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Abstract The article presents a joint analysis of wind and wave characteristics derived from Voluntary
Observing Ship (VOS) data and measurements of the innovative Ku-band radar SWIM (Surface Waves
Investigation and Monitoring) carried by Chinese-French Ocean SATellite (CFOSAT). Global distributions
of significant wave height and wind speed in both data sets demonstrate good qualitative and quantitative
agreement, especially in regions with a high spatio-temporal density of visual observations. A particular
focus is made on discriminating wave systems by joint analysis of separately observed wind sea and swell
characteristics in VOS and the partitions of wave spectra measured by SWIM. It is shown that three wave
partitions from SWIM cannot be clearly attributed to wind sea, first, and secondary swell systems. The first
partition aggregates both wind sea and swell in the operational wavelength range of the SWIM radar, while
the second and third partitions fit neither wind sea, nor swell. A comparison of VOS and SWIM data within a
50 km radius and a 30 min time lag shows a very close match for most parameters in terms of mean values, yet
with relatively high dispersion of individual measurements.

Plain Language Summary In this study, we analyze waves and winds derived from two
independent sources: Voluntary Observing Ship (VOS) data and the innovative Ku-band radar SWIM (Surface
Waves Investigation and Monitoring) carried by Chinese-French Ocean SATellite (CFOSAT). SWIM provides
measurements of the directional spectra of ocean waves with further partitioning of multiple wave systems.

In VOS, the separation is performed visually: wind seas are associated with local wind, and swells (first and
secondary, if present) are not dependent on it. Significant wave height (measured by SWIM and calculated in
VOS) is traditionally defined as the mean height of the highest one-third of the waves, or four times the square
root of the zeroth-order moment of the wave spectrum. Satellite wind speed is evaluated using a parametric
approach; VOS has high-precision anemometer measurements. Significant wave height and wind speed in VOS
and SWIM are consistent in terms of average statistics, but show a large dispersion in individual measurements.
The three wave partitions retrieved from SWIM measurements cannot be simply regarded as wind sea, first,
and secondary swell systems. The first partition aggregates both wind sea and swell, while the second and third
partitions look like residuals and fit neither wind sea, nor swell.

1. Introduction

Monitoring, analysis, and forecast of global sea state characteristics lay the foundation for various aspects of hu-
man marine activity, including natural hazard mitigation and the safety of navigation and off-shore constructions.
Developing novel experimental tools is an essential part of progress for the exploration and research of the World
Ocean. A recent example, the CFOSAT mission designed under the aegis of Chinese (CNSA) and French (CNES)
space agencies is aimed at monitoring ocean surface waves and winds (http://smsc.cnes.fr/CFOSAT/index.htm).
An entirely new concept of space observations is implemented with the real aperture Ku-band radar SWIM (Sur-
face Waves Investigation and Monitoring). The innovation yields global measurements of the directional spectra
of ocean waves in addition to the conventional altimetry parameters: significant wave height, H,, and normalized
radar cross-section, . Further wave spectrum partitioning allows for estimating significant wave heights, domi-
nant wavelengths, and directions of multiple wave systems (up to three). Thus, CFOSAT provides new scientific
products that cover a wide range of today's marine activity needs: from operational oceanography to fundamental
academic studies of surface processes linked to wind and waves (Hauser et al., 2017, 2020).

Despite the relatively small operational period of the CFOSAT mission — merely 2 years — the data is still re-
garded as high in quality (Hauser et al., 2020) and relevant to global sea wave monitoring (Aouf, 2020; Aouf
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etal., 2019, 2021). The SWIM data was carefully validated against ocean buoy measurements (Jiang et al., 2021),
the products of Copernicus Marine Service (CMEMS, von Schuckmann et al., 2020), and model simulations
(Aouf et al., 2021; Le Merle et al., 2021).

There is, however, an alternative data set that has not yet been considered for comparison with the CFOSAT prod-
ucts but could be insightful for future research — the Voluntary Observing Ship (hereinafter VOS) data. Under
the framework of the World Meteorological Organization (WMO), VOS unites thousands of international vessels
with marine mates taking visual observations of numerous ocean and atmosphere characteristics all over the
globe. The collected data consolidated in the ICOADS (International Comprehensive Ocean-Atmosphere Data
set) make an invaluable contribution to sea navigation, operational forecast, and global climate studies (Freeman
etal., 2017; Kent et al., 2019; Smith et al., 2019). The main advantage of visual observations in VOS is that differ-
ent wave systems are estimated separately: wind seas (or wind-driven waves) are associated with local wind, and
swell is wind-independent (Sverdrup & Munk, 1947). The observed parameters enable the estimation of signif-
icant wave height and dominant period as the most common characteristics of sea state (Gulev et al., 2003). The
term “significant wave height” was proposed by Walter Munk (1944) as a new statistical quantity to be compati-
ble with visual estimates of trained observers. Since then, significant wave height is defined as the mean height of
the highest one-third of the waves or four times the square root of the zeroth-order moment of the wave spectrum.

