
Article https://doi.org/10.1038/s41467-025-55927-6

Hurricane influence on the oceanic eddies in
the Gulf Stream region

Xinning Ni 1,2, Yu Zhang 1,2 & Wei Wang 1,2

The Gulf Stream region (GSR) represents an area of robust oceanic eddies,
active hurricanes, and more importantly, frequent encounters between the
twophenomena. However, the direct impact of the intense storms on the eddy
field has seldom been comprehensively examined. Here based on a multi-year
analysis of eddy energy changing rate, we demonstrate that hurricanes
enhance cyclonic eddies but weaken anticyclonic ones by injecting potential
vorticity into the ocean. Such effects are not only pronounced immediately
following hurricane-eddy encounters, but also retained for extended periods
within large eddies that have long lifespans. Consequently, the variation of the
annual mean energy and vorticity of the eddy field exhibits a high correlation
with hurricane intensity. It can thus be argued that hurricanes over the GSR
play an important role in driving the long-term variation of the underlying
eddy field, thereby affecting ocean circulation and climate.

The Gulf Stream (GS) and its extension are pivotal in modulating the
Earth’s climate patterns and sustaining the ecological systems1–4. They
act as both a western boundary current (WBC) system for the wind-
driven North Atlantic subtropical gyre5 and a key component of the
Atlantic meridional overturning circulation (AMOC)6. The Gulf Stream
region (GSR), defined here as the domain spanning 40°–80°W and
25°–45°N, is distinguished by one of the most energetic eddy fields in
theworld oceans (Fig. 1a). The termeddies here is used to describe not
only strong meanders of the main current but nonlinear, isolated
structures that rotate at a faster rate than theymove, thereby enabling
them to transport water and other properties over long distances7,8.
Examples of such structures include the large, deep-reaching warm-
core rings and cold-core rings that arebest known for theGS system9,10.
Recent studies have suggested that the interaction between oceanic
eddies and the atmosphere at mesoscales in WBCs is essential to the
dynamics and variability of both ocean and atmosphere circulation11–13.
In particular, the interaction between eddies and hurricanes has been
revealed to exert a large impact on the Kuroshio transport14.Whether a
similar process plays a role in the GSR is of great interest, but remains
unclear.

In the North Atlantic, strong hurricanes are not rarely seen in the
mid-latitude15. Probably due to the generally warmer sea surface

temperatures (SSTs) compared with other ocean basins, hurricanes in
this region attain their lifetimemaximum intensity as far north as 30°N
(ref. 16). Regarding the overall hurricane activity, as measured by
power dissipation index (PDI)17, the high-value area extends north-
wards from low latitudes till across the edge of GSR (Fig. 1b). During
hurricane seasons, oceanic eddies routinely encounter intense hurri-
canes, and eddy-hurricane interactions ensue18. While considerable
evidence from models and observations indicates that preexisting
oceanic eddies affect hurricane evolution by regulating the upper
ocean thermal response18–21, the general response of the eddy field to
hurricanes remains largely uninvestigated.

The impact of hurricanes on oceanic mesoscale eddies can occur
through two distinct pathways: direct and indirect. The direct influ-
ence of hurricanes on eddies acts through two primary mechanisms14.
Firstly, hurricane-induced strong surface currents have thepotential to
perturb the eddies out of geostrophic balance, subsequently resulting
in the radiation of energy from the eddies in the form of gravity waves
at the inertial frequency22. The eddies thus exhibited an accelerated
decay rate above the background mean level. In addition to the
aforementionedprocess, which results in a similar response in cyclonic
and anticyclonic eddies, another mechanism can generate contrasting
outcomes in these two types of eddies. Through the action of

Received: 23 August 2024

Accepted: 6 January 2025

Check for updates

1Key Laboratory of Physical Oceanography and Frontiers Science Center for Deep Ocean Multispheres and Earth System/Academy of Future Ocean, Ocean
University of China, Qingdao, China. 2Qingdao National Laboratory for Marine Science and Technology, Qingdao, China. e-mail: yuz@ouc.edu.cn;
wei@ouc.edu.cn

