
npj | climate and atmospheric science Article
Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1038/s41612-025-01316-1

Modulation of tropical cyclone intensity by
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Current–wind interactionmodulates air–seamomentum and turbulent heat fluxes, which are critical in
the energy cycle of tropical cyclones (TCs). However, the effects of the surface currents on air–sea
exchange under TCs have remained unclear. Here, using an atmosphere–ocean coupled model, we
investigate the role of current–wind interaction in determining TC intensity. Surface currents generally
align with surface winds. Accounting for the current–wind interaction, the alignment reduces both the
air–sea turbulent heat flux and momentum flux (average 1.0% and 2.5%), which serve as the energy
source and sink of TCs, respectively. The reduction in the energy source (sink) decreases (increases)
the TC growth −1.9% (+1.3%) on average and up to −13.7% (+11.1%). For simulations extending
beyond the seasonal scale, the accumulated impacts of current–wind interaction alter TC genesis,
affecting surfacewind speedand sea surface temperatureduring theTCseason. These findings reveal
an important feedback mechanism associated with TCs driven by the current–wind interaction.

The atmosphere and ocean, two major components of the climate system,
exchange momentum, heat, moisture, and other properties, which are
represented as air–sea fluxes. Air–sea fluxes play a crucial role in the
occurrence and development of atmospheric circulation patterns and
extreme phenomena, and in numerical models that predict weather and
climate1,2. As the energy exchange differs depending on the state of the
interface, it is necessary to further investigate the representation of air–sea
fluxes and the associated atmospheric and oceanic responses3,4.

In recent years, the role of surface currents in modifying air–sea
fluxes, particularly through current–wind interaction, has garnered
increasing attention. Numerous studies have demonstrated that calcu-
lating wind stress using wind velocity relative to the ocean current
(relative wind, RW) rather than the absolute wind (AW) results in
reduced wind work, which in turn dampens mesoscale oceanic kinetic
energy and slows the mean flow5–12. This effect, also known as either the
RW effect or current feedback effect, underscores the influence of ocean
currents on air–sea momentum exchange.

In addition to air–sea momentum flux, the current–wind interaction
also impacts heat andmoisture fluxes13. In particular, when surface currents
are strong and aligned with the wind directions, heat and moisture fluxes
calculatedwithRWcan be substantially lower than thosewithAW. In some

cases, this effect is as significant as that on momentum flux, even altering
surface current structures in theKuroshioExtension13. Thesefindings imply
that since ocean currents represent themotion of the air–sea interface itself,
they can affect all components of the air–sea flux and potentially feed back
into the ocean state.

Although previous works have advanced our understanding of
current–wind interactions, including their effects on fluxmodifications and
ocean energetics under various atmospheric regimes, it remains unclear
whether current–wind interaction can produce meaningful atmospheric
responses under extreme wind conditions, such as within tropical cyclones
(TCs). TCs gain energy from heat supplied at the sea surface, and the
resulting strong winds generate intense wind stress, which, in turn, impacts
the ocean14,15.

Research onTC–ocean interactions has been conducted frommultiple
perspectives. For instance, there are studies focusing on the oceanic
responses to TCs, particularly the ocean mixing-driven cooling of sea sur-
face temperatures (SSTs), a process known as a cold wake16–19.Many studies
have investigated how cold wakes and ocean stratification influence TC
evolution20,21, while others have examined the role of ocean surfacewaves in
modulating air–seamomentumand heatfluxes22–24. However, the impact of
TC-induced surface current on TC intensity has remained unexplored.
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Therefore, this study aims to address two main questions: (1) Can surface
currents influence air–seamomentumand turbulent heat fluxes even under
the extreme wind conditions of TCs? (2) If so, how do these flux changes
affect TC intensity? Specifically, we examine the individual effects of
current–wind interaction in air–sea momentum and turbulent heat fluxes,
respectively, as well as the combined responses when both effects are
included.

Results
Theoretical framework
TCs form over warm oceans, where temperatures exceed 26–27 °C25. They
develop and move poleward, causing significant damage upon landfall due
to strongwinds andheavy rainfall26. Previously, numerous studieshave been
conducted to predict TC intensity in an effort to mitigate the potential
damage. One approach is to predict TC intensity using the maximum
potential intensity (PI) theory14,27–29. This theory estimates the TC’s max-
imumsurfacewind speed after treating amatureTCas aCarnot heat engine
where moist entropy is conserved. Several studies have modified the PI
formula to incorporate the role of the upper ocean and changes in exchange
coefficients under extreme wind conditions30–33.

