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navigation and other ocean-based human activities. Many 
studies have been conducted to improve the understanding 
and modeling of ocean waves, e.g., to help forecast extreme 
wave events with higher accuracy. Although sea surface 
winds dominate the generation of ocean surface waves, 
background currents might also modulate waves during 
their propagation, and vice versa.

In early work, Longuet-Higgins and Stewart (1962) 
identified that waves and currents were coupled by wave-
induced radiation stress, and that nonlinear interactions 
between them would affect both the wave amplitude and 
the current velocity. In the following decades, wave-current 
interactions have been widely distinguished through vari-
ous types of field observations. In the presence of surface 
ocean currents, wave frequency might experience Dop-
pler shift (Tolman 1991; Villas Bôas et al. 2020) that leads 
to change in the propagation speed, and the regulation of 
wave height can cause altered steepness and possibly wave 
breaking (Peregrine 1976). As Cheng et al. (2022) and 
Wang et al. (2020) showed, the wave height would increase 
(decrease) when waves run in the opposite (same) direction 

1  Introduction

As an indicator of the sea state, sea surface waves have 
direct influence not only on the physical processes at the air-
sea interface and in the upper ocean, but also on maritime 
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Abstract
Ocean wave-current interactions are important physical processes at the sea surface, which can potentially cause extreme 
sea states under certain conditions. Usually, such interactions are more notable in regions with strong waves and back-
ground currents. In this study, focusing on the Kuroshio Extension, we used buoy-measured and altimeter-derived wave 
data to determine variations in wave properties with the background currents. Statistically, the wave height can be under-
estimated (overestimated) by approximately 4% (3%) when the current and waves are in the opposite (same) direction. 
In regions with warm (cold) eddies, the wave height and wavelength inside the eddy are larger (smaller) than those out-
side by approximately 5% and 8% (4% and 4%), respectively, and the wave direction is deflected by 11° anticlockwise 
(clockwise). The wavenumber spectra of wave height and surface current speed are highly correlated with a power law of 
k− 2–k− 3 at scales of 20–200 km for swell-dominated cases. Additionally, the convergence and divergence of wave energy 
resulting from the current-induced refraction of swell are captured. From another perspective, the wave-induced Stokes 
drift calculated using the directional spectrum accounts for 54% of the reanalysis surface currents, and the accuracy of 
the estimated surface current can be improved by up to 14% by considering Stokes drift. This study provided quantitative 
analysis of observed surface wave variations in the Kuroshio Extension region from multiple perspectives.
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as that of the surface current. Besides, Ardhuin et al. (2017) 
found that mesoscale currents contribute to 75% of the spa-
tial variability in wave height at the scales of 100  km in 
the Gulf Stream. Similarly, it was found that variability in 
wave height at scales less than 100 km was well associated 
with the pattern of current vorticity (Quilfen et al. 2018). 
As Dysthe (2001) reported, the current vorticity might 
lead to wave refractions, and accumulation of wave energy 
resulting from convergence can be an important factor for 
occurrence of extreme wave height (Quilfen and Chapron 
2019). Additionally, ocean currents can affect surface waves 
indirectly by modifying the effective wind speed at the sea 
surface (Ardhuin et al. 2012). In the deep ocean, the meso-
scale eddy, a common dynamic phenomenon with energetic 
rotating flows, usually involves in several wave-current 
processes mentioned above on modulating wave parameters 
and spectra. With distinct variations in surface waves, sea 
areas with background mesoscale eddy have been focused 
on in a number of recent studies (BÜHler and McIntyre 
2005; Marechal and de Marez 2021). For example, by 
investigating a typical eddy in the South China Sea with 
sensitivity experiments, Wang et al. (2022) reported that 
mesoscale eddies can alter wave properties (wave height, 
period and steepness) by 20–30% and wave direction by 
30°–40°. Another recent study revealed that the shear terms 
of eddy velocity can modulate wave height and wavelength 
by 18% and 24%, respectively (Tan et al. 2023).

In open ocean areas, the primary wave influence on 
ocean currents is the wave-induced current, i.e., Stokes drift 
(Stokes 1847), attributable to the nonlinearity of waves. As 
the difference between Lagrangian and Eulerian averages 
of a flow field, Stokes drift apparently modifies the current 
field, and by interacting with wind-driven currents, it is con-
sidered responsible for the Langmuir circulation in which 
turbulent motion is transported downward and the water in 
the upper layers of the ocean is mixed (Craik and Leibovich 
1976; McWilliams et al. 1997). Since Stokes drift decays 
rapidly on the scale of the e-folding depth, its impact is lim-
ited to the ocean surface in any case.

