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Abstract Ocean waves are essential elements across the air-sea interface, regulating momentum and energy
transfer. The mixture of wind sea and ocean swell coupled with surface winds results in diverse sea state
conditions that modify the local air-sea interaction. Previous classifications of wind waves and swells are mostly
binary that are insufficient to represent the complexity of sea states. In this study, we utilize wind and wave
measurements from the China-France Oceanography Satellite (CFOSAT) to construct an observational wind-
wave ensemble. Four key parameters: wind speed, significant wave height, inverse wave age, and spectral width
are selected out of six variables based on their correlations. Employing the unsupervised learning of k-means
clustering, global sea states are categorized into six distinct classes. These classes, characterized by unique
centroids and separated in the feature space, represent specific wind regimes and degrees of wave development.
Global occurrence highlights that each sea state is region-specific, bridging the spatial gap of swell and wind sea
dominated areas, respectively. This new grouping scheme complements the traditional wind sea and/or swell
classification by resolving the diversity of wave regimes. The six-class classification enables us to identify
transitional states and hybrid conditions that may have been overlooked in the binary classification scheme,
which shall help investigate the impact of ocean waves on the air-sea interaction under varying sea states.

Plain Language Summary Ocean waves are vital in the interaction between the ocean and the
atmosphere, affecting the exchange of energy and momentum. The China-France Oceanography Satellite
(CFOSAT) can provide concurrent observations of wind vectors and ocean wave directional spectrum. This
study selects four key wind and wave parameters from CFOSAT measurements: wind speed, significant wave
height, inverse wave age, and spectral width. A type of unsupervised learning technique, k-means clustering, is
applied to group these parameters and classify different sea states. Through this method, six distinct classes of
sea states are obtained each representing a specific combination of wind and wave characteristics. These sea
state classes are unique and independent when looked at together in a four-dimensional feature space. However,
when considering just one variable, they can overlap. This approach shows that each sea state has particular
regional variations, helping bridge the gap between regions dominated by swell and those dominated by wind-
generated waves.

1. Introduction

Ocean surface waves generated by the surface wind forcing form the interface between the atmosphere and the
underlying ocean. They are well acknowledged for their influence on the momentum, heat and mass flux transfer,
being essential components in global atmosphere-ocean interactions and climate models (Cavaleri et al., 2012).
Information on ocean waves is also important for the design of offshore infrastructures and the safety of sea-going
activities, among others (Janssen et al., 2003). Many aspects of ocean wave related dynamics have been studied,
from the mechanism of wave generation (Donelan et al., 2006; Miles, 1957), to their impact on the air-sea fluxes
(Donelan et al., 1997; Shimura et al., 2020), to the global sea state climate (Young et al., 2011; X.-M. Li, 2016;
Lobeto et al., 2022).

Ocean waves are usually categorized into two types in terms of their coupling to local winds: wind seas and
swells. Wind sea is locally generated, under growth or in equilibrium with the local wind (Kinsman, 1965). Ocean
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swell are wave systems originating from distant storms that outrun their generation area and radiate across the
ocean basins. Over the long-distance propagation of thousands of kilometers, swell systems are almost not
coupled to the local winds and barely extract momentum (Ardhuin et al., 2009; Collard et al., 2009; Snodgrass
et al., 1966). Sea state is often a mixture of these two types of ocean waves that may exhibit the superposition of
multiple swell systems with a local wind sea. Growing wind waves might extract momentum from the atmo-
sphere, while swell waves contribute to modifying the momentum exchange in ways depending on their relative
speed versus near surface wind speed (Donelan et al., 1997). It has been reported that upward momentum flux
from the ocean to the atmosphere can occur under the conditions when swell propagates faster than the local wind
speed (Ardhuin et al., 2010; Grachev & Fairall, 2001). To develop a climatology of wind—wave interactions that
account for both wind waves and swell systems, it is therefore of great interest to monitor but also categorize the
sea states.

The common approach for sea state classification is to separate wind sea dominated cases from swell dominated
cases using a method based either on the simple relationship between significant wave height and wind speed that
marks the limit of fully developed wind waves (G. Chen et al., 2002; Jiang & Chen, 2013) or the inverse wave age
parameter (ratio of wind speed to dominant wave phase velocity) (Hanley et al., 2010). Chen et al. (2002) pio-
neered efforts in this regard using the collocated scatterometer-derived U, and altimeter-estimated significant
wave height (SWH and H, used interchangeably hereinafter) (G. Chen et al., 2002). The global pattern of wind sea
and swell dominance was portrayed, building on a prescribed wind—wave relation for fully developed seas, that is,
H; less than the fully developed limit is attributed to a growing wind sea while H; above this limit is attributed to a
swell system. An index to quantify the degree of swell dominance is defined based on the swell energy and the
wind sea energy to characterize the spatial extent of swell-dominated regions. Three tongue-shaped “swell pools”
were identified in the tropics over the regions with a probability of swell dominance higher than 95%. They persist
at low latitudes throughout the year, in contrast to the later defined “seasonal swell pools” that are only present in
hemispheric summer based on 10-year collocation data set between scatterometer and altimeter measurements
(Jiang & Chen, 2013). Recently, a probability-based algorithm was proposed to identify the swell wave height
from the JASON satellite in terms of the local wind-wave relation predefined based on the spectral energy
partition of buoy directional wave spectrum (Gao et al., 2023). Chen et al. (2020) also computed the swell index
based on the wave energy from the directional wave spectrum and obtained similar patterns with that based on
numerical model results (S. Chen et al., 2020). Lobeto et al. (2022) used clustering techniques applied to
directional wave spectra from numerical models to analyze the present and projected climatologies based on a
seven-member wave climate projection ensemble. Such a classification helps provide a comprehensive under-
standing of the projected sea state changes within the context of global warming.