The PI formula, however, does not account for surface currents. Strong
surface currents are generated beneath the TCs and tend to align with the
winds most notably in the right (left) side of the TC track in Northern
(Southern)Hemisphere34,35. These strong currents, 2–4%of thewind speeds,
cause the magnitude—and to a lesser extent, the direction—of the relative
wind vector to differ from those of the absolute wind vector. Accounting for
surface currents alters the calculationofwind stress and enthalpyflux (latent
plus sensible heat flux), and consequently, the PI of TCs as:

PIðRWτÞ ¼ 1
α2 cos θ PIðAWÞ;

PIðRWQÞ ¼ αPIðAWÞ;
PIðRWbothÞ ¼ 1

α cos θ PIðAWÞ
ð1Þ

whereAW,RWτ, RWQ andRWboth are the casesusing different calculations
of wind stress and enthalpy flux described in Table 1, α and θ are the ratio of
the relative wind speed to the absolute wind speed and the angle between
these two wind vectors, respectively. The derivation process is presented in
the “Methods” section.

When the surface current vector and surface wind vector point in a
similar direction, the scaling factor α becomes <1. In addition, since the
surface current speed is much smaller than the surface wind speed under
TCs, cos θ remains between 0 and 1. Under this condition, both PI(RWτ)
and PI(RWboth) are greater than PI(AW), suggesting that neglecting surface
currents may lead to an underestimation of TC intensity. It is noted that θ
becomes irrelevant in the modification of PI when the surface currents are
included in the turbulentheatflux.Additionally, the change inPI(RWboth) is
consistently smaller than that in PI(RWτ).

While PI describes a steady-state intensity limit, real TCs undergo
continuous development and decay. To assess how current–wind interac-
tion influences TC energetics during transient phases, we compared the
energy trajectories of the four cases listed inTable 1. From the rate of change
of TC kinetic energy36, we derive the growth rate of the TC wind speed for
each case as follows:

djVatmj
dt ðAWÞ ¼ 1
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where Ts is the surface temperature, Tout is the temperature at the outflow
layer,H ¼ 1

ρ

R
ρðzÞdz is the density scale height of the atmosphere and k is

the relative efficiency factor (0 ≤ k ≤ 1). In each equation, thefirst term in the
parentheses corresponds to the energy source term from the upward
enthalpy flux, while the second term denotes the sink term from viscous
dissipation. If the source exceeds the sink, the TC wind speed intensifies;
otherwise, it weakens. Detailed descriptions are in the “Methods” section.

Figure 1 illustrates the change of TC wind speeds in the TC energy
source–sink space, based on the growth rate of TC wind speed. To visualize
this, we prescribed time-varying surface current speed, SST, and relative
humidity as described in the “Methods” section and Fig. S9a–c. In RWQ, the
reduced enthalpy flux compared to AW lowers the source term, shifting the
trajectory leftward (x-axis) and leading to a lower maximum wind speed
when the source equals the sink. InRWτ, weakerwind stress reduces the sink
term, pushing the trajectory downward along the y-axis initially. This
change allows for faster development of surface wind speed and yields

Table 1 | Experimental cases in the present work

Case name Formulation

AW Wind stress: ρaCD∣Vatm∣ Vatm

Enthalpy flux: ρaCh(h
* − h) ∣Vatm∣

RWτ Wind stress: ρaCDjVatm � Vocnj ðVatm � VocnÞ
Enthalpy flux: ρaCh(h

* − h) ∣Vatm∣

RWQ Wind stress: ρaCD∣Vatm∣ Vatm

Enthalpy flux: ρaChðh� � hÞ jVatm � Vocnj
RWboth Wind stress: ρaCDjVatm � Vocnj ðVatm � VocnÞ

Enthalpy flux: ρaChðh� � hÞ jVatm � Vocnj
Ch and CD are the exchange coefficients for enthalpy and momentum, respectively, Vatm and Vocn

are the surfacewind and surface current vectors,h* is the saturation enthalpyof the sea surface, and
h is the enthalpy of atmosphere

Fig. 1 | Changes in idealized TC surface wind speeds in source–sink space. x-axis
denotes the source term (actual generation rate of mechanical energy) and the y-axis
represents the sink term (dissipation rate of mechanical energy in the boundary
layer). Each point corresponds to a time-dependent calculation (performed every
1 h), with color indicating the TC surface wind speed. For clarity, only every 12 h
point is marked in the figure. Results from the control case (AW) and three sensi-
tivity experiments are shown using different markers, illustrating how current–wind
interactions modify the TC trajectory in the source–sink space.
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higher peak wind speed than AW. RWboth shows reductions in both source
and sink terms, but the sink reduction dominates because the relative wind
effect enters quadratically in the sink term (momentum flux) rather than
linearly in the source term (heat flux). As a result, surface wind speeds
exceed those in AW, despite the weakened source term.

These results demonstrate that surface currents modify the potential
intensity and energy trajectory of TCs, thereby influencing their develop-
ment. Based on this theoretical analysis, we evaluated how current–wind
interactions influence TC intensity and the growth rate. The following
subsection describes our numerical experiments, which aim to assess this
theoretical framework.