Wave-current interactions have been extensively studied 
through field observations and numerical simulations. Usu-
ally, they are more significant by analyzing wave and current 
data with higher resolutions (Ardhuin et al. 2017; De Carlo 
et al. 2023; Romero et al. 2020) because more refined wave 
and current field structures with extreme values are better 
preserved. However, it does not mean that wave-current 
interactions should be ignored in large-scale studies. Using 
global wave simulations, Echevarria et al. (2021) showed 
marked improvement in modeled wave height by including 
surface current forcing, even with eddy-permitting configu-
rations. Moreover, Li et al. (2022) also discussed the influ-
ence of Stokes drift on maintaining sea surface temperature 

stability during Indian Ocean Dipole events. For most of 
wave-current studies, it can be expected that they usually 
focused on regions with strong ocean currents, such as the 
Gulf Stream (Melville et al. 2005; Romero et al. 2017; 
Wang et al. 1994) and the Agulhas Current, where in situ 
wave measurements are frequently conducted (Irvine and 
Tilley 1988; Lavrenov 1998; Quilfen and Chapron 2019). 
The Kuroshio and its Extension (KE) is another strong west-
ern boundary flow system in the Northwest Pacific Ocean 
with mesoscale eddies on both sides of the flow axis, which 
should be a typical region for the research on characteris-
tic of wave variations results from background currents. 
Although the same physical principles can be applied, there 
are few detailed interpretations of wave-current interactions 
based on observations conducted in the KE region, except 
for previous studies that mainly focused on the regulation 
of wave height by surface currents (Hwang 2005; Hisaki 
2023). Hence, more comprehensive analysis based on obser-
vational evidence is necessary to enhance our understanding 
of wave-current interactions and to improve predictions of 
extreme sea states in the KE region.

In this study, we used data obtained from in situ drifting 
wave buoys and the China-France Ocean Satellite (CFO-
SAT) to quantify the modulating effect of ocean currents on 
surface waves and the wave-induced Stokes drift in the KE 
region. The analyses considered various wave parameters 
and spectra based either on statistics or on selected typical 
cases. The remainder of this paper is organized as follows. 
Section 2 introduces the data and methods we used. The bulk 
wave parameters and the wavenumber spectra influenced by 
surface currents are described in Sect. 3.1–3.3. The wave-
induced Stokes drift is discussed in Sect. 3.4. Finally, the 
derived conclusions are presented in Sect. 4.

2  Data and methods

Focusing on the KE region (25°–45°N, 130°–180°E), the 
measurements from both drifting wave buoys and CFO-
SAT are extracted to display wave variations and to further 
interpret the effect of ocean currents. If current velocity and 
wave direction were not available from field measurements, 
reanalysis data were adopted instead. Additionally, the drift 
velocity of wave buoys and Stokes drift determined from 
reanalysis directional spectrum data were used to evaluate 
the relative importance of Stokes drift to the surface ocean 
current.

2.1  Buoy measurements

The buoys used in this study were deployed in the Northwest 
Pacific Ocean by R/V Dongfanghong 3 during 2019–2020 
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as a part of a KE observational campaign. Each buoy com-
prised a nine-component acceleration sensor with 0.4-m 
diameter and total weight of 11 kg for easy deployment and 
rapid in situ observations. The performance of this type of 
wave buoy was verified against that of a Waverider buoy 
(Cheng et al. 2022). The Significant wave height (SWH) 
with 1-h sampling resolution was obtained from 10 drifting 
wave buoys. The SWH adopts the average of the first third 
of wave heights, which is almost the same as that calculated 
by 4.005√

m0 within the observed wave frequency range 
(0.0078–0.5  Hz), where m0 represents the zero moment 
of wave spectrum. The tracks of the undrogued buoys are 
shown in Fig. 1 and the details of deployments are listed in 
Table 1.

2.2  Along-track altimeter data

The CFOSAT launched on 29 October 2018 carries a wind 
scatterometer and a SWIM wave spectrometer with swath 
width of approximately 1000 and 180 km, respectively. It 
provides simultaneous and collocated observations of sea 
surface wind and wave fields with spatial resolution of 
12.5 × 12.5 and 70 × 90 km, respectively. On the basis of the 

two-dimensional directional wave spectrum calculated from 
the “wave box” on both sides of the CFOSAT track, ground 
data processing centers use special algorithms to extract 
bulk wave parameters, including SWH, dominant wave-
length and wave direction either from the entire combined 
spectrum or from the partitional wave spectrum (Hauser et 
al. 2021; Xu et al. 2019). The SWIM data we used is version 
5.1.2. Since the polar-symmetric configuration renders the 
wave spectrum incapable of discerning whether the wave 
is propagating toward or away from a particular direction, 
it includes a 180° ambiguity (Hauser et al. 2017). Thus, we 
corrected the dominant wave direction using the reanalysis 
data described in Sect.  2.3, i.e., it is corrected by adding 
or subtracting 180° if it is not in the same quadrant of the 
reanalysis wave direction. Nadir observations of SWH from 
altimeter and wind speed from scatterometer with higher 
spatial resolution of about 8 km and 1.5 km are also used for 
analysis. Comparison of the nadir SWH from September–
December 2019 with the reanalysis data (Sect. 2.3) revealed 
a mean relative deviation of 6.6%, thereby confirming the 
reliability of the two types of data.

2.3  Reanalysis data

Since the observed velocity of surface current is not avail-
able for such a large area, the 3-hourly reanalyzed ocean 
surface currents are used if necessary. The current data were 
derived from the GLORYS12V1 product based on ERA5 
reanalysis in combination with altimeter measurements 
before June 2020, and then updated by the GLO12v3 prod-
uct, both of which are provided by the Copernicus Marine 
Service (CMEMS) with 1/12° resolution. Notably, the cur-
rent can be regarded as at least the combination of wind, 
geostrophic, and inertial currents; therefore, it is expected to 
be close to the real background current.