Nature Communications |          (2025) 16:583 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0009-0003-4925-1417
http://orcid.org/0009-0003-4925-1417
http://orcid.org/0009-0003-4925-1417
http://orcid.org/0009-0003-4925-1417
http://orcid.org/0009-0003-4925-1417
http://orcid.org/0000-0001-6373-7024
http://orcid.org/0000-0001-6373-7024
http://orcid.org/0000-0001-6373-7024
http://orcid.org/0000-0001-6373-7024
http://orcid.org/0000-0001-6373-7024
http://orcid.org/0000-0002-7880-5920
http://orcid.org/0000-0002-7880-5920
http://orcid.org/0000-0002-7880-5920
http://orcid.org/0000-0002-7880-5920
http://orcid.org/0000-0002-7880-5920
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-55927-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-55927-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-55927-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-55927-6&domain=pdf
mailto:yuz@ouc.edu.cn
mailto:wei@ouc.edu.cn
www.nature.com/naturecommunications


mesoscale cyclonic circulating winds or the Ekman pumping effect,
hurricanes contribute positive vorticity in the form of mesoscale
eddies to an eddying ocean (seeMethods). This reinforces the cyclonic
eddies and simultaneously weakens the anticyclonic ones14,23,24. Fur-
thermore, the process of intense hurricane-induced mixing near the
ocean surface results in the formation of a prominent cold wake
behind hurricanes25,26. This phenomenon operates in a similar manner
to the hurricane-vorticitymechanism, facilitating the formation of new
cyclonic eddies, the intensification of existing cyclonic eddies, or the
weakening of existing anticyclonic eddies.

Indirectly, it is evident that hurricanes have the capacity to induce
remarkable disruptions and long-lasting as well as far-reaching per-
turbations of the GS27–30. Given that GS serves as the primary energy
source of mesoscale eddies through barotropic/baroclinic instability
processes31,32, these hurricane-induced perturbations can naturally
exert an impact on the formation and evolution of the eddy field. This
hurricane-GS-eddy pathway is non-local and indirect, which allows for
the long-term andwidespread retention of hurricane climate signals in
the ocean.

As a response to the elevated level of atmospheric CO2 in recent
decades17,33,34, both hurricanes in the mid-latitude North Atlantic and
further south have demonstrated increasing trends (p < 0.05) (Fig. 1c).
Furthermore, recent research indicates that intense hurricanes are
migrating towards the polar regions16. These changes are likely to
enhance hurricanes’ role in modulating eddies over the GSR, which
may, in return, affect the dynamics of the GS system and the AMOC.
Prior to investigating this, it is first necessary to determine how the
variations associated with hurricane activity induce changes in the
underlying eddy field.

In this study, we employed North Atlantic hurricane records from
the International Best TrackArchive forClimate Stewardship (IBTrACS,
v4r00)35,36, which date back to 1850. To investigate eddy responses to
hurricanes, we utilized a recently published global Mesoscale Eddy
Trajectory Atlas (META3.2 DT two-sat)37, derived from satellite-
obtained altimetry maps for the past 30 years (1993–2021). The atlas
documents the trajectories and properties of eddies that were identi-
fied based on a set of pre-established criteria, including shapes and
amplitudes. Besides, the fifth generation of the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5)38 and
NCEP/NCAR reanalysis39 datasets were used to assess the
impact of wind and surface buoyancy flux. The RAPID-Meridional
Overturning Circulation and Heatflux Array-Western Boundary Time
Series (RAPID-MOCHA-WBTS)40 at 26.5°N, from 2004 to present, was
used to examine possible roles of the AMOC and the GS. The North
Atlantic Oscillation (NAO) index41 was also employed to assess the

potential relation between the large-scale atmospheric variability to
the eddy field.

By revealing the uniqueness of the eddy response to the vorticity
forcing of hurricanes, we find that hurricanes’ effects on the eddy field
of GSR are strong not only during hurricane seasons, but last for an
extended period afterward. The variation of the annual mean eddy
field over the past 30 years exhibits a high correlation with the hurri-
cane PDI, thereby indicating that the latter plays an important role.