The classical separation scheme based on the (U, H;) relation usually takes the fully-developed ocean waves as
a reference to classify the wind-wave and swell dominance. In reality, the local wind sea, that is, associated with
the local wind conditions, corresponds to different stages of wave development. This wave maturity is typically
characterized by the inverse wave age IWA). Various IWA forms have appeared in the literature, including
Ui/ ¢y, Upg cos ¢/c,, U,/c, and U, cos ¢/ c,, where U, denotes the surface friction velocity, c, the phase
velocity of peak waves and ¢ is the relative direction between surface wind and peak wave propagation (Hog-
strom et al., 2011). Whichever is used, IWA derivation requires the peak waves to be determined and the phase
velocity evaluated. A common practical criterion to distinguish wind sea from swell considers the phase velocity
of a wave scale being 1.2 times the local wind speed (Elfouhaily et al., 1997); in other words, IWA equal to 0.84.
Given difficulties obtaining the directional wave spectra at an extended spatial scale, the IWA-involved wave
classification studies are mostly carried out using the numerical model reanalysis data set. Spatial patterns of
swell probability in terms of both H; and wind sea energy (Semedo et al., 2011) were reported consistent with the
satellite observations (G. Chen et al., 2002). Such frequent swell presence across the globe is also evidenced by
the results that IWA is mostly smaller than 0.6 in the open ocean, lower than the value of 0.84 for the fully
developed sea state (Hanley et al., 2010).

These classification methods mostly lead to a binary categorization of wind sea dominance and swell dominance
although it has been broadly acknowledged that the simultaneous presence of both wind sea and swell is very
common (G. Chen et al., 2002; Semedo et al., 2011; Lobeto et al., 2022). The H, versus U relationship is not
unique, as local conditions might vary by an order of magnitude for a given wind speed. The previously reported
classification schemes of wind sea and swell based on prescribed hard-limit criteria of H; versus U, or inverse
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wave age, while useful, are insufficient to represent the complexity of sea states. Analyses into multiple classes
are necessary to capture the diverse range of oceanic conditions more accurately. Lobeto et al. (2022) proposed a
method to analyze the climatology of the full two-dimensional wave spectra that requires first wave partitioning
and reconstruction of the wave spectra from estimated partition parameters. Here, we propose an alternative
method, based on the analysis of 4 parameters which characterize the wave spectra and wind speed. It is thus
intermediate between the simple classification with two variables (H, vs. U;, or IWA) and the more complex
method in Lobeto et al. (2022). This classification provides a method of distinguishing between different levels of
wave development, from calm seas to higher waves, and to identify transitional states that lie between con-
ventional categories.

We take advantage of the newly concurrent wind and wave measurements acquired by the China-France
Oceanography Satellite (CFOSAT) (Hauser et al., 2021), to classify the sea states on a data-driven basis.
CFOSAT can provide the wind vector (speed and direction) and directional wave spectrum, from which wave-
related descriptors could be readily derived. Though the directional wave spectrum could provide a full
description of sea state, the integrated wave parameters have been proven useful representing the mean conditions
(Lobeto et al., 2022). A wind and wave ensemble composed of wind speed, H;, IWA and the spectral width
estimated from the CFOSAT product is created. We then use the widely applied k-means clustering algorithm to
identify the wind-wave classes, each with a certain degree of correlation of wind and waves characteristics but
distinct between classes. A 3-year data set acquired by CFOSAT from May 2019 to December 2022 is included
here to quantify the global occurrence of frequency of each class. For the organization of this study, data and
methods are presented in Section 2. Results are given in Section 3, followed by Discussion in Section 4. Summary
and perspectives are finally presented in Section 5.

2. CFOSAT Wind and Wave Ensemble
2.1. Data Description

Despite the broad use of spaceborne instruments for ocean monitoring, CFOSAT is the first of its kind carrying
two sensors to provide concurrent wind vectors and directional wave spectrum observations on a global scale with
arevisit cycle of 13 days. The rotating fan-beam scatterometer (SCAT) can measure the surface wind vectors at a
spatial resolution of 25 km (Liu et al., 2020). Note that the SCAT wind product experienced a processor change
effective on 27 May 2020 from version 2.0 to version 3.0. Here, we use the neutral equivalent winds at 10 m
height (U,,) in the level-2 product from May 2019 to December 2022 with data from both versions included. The
surface wave investigation and monitoring (SWIM) instrument is a wave spectrometer operating at nadir (an
advanced altimeter) and at near-nadir incidence angles, that is, (0 °, 10°) with a step of 2°. Such a real aperture
radar with rotating near-nadir beams has been demonstrated to be capable of observing the directional wave
spectrum (Hauser et al., 2001). Each of the rotating beams have an azimuthal resolution of 7.5° with an original
slant range sampling of 0.47 m. After the successful launch of CFOSAT in October 2018, the SWIM instrument
processor facility (IPF) experienced a significant update (version 5.1.2) in September 2020. All data acquired
earlier reprocessed using this version are included here, along with the products processed in near-real time with
the same 5.1.2 version from September 2020 to December 2022. This updated IPF takes an improved speckle
noise correction method based on an empirical model derived directly from the observations and an upgraded
modulation transfer function to match the nadir measured SWH (Hauser et al., 2021). It should be noted that
SWIM products of this version are not yet quality controlled in terms of rain contamination. Also, the presence of
parasitic peaks at low wavenumbers due to either scene inhomogeneity or spectral energy amplification in
obtaining the wave height spectrum might influence the wave parameters (Xu et al., 2022). In this study, wave
variables of SWH, peak wavelength and peak wave direction derived from the 10° spectral beam are directly
taken from the level-2 products given its best quality of wave measurements (Hauser et al., 2021). The peak
wavelength and direction provided in the SWIM products are estimated from the wave slope spectrum, and thus
are only marginally affected by the parasitic peak problem which appears mainly on the wave height spectra. Each
box measurement is available at a spatial resolution of 70 km by 90 km. Note that these wave parameters are
calculated based on the whole wave spectrum. To possibly mitigate the impact of parasitic peaks, the 1% highest
peak wavelengths are excluded from the subsequent analysis.