VOS data was successfully used for validating satellite altimetry (Grigorieva & Badulin, 2016) and model sim-
ulations (Grigorieva et al., 2020; Gulev et al., 2003). The comparison showed a good agreement for significant
wave height and mean period on seasonal, annual, and climatological scales. At the same time, wind sea and
swell components derived from model simulations demonstrate significant quantitative differences with VOS,
though their spatial distribution patterns and directional steadiness are very close on global scales (Grigorieva
et al., 2020). Here we face the common difficulties of comparing results obtained by different approaches. Wave
system discrimination in VOS is highly affected by the skill and experience of marine mates, so it can be hard
to formalize the observations and relate them to instrumental measurements and numerical model outcomes.
Similarly, the physical and technical constraints of remote measurements (e.g., SWIM) hinder the assimilation of
informal yet useful information provided by VOS officers. Despite this, attempts to establish a correspondence
between visual and instrumental observations in related fields, for example, in cloudiness measurements, prove
to be successful (Krinitskiy et al., 2021).

In this study, visual observations from VOS were used for global validation of the SWIM data from CFOSAT,
with a particular focus on the partitioning of wave systems.

The paper is organized as follows. Section 2 describes both data sets, namely Level 2 SWIM/CFOSAT data
and VOS records from the ICOADS. Section 3 presents a comprehensive analysis and verification of VOS and
SWIM wave and wind parameters in terms of conventional statistics and global annual distributions, followed
by a comparison of collocated measurements. Discussion (Section 4) is focused on a physical interpretation of
the obtained results, including an analysis of SWIM 2-year measurements and climatological VOS estimates.
Conclusive Section 5 finalizes the paper by listing the main results and perspectives of VOS data for validating
satellite measurements.

2. Data
2.1. SWIM Measurements From CFOSAT

CFOSAT was launched on 29 October 2018, with the purpose of permanent and global monitoring of wind and
waves by two state-of-the-art devices: a “wave scatterometer” SWIM and a wind scatterometer SCAT.

A real aperture Ku-band radar SWIM, developed by CNES (Centre National d'Etudes Spatiales) operates at
near-nadir incidences: 0° (nadir), 2°, 4°, 6°, 8°, and 10°. Nadir sounding of the sea surface with 0.2 s time inter-
vals (5 Hz) ensures obtaining high-quality significant wave height (H,) and normalized radar cross section (oy).
Near-surface wind speed is calculated as a function of H; and o, using a parametric approach (Hauser et al., 2020;
Gourrion et al., 2002; Ren et al., 2021). The accuracy of H, measurements is better than 10% (or 0.4 m). In turn,
the accuracy of ¢ allows for assessment of the wind speed better than 2 m/s or 10% (whichever is greater) in a
4-24 m/s range (Hauser et al., 2020).
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Off-nadir measurements provide two-dimensional surface ocean wave spectra, though in rather large spatial box-
es of about 70 X 90 km (Hauser et al., 2017, 2020). A wave spectrum describes the distribution of total wave var-
iance over direction and wavelength (spatial frequency). It represents a combination of individual wave systems,
or partitions, likely originating from different meteorological events. For the analysis of the SWIM spectra, the
watershed method is applied to identify up to three wave partitions (Hanson & Phillips, 2001; Hauser et al., 2020)
and estimate their characteristics: significant wave height, dominant wavelength, and direction. The nominal
accuracy for partial wave heights is 10% (or 0.5 m) and 10%-20% for partial wavelengths. In the current data
version (V5.1.2), wave directions can be retrieved with an ambiguity of +180° and a resolution of 15°. The wave
partitions are estimated in a wavelength range of 30-500 m and are ranked (in decreasing order) by significant
wave height (CFOSAT L2PBOX Product Handbook, Issue: 1.1, 07/09/2021).