Results
Eddy’s short response to hurricane forcing
The aforementioned direct effects of hurricanes on eddies have been
verified by observational andmodeling studies42–44, but mostly carried
out in the western North Pacific14,23,24. In the North Atlantic basin, we
first identified two examples of eddy response from the sea level
anomaly (SLA) field to Hurricane Hortense in September 1996 (Sup-
plementary Fig. 1) and Hurricane Irma in September 2017 (Supple-
mentary Fig. 2), which exhibit the strengthening of cyclonic eddies and
weakening of anticyclonic eddies under the hurricane forcing. Fur-
thermore, we performed a statistical analysis of the eddy properties
immediately following their interaction with hurricanes over the past
30 years. Figure 2 depicts the mean eddy energy changing rate, aver-
aged over a 15-day period following the hurricane-eddy encounter, in
the coordinate centered on hurricanes (see Methods). Eddy responses
were examined across three categories of hurricanes: tropical
depression-tropical storm (TD-TS), categories 1–2 on the Saffir-
Simpson scale (abbreviated as Cat 1–2), and categories 3–5 (abbre-
viated as Cat 3–5). In general, the responses of cyclonic and antic-
yclonic eddies exhibit significant differences, though both reach their
peak intensity near the hurricane’s center and gradually weaken out-
wards (Fig. 2). At approximately r = 500 km, hurricanes’ effects gra-
dually diminish. This finding is consistent with the distance of
hurricanes from the GSwhen they had an impact28, and is likely related
to the extent of hurricane winds.

Specifically, cyclonic eddies near the storm’s center display con-
trasting behaviors at varying wind speeds, which are dependent on the
comparative strengths of the wave-radiation-induced decaying effect
and the hurricane-vorticity/mixing-induced strengthening effect.
Under the forcing of TD-TS wind, cyclonic eddies undergo marked
decay. As the wind gets stronger, the vorticity injection by hurricanes
becomes more pronounced, thereby causing cyclonic eddies to
intensify with a positive energy-changing rate, particularly in the core
area (green, orange line of Fig. 2a). For hurricanes of Cat 3–5, the eddy
energy growth rate can be up to three to four times greater than that
under Cat 1–2 hurricanes.
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Fig. 1 | Climatological distributionofoceanic eddy energy andhurricane power
dissipation index (PDI). a Distribution of the mean eddy’s surface available
potential energy (SAPE) (J) in a logarithmic scale in the North Atlantic for
1993–2021.bDistribution of the total hurricane PDI (m3 s−2) in a logarithmic scale in

the North Atlantic for 1970–2021. c Hurricane PDI (1010m3 s−2) in the entire basin
(blue) and in themid-latitudes (orange) of the North Atlantic, with a 3-year running
mean smoothing applied.Dashed lines denote the linear trends in a 95% confidence
interval. Source data are provided as a Source Data file.
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For anticyclonic eddies, the combined effect of the two mechan-
isms results in a considerable reduction in eddy energy. The magni-
tude of the energy-changing rate first declines sharply with distance
from storm centers, and then gradually approaches the background
dissipation level further away at r ~1000 km (Fig. 2b). Similar to
cyclonic eddies, the energy-changing rate in anticyclonic eddies is
significantly amplified under high wind speeds. Additionally, the hur-
ricane’s wind stress curl changes from positive to negative at the
storm’s outer edge, thereby acting to enhance anticyclones. In con-
junction with the weakening effect of the wave-radiation-induced
decay mechanism, the decay rate is effectively zero near r = 400 km
(orange line of Fig. 2b).

Our findings demonstrate the two opposing effects of hurricanes
on eddies in the North Atlantic Ocean. Under intense hurricanes, the
hurricane-vorticity mechanism exerts a predominant influence on
eddy-hurricane interactions, with a magnitude significantly greater
than that under low wind speeds. Also, it manifests as opposite chan-
ges in the energy of cyclonic and anticyclonic eddies, resulting in the
strengthening of cyclonic eddies and the weakening of anticyclonic
ones. Furthermore, although the GS exhibits disparate dynamical
features before and after its separation from the coast, which occurs
around 30°N, the eddy responses to hurricanes in the two subregions
demonstrate a high degree of consistency with those in Fig. 2 (Sup-
plementary Figs. 3, 4).