Table 1  Details of the drifting wave buoys deployed
ID Date of deployment Location of deployment Duration (days)
165 September 8, 2019 152.9°E, 37.6°N 230
166 September 8, 2019 153.4°E, 37.6°N 233
167 September 8, 2019 153.9°E, 37.6°N 233
133 November 10, 2019 150.0°E, 35.0°N 75
134 November 8, 2019 150.0°E, 40.0°N 50
136 November 13, 2019 150.0°E, 28.0°N 107
181 June 17, 2020 149.3°E, 39.0°N 76
182 June 17, 2020 149.3°E, 39.0°N 76
183 June 21, 2020 146.7°E, 35.0°N 72
186 June 21, 2020 146.7°E, 35.0°N 72

Fig. 1  Map of averaged reanaly-
sis current velocity in September 
2019 overlaid with trajectories 
of 10 wave buoys deployed in 
September 2019 (red lines), 
November 2019 (magenta lines) 
and June 2020 (orange lines). 
Locations of buoy deployment 
are indicated by black stars
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3  Results and discussions

3.1  Variation in wave height with currents

To display the variations in surface waves with background 
ocean currents in the KE, several correlations between quan-
tities related to wave height and current velocity are investi-
gated. Firstly, focusing on flow axis regions with relatively 
stable and strong currents, two typical cases on 27 Novem-
ber 2019 and 1 December 2019 are shown in Fig. 2a and 
c, respectively. In each case, the altimeter crossed the flow 
axis with one buoy located nearby. By collecting the SWHs 
and surface current vectors at the buoy location and along 
the altimeter track on the day, the joint distributions of SWH 
and the angle between the propagation directions of waves 
and currents (hereafter, A, range: 0°–180°) are shown in 
Fig. 2b and d. According to the reanalyzed wind product, the 
wind speed vectors for these two cases changes small indi-
cating relatively steady wind fields. Thus, the impact of the 

Similarly, the wave parameters, i.e., SWH, peak wave 
period, mean wave direction, peak wave direction and 
Stokes drift data, covering the KE were obtained from the 
global surface 1/5° product with a 3-hour interval based on 
the Météo-France wave model (MFWAM) provided by the 
CMEMS. To investigate the wind effects in typical cases, 
we also used the WIND_GLO_PHY_L4_NRT_012_004 
hourly sea surface wind speed product with 1/8° resolution 
provided by the CMEMS.

The daily gridded level-4 sea level anomaly (SLA) 
with 1/4° resolution, obtained from the Data Unification 
and Altimeter Combination System product provided by 
the CMEMS, was used to detect mesoscale eddies. In this 
product, the SLA is estimated using optimal interpolation of 
merged L3 along-track measurements from different altim-
eter missions.

Fig. 2  CFOSAT trajectory (black lines) and buoy locations (red dots) with background current on (a) 27 November 2019 and (c) 1 December 2019, 
respectively. (b) and (d) are the corresponding SWH as a function of A with the R in the left bottom
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where Hri and Hoi are the reanalysis and observed SWH 
at buoy locations, respectively, subscript i denotes each 
observing point, and n is the total number of observa-
tions. Next, to examine the effect of ocean currents on wave 
height, two types of difference, D (excluding the effect of 
the mean deviation) and P  (relative to the observation), are 
defined as follows:

Di = Hri − Hoi − B� (2)

Pi = Di

Hoi
× 100%� (3)

The calculated D and P  versus A are shown in Fig.  3. 
Generally, the reanalysis SWHs are higher (lower) than the 
observations when the waves and currents are in the same 
(opposite) directions. The linear fits of averaged values 
of both D and P  for each bin of A with a 15° interval 
are characterized by negative slopes, depicting the statis-
tical relationship of wave height deviations and the angle 
between waves and currents. Specifically, when A is 0°, 
i.e., the directions of waves and currents are the same, the 
reanalysis SWH is 0.10  m (approximately 3%) higher on 
average than that observed. When waves and currents are 
in opposite directions, i.e., A = 180°, the reanalysis SWH 
is 0.11 m (approximately 4%) lower than that observed. As 
expected, the variation in SWH with change in A is lower 
than the value of 5–7% reported by Cheng et al. (2022) 
who adopted unassimilated model data. However, it con-
firms that even reanalysis wave data with assimilation can-
not fully represent the current effects on waves in the KE 
region. For example, variations in SWH, resulting from the 
relative directions between surface waves and currents, are 
accounted for by both the direct influence of the Doppler 
shift through maintaining wave action conservation and the 
indirect influence of regulating relative wind.

Besides displaying the relationship between SWH and A 
at selected buoy locations, we further investigate the spatial 
wavenumber spectra of SWH and surface current velocity 
along the satellite trajectory using Fourier transforms. To 
do so, we analyzed a series of cases from 1 September to 
31 December 2019. In each case, we selected a 6-latitudes 
part of altimeter tracks crossing the current axis where cur-
rent effects on waves are expected to be notable, and the 
distance to adjacent observing points was approximately 
8  km. Then the resolvable wavenumbers were for k =
0.003–0.063 cycles/km (scales of 16–375 km). The current 
velocity is interpolated from reanalysis data to the altim-
eter tracks. For the cases investigated, the behaviors of 
wave and current spectra are not always similar though the 
background current keeps stable and strong. It implies that 
sometimes the wind-wave generation dominate the regional 

ocean currents on the surface waves was less contaminated 
by the sea surface wind. Furthermore, no accidental extreme 
wave height was found in the reanalysis SWH field.