Numerical simulations
To investigate whether current–wind interaction occurs under realistic
TC conditions and how it affects TC intensity, we performed numerical
simulations using a coupled atmosphere–ocean model. We designed
four experimental cases (Table 1) and simulated twelve TCs that
occurred in the western North Pacific from 2016−2018. The “Methods”
section details the model configuration, TC selection processes and the
criteria used for TC tracking. Figure 2 illustrates the simulated TC tracks
along with the observed best tracks from the JTWC. Nudging was not
applied in these simulations; therefore, the simulated tracks do not
perfectly match the observations. However, the simulated cases exhibit
similar tracks across four experimental cases. The individual TCs
experience comparable environmental conditions, such as SST and
atmospheric circulation, suggesting that changes in TC intensity are
primarily due to the current–wind interaction rather than environ-
mental factors. A comparison of the maximum wind speed with
observations is provided in Fig. S1.

Someassumptions used in the theoretical frameworkdonot fully apply
to the simulated TCs. For instance, the PI theory assumes an axisymmetric
TC structure isolated from external forces constraining its intensity. How-
ever, the simulated TCs are asymmetric and influenced by environmental
conditions, such as vertical wind shear, which can suppress development. In
addition, the theoretical diagram in Fig. 1 assumes that surface currents
align with wind direction beneath the TC, which may not hold true in the
simulations. Because the idealized assumptions are not strictly satisfied
under more realistic TC conditions, this section aims to assess whether the
impact of current–wind interaction persists in the numerical simulations.

TCs and surface currents
We first examine the characteristics of surface currents beneath the simu-
lated TCs to assess their potential impact on air–sea fluxes. Figure 3a shows
the average surface current speed and thewind–current angle (i.e., the angle
between the surface wind and current vectors) under the TCs. Surface
current speeds exceeded 0.4 m/s on average, and the wind–current angle
was <50° on average with the exception near the left side of the TC track
where wind and currents are strongly misaligned. Notably, the maximum
current speeds exceeded 1m/s on the right side of the TC’s translation
direction, and the associated wind–current angle was typically <40°. These
results indicate that the consideration of surface currents under TCs leads to
a reduction in air–seafluxes, especially on the right side of theTCswhere the
current is more aligned with the wind.

To analyze the reduction of the relative wind speed relative to the
absolute wind speed, we examined the ratio between the relative wind
speed and the absolute wind speed (α). Figure 3b shows the distribution
of α under the simulated TCs. Most values range between 0.925 and
1.025, with peaks around 0.98, indicating that the relative wind speeds
are typically about 2% lower than the absolute wind speeds. When α is
<1, the momentum flux calculated using the relative wind would be
smaller by approximately the square of α, while the enthalpy fluxes
would be smaller in direct proportion to α, compared with those using
the absolute wind. We examined the mean value of α as a function of
radius under the TCs. Choosing a smaller radius than 250 km may
increase the wind stress and turbulent heat flux difference since the
surface currents are strongest near the radius ofmaximumwind (RMW)
which is around 70 km. However, since the maximum RMW of the
analyzed TCs is around 175 km,we decide to use a larger radius to ensure
inclusion of the strong surface current region. We also calculated the
angle between those twowind vectors (θ in Eq. (1)). Themean θ across all
TCs was within 2°, indicating the theoretical impact on intensity—
expressed as 1= cos θ—was <0.06%. These results suggest that changes in
air–sea fluxes and TC intensity are primarily attributed to the difference
in wind speed magnitude, represented by α. In our simulation, the
thickness of the ocean model’s top layer is 1 m; θmay be sensitive to this
layer thickness37, although the effect is expected to be small. Therefore,
we focus on α in this section. In the next section, we examine whether
this reduction leads to changes in air–sea fluxes and TC intensity, similar
to the results in the Theoretical framework.

