold below which eddy-resolving conditions 
can be reached77, although the characteristics of the simulated eddies, 
such as size, speed or longevity, may still not reflect observations24, 
which could be a potential weakness in these simulations. Regions 
of high grid refinement are broader than observed regions of high 
SSH variability, to the extent that resources allow and steep resolution 
gradients are avoided; however, the potential for mesoscale activity to 
shift spatially beyond the refined grid regions remains a limitation of 
variable-resolution modelling. Outside of regions with sufficient resolu-
tion to simulate eddies, Gent–McWilliams eddy parameterization78 is 
gradually introduced31. Information regarding the configuration of the 
atmospheric component and coupling is in the Supplementary Notes.

Data
Model data from AWI-CM-1-1-MR. This analysis considers a 
five-member ensemble of historical simulations and climate change 
projections35 under shared socio-economic pathway (SSP) 3–7.0 fol-
lowing the CMIP6 standards22. Spin-up information for the simula-
tions is available in the Supplementary Notes. Emissions scenarios in 
CMIP6 are based on a matrix of SSPs79 and representative concentration 
pathways80. SSP3–7.0 describes a relatively high-emissions scenario in 
which CO2 levels are roughly doubled by the end of the century22,79,81. 
Other models from the CMIP6 ensemble were considered for inclusion 
in this analysis, as explained in the Supplementary Notes, but it was 
concluded that the variable-resolution capabilities of AWI-CM-1-1-MR 
make it uniquely suited to this study.

Geostrophic ocean surface velocities were calculated using daily 
SSH with equations (1) and (2).

u = −g
f
∂SSH
∂y

(1)

v = g
f
∂SSH
∂x

(2)

where u and v refer to zonal and meridional geostrophic velocities, 
respectively, where x and y are the longitudinal and latitudinal posi-
tions, respectively, where g is gravitational acceleration and f is the 
Coriolis parameter.

The use of daily SSH enables EKE to be calculated with a five-day 
mean temporal resolution, whereas only monthly mean ocean velocity 
data are available directly as model output. Moreover, the use of geo-
strophic velocities rather than direct model output allows for a more 

direct comparison with the altimetry dataset. More data processing 
steps are outlined in the Supplementary Notes. A visual representation 
of the velocity dataset (Fig. 1) demonstrates the effectiveness of the 
geostrophic velocity calculations and AWI-CM-1-1-MR in reproducing 
both overall surface flows and mesoscale activity. Supplementary Video 
3 demonstrates this further through the animation of two sample years 
of velocity data.

To link EKE to other changes in the climate system, several addi-
tional variables were selected from model output and used to char-
acterize the conditions surrounding simulated EKE change. Ocean 
velocity data (variables vo and uo) were used to calculate mean annual 
volume transport across chosen transects corresponding to currents 
that are hypothesized as physical drivers of EKE change (Extended Data 
Figs. 4 and 5). Transects were selected based on the published literature 
and to approximate the locations of in situ measurements of volume 
transport (Supplementary Table 4). The simulated stream function of 
AMOC at approximately 26° N and 1,040 m depth was also computed 
(Supplementary Table 4). Surface wind speed (variable sfcWind) was 
averaged across lines of latitude to assess change in the magnitude of 
mean zonal surface winds (Extended Data Fig. 7).

Satellite altimetry observations. To assist in the evaluation of simu-
lated EKE, gridded geostrophic velocity anomaly observations (vari-
ables ugosa and vgosa) between 1993 and 2020 from the Copernicus 
Marine Environment Monitoring Service and based on AVISO+ satellite 
altimetry were compared to the simulated data. The gridded obser-
vational data has a resolution of 0.25° by 0.25° and the equatorial 
band between 5° S and 5° N is replaced with approximated data4. The 
reference period used to compute anomalies in the altimetry dataset 
is 1993–2012. More information on processing of the altimetry dataset 
for this analysis can be found in the Supplementary Notes.

Eddy kinetic energy calculations
EKE can be defined as the energy contained by the time-varying com-
ponent of ocean velocities, which are typically quantified as anomalies 
of ocean velocity. To account for potential changes in the mean state 
of ocean surface velocities in anomaly calculations, detailed in the 
Supplementary Notes, a running mean was removed from the raw 
data rather than a reference period mean. For each five-day period n 
in year j, a 21-year centred window of the same period n is considered 
from ten years prior, to ten years after year j. The ensemble mean of this 
window is then removed from the raw data to produce the anomaly as 
per equation (3). This method effectively filters both low-frequency and 
seasonal variability from the velocity data and interprets the remain-
ing variability as the anomalies representative of eddy activity. Finally, 
velocity anomalies were used to calculate EKE as per equation (4). The 
ensemble mean of 21-year running means from each ensemble member 
represents 105 data points of reference surface velocity data intended 
to represent the mean state of surface flow while losing only ten years of 
data at the beginning and end of each time series. Due to internal vari-
ability, the ensemble members may differ slightly in their simulation of 
mean flow, but these differences are expected to be smaller than those 
stemming from seasonality or the effects of climate change, making an 
ensemble mean preferable for characterizing mean flow.

un,j
′ = un,j − ENSavg (un,j−10∶j+10) (3)

EKEn,j =
1
2 (un,j

′2 + vn,j ′2) (4)

where ENSavg() refers to the ensemble mean and prime (′) denotes an 
anomaly. For meridional velocity anomalies in equation (3), replace 
u with v.