Off-nadir SWIM parameters are also complemented by nadir wind speed averaged along track over the length of
the box. Thus, waves and winds are derived from measurements of the same instrument at the same coordinates
providing inherently consistent and robust estimates. Moreover, the used 70 X 90 km wave cell size corresponds
to the standard spatial scales of Cal/Val procedures, which is 50 km for wave measurements.

In this study, we used the SWIM/CFOSAT data (version V5.1.2) for the period of 25.04.2019-31.03.2021.
From nadir measurements, we operate with 1 Hz significant wave height (H,, variable “nadir_swh_1 Hz”) and
the near-surface wind speed (variable “nadir_wind_1 Hz”). Off-nadir measurements availed ourselves of wave
height, wavelength, and direction of each partition (variable “wave_param_part_combined”), as well as box wind
speed (variable “nadir_wind_box”). Additionally, the integral wave height (H, ) was calculated as the square root

of the sum of squares of partitioning wave heights. Only complete data records containing all of the above wind-
wave characteristics with “good” quality flags were taken into consideration.

2.2. Voluntary Observing Ship Data

Visual observations of the sea state have been carried out by sailors for centuries since the launch of the very first
ship. This practice still remains an important means of wave studies today despite the advent of buoys, satellites,
and the development of wave theory and computational models. Consistency is the key feature of visual wave
data from VOS collection: the observational practice was laid out in 1853 (Maury, 1854), which makes for the
longest record of ocean waves.

All VOS data is assimilated in the ICOADS archive (Freeman et al., 2017) as a set of individual records of more
than 100 observed atmosphere and ocean parameters at given coordinates and UTC (Coordinated Universal
Time). Besides ship data, ICOADS includes wave measurements from buoys, rigs, light vessels, and so on. In
this study, only visual ship-based observations are used to guarantee the homogeneity of each comparing data
set. All collected data undergo initial quality control before being included in the ICOADS and are adjusted to an
advanced International Maritime Meteorological Archive (IMMA) format (Smith et al., 2016). Thus, the data can
be considered homogeneous and uniform.

As mentioned above, the original VOS data provides separate estimates of wind sea and swell characteristics,
contrary to buoys, models, and altimeters that require additional processing procedures to identify different wave
systems - which are, in a sense, merely a secondary product yielded by wave spectra decomposition. This concept
urges us to consider visual wave observations as the “ground truth” for the verification and validation of wave
systems derived from all alternative data sets. Code figures of the reported parameters (0.5 m for wave height,
1 s for wave period, and 10° for directions) can be accepted as characteristics of accuracy, which puts VOS and
CFOSAT data on equal precision terms.

For a comprehensive comparison of SWIM measurements with visual observations, VOS significant wave height
(SWH) and dominant wave period were evaluated from individual estimates of wind sea and swell parameters.
Since VOS does not operate with wave spectra, alternative techniques are required to estimate SWH. In this
research, we use two standard methods: (a) SWHI1 is calculated as the square root of the sum of squares of wind
sea and swell heights, an approach that is theoretically well-grounded by the estimation of spectral moments
(Hogben, 1988); and (b) SWH2 is evaluated as the highest wave among simultaneously observed wind sea and
swell heights (Wilkerson & Earle, 1990). The second approach is not as substantiated, but it works better for the
off-shore regions and the subtropics, providing the least biased results (Gulev et al., 2003). Dominant wave period
within visual observations is regarded as the period reported for the highest wave of both components (wind sea
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and swell), which corresponds to the definition of the zero-up crossing period in the instrumental data (Srokosz
& Challenor, 1987).

We selected complete VOS records which contain wind sea and swell heights, periods, and directions of propa-
gation accompanied by wind parameters. To eliminate spurious errors and correct the occurring uncertainties in
VOS data, special multistage quality control was applied (Gulev et al., 2003). Then SWH1, SWH2, and dominant
wave period were calculated.

The details of data access are given in Data Availability Statement section.

3. Results
3.1. Wavelengths (Periods) of SWIM and VOS Wave Partitions

To compare wave characteristics derived from two fundamentally different sources, in our case, remote measure-
ments and visual observations, we first need to consider the variability ranges of the parameters in each data set.