Fig. 2 | TC tracks in simulations and observations.
The Joint Typhoon Warning Center (JTWC) best
track and simulated tracks of TCs. Markers repre-
sent the location of minimum sea-level pressure
every 6 h. Tracks are shown up to the point of
landfall or dissipation, corresponding to the period
used in the analysis. The colors represent the tracks
from different experimental cases.
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Responses to current–wind interaction
While the previous subsection examined the surface currents and relative
wind in the control case (AW), this subsection compares the four
experimental cases listed in Table 1 to evaluate the effects of different
current–wind interaction settings. We composited the mean wind stress
and turbulent heat flux within the 250 km radius from TC centers from
6 hourly output and compared those fluxes. Both wind stress and tur-
bulent heat flux decreased when the relative wind was used instead of the
absolute wind (Fig. 4). For thewind stress difference distribution, the first
box plot (RWτ −AW) and the third box plot (RWboth −AW) showed
negative values in >75% of the total time steps for all TCs, indicating that
including surface currents reduces the air–sea momentum flux (Fig. 4a).
The median of turbulent heat flux difference was negative in the second
box plot (RWQ −AW) and the third box plot, suggesting a reduction in
turbulent heat flux due to surface currents (Fig. 4b). Figure S4 represents
the mean differences for each TC, and eight TCs (Nepartak, Meranti,
Malakas, Megi, Haima, Meari in 2016; Jebi and Kong-Rey in 2018) show
decreases in both wind stress (in RWτ and RWboth) and turbulent heat
flux (in RWQ and RWboth) compared to the control run (AW). Including
surface currents in the flux calculation in these eight TCs led to mean
reduction of 2.5 and 1.0% in wind stress and turbulent heat flux,

respectively. These results indicate that, despite the extreme wind con-
ditions, surface currents significantly influence both air–sea momentum
and turbulent heat exchange.

Sincewind stress andheatflux act as the energy sink and source ofTCs,
respectively, we examined how changes in these fluxes affected TC intensity
in the eight selected TCs (Fig. 5).We selected these eight TCs in which both
wind stress and turbulent heatfluxdecreased in the surface current coupling
cases compared to the AW. This selection allows for a clear comparison of
the individual impacts of reducedwind stress inRWτ and reduced turbulent
heat flux in RWQ on TC intensity, with the combined effect represented by
RWboth. We evaluated TC intensity using changes in maximum surface
wind speed andminimum sea-level pressure. A surface wind speed ratio >1
indicates a stronger TC when using relative wind, while a negative sea-level
pressure difference can be interpreted similarly. For the maximum surface
wind speed relative to theAWcase, themedians of RWτ andRWboth exceed
1, while that of RWQ is <1 (Fig. 5(a)). The minimum sea level pressure is
lower in RWτ and higher in RWQ than AW over more than 75% of time
steps during TCs (Fig. 5(b)), representing the strengthening and weakening
of TCs, respectively.

Changes in TC intensity for individual TC are provided in Fig. S5. We
used the positions of the medians to describe the intensity changes. In the

Fig. 3 | Surface current characteristics and relative
wind speed under TCs. a Composite patterns of
average surface current speed (contour) [m/s] and
the angle between the surface wind and surface
current (shading) [degrees] during the pre-landfall
period of TCs in the AW experimental case, within a
250 km radius from the TC center, defined as the
location of minimum surface pressure. The patterns
are shown by following the TCs with the y-axis
aligned to the TC's moving direction with 6-hourly
simulation data. b Violin plot showing the prob-
ability distribution of the ratio of relative wind speed
and absolute wind speed in the TCs in the AW case.
Ratios >1 indicate the relative wind speed exceeds
the absolute wind speed, while ratios <1 indicate the
opposite. Data shown here are grid points located
within a 250 km radius from the TC center prior to
landfall or dissipation, as shown in Fig. 2. The width
of each violin reflects the kernel density estimation
of the distribution. Black and red lines represent
median and mean of this ratio.

Fig. 4 | Changes in air–sea momentum and tur-
bulent heat fluxes under TCs. Box plots showing
the differences of (a) wind stress and (b) upward
turbulent (latent plus sensible) heat flux between
experimental cases, calculated within a 250 km
radius from the TC center with 6-hourly simulation
data, during the period shown in Fig. 2. Box plots
illustrate the median differences, represented by red
lines, and the interquartile ranges (IQR), depicted as
boxes. The whiskers indicate the range of differ-
ences, excluding outliers. Outliers are represented by
black diamonds.
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RWτ case, reduced wind stress decreased energy dissipation, which inten-
sified in 6 out of 8 TCs (left group in Fig. S5). In contrast, the RWQ case
showed that reduced turbulent heat flux weakened the energy supply, and 7
out of 8 TCs exhibited median values indicating weakening (middle group
in Fig. S5). The theoretical frameworkpredicts thatRWbothwouldhave anet
intensifying effect, albeit weaker than RWτ. In the simulation output, the
RWboth showed a weaker intensifying effect than RWτ or even a weakening
effect (right group in Fig. S5).

It is noted that maximum surface wind speed and minimum sea-level
pressure sometimes suggest inconsistent results regarding the TC inten-
sities. For example, in the right groupsFig. S5(a), 7 of 8TCs showeda surface
wind speed ratio >1 in RWboth, but only one TC (2018 Kong-Rey) had a
negative sea-level pressure difference (Fig. S5(b)). The inconsistent inten-
sification observed in RWboth may stem from the differing characteristics of
the two intensity metrics: maximum surface wind speed represents a loca-
lized extreme, whereas minimum sea-level pressure reflects the broader
structural state of the storm. Furthermore, previous studies have shown that
thewind-pressure relationship is not strictly linear, butmodulatedby factors
such as storm size, translational speed, and environmental thermodynamic
conditions38,39. Consequently, wind and pressure may exhibit distinct
responses to current-wind interaction. The minimum sea-level pressure
difference suggests that, when both wind stress and turbulent heat flux
responses are combined, the effects of the source and sink terms of TC
energy—outlined in the Theoretical framework — may compensate for
each other.