Collocations of the SCAT winds and the SWIM wave parameters are carried out as follows. Given their un-
matched spatial resolution, all the wind cells within 50 km from the center of a given wave cell are averaged. Such
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a wind vector is used to compose the wind-wave ensemble. Note that the time difference between wind and wave
observations is generally within a few minutes, sufficiently small to be neglected for the present purpose. This
ends up with 9,007,641 collocation points with a mean wind speed of 7.5 m-s~! and a mean SWH of 2.7 m,
respectively. Across the open ocean, the data are evenly distributed with more than 1,100 points in most of the
grids at 2° X 2° size (not shown). The uniform distribution of data density ensures that the global data are
equally considered in the clustering analysis, avoiding significant biases toward specific regions. Note that the
data points with a wind speed less than 3 m-s~! account for only 4.8% of the total data set. On the other hand,
there are only 0.001% of points with a SWH below 0.20 m, which is considered the SWH of a fully developed
wind sea using the Pierson-Moskowitz (PM) spectrum of 0.22U%0/ gfora3 m-s™! U, (where g is the gravi-
tational acceleration). This roughly indicates the common presence of ocean swell.

In addition to SWH, the following wave parameters are also calculated. The inverse wave age is calculated via
IWA = |Uyy- cos (qﬁp - ¢U)/ ¢p|, where ¢, denotes the wind direction. ¢, and c, are the wave direction and
phase velocity of the peak waves, respectively. Note the absolute value of IWA is taken here for simplicity by
neglecting the 180° ambiguity in the wave propagation direction from SWIM. This means that the conditions
where swell propagating at an angle larger than £90° from the wind direction cannot be resolved. In addition,
using the wave parameters provided in the SWIM products we estimate the following additional parameters:
mean surface velocity (MSV), mean square surface slope (MSS) and spectral width. MSV is defined as the
variance of wave orbital velocities, obtained by MSV = [i* ;28 ? - F(k, ¢) k dk d¢. This definition of MSV
is similar to that by Stopa et al. (2015) and has been shown to be associated with the azimuth cutoff wavelength in
SAR wave measurements. It is related to the second-order moment of the frequency spectrum, complementary to
the zeroth-order moment used to estimate SWH. The total MSS is computed by

MSS = fi" j;%%%kz - F(k, ¢) k dk d¢p. The spectral width is defined as ¢, = /m’;?‘—’:"z — 1 where m, is the nth

moment of the directional wave number spectrum (Longuet-Higgins, 1975). This spectral width can be viewed as
a measure of the peak separation between wind sea and swell for a given wave system. Based on a simulation
using the JONSWAP spectrum, we found that in the case of unimodal spectra, the spectral width appears pri-
marily sensitive to peak wavelength rather than to the specific type of spectrum chosen (narrow swell-type or
broader wind sea). However, for bimodal spectra, combining swell and wind sea components, the spectral width
significantly decreases compared to swell-only spectra, especially when the swell spectrum has the largest energy
peak. Note that it differs from the definition used by Saulnier et al. (2011) and by Le Merle et al. (2021) in that the
peakedness parameter shows much weaker variation relative to either wind speed or inverse wave age compared
to the above definition here.

CFOSAT wind and wave products have been demonstrated to be of high quality and suitable for scientific
exploitation (Aouf et al., 2021; Hauser et al., 2021). To ensure that the reprocessed data also meet the accuracy
requirements, an assessment of U,y and SWH is carried out using the multi-source, multi-platform observations
from the Copernicus Marine Service (CMEMS) that undergo consistent quality control. The CFOSAT-measured
U/, and SWH are collocated with CMEMS data within 70 km in space and 30 min in time, resulting in 48,080 and
8,413 points, respectively. Note that all buoy observations within 20 km of the coastline are excluded from the
collocations. Figures 1a and 1b show that the wind measuring buoys have a better coverage than the wave buoys,
causing a disparity in the number of collocated wind and wave points. Since most of the buoys measure wind
speed around 4 m, a logarithmic wind profile formula is applied to convert to neutral wind speeds at 10 m

In(10/z9)
In(z/z9)

U, is the measured wind speed at height z (usually 4 m), and z, is the roughness length, typically taken as 0.0002 m

assuming neutral conditions. The formula used is Uy = U, X [ ] , where U, is the wind speed at 10 m,

over the open sea (Paulson, 1970). The comparison between the scatterometer-measured U, and the in situ wind
speed is plotted in Figure 1c, showing a mean bias of —0.40 m - s~! and root-mean-square-error (RMSE) of 1.21
m-s~!.The best agreement is observed for the wind speed range of 5-15 m-s~! with U,, overestimated at low
winds. This might be due to the reduced performance of the wind direction ambiguity removal algorithm at low
sea state (Ebuchi et al., 2002; Yang & Zhang, 2019) and also probably due to the low signal-to-noise ratio at low
wind (Liu et al., 2020). SWIM SWH relative to the buoy measurements is given in Figure 1d with a mean bias of
0.03 m and RMSE of 0.31 m. Most of the data pairs scatter around the one-to-one line and do not exhibit a skewed
trend like wind speed. The performance of U,y and SWH is consistent with previous validation efforts (Hauser
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Figure 1. Spatial location of collocated buoys for (a) wind and (b) wave measurements validation. Color denotes the data count at each buoy location. Q-Q plot of
(c) scatterometer observed wind speed relative to the buoy measurements; (d) SWIM derived significant wave height relative to the buoy. The color scale is the data
count at a wind speed bin of 0.5 m-s~! and SWH bin of 0.125 m, respectively. CFOSAT products acquired from May 2019 to December 2022 are included.

et al., 2021; Liu et al., 2020). Note that the collocated data points pole-ward of 60° latitude are excluded to
minimize the potential impact of sea ice on wave variables.