For the cases selected, it is evident that the SWH increases 
with increasing A for both the altimeter and the buoy mea-
surements. And the latter shows larger correlation coeffi-
cients R reached 0.67 for the case on 27 November 2019. If 
a linear least square fitting is performed to roughly describe 
the relationship, the slope of the fitting line is greater for 
the buoy data at a smaller scale with a higher spatial resolu-
tion. Generally, the relation between SWH and A is con-
sistent with that reported in previous studies (Hwang 2005; 
Romero et al. 2017; Wang et al. 2020), and the variation in 
SWH from CFOSAT shown in Fig. 2b is comparable to that 
observed by Romero et al. (2017) in the Gulf of Mexico, 
i.e., 0.30 m with a 180° change in A.

Of note, it is hard to capture a perfect regular wave 
propagating across the KE and any other sea areas in the 
field as well. Although the effects of wind are artificially 
minimized by selecting cases with stable sea surface winds, 
the presented SWH with variation in A remains affected 
by the inhomogeneity of the ocean waves, e.g., the vari-
ance induced by wave groups (De Carlo et al. 2023). From 
another perspective, analyzing wave and current field data 
at different scales might lead to different results quantita-
tively, which is confirmed by the differences in the rate of 
SWH change with A between the buoy and the altimeter 
measurements, but the positive relation remains consistent 
qualitatively. Except for two specific cases discussed above, 
we further statistically investigate the changes in SWH and 
perform spatial spectral analysis of the SWH to show the 
general features of wave heights regulated by currents in 
the KE region.

Based on statistical analysis, random influences on the 
variation in SWH can be well excluded. Hence, all mea-
sured SWHs of buoys 165, 166, and 167 with relatively 
long drifting distances and time series are compared with 
the reanalyzed SWH to verify whether the effect of A on 
SWH is still significant in the KE region. Though the reanal-
ysis wave data based on the MFWAM are assimilated using 
field observations, which implies that the current effects on 
waves are contained within the data to some extent. It is 
believed that those effects are not fully represented because 
they are not considered in the simulation with the MFWAM 
itself (Hisaki 2023). Therefore, it is expected that the varia-
tion in SWH resulted from currents can be reflected by the 
difference between buoy-measured and reanalyzed SWH. 
To do so, the average bias B was first calculated as follows:

B = 1
n

∑
n
i=1(Hri − Hoi)� (1)
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values (at scales < 20 km), the behaviors of the two spectra 
no longer exhibit strong correlation. On the one hand, the 
spatial variation in SWH is closely associated with-wave 
groups at scales smaller than 20 km (De Carlo et al. 2023). 
On the other hand, the accuracy of the spectra is reduced 
because the wavenumber is close to the Nyquist wavenum-
ber. Hence, we remain caution to interpret the current effects 
on waves with the presented data at scales less than 20 km. 
Similarly, the accuracies of the spectra at very small wave-
numbers are also limited by the length of the selected track.

Apart from the angle between wave and current direc-
tions ( A) and the current velocity, wave height variability 
is also believed to be well associated with the vorticity of 
the background current field (Quilfen et al. 2018; Romero et 
al. 2020). From a statistical perspective based on numerical 
simulation data, Villas Bôas et al. (2020) proposed a posi-
tive relationship between the spatial gradients of SWH and 
the vertical vorticity of surface current for narrow-banded 
swell that can be expressed as follows:

Cg
|∇ Hs|RMS

⟨Hs⟩
∝ Sζ RMS � (4)

where Cg  is the group velocity of waves determined by 
Cg = gTp

4π , ⟨∇ Hs⟩RMS  is the root mean square (RMS) 
SWH gradient, ?Hs? is the mean SWH, S is the spectral 
slope of the currents and ζ RMS  is the RMS vertical vortic-
ity of the current. These parameters can be calculated based 
on altimeter-derived SWH and reanalysis current velocity 

distribution of SWH to a great degree. To verify it, the wave 
age β  defined as: β = Cp

U10
 is applied to judge the domi-

nance of wind-wave or swell, where U10 is the 10-m wind 
speed and Cp = gTp

2π  is the phase velocity of the dominant 
wave component with the peak wave period Tp. Generally, 
cases with bad correlations between the SWH and current 
velocity spectrum are wind-wave dominated, i.e., β < 1.2 
(Komen et al. 1994). For example, on 12 September 2019, 
the SWH spectrum is highly related to the wind speed spec-
trum at almost all the scales distinguished, while it is not to 
the current velocity spectrum as Fig. 4c and d shows. On the 
contrary, when swell is dominant, e.g., the case shown in 
Fig. 4a, the two spectra of SWH and current velocity display 
a considerable similarity. As the shaded section shows in 
Fig. 4b, there is a clear correspondence between the SWH 
and current velocity spectrum at scales of 18–191 km. Com-
pared with wind-wave cases, it is more likely to extract the 
current-induced modulation on spatial distribution of SWH 
from swell-dominated cases in the KE region as the wind-
induced variation in SWH is less significant.