To assess the magnitude of the intensity change relative to the
intrinsic TC growth, we first quantified the net sea-level pressure
depression for each TC in the control case (AW), defined as the dif-
ference between the initial sea-level pressure and the minimum sea-

level pressure during the simulation. For each experimental cases, the
difference in minimum sea-level pressure fromAWwas then calculated
and normalized by the corresponding net sea-level pressure depression
of that TC, expressed as a percentage. This metric indicates how large
the changes in intensity was compared to the total growth of the TC. The
average relative changes observed across all time steps and TCs were
+1.3% for RWτ, −1.9% for RWQ, and −0.4% for RWboth. The largest
relative changes observed across all time steps and TCswere+11.1% for
RWτ, −13.7% for RWQ, and +11.1% for RWboth. To check whether
changes were larger than the internal variability of model, we created
and compared three ensemble members for the case of Typhoon Kong-
rey. These members were perturbed with in initial SST condition of an
absolute value <0.01° C at the point of divergence for each experimental
case. In the ensemble members, the changes were within −6.6% to
+4.9%. Notably, these values represent the greatest difference at any
point in the simulation period, rather than differences at the time of
peak TC intensity.

The compensating effect does not imply that RWboth remains
unchanged. When we examined oceanic response, we observed clear
differences. To assess how current–wind interaction influences this
response, we compared SST cooling, a well-known oceanic response to
TCs. As shown in the contours in Fig. 6, TCs exhibited post-TC SST
cooling of 1 ° C on average (contours). The shading represents the SST
difference between RWboth and AW, revealing warmer SST in RWboth—
indicating less cooling. There are multiple drivers that contribute to the
cold wake, such as TC intensity, size, translation speed, and upper ocean
stratification16,40. Here, weaker SST cooling in RWboth is likely due to
reduced upper-ocean mixing with weaker wind stress compared to AW
(Fig. 4). It is worth noting that 2018 Kong-Rey showed weaker SST

Fig. 5 | Changes in TC intensity. Box plots showing
the changes in TC intensity with (a) maximum
surface wind speed (WS) relative to control case
(AW) and (b) minimum sea level pressure (SLP)
difference from control case with 6-h simula-
tion data.

Fig. 6 | SST changes before and after TC passage.
Composite mean SST relative to the TC center (x-
axis) and time from TC passage (y-axis), averaged
over grid points located within 250 km perpendi-
cular to the TC track. The contour lines indicate the
mean SST in the AW case. The shading represents
the difference in SST (RWboth − AW).
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cooling in RWboth (Fig. S6) despite having a stronger TC compared to
AW (Fig. S5). SST is one of the dominant factors influencing TC activity.
This oceanic response, in turn, might affect the generation and trans-
lation of the subsequent TCs.

To evaluate whether these effects extend beyond individual TCs,
we ran a 12 month simulation for the year 2016 under both AW and
RWboth experimental cases. In the TC genesis region (5 ° N – 35 ° N), we
compared themean surface wind speed and SST (Fig. 7a, b). Differences
between the two simulations became pronounced during the TC season,
which started in July. Analysis of zonal mean wind speed, SST, and

detected TCs showed that certain TCs developed only in one simulation
(Lines in Fig. 7c, d). TC genesis differed from the beginning of the
period: two TCs developed only in RWboth in early August, leading to a
local increase in surface wind speed and significant SST cooling. This
resulted in a positive zonal mean surface wind speed difference and a
negative SST difference up to 1 ° C (Shading in Fig. 7c, d). Additional
non-overlapping TCs also emerged later in the simulation. These results
indicate that current–wind interaction affects not only the intensity of
individual TCs but also modulates large-scale atmospheric and oceanic
states and TC activity.