2.2. Correlation Analysis

Prior to developing a clustering algorithm, it is necessary to study the correlation between the 6 parameters
defined above (U;y, SWH, IWA, MSV, MSS, ¢,) in order to choose a subset of parameters which are less
correlated. The correlation coefficients of sea state variables are computed and presented in Figure 2a. U, has a
positive correlation with SWH, IWA, MSV and MSS, and a weakly negative correlation with the spectral width
(&,). On one hand, SWH has a high correlation with both MSS and MSV, as evidenced by Figures 2a and 2b.
Given a SWH value, MSV varies within a narrow range of values. This also holds for MSS (not shown here). On
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Figure 2. (a) Correlation matrix between the six sea state parameters. Density plot of (b) MSV versus SWH and (c) spectral
width &, versus IWA to illustrate their correlation coefficient.

the other hand, SWH is weakly related to IWA and to the spectral width with a correlation coefficient of 0.33 and
0.24, respectively. IWA has a negative correlation with the spectral width, implying that their variation trends are
opposite, as shown in Figure 2c. Smaller IWA indicates the dominance of swell systems that are generated by
remote storms, usually along with low winds. Under such conditions, the wave peaks of swell and wind sea are
well separated in the spectral domain, resulting in a higher spectral width. In contrast, a larger IWA is associated
with wind sea dominance and closer wave peaks of wind sea and swell, corresponding to a smaller spectral width.
This indicates that the spectral width is mainly influenced by IWA, while the scatter observed at given IWA may
be attributed to the variety of wave spectra, whether unimodal or bimodal. Based on this correlation analysis, the
Uy, SWH, IWA and ¢, are selected as the four parameters to create a wind and wave ensemble data set. MSS and
MSV are not retained in the following analysis because of their strong correlation with SWH.

2.3. Mean and Variability of Sea State Variables

The compiled global averages of wind and wave observations are shown in Figure 3. The wind speed distribution
in Figure 3a conforms with previous satellite measurements (Desbiolles et al., 2017; Risien & Chelton, 2008). The

40°N |
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40°N P
20°N

0°

———

0.0

04 0.6 0.4 05 056 0.7 0.8
(c) IWA (d) &

Figure 3. Global average of the wind and wave parameter for (a) U y; (b) SWH; (c) IWA and (d) ¢,. The maps are compiled at the latitude/longitude bin of 2° from May
2019 to December 2022. Note that the color bar for each metric is annotated in the figure bottom.
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Figure 4. Histogram of (a) U;y; (b) SWH; (c) IWA and (d) ¢, at two chosen locations of (20°S,150°W) £ 1° and (50°S,150°
W) % 1°. The total number of data points is 1,204 and 1,191 for these two spatial boxes, respectively.

meridional variation of U, is clear with low to medium winds in the tropics and high winds across the storm
tracks in both hemispheres. The averaged U, difference between the two extratropics (latitude of 40°-60°) is
around 1 m - s~ in the Pacific Ocean, and larger than the 0.1 m - s~! in the Atlantic Ocean. The meridional pattern
of SWH in Figure 3b is similar to that of wind speed with a clear variation across different ocean regions. Ocean
waves generated in the Southern Ocean propagate northward and create high SWH values in the Indian and
Pacific Oceans. In the Atlantic Ocean sector, SWH is lower across the Southern Hemisphere storm tracks,
possibly due to the limited fetch influence by the Drake passage. This could be expected from the relationship of

SWH versus fetch distance. Taking the relation of H; = 4.0\/ 1.67 x 1077 x U%O/ g X F with g being the

gravitational acceleration and F the fetch length (Hasselmann et al., 1973), a typical 10 m-s~! shall produce a
1.6 m SWH for a fetch length of 100 km and 3.7 m for F' = 500km.

Figure 3c shows that the relatively young sea states characterized by the largest IWA are mainly found in areas of
high wind conditions along the storm tracks. Ocean waves generated by distant storms and propagating out of
their original locations become swell with no/weak coupling to the local winds (Collard et al., 2009; Hell
etal., 2021; Kudryavtsev et al., 2021). When local wind remains low, the IWA remains small even in the presence
of wind sea because it is dominated by the swell component. Such a condition is common in the trade wind regions
with IWA value around 0.4 (light orange color). However, there are exceptions, such as the Gulf of Mexico, which
has a large IWA of 0.65 due to the relatively short wind fetch in its semi-enclosed seas. The largest IWA values
occur in the Coral Sea off east Australia and in the region northeast of Madagascar, which are the result of high
wind events during the summer. Higher IWA values are also observed in the Caribbean Sean as well as in the
Arabian Sea compared to open ocean along the same latitude. In Figure 3d, the visual representation of the
spectral width is quite different from the other wave metrics. No evident disparity is observed between the storm
track and the trade wind regions as the SWH and IWA do. The stand-out areas with larger spectral width
correspond to the swell propagation route, typical in the Pacific Ocean and the Indian Ocean (Zheng et al., 2018).
By comparing the spatial patterns in Figures 3a—3d, the Southern Ocean is worth a particular mention. The strong
winds associated with the frequent occurrence of storms over this region generate high waves, which remain
rather young in spite of the long fetch encountered by these waves. Their spectral width is intermediate between
that of wind sea and swell. The underlying surface current of the Antarctic Circumpolar Current (ACC) may also
impact this pattern. The ACC, known for its strong and persistent eastward flow, exerts a profound influence on
the generation and propagation of ocean waves in the Southern Ocean region.