For the scale of mesoscale currents, the strong correla-
tion between SWH and current speed shown here has also 
been confirmed in numerical studies of the Gulf Stream. The 
power law slopes of the two spectra in Fig. 4b are approxi-
mately − 2 to − 3, which is same as that reported by Ardhuin 
et al. (2017), implying the spatial variabilities of waves and 
currents in the KE region are comparable to those in the 
Gulf Stream. Notably, as the wavenumber increases to larger 

Fig. 3  (a) D and (b) P  as a function of A. Red dots denote averaged values for each 15° bin, and the solid line is their linear fit which has passed 
the significance test with a confidence level of 95%
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linear relationship will be more robust with smaller stan-
dard deviation for each bin of Sζ RMS . In general, the fit 
of medians shows a clear positive linear relationship which 
indicates the nonnegligible influence of current vorticity on 
the spatial gradients of SWH.

3.2  Variations in wave parameters across eddies

Mesoscale eddies in the global ocean can substantially mod-
ulate the features of ocean waves (Marechal and de Marez 
2021; Wang et al. 2022), and the KE region is an area rich in 
vortex systems. To quantify the influence of eddies on ocean 
waves, we identified 45 tracks in a 6-month period (Septem-
ber 2019 to February 2020) of SWIM data that passed over 
mesoscale eddies in the KE region; 25 (20) tracks passed 
over cold (warm) eddies. Here, we ignored cases of eddies 
affected by local strong wind systems, e.g., typhoons. The 
“wave box” grids along the track were classified into two 

and peak wave period Tp. Here, data along CFOSAT tracks 
on each day from July to December 2019 are considered to 
check the applicability of Eq.  (4) in the KE region (30°–
40°N, 140°–160°E). On each day, Cg  is the averaged group 
velocity along each track, and S is the approximate power 
law slope of the current spectrum, with approximately 85% 
of its values ranging from − 3 to -2 as shown in Fig. 4b and 
d. As shown in Fig. 5, the boxplot of the relation between 
Cg

|∇ Hs|RMS

?Hs?  and Sζ RMS  partially confirms the regula-
tion of the wave height gradient attributable to current 
vorticity. In fact, the linear relationship between these two 
terms for each case is not as robust as that found by Villas 
Bôas et al. (2020). On one hand, methods of approximation 
adopted to determine Cg  and S will introduce uncertain-
ties. On the other hand, Eq.  (4) is designed for narrow-
banded swell which ignores wind forcing, it might not be 
fully applicable to wind-driven waves in the KE region. If 
only the swell-dominated cases ( β > 1.2) are focused, the 

Fig. 4  (a) Current velocity with CFOSAT trajectory. Black and red 
lines represent wind-wave and swell dominance, respectively. (b) 
Wavenumber spectra of SWH, current velocity and wind speed with 

approximate power laws on 19 September 2019. (c) and (d) are same 
as (a) and (b), respectively, but for 12 September 2019
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warm eddies separately. We collected the SWH, dominant 
wavelength, wave direction (increasing clockwise from 
geographic north) and wind speed both inside and outside 
each eddy and investigated their variations. All of the wave 
data were determined from the entire combined spectrum 
from the SWIM. Among them, variations in wave direction 
were determined as the difference between the direction of 
wave groups entering an eddy and that of wave groups leav-
ing an eddy. And the average statistics are shown in Table 2.

The results indicated that the mean SWH of warm eddies 
is higher inside the eddy on average, whereas the converse 
is true for cold eddies. The absolute values of the relative 
deviation between the inside and the outside of warm and 
cold eddies show no big difference (around 5%). Cor-
respondingly, the mean dominant wavelength is higher 
(lower) inside warm (cold) eddies, and the absolute dif-
ference between the inside and the outside of warm (cold) 
eddies are approximately 8% (4%). For the wave direction, 
generally, it exhibits a tendency to increase clockwise when 

types according to their location: outside or inside the eddy. 
As shown in Fig. 6, the outermost closed SLA contour was 
taken as the eddy boundary, the area with homogeneous vor-
ticity was defined as the inside of the eddy, and the outside 
of the eddy was considered the area with changing vorticity 
but not in another eddy.

As reported in previous studies, surface waves might 
behave differently when propagating through cold and warm 
eddies owing to the different thermal and dynamic structures 
at the air–sea interface (Chelton and Xie 2010). Hence, we 
analyze the variations in wave parameters across cold and 

Table 2  Mean variations in wave parameters and wind speed at differ-
ent eddy locations
Parameters Eddy locations Warm eddies Cold eddies
SWH (m) Inside 2.94 2.87

Outside 2.80 2.99
Inside − Outside 0.14 (5%) -0.12 (-4%)

Wavelength (m) Inside 184 195
Outside 169 203
Inside − Outside 15 (8%) -8 (-4%)

Wind speed (m/s) Inside 11.55 9.91
Outside 10.88 10.17
Inside − Outside 0.67 (6%) -0.25 (-3%)

Deflection (°) \ -11 11 (clockwise)