Fig. 7 | Changes in wind speeds and SST in the 12-month simulation. a, b Time
series of themean surface wind speed and SST in the TC genesis region (5° N –35 °
N, 117° E– 157 ° E) from a 12 month simulation with the difference of each
variable between RWboth and AW. c, d show an enlarged view of the period from

July onward, presenting time-latitude plots of zonal-mean surface wind speed and
SST differences between RWboth andAW. Black solid lines indicate the latitudes of
TCs in the AW simulation, while green dashed lines indicate those in the RWboth

simulation.

https://doi.org/10.1038/s41612-025-01316-1 Article

npj Climate and Atmospheric Science |            (2026) 9:44 6

www.nature.com/npjclimatsci


Discussion
Under the TC, strong, wind-aligned surface currents develop, leading to a
reduction in air–sea flux via current–wind interaction. The reduced wind
stress, which is associated with the TC’s energy sink, contributes to its
intensification, whereas the reduced enthalpy flux or turbulent (latent plus
sensible) heat flux weakens the TC. As presented in the Theoretical fra-
mework based on changes in the PI formula and the energy trajectory of
TCs, the numerical experiments confirmed that TC intensity was modified
generally consistent with our expectation.

In addition to the direct effects of current–wind interactions, SST
may also play a role in modulating TC intensity. As shown in Fig. 6 and
Fig. S6, SST differences between RWboth and AW are evident, and
similar analyses for RWτ and RWQ are presented in Figs. S7 and S8. In
RWτ, post-TC SST cooling is weaker than in AW, likely due to reduced
wind stress, similar to what is observed in RWboth. Themagnitude of the
SST difference is smaller than in RWboth, possibly because the inten-
sified TC in RWτ partially compensates for the weakened cold wake.
These weaker cold wake—resulting in warmer SSTs—could, in turn,
indirectly contribute to TC intensification in both RWboth and RWτ. In
contrast, RWQ shows little change in SST cooling, as the cold wake is
primarily a wind-driven process and less sensitive to changes in tur-
bulent heat flux16,41,42.

However, some TCs did not exhibit weakening in RWτ and
strengthening in RWQ (Fig. S5). These discrepancies can be explained as
follows. The TCs that responded in line with the theoretical framework
(Nepartak,Meranti, Malakas,Megi in 2016; Jebi and Kong-Rey in 2018)
showed the average wind–current angles in the right semicircle of
within 35°. In contrast, for TCs (b), (i) and (j) in Fig. S2, the average
angles are above 40°, meaning the current–wind interaction is less
significant. This discrepancy in wind–current angles might be influ-
enced by several factors, such as mesoscale eddies, western boundary
currents, or the mixed layer depth. Further studies are needed to
ascertain the underlying mechanisms.

Another explanation lies in the way TC intensity responds to
current–wind interactions. In a direct response, these interactions imme-
diately alter TC intensity as mentioned. Alternatively, a feedback response
occurs when an initial intensification or weakening of the TC caused by
changes in air–sea fluxes changes surface wind speed, which then affects
momentum and enthalpy fluxes. Additionally, there can be an indirect
response, where current–wind interactions modify the oceanic background
state, subsequently influencingTC intensity.Thismechanismcouldaccount
for the complex intensity changes shown in Fig. 5.

Despite these complexities, our findings demonstrate that
current–wind interactions remain effective even under extreme wind
conditions. Moreover, they modulate both TC intensity and oceanic
responses, suggesting a novel TC-ocean interaction through surface
currents. Given that such interactions can influence not only the
intensity of individual TCs but also TC genesis, affecting seasonal
wind speed and SST patterns. Incorporating them into coupled
modeling systems may therefore improve TC forecasts and climate
projections.

Methods
Modified potential intensity
In the PI theory, entropy gain, defined as the sum of the enthalpy flux and
mechanical heating multiplied by the thermal efficiency, is assumed to be
equal to entropy loss through frictional dissipation29.

Ts�Tout
Ts

fChjVatmjðh� � hÞ þ Vatm � CDjVatmjVatmg
¼ Vatm � CDjVatmjVatm;

ð3Þ

where Ts is the surface temperature, Tout is the temperature at the outflow
layer,Ch andCD are the exchange coefficients for enthalpy andmomentum,
respectively, Vatm is the surface wind vector at the radius of maximum
winds,h* is the saturation enthalpy of the sea surface, andh is the enthalpyof

the atmosphere. InEq. (3), thefirst termwithin the curly brackets on the left-
hand side represents the enthalpy flux, while the second term on the left-
hand side and the one on the right-hand side correspond to the sink of
momentum. From this equation, PI using absolute surface wind (AW) can
be derived as28,29

PIðAWÞ ¼ jVatmj2 ¼
Ts � Tout

Tout

Ch

CD
ðh� � hÞ: ð4Þ

To account for the change of enthalpy flux andwind stress considering
surface currents, wemodify the PI to account for the relativewind vector. By
replacingVatm,which is used in enthalpyflux andwind stress, with thewind
vector relative to the ocean current, Vatm � Vocn, Eq. (3) becomes

Ts�Tout
Ts

fChjVatm � Vocnjðh� � hÞ þ Vatm � CDjVatm � VocnjðVatm � VocnÞg
¼ Vatm � CDjVatm � VocnjðVatm � VocnÞ:

ð5Þ
If we introduce α and θ as the ratio of the relative wind speed to the absolute
wind speed and the angle between these two wind vectors, respectively,

jVatm � Vocnj ¼ αjVatmj ð6Þ

Vatm � ðVatm � VocnÞ ¼ jVatmjjVatm � Vocnj cos θ
¼ α cos θjVatmj2:

ð7Þ

Then (5) can be expressed using Vatm, α, and θ

Ts � Tout

Ts
αChjVatmjðh� � hÞ þ α2CD cos θjVatmj3

� � ¼ α2CD cos θjVatmj3;

ð8Þ

which yields

PIðRWbothÞ ¼ jVatmj2 ¼
1

α cos θ
Ts � Tout

Tout

Ch

CD
ðh� � hÞ ¼ 1

α cos θ
PIðAWÞ: ð9Þ

where RWboth indicates this PI is derived using the relative wind in both
enthalpy and momentum flux. If we incorporate the surface current vector
into the terms related to either enthalpy flux (RWQ) or momentum flux
(RWτ) alone, the potential intensities are modified as

PIðRWQÞ ¼ jVatmj2 ¼ α
Ts � Tout

Tout

Ch

CD
ðh� � hÞ ¼ αPIðAWÞ; ð10Þ

and

PIðRWτÞ ¼ jVatmj2 ¼
1

α2 cos θ
Ts � Tout

Tout

Ch

CD
ðh� � hÞ ¼ 1

α2 cos θ
PIðAWÞ;

ð11Þ

respectively. The formulation of enthalpy flux and momentum flux used
here is described in Table 1.

Growth rate of the TC wind speed
In non-steady conditions, the time rate of change of TC kinetic energy can
be expressed by the sum of the actual generation rate of mechanical energy
and the viscous dissipation rate36:

d
dt

ρAeHjVatmj2
2

� �
¼ ρAeCh kðh� � hÞ 1� Tout

Ts

� �
jVatmj � ρAeCD

Tout

Ts
jVatmj3

ð12Þ

where ρ is the air density near the surface, Ae is the effective surface area
covered by a TC, H ¼ 1

ρ

R
ρðzÞdz is the density scale height of the
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atmosphere and k is the relative efficiency factor (0 ≤ k ≤ 1). Rearranging
this equation after considering surface currents yields the growth rate of the
TC wind speed.

djVatm j
dt ¼ 1

HjVatmj k 1� Tout
Ts

� �
Chðh� � hÞjVatm � Vocnj

�

�CD
Tout
Ts

jVatm � Vocnj2jVatmj
� ð13Þ

where the first term in the parentheses corresponds to the energy source
term from the upward enthalpyflux, while the second termdenotes the sink
term from viscous dissipation. If the source exceeds the sink, the TC wind
speed intensifies; otherwise, it weakens. To visualize this, we prescribed
time-varying surface current speed that increased from 0.3m/s to 1.5m/s
and then decreased to 0.5 m/s (Fig. S9a), assuming they are aligned with the
surface wind. The SST and relative humidity were also varied, initially
remaining constant at 302 K and 0.8 before decreasing to 293 K and
increasing to 0.9, respectively (Fig. S9b, c). We also assume constant
coupling coefficientsCh=1.15× 10

−3 andCD=1.3 × 10
−3 43, typical values of

Tout= 205 K, H = 7500 m, and the enthalpy difference following36 and
references therein.

Description of model and experiments
We use the coupled atmosphere–ocean model known as the
Scripps–KAUST Regional Integrated Prediction System (SKRIPS) v1.244.
SKRIPS integrates the atmospheric component Weather Research and
Forecasting (WRF,45) and the oceanic component MIT general circulation
model (MITgcm,46) combined through the Earth System Modeling Fra-
mework (ESMF) coupler47. In the coupled system, 10-m wind, air–sea heat
fluxes,moistureflux, precipitation and surface pressure are transferred from
the atmospheremodel to theoceanmodel,while surface current andSSTare
transferred from the oceanmodel to the atmosphere model. TheWRF uses
WSM6 microphysics48, New Tiedtke cumulus scheme, Mellor-Yamada-
Nakanishi-Niino (MYNN) surface layer and planetary boundary layer49,50,
and theRapidRadiativeTransferModel forGCMs (RRTMG) longwave and
shortwave51 as physical schemes. Both models have a horizontal resolution
of 0.1°,with a time stepof 30 s forWRFand180 s forMITgcm.The coupling
frequency was set to 180 s.

We designed experiments to examine the isolated effects of momen-
tumflux and enthalpyflux change onTC intensities (Table 1). In the control
simulation, air–sea fluxes are calculated using the absolute wind in all cases.
In the RWτ experiment, the momentum flux is computed using the relative
wind, while in theRWQ experiment, the enthalpyflux is calculatedusing the
relativewind. In theRWboth experiment, bothfluxes are computed using the
relative wind, allowing us to assess the combined effect of these changes.