SWIM-derived wave partitions have a declared wavelength range of 30-500 m (~4.4-18 s periods; CFOSAT
L2PBOX Product Handbook, Issue: 1.1, 07/09/2021). In the VOS coding system, wave periods have a range
of 0-30 s (Smith et al., 2016), which implies a maximal wavelength of about 1,400 m. The actual number of
these extreme waves is very low, especially after the data undergoes quality control. To further understand the
distribution of VOS observations in the given range, a statistical analysis was performed, taking data from the
past 50 years (1970-2020). Findings show that wind sea periods of 2—10 s (wavelengths of ~6—150 m) constitute
more than 90% of observations. For swell periods, that percentage falls between 4 and 15 s, that is, ~25-350 m
wavelengths.

Figure 1 shows the histograms of dominant periods/wavelengths from VOS compared to the periods/wavelengths
of the first and second SWIM partitions. The VOS parameter choice was motivated by the fact that the dominant
period can represent either wind sea or swell—whichever of the two is higher (see Section 2.2). In other words,
this characteristic is able to accumulate all observed wave systems, portraying the full range of period/wavelength
variability for further analysis against the SWIM partition ranges. The histogram bins (here and for all analyzed
parameters below) were chosen twice larger than the accuracy of measurements according to the Kotel'nikov
(Nyquist—Shannon) theorem (Kotel'nikov, 2006).

In general, the histograms demonstrate a poor agreement for the whole waveband. Both SWIM partitions fully
capture waves of an 80—160 m mid-range that, apparently, include both wind sea and swell (Figures 1a and 1b).
Short waves (0-80 m) primarily associated with wind seas are significantly underestimated by CFOSAT because
SWIM simply does not “see” them. The underestimation of long swells (>160 m) by VOS, despite the presence
of 30 s period waves, might result from poor observational density in the Southern Ocean and swell pool areas
(Chen et al., 2002). To continue the analogy, VOS does not “see” vast ocean areas where long swell dominates.
For wave periods, the dissimilarity of histogram shapes (Figures 1c and 1d) caused by the lack of short waves in
the SWIM measurements is more pronounced which is explained by the dispersion relation (72 ~ A, where T is
wave period and A is wavelength).

The performed statistical analysis implies that off-nadir SWIM measurements tend to underestimate visually
observed short waves and overestimate long waves.

3.2. Heights of SWIM and VOS Wave Partitions

The above wavelength-period analysis does not allow us to confidently relate wave partitions from SWIM to VOS
wind sea or swell. So we attempted to perform a cross-comparison of wave heights of the two wave partitions
from SWIM and two wave systems from VOS.

The global histogram of the first partition heights coincides with the distribution of VOS wind sea heights almost
perfectly (Figure 2a) and does not match the VOS swell distribution (Figure 2c). The second partition captures
wind sea and swell heights only for a 1-2 m range (Figures 2b and 2d), that is, for the most probable values. Both
partitions underestimate VOS high swells and overestimate small swell heights (0—1 m; Figures 2c and 2d). This
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Figure 1. Global histograms of dominant wavelengths and periods from VOS (gray color) in comparison with the first
partition (red lines) and second partition (brown lines) from SWIM, 2019-2021. (a) VOS—first partition wavelengths; (b)
VOS—second partition wavelengths; (c) VOS—first partition periods; (d) VOS—second partition periods.

may be associated with the high accuracy of SWIM wave height measurements as well as with the rounding of
VOS wave heights to half-meter values (due to the code figures in the VOS).

To supplement the statistical examination, global annual distributions of wave heights of the two VOS wave sys-
tems (wind sea and swell) and the two wave partitions of SWIM were mapped (Figure 3). The pattern of the first
partition heights (Figure 3a) can be regarded as a combination of wind sea and swell, corresponding better with
the VOS swell distribution in the Southern Ocean (Figure 3d) and with VOS wind sea in the stormy regions of
both hemispheres (Figure 3c). Annual wave heights of the second partition substantially look like a minor replica
of the first one with smaller magnitudes (Figure 3b), which is a direct consequence of ranking wave partitions by
significant wave height in the decreasing order (L2PBOX Product Handbook, Issue: 1.1, 07/09/2021).

The most challenging part of wave partitions validation was to investigate their directional steadiness. A similar
comparison was performed for wave directions derived from VOS and the third-generation spectral wave model
WAVEWATCH III hindcast. The ship-based and model directional steadiness of wind sea and swell have shown
a perfect consistency, thereby implying the high quality of VOS data (Grigorieva et al., 2020).