Fig. 6  Illustration of the defini-
tion of different eddy locations. 
Yellow line represents the CFO-
SAT trajectory on 30 September 
2019 with the “wave boxes” 
observed by the SWIM shown in 
purple. Green and magenta dots 
identify boxes that are inside and 
outside the eddy, respectively. 
Background colors represent 
surface current vorticity with 
contours of the SLA

 

Fig. 5  Boxplot of Cg
|∇ Hs|RMS

⟨Hs⟩  as a function of Sζ RMS . Grey and 
orange dashed lines represent the linear fitting lines of medians for 
all cases and swell-dominated cases, respectively, with corresponding 
mean standard deviation (SD) values for each bin of Sζ RMS . The two 
fitting lines have both passed the significant test with a 95% confidence
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outside (4.5 m/s). Moreover, the general trend of variation 
in SWH is opposite to that in wind speed along the track. 
For example, at the north edge of the eddy, weaker waves 
are corresponding to stronger winds compared to those at 
the south edge of the eddy. So, apparently, it is a typical 
situation discussed in Sect. 3.1, i.e., the variation in A tends 
to become the primary factor leading to wave variability.

In the KE region, different from an ideal experiment, the 
observed waves usually experience multiple effects related 
to mesoscale eddies. The existence of these physical pro-
cesses, at least the eddy-induced modulation of the surface 
wind, variation in A, and refraction mentioned subse-
quently, ultimately determines the complexity of wave vari-
ability. Under different situations or with different methods 
of data analysis, many of these mechanisms could become 
important. However, the statistical average corresponds to 
the wind strength regulated by the polarity of eddies because 
a variety of influencing factors can be regarded as random 
processes which are equivalent for the two types of eddies.

3.3  Wave refraction by currents

Wave refraction, which is a typical phenomenon that occurs 
when surface waves propagate through a field with back-
ground currents in the ocean, has been both observed and 
modeled in previous studies (Kenyon 1971; Peregrine 
1976; Quilfen and Chapron 2019). The detailed theory of 
refraction can be found in Dysthe (2001). The main two 
assumptions are as follows: (1) the current field is consid-
ered time-independent during swell propagation, and (2) the 
swell does not dissipate when it travels through the current 

waves are propagating through a cold eddy, whereas the 
deflection is in the opposite sense for a warm eddy. Such 
curvature can be explained by the wave refraction induced 
by local vorticity (Dysthe 2001), i.e., the wave direction will 
be deflected clockwise (anticlockwise) by traveling through 
a region with positive (negative) vorticity. On average, the 
deflection is approximately 11° which is comparable to the 
values found in the South China Sea, however, the rela-
tive variation in SWH found in this study is approximately 
one-third as a percentage compared to that reported in Tan 
et al. (2023). The relatively small variation in SWH in the 
KE region is probably attributable to stronger waves (three 
times larger in terms of SWH) with higher wind-wave frac-
tions and stronger wave breaking implying a more complex 
situation involving multiple mechanisms.

From another point of view, this result shows the waves 
in warm eddies are generally stronger than those in cold 
eddies, which can be well explained by the stronger winds 
in warm eddies as shown in Table 2, i.e., the cyclonic eddies 
will slacken near-surface winds (Frenger et al. 2013). How-
ever, it should be noted that it is a statistical result for 45 
cases in the KE region. In a specific case, waves may not 
follow the general behavior propagating through an eddy. 
For clarification, a case on 8 October 2019 with westward 
waves travelling through a cold eddy located at 154°–
156°E, 31°–33°N is selected to display the difference of 
SWH between the inside and outside of the eddy, which is 
shown in Fig. 7. According to the results shown in Fig. 7b 
and c, it is found that the average SWH inside the eddy 
(2.0 m) is larger than that outside the eddy (1.9 m) though 
the average wind speed is smaller (3.7 m/s) inside than the 

Fig. 7  (a) A cold eddy in the KE region with the SWIM track (black 
line). Colored shading, black and orange arrows represent the SLA, 
current and wave forward directions, respectively. The green and red 
boxes represent outside and inside regions of the eddy, respectively. 

(b) Smoothed SWH and (c) wind speed along the SWIM track on 8 
October 2019 with grey dashed lines representing the mean values 
within boxes
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Owing to notable ray deflection, localized sea state gra-
dients can be anticipated and well traced in altimeter sig-
nals (Quilfen et al. 2018). To display wave refraction in the 
KE region, two cases with relative steady wave fields and 
one altimeter trajectory were selected as examples to pre-
dict the wave refraction. One case shown in Fig.  8a–c is 
at 12:00 UTC on 7 September 2019. The swell came from 
the southeastern area outside the region and traveled for 
2 days with a forward angle of 310° relative to north and 
peak wavelength of 90 m. The waves traveled through the 
KE region with a group velocity of 6.0 m/s, and the maxi-
mum surface current velocity met along the flow axis was 
approximately 2.0 m/s. On the basis of Eq. (6), the predicted 
rays are shown in Fig.  8c with the accumulated angle of 
wave deflection reaching 40° while propagating approxi-
mately 200 km. Similar to Quilfen et al. (2018), we selected 
data from the altimeter track across the same region dur-
ing period of travel of the swell train to extract evidence of 

system. The governing equation of wave trains can be 
expressed as follows:

dx

dt
= ∂ Ω

∂ k
,
dk

dt
= −∂ Ω

∂ x
� (5)

where Ω (k, x) =
√

gk + k • U  is the dispersion rela-
tion for gravity waves in deep water, and k and U  are the 
surface wave and current vector, respectively. The angle 
of ray curvature ϕ  is given by the following (Quilfen and 
Chapron 2019):

ϕ = ζ l

Cg
� (6)

where ζ  is the vertical vorticity of the surface current, and 
l is the distance traveled by the swell trains with the wave 
group velocity Cg .