Themodel domain covers the westernNorth Pacific, extending from 0
to 51.2° N and from 117 to 157° E. The ocean model boundary fields were
obtained fromOceanReanalysis System 5 (ORAS5)52, and initial conditions
were taken from spin-up simulation initialized onMay 1 of 2016, 2017, and
2018 using ORAS5 fields. Since ORAS5 has a resolution of 0.25° while the
SKRIPS model operates at 0.1°, the spin-up simulation generate more rea-
listic dynamics and stronger currents. The spin-up simulation outputs were
used as the initial condition after the domain-mean surface kinetic energy
saturation. The atmospheremodelwas initializedwith the EuropeanCentre
for Medium-Range Weather Forecasts Reanalysis v5 (ERA5)53 at the TC
genesis time. To allow the atmospheric model to adjust the initial and
boundary conditions, the coupled system was run for 12–24 h before
diverging into different experimental cases. Since the initial development
varied among TCs, a 12 h spin-up was used for rapidly intensifying cases.

We simulated twelve TCs that occurred in the western North
Pacific from 2016−2018. Those twelve TCs were selected based on the
following criteria: (1) having a typhoon stage lasting >2 days according
to the Joint Typhoon Warning Center (JTWC) best track data, (2)
maintaining typhoon intensity for >2 days without land interaction,
and (3) remaining within the model domain from the time they reached
severe tropical storm status (maximum wind speed >48 knots) until

landfall or dissipation. Additionally, we only included TCs for which
ocean initial conditions were available from spin-up simulations.

Themethods used to detect and track TCswere adapted fromprevious
studies54,55. The criteria used for TC tracking in our simulations are as
follows: a localminimum in surface pressure, amaximum10-mwind speed
exceeding 16m/s, amaximum850 hPavorticity>4.5×10−5 s−1 anda sumof
temperature anomaly at 850 hPa, 500 hPa, and 200 hPa > 1.5 K. The TC
tracks simulated in each case are shown in Fig. 2. For the analysis, we only
considered the period before landfall to focus on the surface current effects.
The period,maximum surfacewind speed, andminimum sea level pressure
are summarized in Table S1.

Drag coefficient (CD) representation under high winds could affect the
TC intensity and structure simulation56 and the ratio of the exchange
coefficients (Ch/CD) is important for the TC intensity. In MYNN surface
layer scheme, Ch/CD remains unchanged when the wind speed exceeds 25
m/s57. The surface exchange coefficients are expressed as:
CD ¼ k2

½lnðz1þz0
z0

Þ�ψMð
z1þz0

L ÞþψMð
z0
L Þ�

2 ;Ch ¼ k2

½lnðz1þz0
z0

Þ�ψMðz1þz0
L ÞþψMðz0L Þ�½lnð

z1þz0
zh

Þ�ψHðz1þz0
L ÞþψHð

zh
L Þ�
,

where k is the von Karman constant ( = 0.4), z0 is the surface aerodynamic
roughness length, zh is the scalar roughness length for heat andmoisture,L is
theObukhov length, z1 is the height of the firstmodel half-level, andψM,H is
a stability function. Although the MYNN scheme computes surface
exchange coefficients and the roughness lengths for heat and moisture
separately, they are identical in most configurations58. Therefore, we
adopted the enthalpy exchange coefficient form described above. The
roughness lengths are specified by the COARE 3.0 algorithm43. The aero-
dynamic roughness length for COARE 3.0 is a function of u* and the 10m
wind speed,U10,with a variableCharnockparameter.Whencalculating the
Charnock parameter, U10 is bounded between 10 and 18m/s, and there are
lower and upper bounds for roughness length. Therefore, the exchange
coefficients remain constant outside of the bound. According to the avail-
able observational data, Ch and CD increase with wind speed and then level
off, while CD even decreases in strong wind59–63. However, there is still
uncertainty about the behavior of exchange coefficients64,65. We performed
additional theoretical sensitivity tests in varying CD and Ch. Although the
absolute value of the source and sink termofTCenergy budget aremodified,
the current–wind interaction continues to weaken the TC in the RWQ and
strengthen it in the RWτ and RWboth.

Data availability
The Scripps-KAUST Regional Integrated Prediction System (SKRIPS) v1.2
(Sun et al. 2019) is available in the github repository, https://github.com/
iurnus/scripps_kaust_model/releases/tag/v1.2. The Joint Typhoon Warn-
ing Center (JTWC) best track data is obtained from https://www.metoc.
navy.mil/jtwc/jtwc.html?best-tracks.

Code availability
The analytical code employed for the results in this paper is not publicly
available but may be made available to qualified researchers on reasonable
request from the corresponding author.
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