Aside from hurricanes, a number of factors may affect eddies,
even during the hurricane season. To have a general idea of hurricanes’
significance, we then focused on year-by-year response of the eddy
field in a 15-day period following the passage of hurricanes, and com-
pared it with hurricane intensity (see Methods).

Figure 3a illustrates a strong correlation between themeanenergy
changing rate difference between cyclonic and anticyclonic eddies,
and the PDI, with a correlation coefficient of 0.71 in a 95% confidence
interval over the past 30 years. This is consistent with the multi-year
mean result of the previous section, highlighting the distinctive influ-
ence of intense hurricanes in strengthening cyclonic eddies while
weakening anticyclonic eddies (Fig. 2). More importantly, the mean
eddy energy difference shows a close correlation with the hurricane
PDI (R > 0.8, p <0.05), undergoing substantial changes of a compar-
able magnitude to that of the hurricane PDI (Fig. 3b). This suggests
that, among the various forces at play, hurricane forcing significantly

impacts the eddy field during hurricane seasons, resulting in sub-
stantial alterations.

It is noteworthy that our analyses of the short-term responses
(15 days) of the eddies, as illustrated in Figs. 2, 3, were conducted
exclusively on preexisting eddies that were already present prior to
the passage of hurricanes. Therefore, the results do not include
eddies that were created by the GS after hurricane disturbances.
Consequently, it is not possible to discern the impact of the indirect
hurricane-GS-eddy mechanism from these short-term responses.
Nevertheless, the impact of the hurricane-mixing mechanism has
been incorporated.

Hurricanes’ impact on the long-term variation of eddy fields
Whether the imprint of hurricanes on the underlying eddy field
can last long in the ocean depends on many factors, including the
characteristics of the eddies themselves. Globally, the lifetime of
mid-latitude eddies between 20° and 40° latitude is a function of
both their horizontal scale and amplitude. Eddies with smaller
amplitudes or smaller horizontal scales have shorter lifespans,
whereas those with larger amplitudes or greater horizontal scales
typically persist for longer periods of time. Moreover, eddies in
the GSR and the Kuroshio Extension are the most energetic in the
ocean, contributing to the generally longer lifespan of eddies in
these two regions45.

The energy of the eddy field in the GSR is predominantly gov-
erned by large eddies, which can live for up to 120 days or longer. In
contrast, eddieswith smaller horizontal scales and lower energies tend
to dissipate quickly, losing the signature of hurricane forcing (Sup-
plementary Fig. 5). Therefore, the impact of hurricanes is likely to
persist over time by large eddies, leaving a long-lasting imprint in
the ocean.

In light of this hypothesis, an examination was conducted of
the annual mean energy of large eddies in the GSR. In recent
decades, the energy of large cyclonic eddies has exhibited
a multi-decadal V-shaped variation, characterized by a substantial
decline until approximately 2010, followed by a large increase
thereafter. Meanwhile, the energy of the large anticyclonic
eddies has displayed an inverse A-shaped structure (Fig. 4a).
These two contrasting multi-decadal changes are indicative of the
effects of hurricanes. In particular, the hurricane PDI has
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Fig. 2 | Radial distribution of eddy energy changing rate within 15 days after
hurricanes’ passage. a Mean energy changing rate of cyclonic eddy (105W),
b mean energy changing rate of anticyclonic eddy (105W) in the North Atlantic
Ocean from 1993 to 2021. Blue circle: tropical depression-tropical storm (TD-TS),

green square: categories 1–2 hurricanes (Cat 1–2), and orange triangle: categories
3–5 hurricanes (Cat 3–5). The blackdashed lines denote the0 value. Sourcedata are
provided as a Source Data file.
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exhibited pronounced variations on interannual to multi-decadal
time scales, including a notable lull around 2010, followed by a
rapid and substantial fourfold increase within a few years (Fig. 1c
and Fig. 4b). With regard to eddies, the energy difference
between cyclonic and anticyclonic eddies is significantly corre-
lated with PDI variations (R > 0.7, p < 0.05) within a 95% con-
fidence interval. Similarly, the eddies’ total surface relative
vorticity exhibits a strong correlation ((R > 0.7, p < 0.05, Fig. 4b).
In conjunction with the direct impact of hurricanes as identified
from the short-term response of the eddy field, these results
provide compiling evidence that hurricanes are one probable
cause of long-term variations in the eddy field of the GSR.