In addition to the mean state, variability of the wind-wave ensemble is analyzed through histograms of the four
variables at two selected locations. As shown in Figure 4, in the Southern Hemisphere trade wind region
(20°S,150°W; orange), U10 is less variable with a peak value of 7 m- s1, compared to the Southern Ocean
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Figure 5. Performance evaluation of k-means clustering by (a) normalized mean sum of squared distance and (b) Silhouette
score relative to the number of predefined clusters.

(50°S,150°W; blue) with a peak of 10 m-s~!. In the trade wind region where the swell is more prevalent, SWH
has a smaller spread with values ranging from 1.5 m to 4 m compared to the wider distribution in the Southern
Ocean in Figure 4b. This larger variability in the extratropics is due to the diversity of sea state development with
IWA values ranging from O to 1.2 as in Figure 4c. The distributions of spectral width displayed in Figure 4d both
follow a bell shape, in contrast to the other three variables. Compared with the region around 20°S, the region
around 50°S located within the swell propagation route, exhibits a peak of distribution shifted toward smaller
spectral width value possibly resulting from consistent wind forcing across the southern westerlies. These
compiled wind-wave metrics provide a comprehensive characterization of sea state variability at the global scale.

3. Results of k-Means Clustering
3.1. The Clustering Method

K-means clustering is chosen here due to its overall simplicity in implementation (Lloyd, 1982) as well as its
broad applications in wave related studies (Camus et al., 2014; Lobeto et al., 2022). The k-means clustering
algorithm is a popular unsupervised learning method that groups a data set into a specified number of clusters
based on similarities. Taking multivariate observational data vectors X = (x, X,..., X,) as an example, it is
grouped into a priori k clusters each characterized by a corresponding centroid u; as the prototype. The initial
positions of centroids are randomly selected and then optimized through an iterative process. Each data point is
assigned to a cluster by minimizing the point-to-centroid distance within each group. That is to say, the clusters
are separated from each other in the feature space as each cluster captures a different pattern or group within the
data. In this study, k-means clustering is implemented using the scikit learn (sklearn) module in Python. The
’KMeans' function with the option of init = ’k-means++’ for distant centroid initialization, is used to ensure
optimal performance.

The 4-dimensional wind-wave ensemble, consisting of Uy, SWH, IWA, and the spectral width ¢,, is used as input
for the clustering. However, each dimension of the ensemble has a different scale, which can lead to unbalanced
weights in the calculation of point-to-centroid distance. To address this issue, each dimension is normalized to the
range of [0, 1] using a modified min-max normalization method. We take the 0.5 and 99.5 percentile of each
variate as the lower and upper limits, rather than the minimum and maximum values, to avoid any impact caused
by the extremes. Observations below the lower limit and above the upper limit are excluded from the clustering
input. This normalization procedure has been demonstrated to be necessary for several oceanographic studies
(Fairley et al., 2020; Sun et al., 2021).

In the k-means clustering algorithm, the optimal number of clusters is often determined using two methods: the
elbow test and the Silhouette score (Figure 5). The elbow test displays the relationship between the normalized
within-cluster sum of squares (the sum of the square distance between points in a cluster and the cluster centroid)
and the number of clusters, with the optimal number of clusters being identified as the elbow point in the graph, as
shown in Figure 5a. In this case, the elbow point is found to be k = 7; however, k = 6 was finally selected on
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Table 1

Percentage and Centroids of the Clustered Sea States

Class index

Proportion [%]

U [m-s‘l]

SWH [m]

IWA

A N AW N =

26.58
26.01
18.26
13.28
10.37

5.51

4.46
6.94
7.60
9.88
11.13
15.22

1.73
1.99
3.11
2.62
4.72
5.49

0.13
0.36
0.15
0.65
0.39
0.80

0.60
0.56
0.63
0.53
0.62
0.58

account of the geophysical status portrayed by the wind regimes (low, me-
dium, and high) and dominance of wave systems (wind sea and swell). Note
that only the regular sea state conditions are included and the exceptions, such
as growing sea state are not considered here. The Silhouette score (Figure 5b),
on the other hand, measures the separation distance between data points
among different clusters and quantifies the goodness of clustering results. A
score of one indicates a good separation between clusters and a score of —1
means that samples may have been assigned to the wrong cluster. As noticed,
the Silhouette score does not significantly change as the number of clusters
increases from 6 to 10, implying a stable clustering performance. This, along
with the results of the wind-wave properties analysis at the global scale
(presented in the following section), supports the cluster number choice of 6.