Since the determination of the SWIM wave directions at this stage is ambiguous, we carried out a prefatory
experiment using the data we possessed. The first partition was related to VOS wind-driven seas based on the
similarity of their global statistics (Figure 2a), and the second partition was regarded as a counterpart of VOS
swells. Then, the meridional and zonal components of mean wave directions in both data sets (2° X 2° grid) were
calculated. Finally, if the signs of the VOS and SWIM components in a given two-degree box were different, the
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Figure 2. Cross-comparison of VOS wind sea (blue) and swell (cyan) heights with the first (gray lines) and second partition
(black lines) heights from SWIM, 2019-2021. (a) VOS wind sea height—first partition; (b) VOS wind sea height—second
partition; (c) VOS swell height—first partition; (d) VOS swell height—second partition.

VOS sign was taken as the primary one. Overall, signs were changed in about 50% of cases, which corresponds
to the ambiguity +180° of wave direction measurements in SWIM data.

The estimates of directional steadiness obtained from SWIM show rather trivial distributions, contrary to more
sophisticated directional patterns from VOS. The restrictions on wavelengths measured by SWIM and a deficien-
cy of today's methods of wave field reconstruction of directionality are the likely reasons for the discrepancies
between these two types of data. The forthcoming development of the SWIM data processing algorithms aimed
to remove the directional ambiguity could change the situation.

Summarizing the results of this section, we can conclude that SWIM wave partitioning is less reliable than
the separation of wind sea and swell by the experienced observers in VOS. A joint analysis of wind and wave
directions measured by SWIM and SCAT could provide a more accurate partitioning of wave systems because
wind directions mostly coincide with wind sea (~95% of cases) while swell does not (~80% of cases of different
directions according to VOS statistics).

3.3. Significant Wave Heights

Our next step of SWIM and VOS data validation dealt with significant wave height as the most common param-
eter of the sea state. Statistical analysis was performed for nadir significant wave height (H), the integral sum
of all off-nadir partitions (H,,), and two significant wave heights (SWH1 and SWH2) from VOS (Figure 4).

The distribution of nadir H is almost identical to SWHI1 VOS (Figure 4a) while the distribution of H, , shows
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Figure 3. Global maps of annual wave heights (2° X 2°) of the first (a) and second (b) partitions from off-nadir SWIM measurements in comparison with annual wind
sea (c) and swell (d) heights from VOS, 2020. Gray arrows show the directional steadiness. The length of the arrows is proportional to the wave phase velocity.

a good agreement with SWH2 VOS (Figure 4b). The results can be justified for both pairs “SWHI1-H_” and
“SWH2-H, .” Nadir measurements H_ show surface elevation magnitudes and fit the SWH1 definition better.
VOS SWH2 is the maximal height of two observed components (wind sea and swell), and in ~80% of cases that
represents swell. The other 20% relate to prevailing wind sea, generally, mature or fully developed waves (Komen
et al., 1984). The high coincidence of SWH2 with integral partitions height H, , (Figure 4b) can be explained by

the SWIM operational wavelength range capturing long seas and swells by off-nadir measurements.

Statistical distributions are confirmed by annual global maps (2° X 2°) of significant wave heights (Figure 5). The
largest differences for both pairs “SWHI1-H_” and “SWH2-H, ” (up to 1.4 m) are observed in the Southern Ocean
where visual wave heights are smaller than satellite ones. Small negative differences (<0.5 m) are also found in
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Figure 4. Global histograms of SWIM and VOS significant wave heights for 2019-2021. (a) VOS SWHI1 (gray) and SWIM
H; (red lines); (b) VOS SWH2 (gray) and SWIM H, , (brown lines).
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the stormy regions of the Northern Atlantic. That underestimation results from poor observational density and the
tendency of ships to avoid storms (Gulev et al., 2003).

VOS SWHI are notably greater than H in the coastal areas (differences reach 0.8 m). Similar tendencies were
also revealed when comparing VOS observations with other satellite missions (Grigorieva & Badulin, 2016)
and with the third-generation spectral wave model WAVEWATCH III hindcast (Grigorieva et al., 2020). We
can tentatively suppose that these differences might stem from the better accuracy of significant wave height
estimates in VOS, which is prompted by a high observational density in the coastal areas. Another relevant factor
is the arguable accuracy of nadir SWIM measurements in the near-shore area. To come to a definite conclu-
sion, additional research with a focus on near-shore observations is required for both data sets. VOS SWH2 and
integral wave heights, H, , are more consistent, with differences of less than 0.2 m in most areas. Wave height
observations in the Polar Regions should be considered with caution because of the sparse presence of VOS data
and possible corruption of SWIM measurements due to ice concentration (International Altimetry team, 2021;
Lebedev, 2016). In general, the differences in the annual significant wave height fields do not exceed 0.5 m, which
falls within the accuracy of wave height measurements in both data sets.