Fig. 8  (a) SWH (smoothed in red line) and (b) wind speed as a func-
tion of latitude. (c) Predicted rays overlaid on current velocity on 8 
September 2019. Magenta line represents the altimeter trajectory and 

green dots represent the predicted locations of the swell when the 
altimeter passed over the region. (d)–(f) Same as (a)–(c), but on 22 
December 2019
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relation to in situ measurements. Therefore, for the purpose 
of displaying more information with the available data, we 
combined drifting buoy data and reanalysis data to quantify 
the relative importance of surface Stokes drift to ocean cur-
rents, and to verify whether surface currents are better esti-
mated when considering the surface Stokes drift.

For deep water, Stokes drift can be calculated using bulk 
wave parameters, which can be defined as follows (Tamura 
et al. 2012):

Ub = g−1π 3H2
s T −3

p � (7)

where g is gravitational acceleration, Hs is SWH, and Tp 
is the peak wave period. Stokes drift can also be estimated 
using a wave spectrum, which is widely believed to have 
higher accuracy (Webb and Fox-Kemper 2015) and can be 
defined as follows (Breivik et al. 2014):

Us = 16π 3

g

∫ 2π

0

∫ ∞

0
f3kF (f, θ ) dfdθ � (8)

where k is the unit vector in the direction of the wave com-
ponent wavenumber, and F (f, θ ) is the frequency direc-
tional spectrum with an f−5 spectral tail.

Both methods were used to calculate Stokes drift val-
ues at the buoy locations, which were then compared to the 
reanalysis surface currents. Because the buoy was designed 
to reduce the leeway speed which should be less than 1% of 
the wind speed according to the estimation in Poulain et al. 
(2009), it is a good indicator of the actual surface current, 
the time and location information recorded by the buoys can 
be used to directly estimate the surface velocity in the field. 
As examples, four kinds of surface velocity at locations of 
buoy 134, 165, and 181 are shown in Fig.  9. For clearer 
expression, Cr and Cb are defined as the sea surface cur-
rent velocity from the reanalysis data and estimated from 
the buoy tracks, respectively. The latter is also regarded as 
the real current velocity at the sea surface. It is evident that 
the reanalysis current velocity Cr vectorially together with 
the Stokes drift estimated by the wave spectrum Us, which 
is usually larger than that estimated by bulk wave param-
eters Ub, is the closest to the actual sea surface current Cb 
most of the time (i.e., 59%, 63%, and 52% of the time for 
buoy 134, 165, and 181, respectively). Besides, the aver-
aged ratio of Us to Cr is 49%, 59%, and 25% for buoy 134, 
165, and 181, respectively, and 54% for the total average, 
thereby indicating the considerable importance of Us for 
evaluating the surface current in the KE region. By the way, 
because the temporal resolution of the buoy location data is 
higher than that of the reanalysis data, the fluctuations in the 
time series of Cb are more notable than those in the other 
three series.

swell convergence and divergence. On 8 September 2019, 
the waves propagated to a region (green dots) near the tra-
jectory of the CFOSAT track. By collecting observed SWH 
and wind speed data along the track, which are shown in 
Fig. 8a and b as a function of latitude, it can be found that 
the SWH near 36.5°N is approximately 0.3 m larger than 
that both at around one latitude north or south even the sea 
surface wind is higher at south. However, according to the 
predicted wave rays, convergence occurred from 35.6°N to 
36.6°N (red shadows in Fig. 8a–b), which could explain the 
observed local high SWH.

Another case of swell coming from the northwest of 
the KE region is shown in Fig. 8d–f. As the swell propa-
gated from the northwest toward the southeast with a group 
velocity of 8.2 m/s, it probably reached the location of the 
altimeter track on 22 December 2019. Along the track, the 
variation in observed SWH generally follows that of wind 
speed, except for the section from 33.8°N to 35.4°N (red 
shadows in Fig.  8d–e), where a local minimum in SWH, 
approximately 0.4 m smaller than the north and south sides 
of the area, corresponds to a local maximum in wind speed. 
Analogous to the previous example, divergence occurred in 
the middle of the region according to the predicted wave 
rays. Thus, it makes sense that the wave energy is locally 
lower with stronger surface winds.

Since SWH in the open ocean is undoubtedly influenced 
by local winds, the convergence and divergence of wave rays 
that we predicted cannot always fit the variability in SWH 
exactly; however, it still provides a method to help us detect 
possible wave anomalies. The above-observed evidence 
shows that swell can undergo marked refraction in the KE 
region where the background currents are strong and com-
plex. The bending of wave rays will result in convergence 
and divergence of wave energy introducing greater variabil-
ity in the wave fields, which could be more than 0.4 m as the 
above case shows. Such magnitude of wave refractions has 
also been verified in simulations and observations in other 
regions with energetic mesoscale variability, e.g., the Agul-
has Current (Kudryavtsev et al. 2017; Quilfen et al. 2018). 
In other words, it would cause greater uncertainty in wave 
forecasts based solely on sea surface winds.