3.2. Characteristics of Wind-Wave Classes

The k-means clustering divides all the data points into 6 classes, each characterized by a unique centroid as listed
in Table 1. The class index is ordered in terms of the wind speed magnitude. Class 1 has the lowest U centroid of

4.46 m-s~!, while class 6 corresponds to 15.22 m-s~'. As shown, classes 1 and 2 are the most populated with a
comparable proportion, while class 6 is the least. This is in line with the global wind speed distribution that the
low to moderate winds are the most common and high winds are relatively rare. Figure 6 illustrates the results of

the k-means clustering by plotting wave metrics against U, and also shows the distribution of the classified

groups. Each observation of [U}y, SWH, IWA, ¢,] is uniquely assigned to a group by the clustering algorithm,
meaning that all data points are non-overlapping in the 4-dimensional feature space. However, the overlapping
contour lines in Figure 6 suggest that the 6 clusters are not completely separated in either of the two-dimensional
spaces. This highlights the benefits of classifying the sea state based on multivariate observations.

class 1
class 2

class 3

class 4
class 5

IWA

w 0.6

0.7 - X 0.8

0.5 1

Normalized data count

0.4 | . () P
0 5 10 15 20
Uyo [m-s71]

Figure 6. Clustering results depicted by the wind-wave relation of (a) SWH, (b) IWA and (c) the spectral width €, versus Uy.
Color scales denote the data count at bins of 0.1 m, 0.03, 0.01 and 0.5 m - s~! for SWH, IWA, ¢, and U, respectively. The
dashed curve in (a) denotes the SWH-U | relationship used in the WAM model to display the wind sea and swell dominance.
The background color is the data count and the overlapped contours are 20% of the maximum data count for each cluster, with
the cluster centroid marked by the plus sign in the same color.
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Figure 7. Probability density function (PDF) for each classified group of (a) U,; (b) SWH and (c) IWA and (d) ¢,. Bins used
to generate the PDFs are the same as Figure 6. The mode values of each PDF are annotated in the subplots.

SWH versus U, in Figure 6a mostly lies above the wind-wave growth curve (dashed black), consistent with the
previous findings (G. Chen et al., 2002; Jiang & Chen, 2013). The majority of the data points fall within the swell
dominance regime and class 6 of high winds is distributed across the wind sea to swell dominance. It is observed
that the variation of SWH centroids versus U, increases can be divided into two groups, with the SWH centroids
of classes 3 and 5 and 6 larger than that of classes 1 and 2 and 4. For example, class 3 has a lower wind speed
compared to class 4 by 2.3 m-s~!, but it has a higher SWH by 0.5 m due to its strong swell dominance with a low
IWA centroid as depicted in Figure 6b. An opposite trend is observed in €, relative to U, in Figure 6c. By
comparing the classification results, the mixed sea state conditions could also be traced between classes. For
instance, class 2 and 4 exhibit the lowest spectral width values, suggesting that they might correspond to the case
of unimodal spectrum. While class 2 and class 5 have comparable IWA centroids, their spectral width values
differ. These results provide a more detailed classification of swell dominance based on the maturity of the sea
state, which complements the traditional index.

The variability of each class is presented through the probability density function (PDF) of four wind and wave
variables in Figure 7. PDFs of U, show a shift toward higher values from class 1 to class 6, with varying dis-
parities in wind speed. While for SWH (Figure 7b), class 3 and class 4 almost overlap due to strong swell
dominance in class 3, as reflected by the low IWA (Figure 7c). Classes 4 and 5 also have evident deviation, with a
1.4 m-s~! difference in U, and 1.8 m in SWH, reflecting a more pronounced sea state development of class 5 as
indicated by the smaller IWA. Such disparity is not evident in the spectral width as class 1/3/5/6 are basically
overlapped as in Figure 7d. It is worth noting that, based on the IWA criterion, only classes 4 and 6 contain
underdeveloped wind sea, while all other classes correspond to swell. Within class 6, only 36.2% of the data points
correspond to the developing wind sea IWA > 0.84), which confirms their rarity in the global open ocean
(Hanley et al., 2010). The relation of MSV and MSS versus wind speed is quite similar to that of SWH given their
strong correlation with SWH as shown in Figure 2 (not shown for simplicity).

3.3. Global Occurrence of Wind-Wave Classes

Based on the 3 years data set of SWIM observations, the occurrence frequency of each wind-wave class is
presented in Figure 8. Class 1, which represents low sea state combined with small IWA and medium to high
€,, is predominantly found at the boundary between the trade winds and the westerlies. This condition occurs
approximately 75% of the time in the Northwest Pacific Ocean and the North Indian Ocean, as well as off the
California coast and the Gulf of Guinea in West Africa. In contrast, these conditions are rare in the Southern
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Figure 8. Global occurrence of frequency of each class at the latitude/longitude bin of 2°.

Hemisphere storm track, with less than 10% occurrence, compared to the 30% in the Northern Hemisphere
storm track. This difference is attributed to the persistent low wind and SWH conditions during the summer
season in the northern extratropics. Class 2, associated with moderate IWA and spectral width, is most
commonly found in the trade winds, as seen in Figure 8b. This class has weaker swell contribution compared to
class 1, indicated by its higher IWA value. It has a distinct global distribution across various ocean basins. In
the Pacific Ocean and Atlantic Ocean, class 2 dominates between 25 °N and 25 °S with a peak occurrence
around the equator. In the Indian Ocean, class 2 overlaps with class 1 but with a much lower occurrence. Storm
tracks in both hemispheres have a low chance of experiencing this wave condition. On the other hand, class 3
with similar winds but lower IWA, is characterized by its unique pattern as shown in Figure 8c. It roughly
traces the path of ocean swell from the southern storm track to the west coasts of Australia, Africa, and South
America. This sea state is rare off the east coasts of the oceans, but it occurs about 20% of the time in the
Southern Ocean, surpassing class 1 and class 2.