The long-term analysis of modelled EKE takes advantage of the 
length of the dataset and an ensemble of simulations to address the 
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changing mean state of the global ocean due to anthropogenic climate 
change. To assess model fidelity, modelled data were compared to a 
shorter satellite altimetry dataset (1993–2020). For this comparison, 
anomalies of both datasets were calculated with respect to a 20-year 
reference period (1993–2012).

Time series of area-integrated EKE are produced by multiply-
ing EKE by cell area and summing the results within selected basins 
(Extended Data Fig. 2). Basins were selected to encompass regions of 
high-eddy activity in the observed and modelled datasets both his-
torically, and as it is projected at the end of the simulations, to capture 
spatial shifts. The resolution of the model grid was also considered 
when defining basins so that eddy-parameterizing regions are not 
included. Direct comparison of EKE in different ocean basins should be 
avoided, as lower (higher) area-integrated EKE may represent greater 
(lesser) eddy activity in a smaller (larger) area. This, along with the 
general underrepresentation of EKE compared with observations due 
to grid resolution, prompts the use of standardized EKE values based on 
mean and standard deviation of EKE during the observational period 
(equation (5)). This representation of EKE conveys change relative to 
conditions during the observed period (1993–2020) for each ensemble 
member and the observations respectively.

EKEi (standardized) = (EKEi − EKE) /σEKE (5)

where i refers to a five-day mean time step, σ refers to the linearly 
detrended standard deviation during the observational period (1993–
2020) and EKE refers to mean EKE during the observational period 
(1993–2020).

Characterization of change
Change in EKE within the observational record is typically assessed using 
linear trends10,18,20. However, in the context of longer modelled datasets, 
the observational record becomes a mere snapshot of larger regimes of 
change, demonstrating the constraints of observation-based studies. 
The comprehensive modelled dataset is used to address several of these 
constraints. To account for the uncertainty regarding future GHG emis-
sions and climate change mitigation, EKE trends are reported relative to 
MGST rise relative to a 1850–1899 mean, facilitating comparison with 
other emissions scenarios and grounding projections of future change 
in a more physical basis than temporal trends. To distinguish a robust 
climate change signal from natural variability, least-square linear trends 
relating EKE to MGST rise are calculated using data after the ensemble 
mean of an 11-year running mean of MGST anomalies surpasses a thresh-
old of 1 °K (Fig. 4). The spatial distribution of EKE change over time is 
quantified by subtracting historical EKE conditions (1860–1949) from 
conditions at the end of the century (2061–2090; Fig. 2c), capturing a 
period of approximately 3.3 °K of warming, and the statistical signifi-
cance of change was confirmed using a t-test (not shown). Together, 
these metrics should provide a reasonably comprehensive assessment 
of EKE change in the context of anthropogenic climate change.

Large-scale climatic conditions including volume transport, 
AMOC and southern hemisphere westerlies are reported to assist 
with the interpretation of EKE change relative to the broader effects of 
anthropogenic climate change. The probability density distributions 
of mean annual volume transport across selected transects and AMOC 
are reported for historical (1860–1949) and end-of-century projected 
(2061–2090) periods, along with the absolute and percentage changes 
(Extended Data Fig. 4 and Supplementary Table 4). Time series of the 
same volume transport and AMOC data are reported in Extended Data 
Fig. 5, and change in zonal mean surface wind speed between the same 
historical and projected periods is reported in Extended Data Fig. 7. 
Simple linear regression is used to assess the relationship between 
volume transport and EKE where relationships are expected based on 
the published literature (Extended Data Fig. 6). Regression analysis 
is applied to unfiltered volume transport, AMOC and EKE data and 

low-pass-filtered data with a threshold of ten years to better identify 
relationships within high sub-decadal variability. The filtering was 
performed by applying Fourier transformations to the time series 
of each ensemble member, removing frequency signals greater than 
the 1/10 Hz threshold, applying an inverse Fourier transformation and 
discarding imaginary components.