3.4  Wave-induced Stokes drift

Surface waves can affect currents in several ways and even 
some of them are indirect. In this part, we focus on the most 
direct influence that waves have on surface currents, i.e., 
Stokes drift. Stokes drift, which decays rapidly on the scale 
of the e-folding depth, is regarded as the difference between 
the Lagrangian and Eulerian averages of a flow field (van 
den Bremer & Breivik, 2018). With respect to the KE 
region, Stokes drift has rarely been discussed, especially in 
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The mean percentage of cases with Ds < Dr is 55% of 
the total and up to 62% for buoy 134. For all cases, the 
improvement in accuracy of the surface currents estimation 
Dr − Ds is approximately 4% and up to 14% if we focus 
only on cases with Ds < Dr cases. Besides the magnitude 
of velocity, the change of surface current direction is also 
evaluated. As shown in Table 3, if Cr is with Us, the current 
direction is improved for 56% of the total cases. And it is up 
to 64% for buoy 136. These results mean that the estimation 
of surface currents will be improved by further considering 
the Stokes drift derived from wave spectra. Furthermore, if 
the results are categorized into different regions, it is evident 
that the improvement is greater in sea areas without a flow 
axis and eddies, i.e., smaller background currents. And by 

To evaluate the importance of Stokes drift to the surface 
current in the KE region in details, we define Dr as the rela-
tive error between Cr and Cb, and Ds as the relative error 
between Cr + Us and Cb.

Dr = |Cb − Cr|
Cb

× 100%� (9)

Ds = |Cb − (Cr ∓ Us)|
Cb

× 100%� (10)

The statistical results for all selected buoys are presented in 
Table 3. By vectorially combining Cr and Us, the accuracy 
of the surface current estimation is improved on average. 

Fig. 9  Comparisons of Cb (gray), Cr  (green), Cr + Us (magenta), and Cr + Ub (blue) for buoy (a) 134, (b) 165, and (c) 181. Orange bars in 
the bottom represent the ratio of Us to Cr
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comparison, the Stokes drift in the eastern KE region con-
tributes more to the surface current than that in the west, 
mainly because of stronger waves associated with the lon-
ger fetch of the westerlies.

4  Conclusions

Wave-current interactions have long been a popular research 
topic. A number of theories, which is usually considered uni-
versal, have been proposed to interpret the observed wave 
variations attributable to their interactions, and to quantify 
the wave-current coupling effects in numerical models. In 
the real ocean, the behaviors of surface waves influenced by 
currents manifest differently in different areas and on differ-
ent spatiotemporal scales. In this study, focusing on the KE 
region, we quantified the surface wave variations relating 
to ocean currents based on drifting buoy data and CFOSAT 
observations acquired during 2019–2020. The main find-
ings are summarized below.

1.	 Under relatively stable wind conditions, the buoy-mea-
sured and altimeter-derived SWH is positively related 
to the angle between currents and waves. Statistically, 
wave height can be underestimated (overestimated) by 
4% (3%) on average when the current and waves are in 
the opposite (same) direction.

2.	 For swell-dominated cases, the wavenumber spectra 
between SWH and surface current speed show high 
similarity with a power law of k− 2–k− 3 at scales of 
20–200 km. Moreover, the local wave height gradient is 
positively related to current vorticity.

3.	 By averaging along-track wave data over 45 mesoscale 
eddies, it is found that the SWH and wavelength inside 
warm (cold) eddies are higher (lower) than those outside 
the eddies by approximately 5% and 8% (4% and 4%), 
respectively. In terms of direction, waves are deflected 
by 11° anticlockwise (11° clockwise) by warm (cold) 
eddies.

4.	 Convergence and divergence of waves, which could 
result in variation in SWH of > 0.4 m owing to refrac-
tion, can be captured by altimeter-derived wave height. 
The curvature of wave rays can lead to a change in wave 
direction of more than 40° when propagating approxi-
mately 200 km.

5.	 Stokes drift is shown to account for 54% of reanalysis 
current, i.e., contribute markedly to the sea surface cur-
rent. By considering Stokes drift calculated using the 
directional spectrum the estimated sea surface currents 
could be improved by 4% on average and up to 14%.
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In this study, we investigate the surface wave variations 
in the background current field of the KE region based on 
measurements from both drift buoys and CFOSAT, which 
has greatly enriched the understanding of wave-current 
interactions in this region. However, it is still impossible 
to fully separate the various mechanisms, just like control 
run numerical experiments, from the presented observations 
even sometimes we only focus on the cases with relative 
ideal environmental conditions. Another limitation is that 
the reanalysis data used in this study, e.g., the sea surface 
current data, lack representation of the wave-current cou-
pling effect, which introduces uncertainties in quantifying 
the responses of both waves and currents resulting from 
their interactions. To improve on this, use of a fully coupled 
air-ocean-wave model with reliable parameterizations and 
joint observations of winds, currents, and waves will be of 
paramount importance.
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