It is also important to note that the hurricane is not the sole
factor affecting the eddy field. In particular, around 2010, when
hurricane activity is at its lowest level, the energy difference of
the eddy field varies out of phase with the hurricane PDI (Fig. 4b),
indicating the presence of alternative forces. Among the potential
factors, the local wind stress curl and the local buoyancy flux
within the GSR can be excluded as possible causes, as both of
their variation patterns show minimal resemblance to that of the
eddy field (Fig. 5a, b). With respect to the large-scale oceanic
features, the GS transport, monitored at 26.5°N by the RAPID
project, exhibits a high degree of similarity to the eddies (Fig. 5c),
with a correlation exceeding 0.7 at a lead of approximately one
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year. The strength of the AMOC, as observed at 26.5°N, shows a
notable decline prior to 2010 and subsequent recovery46 (Fig. 5c).
However, its correlation with the eddy field is relatively weak,
likely due to the abrupt nature of the change. Moreover, there is
evidence indicating a connection between the winter-time NAO
index and the eddies of GS47,48. Indeed, the time series of the
winter-time NAO index exhibits a strong resemblance to that of
the eddy field (Fig. 5d), with a correlation exceeding 0.7 at an
approximately 2-year lead. These factors- the GS, the AMOC, and
the large-scale climate oscillation pattern denoted by the winter-
time NAO index-may all have contributed to the observed varia-
tion of the energy difference between cyclonic and anticyclonic
eddies. However, their respective forcing mechanisms remain
uncertain.

Discussion
Isolated mesoscale eddies are capable of transporting mass and
climatically important tracers over considerable distances7,8. They
are, therefore, considered to play a pivotal role in the global cli-
mate system. The processes regulating the properties of the eddy
field are of great importance in this regard; however, identifying
these processes is a formidable task, particularly given the mul-
titude of potential factors that could influence the eddy field47,48.

Furthermore, the relationships between eddies and some forcing
factors are likely mutual, thereby further complicating the task of
identifying causality. For example, it’s evident that the GS has a
strong influence on the eddy field. Meanwhile, beneath the upper
layer of GS, the deep western boundary current (DWBC) passes
through and crosses with the GS near Cape Hatteras. Previous
research has indicated that the eddy fluxes of potential vorticity
can entrain the upper DWBC under the GS, consequently altering
the path of the GS49,50. This, in turn, can influence the character-
istics of the GS.

In view of the above, the forcing mechanism identified in the
present study represents a notable advancement in our understanding
of the subject matter. The short-term response analysis demonstrated
that the hurricane-vorticity and hurricane-mixing mechanism can
effectively strengthen cyclonic eddieswhile simultaneouslyweakening
anticyclonic ones. This distinctive impact, namely, the opposite
response of the two kinds of eddies, provides an essential tool for
evaluating the role of not only hurricanes but other possible factors in
the long-term behavior of the eddy field of the GSR. Furthermore, the
knowledge of the inclination of hurricanes to inject positive vorticity
into the ocean provides insight into their potential impacts on large-
scale ocean circulations and climate, which merits further investiga-
tion in the future.
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Methods
Theory of vorticity injection by hurricanes
In general, mesoscale eddies are primarily in geostrophic balance and
satisfy the geostrophic relation51,

�f v = � 1
ρ
∂p
∂x

ð1Þ

f u = � 1
ρ
∂p
∂y

ð2Þ

Where f denotes the Coriolis parameter, ρ denotes the sea water
density, and p denotes the pressure. Subtracting the y derivative of the
Eq. (2) from the x derivative of the Eq. (1) with ignorance of the β effect
leads to the equation of relative vorticity (ζ ):

f ζ =
1
ρ
∇2p ð3Þ

Considering the hurricane scenario and defining the eddy field as
the deviation from the time-mean field, the vorticity and pressure field
can be decomposed into time-mean and eddy components. Thus, we
have ζ = �ζ + ζ 0, p= �p+p0, where the overbar indicates the time-mean
terms and the prime indicates the deviation.