Data availability
Geostrophic velocity anomalies derived from satellite altimetry anoma-
lies are publicly available at https://doi.org/10.48670/moi-00148. 
Model output from AWI-CM-1-1-MR in the CMIP6 framework, includ-
ing ocean velocity and surface wind is publicly available at https://doi.
org/10.22033/ESGF/CMIP6.359 (ref. 35). Daily sea surface height data 
used in this study is archived at the World Data Center for Climate at 
the DKRZ82,83.

Code availability
The code used to calculate geostrophic velocities and eddy kinetic 
energy according to the methods described in this paper and to pro-
duce the main analysis figures is available on Github in the repository 
awicm-cmip6-eke84 .
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Extended Data Fig. 1 | Ocean grid resolution in AWI-CM-1-1-MR. Ocean grid resolution in AWI-CM-1-1-MR. (a) Grid resolution in units of kilometers. (b) Grid 
resolution relative to the local Rossby radius of deformation.
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Extended Data Fig. 2 | Delimitations of ocean basins and transects. 
Delimitations of ocean basins and transects. The selected ocean basins used 
for analysis of area-integrated eddy kinetic energy are outlined in color. 
The transects over which ocean volume transport and AMOC are calculated 
are defined by black lines. More details regarding transects are available in 

Supplementary Table 4. (a) AMOC. (b) Kuroshio Current volume transport. 
(c) Agulhas Current volume transport. (d) Agulhas Leakage. (e) Brazil Current 
volume transport. (f) North Brazil Current volume transport. (g) Malvinas 
Current volume transport. (h) Drake Passage throughflow.
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Extended Data Fig. 3 | Observed and simulated area-integrated regional eddy 
kinetic energy anomalies and trends. Observed and simulated area-integrated 
regional eddy kinetic energy anomalies and trends. Eddy kinetic energy 
anomalies are normalized relative to conditions during the observational period 
(1993–2020). Overlaid trends show the observed and simulated trends during 

the observational period (1993–2020), ensemble range of simulated trends 
during the observational period (1993–2020), and ensemble mean trend after 
the observational period (2021–2090). (a) The Gulf Stream. (b) The Kuroshio 
Current. (c) The Agulhas Current. (d) The Brazil and Malvinas Currents. (e) The 
Antarctic Circumpolar Current.
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Extended Data Fig. 4 | Simulated distributions of volume transport and 
Atlantic meridional overturning circulation. Simulated distributions of 
volume transport and Atlantic meridional overturning circulation. Distribution 
of simulated annual volume transport through select ocean currents and Atlantic 
meridional overturning circulation during historical (1860–1949) and projected 
(2061–2090) periods. (a) Atlantic meridional overturning circulation.  

(b) Kuroshio Current Volume transport. (c) Agulhas Current volume transport. 
(d) Agulhas leakage. (e) Brazil Current volume transport. (f) North Brazil Current 
volume transport. (g) Malvinas Current volume transport. Drake Passage 
throughflow. Details on the transects used to calculate volume transport can be 
found in Supplementary Table 4.
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Extended Data Fig. 5 | Simulated annual volume transport through select 
ocean currents and Atlantic meridional overturning circulation. Simulated 
annual volume transport through select ocean currents and Atlantic meridional 
overturning circulation. (a) Atlantic meridional overturning circulation.  
(b) Kuroshio Current Volume transport. (c) Agulhas Current volume transport. 

(d) Agulhas leakage. (e) Brazil Current volume transport. (f) North Brazil Current 
volume transport. (g) Malvinas Current volume transport. Drake Passage 
throughflow. Details on the transects used, integrated depths, and the definition 
of Atlantic meridional overturning circulation streamflow can be found in 
Supplementary Table 4.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Correlation between simulated area-integrated eddy 
kinetic energy in selected ocean basins and Atlantic meridional overturning 
circulation or simulated mean annual volume transport. Correlation between 
simulated area-integrated eddy kinetic energy in selected ocean basins and 
Atlantic meridional overturning circulation or simulated mean annual volume 
transport. Correlations are calculated with unfiltered data and with data filtered 

to remove high-frequency variability with a threshold of 10 years. (a) Gulf stream 
eddy kinetic energy and Atlantic meridional overturning circulation. (b) Brazil/
Malvinas Current eddy kinetic energy and Atlantic meridional overturning 
circulation. (c) Brazil/Malvinas Current eddy kinetic energy and North Brazil 
Current volume transport. (d) Brazil/Malvinas Current eddy kinetic energy and 
Brazil Current volume transport.
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Extended Data Fig. 7 | Change in simulated zonally averaged global surface 
wind speed between historical (1860–1949) and projected (2061–2090) 
periods. Change in simulated zonally averaged global surface wind speed 

between historical (1860–1949) and projected (2061–2090) periods. (a) Wind 
speed change in meters per second. (b) Wind speed change expressed as a 
percentage of the historical mean.
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