Class 4 of developed sea state with moderate to high winds, has a distinct global pattern, as shown in Figure 8d. It
mainly fills in the gaps of class 1 in the trade wind regions, and two bands of high occurrence around 30% is
observed in the Pacific Ocean, Atlantic Ocean, and Indian Ocean. The Gulf of Mexico also has frequent
occurrence up to 60%, which may be due to the wave development in the semi-enclosed seas. Classes 5 and 6,
which correspond to high sea states with similar SWH but different IWA (higher for class 6), have similar spatial
features and are absent in the tropics, marked by dark blue in the figure. They both mainly occur close to storm
generation, with a high presence in the Southern Hemisphere. Class 5 has a relatively broader distribution,
extending to latitudes of 30° in both hemispheres, while class 6 with the youngest waves (largest IWA) is largely
confined to latitudes beyond 40°. Class 6 is also found off the Southeast Asia coast and off the coast of Somalia,
where storm-related high winds are occasional. It is worth mentioning the concept of mixed sea conditions from
the spatial point of view. Class 2, mostly found in tropical regions, is more prone to unimodal spectra. Despite
sharing the same wave age, class 5 primarily occurs in the Southern Ocean with a higher possibility of mixed sea
state.
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Figure 9. (a) An example of wind speed distribution over two distinct regions compared to the global distribution (black
dashed curve). (b) The proportion of each class based on the clustering results with 4 input variables of the global data set.
Blue and orange color in both plots denote the region 50°S = 10° and 20°S £ 10° at longitude of 150°W =+ 10°, respectively.

4. Discussion

In this study, the k-means clustering algorithm is implemented with 4 wind-wave variables (U, SWH, IWA and
g,). Since the classification results might be influenced by the number of input variables, we also repeated the
clustering process with 6 variables additionally including MSS and MSV. The clustering results obtained using 6
variables are quite similar to those obtained using 4 variables (not shown). This suggests that the additional two
variables of MSS and MSV do not significantly contribute to the differentiation of data points within the clus-
tering algorithm. We also compute the Adjusted Rand Index (ARI) to quantify the similarities between these
clustering results. ARI compares how pairs of samples are assigned to the same or different clusters in the two
clustering results by taking into account the agreement between clusters while considering chance (Hubert &
Arabie, 1985). An ARI value close to 0 means random labeling of clusters and a higher value corresponds to better
similarity between the clustered results with 1 to a perfect match. The ARI value computed between 4 and 6 input
variables is 0.751, implying that 75% of the pairs of data points are consistently assigned to the same clusters
across the two clustering results, after accounting for random chance. This further indicates that the exclusion of
MSYV and MSS does not significantly influence the classification results, which is probably because these two
variables are in fact highly correlated to SWH (see Section 2.2).

Another important point is that the reported clustering results are obtained based only on 3 years of data from
CFOSAT. Clusters are then conditional on the variability within that period and the representation in CFOSAT
data. Clustering based on a different, possibly longer period, may result in differences in cluster characteristics
due to temporal changes in variability, such as those driven by climate change, or due to the characteristics of the
data itself, such as differences in numerical model representations. Similarly, clustering performed on regional
data could also yield different results, possibly related to local impacts or specific environmental conditions. In
this context, we conducted a sensitivity analysis within the available data set. As a demonstrative test, we applied
clustering to a 1-year data set from 2022 and found that the resulting clusters were similar. This suggests stability
of the variance within the 3-year record but a more detailed exploration of this issue is beyond the scope of this
particular study.

Insufficient variability in the data space might result in clusters that are not representative of the full range of sea
state conditions. Two regions of interest are selected as shown in Figure 9 to illustrate the potential impact of
localized sea state conditions based on the 3-year CFOSAT data set. The wind speed PDF is presented in
Figure 9a with the global wind speed PDF plotted for comparison. The region (20°S) in trade wind exhibits a
greater chance of lower wind speed, while that in storm tracks (50°S) shifts toward higher values. This indicates
that the localized regions may exhibit different diversity of sea state conditions. Assuming that one tries to
establish the classification based on a limited number of regions, certain classes might be missed. The proportion
of each clustered class over these two regions displayed in Figure 9b also evidences the need for the input data to
be as global as possible. The region in trade wind (orange bar) is dominated by class 1 and 2 of low winds. This
contrasts to the dominant position of class 3 and 5 in the storm tracks (blue bar). In addition, we also looked into
the wind wave parameters at the NDBC buoy locations (not shown) and came to a similar conclusion that
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localized regions are not able to capture the full spectrum of sea state variability. The k-means clustering algo-
rithm relies on the distribution of data points to determine the cluster centroids. Insufficient variability may lead to
centroids that are biased toward the predominant conditions in the local data set, potentially neglecting important
but less frequent sea state patterns.

In addition, seasonality might also influence the clustering results, particularly in the Northern Hemisphere mid-
latitudes over a relatively short temporal period. The winter storms and increased wind speeds during colder
months, result in distinct clustering patterns compared to the calmer conditions observed in summer. This sea-
sonality effect can create clusters that are subject to the conditions prevalent during the period of interest if it is
shorter than 1 year. To summarize, the temporal period of the input data set may not significantly influence the
clustering results when the data set provides, to a maximum extent, a global coverage of sea state conditions
longer than 1 year. In the context of wind-wave classification, the key is mostly on capturing the spatial patterns
and variability of sea state parameters across different regions. A data set spanning multiple years or even decades
might be better regarding its representativeness of long-term climate trends; however, the primary emphasis lies
in adequate spatial coverage to effectively characterize global wind-wave conditions.