After hurricanes have passed, the atmospheric pressure returns to
a normal equilibrium state, and we subtract the large-scale term:

f ζ 0 =
1
ρ
∇2p0 =

1
ρ
∇2 ρgη0ð Þ ð4Þ

where ζ 0 denotes the eddy relative vorticity, p0 denotes the hurricane
atmospheric disturbance and p0 =ρgη0, η0 denotes the sea surface
elevation caused by hurricanes. In a stratified ocean, the geostrophic
response of η0 is predominantly controlled by the isotherm displace-
ment (h0)19 due to the storm-induced upwelling52:

η0 � h0 �
Z

WEdt =
Z

1
ρf

ð∇× τHÞdt ð5Þ

f ζ 0 � g
ρf

∇2
Z

ð∇× τHÞdt
� �

ð6Þ

Where WE is the Ekman pumping induced by the hurricane,
τH = ðτx , τyÞ is the hurricanes’ horizontal wind stress A. This suggests
that hurricanes inject vorticity into the ocean through Ekman pump-
ing, causing changes in eddies’ relative vorticity. More specifically, in
the coreof the hurricane, the positivewind stress curl forces upwelling
and thus elevates the isopycnal in the ocean. Such lifting is in the same
sense as the upward displacements of isopycnals in cyclonic eddies,
but is opposite to the isopycnal displacements in anticyclonic eddies.
Consequently, if there are preexisting mesoscale eddies in the ocean,
the hurricane will enhance the cyclonic eddies but weaken the antic-
yclonic eddies.

Hurricane intensity
Hurricane dataset for the North Atlantic Ocean is obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS,
v4r00)35,36, which provides hurricane center position and the 1-min
maximum sustained wind speed (Vmax) at 6-hour intervals.

We use the power dissipation index (PDI) proposed by Emanuel17

to evaluate the hurricane intensity. For each individual hurricane, PDI

is calculated as follows:

PDI =
Z τ

0
V 3

maxdt ð7Þ

Where τ denotes the hurricane duration. The annual accumulated PDI
is the sum of all storms that occurred in a year in a specific region.

Surface eddy energy and eddy relative vorticity
Themesoscale eddy dataset used in this study is theMETA3.2. Most of
the eddy energy is stored in the form of eddy available potential
energy, which is defined as the difference in gravitational potential
energy between a reference state and the physical state associated
with an eddy53. For simplicity, we calculate the eddies’ surface available
potential energy (SAPE)54 to represent the eddy energy:

SAPE =
Z Z

1
2
ρgη2

eddydA ð8Þ

Where ηeddy denotes the eddy amplitude, calculated as the height
difference between the extremum of sea surface height (SSH) within
the eddy and the SSH around the eddy edge37, and A denotes the
eddy area.

According to Stokes relation51, the relative vorticity enclosed by
the eddy area is equal to the velocity circulation integrated along the
eddy perimeter:

ζ eddy =∯ AζdA=
H
L
u � dl= �U � L ð9Þ

Where ζ eddy denotes the eddy’s surface relative vorticity, u= ðu, vÞ is
the horizontal rotational velocity of eddy, �U is the circum-averaged
speed of eddy, and L is the eddy perimeter.

Muti-year eddy energy analysis in the hurricane center
coordinate
To be consistent with the availability of the META3.2 dataset, only
the best-track data starting from 1993 are used in this study. The
stage of a hurricane’s life cycle in this study is divided into the fol-
lowing three intensity groups, defined on the basis of the Saffir-
Simpson Hurricane Scale: TD-TS (Vmax<33ms�1), Cat 1–2 hurricane
(33ms�1 ≤Vmax<50ms�1) and Cat 3–5 hurricane (Vmax ≥ 50ms�1).
Between 1993–2021 which was covered in the analysis of Fig. 1, there
were 231 TD-TS, 98 Cat 1–2 hurricanes and 73 Cat 3–5 hurricanes.
During this period, we analyzed all the eddies’ lifetime evolution
immediately after their meeting with hurricanes in the North Atlantic
Ocean in the hurricane center coordinate.

Specifically, for each 6-h storm location in the best-track data, the
eddies that were present on the day of the hurricane's arrival are
identified. For these selected eddies, we calculate the distance of each
eddy from the storm center, and the 15-day averaged eddy energy
changing rate after hurricane passage. Ultimately, based on the groups
of storm intensity and the distance from the hurricane center, an
average over the 1000 km in the radial direction is then performed,
retaining the eddy energy changing rate as a function of the radial
distance and hurricane intensity.

Year-by-year eddy response
As shown in Fig. 2, the vorticity-injection mechanism is dominant
in situations of strong hurricanes.We only considered hurricanes’with
Vmax ≥ 25ms�1 before their landing. Following the same procedure as
in the multi-year analysis, we calculated the mean eddy energy chan-
ging rate and energy averaged over a 15-day period following the
hurricane-eddy encounter within 3000 km of the hurricane center for
each year.
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Annual mean eddy field of large eddies
Statistical analysis of eddies in the GSR shows that the lifespan of most
large eddieswith radii greater than 90km is in the range of 50–250days,
with an overallmean lifespan of 120 days. Themean lifetimes of cyclonic
and anticyclonic large eddies are roughly 130 and 110 days, respectively
(Supplementary Fig. 5a). Eddies with radii less than 90km have much
shorter lifetimes, averaging about 30 days for both cyclonic and antic-
yclonic eddies (Supplementary Fig. 5b). Although these large eddies
make up only 20–30% of the total quantity, they account for 70% or
more of the total energy of the eddy field in the GSR (Supplementary
Fig. 5c, d). We can, therefore, argue that large eddies dominate the eddy
energy field and have the ability to maintain the effects of hurricanes in
the ocean for a long time. Afterward, we calculated the annual mean
energy and surface relative vorticity of those large eddies and compared
them with the regional hurricane PDI (Fig. 4).

Correlation analysis
The student’s t-test is employed to assess the statistical significance of
the results. For correlation tests between two variables, particularly time
series after low-pass filtering (e.g., a 3-year running mean smoothing),
the degrees of freedom are adjusted to reflect the number of effective
degrees of freedom. The following theoretical approximation of the
number of effective degrees of freedom (Nef f ) is used

55,56.

1
Nef f

� 1
N

+
2
N

XL
j = 1

N � jð Þ
N

ρXX jð ÞρYY jð Þ ð10Þ

WhereN is the sample size,ρXX ðjÞ andρYY ðjÞ are the autocorrelationsof
two sampled time series X and Y at time lag j, respectively and L is the
lag step at which the autocorrelations decay to insignificance.

rcrit =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2α,Nef f

=ðt2α,Nef f
+Nef f Þ

q
ð11Þ

For a given Nef f , the critical value rcrit for evaluating the null
hypothesis (i.e., the correlation between series X and Y is zero) can be
obtainedusing the tdistribution at the chosen significant levelα.When
the calculated correlation exceeds rcrit , the null hypothesis is rejected,
signifying that the correlation between series X and Y is statistically
significant at the corresponding α level.

Data availability
The hurricane best-track data used in this study is the IBTrACS (v4r00)
data, retrieved from the NOAA National Centers for Environmental
Information (https://www.ncei.noaa.gov/products/international-best-
track-archive). The META 3.2 dataset provided by AVISO can be down-
loaded from https://www.aviso.altimetry.fr/en/data/products/value-
added-products/global-mesoscale-eddy-trajectory-product/meta3-2-dt.
html. Two wind field and surface heat fluxes datasets were used, one is
NCEP/NCAR Reanalysis 1 data with themonthly temporal resolution and
a 1.875° × 1.875° horizontal resolution (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.html), and the other is the ERA5 with the
monthly temporal resolution and a 0.25° ×0.25° horizontal resolution
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
land-monthly-means?tab=overview). TheRAPID-MOCHA-WBTSdatawas
downloaded from https://rapid.ac.uk/data/data-download. The monthly
NAO index was downloaded from http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.
table. The altimeter SLA data provided by CMEMS can be downloaded
from https://data.marine.copernicus.eu/product/SEALEVEL_GLO_PHY_
L4_MY_008_047/description. Source data are provided with this paper.

Code availability
The code used to analyze these data and generate the results pre-
sented in the study can be obtained from https://doi.org/10.5281/
zenodo.14223542. Matlab 2019 was used to plot the figures.
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