5. Summary and Perspectives

A wind-wave ensemble consisting of wind speed, significant wave height, inverse wave age, and the spectral
width, mean square slope and mean surface orbital velocity is created based on concurrent scatterometer and
SWIM observations from the CFOSAT satellite. The accuracy of wind speed and wave height estimations is
verified using in sifu buoy data, with satisfactory results. Both MSS and MSV are excluded from the clustering
input given their strong correlation with SWH. The k-means clustering using the 4-dimensional wind-wave
metrics complements previous wind-wave classification schemes by incorporating a multivariate description
of sea state conditions.

The resulting spatial representation of the 6 clustered classes clearly shows the overall sea state variability at both
global and regional scales. Classes 2 and 3, with different SWH but comparable wind speeds, distinguish the
degree of swell dominance through the distinct IWA and spectral width. The new classification refines the
regional variations of swell-dominant areas previously identified in (G. Chen et al., 2002). Swell waves (classes
1-5) are also confirmed to be present across most of the global ocean, even in the storm tracks. Class 5, char-
acterized by high winds and low IWA, is predominantly positioned across the extratropics, with an occurrence of
about 35% in the southern storm track (refer to Figure 8e). On the other hand, class 6, with higher U, and larger
IWA, only occurs 20% of the time as documented in Hanley et al. (2010), further illustrating the rare presence of
pure wind seas and their prevalence in the storm tracks.

The impact of sea state on friction velocity, a key factor in upper ocean dynamics, has been well documented
(Donelan et al., 1993; S. Li et al., 2020). A recent study has shown that at low winds, the friction velocity increases
in the presence of swell, based on a set of in situ wind and wave observations (Vincent et al., 2020). Wind stress
over regions where classes 1, 2, and 3 are located may therefore deviate from the pure wind sea conditions due to
swell impact. The deviation degree might be related to the level of swell dominance and/or the stage of sea state
development. As suggested by Vincent et al. (2020); S. Chen et al. (2020), an empirical algorithm that relates the
drag coefficient to the local sea state may be a practical approach to accounting for the impact of swell. In
addition, the influence of underlying surface current might also be noted, particularly in the Southern Ocean. The
almost permanently strong winds combined with the absence of continent lead to the formation of wind-driven
waves that can develop and remain under the action of wind over long fetch during their propagation. These
extended fetch as well as the wave-current interaction might jointly contribute to the generation of large waves
with enhanced energy content. Consequently, the friction velocities at the ocean surface are intensified, facili-
tating increased momentum and energy exchange between the atmosphere and the ocean (S. Chen et al., 2020).

The classification presented in this study provides a more detailed description of sea state conditions. Unlike a
traditional binary classification, which only distinguishes between wind-wave and swell dominance, the six-class
classification scheme allows for the identification of various intermediate states and transitional conditions. It
shall help identify the subtle trend and patterns in wave systems characterized by each class. Compared to the
spatial coverage of SWIM that extends over approximately 70 km X 90 km, spaceborne synthetic aperture radar
images typically provide higher spatial resolution at around 20 km X 20 km, with the potential to capture details at
even finer scales of 5-10 km. By integrating data from both instruments, we could possibly gain insights into
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wave characteristics across various scales, from mesoscale current features including eddies and frontal
boundaries to finer-scale phenomena such as wave-ice interactions. Further investigations that combine satellite
observations and in situ measurements shall also help understand and compare the momentum transfer under
different wind-wave interaction cases.

Building upon the advantages of obtaining wind and wave estimates from CFOSAT mission, several aspects shall
be further explored. On one hand, such a wind-wave classification scheme might be included in future satellite
processing chains to account for sea-state conditions in ocean surface parameter retrieval. For example, better
characterizing wind and wave conditions is crucial for interpreting Doppler shift retrievals from synthetic aperture
radar, Doppler-based scatterometers and future satellite missions. These retrieval methods rely on capturing the
Doppler shift caused by various surface motions, including wave orbital motion, wind-induced surface drift, and
underlying surface currents. By classifying wind and wave conditions using methods such as k-means clustering,
we can better understand the individual contributions of these factors to the Doppler shift signal. In addition, while
the potential for collocation and co-variability analyses between on-orbit missions such as CFOSAT, Sentinel-1,
and SWOT may enhance our sea state classification scheme, it is important to recognize the limitations and
differences in acquisition methods across these missions. SWOT, primarily designed for topographic missions,
carries both the Poseidon altimeter and the KARIN interferometer, but the latter is not yet operational for wave
height retrievals which makes its contribution to sea state classification at present is limited. As more data be-
comes available, the simultaneous measurements of sea surface height and significant wave height might provide
new sights into this direction. On the other hand, applying the k-means clustering to long-term wave reanalysis
data, like ERAS presents a new opportunity to look into wave climate in both global and local framework. The
consistency of such wave clusters and their patterns across the long-term data set, along with the temporal change
of sea state clusters, deserves to be examined and will constitute our follow-on study. Based on which, identi-
fication of distinct wave regimes such as storm waves, swell waves, and possibly extreme waves, is possible for a
comprehensive understanding of wave climate variability. Moreover, by examining the temporal evolution and
spatial distribution of these wave clusters, the regional wave climate trends including changes in wave height,
directionality, and frequency over extended periods could be investigated. The integration of such clustering with
wave reanalysis data not only enhances our ability to characterize wave climates but also contributes to improved
wave forecasting, coastal management, and relevant decision-making.

Data Availability Statement

All CFOSAT products are provided by the courtesy of CNSA and CNES. The CFOSAT Level-2 products are
publicly accessible via https://www.aviso.altimetry.fr/en/missions/current-missions/cfosat/access-to-data.html.
The buoy data of wind speed and significant wave height are provided by NDBC and publicly available via http://
www.marineinsitu.eu/. The collocated data set archiving is publicly available on Researchgate via (H. Li, 2024).
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