It is worth noting that the consistency between significant wave heights in VOS and SWIM in terms of statistical
and geographical distributions was expected. The previous comparison of visual wave observations with various
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kernels.

satellite missions (Grigorieva & Badulin, 2016) and model simulations (Grigorieva et al., 2020) has shown sim-
ilar results on a global scale.

3.4. Wave Heights in Collocated Points

Comparison of any vast data sets in terms of statistics of mean values at global scales, generally, shows a good
agreement. For a more detailed validation, we considered VOS and SWIM data in collocated points within two
radii of 25 and 50 km and a time lag of less than 30 min. Figure 6 shows scattering plots and the resulting esti-
mates of two-dimensional probability density function (PDF) for pairs of significant wave heights (Figures 6a
and 6b), the first partition and wind sea heights (Figure 6¢), the second partition and swell heights (Figure 6d)
for a 50 km radius (801 pairs for 2020). All compared parameters demonstrate high dispersion and quite low
correlation coefficients of about 0.5-0.7. Moreover, a shorter radius of collocation (25 km) does not dramatically
change this result (not shown in the figures).

The distributions of “SWHI1-H_” (Figure 6a) and “SWH2-H,  (Figure 6b) are elongated along the diagonal
y = x, which indicates a good agreement of the mean statistics. The maximal probability density of the first
partition is shifted toward the VOS axis which points to an underestimation of small waves of 1-2 m heights by
SWIM. Similar tendencies are observed for global histograms (Figure 2a). The second partition, being less than
3 m for all points, significantly underestimates visually observed swell heights as it was found for global statistics
(Figures 2d and Figures 3b, 3d).
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wind speed (red lines); (b) VOS wind speed (gray) and SWIM box wind speed (brown lines).

In general, the results of the comparison of instantaneous individual wave height measurements in collocated
points once again confirm our assumption that wave partitions of SWIM cannot be directly attributed to wind sea
or swell. At the same time, all significant wave height estimates (SWH1, H, SWH2, H,

.0 TEpresenting, each in its

own way, integral sea surface elevation, agree well. A possible reason for the large dispersion of analyzed pairs is
the discreteness of visual observations (0.5 m) which manifests itself both for the directly observed wind sea and
swell, and for the calculated significant wave heights.

3.5. Wind Speed

The above validation of SWIM/CFOSAT measurements relied on visually observed wave parameters. Yet, along
with many other ocean and atmosphere characteristics, VOS also provides wind speed and direction data at a
given point, which could be applicable to our research. According to the ICOADS IMMA format (https://icoads.
noaa.gov/e-doc/imma/R3.0-immal_short.pdf), “wind speed is stored in tenths of a meter per second (to retain
adequate precision for winds converted from knots, or high-resolution data).” The use of high-precision anemom-
eters over the last decades guarantees the homogeneity of VOS wind speed measurements, though some uncer-
tainties associated with anemometer type, calibration, and location still remain (Gulev, 1999; Kent et al., 1993;
Smith et al., 1999). In this study, wind characteristics did not undergo any special adjustment procedures. For
the experiment with global wind statistics, we used VOS records that had passed general quality control for wave
parameters.

Figure 7 represents histograms of VOS wind speed in comparison with nadir and box SWIM data. VOS reproduc-
es moderate nadir-derived winds (4—14 m/s) well but underestimates low (0—4 m/s) and strong (14-20 m/s) winds
(Figure 7a). A similar underestimation of low nadir winds by the ECMWF (European Centre for Medium-Range
Weather Forecasts) model was recently found by Hauser et al. (2020). But contrary to VOS, ECMWEF tends to
overestimate high nadir winds (Hauser et al., 2020).

Box winds fit the most probable VOS values, notably overestimating small and underestimating high VOS winds
(Figure 7b). The discrepancies between VOS and SWIM histograms might stem both from the different spatial
resolutions of nadir and box winds and from the spatial inhomogeneity of pointwise VOS measurements.

To get more insight, global annual wind speed fields (2° X 2°) were mapped. Spatial patterns for the VOS, nadir,
and box winds are very close. Figure 8 illustrates the annual distributions of the nadir SWIM measurements and
VOS data for 2020 along with their differences. The found underestimation of high winds in VOS (Figure 7a)
can definitely be associated with the spatial inhomogeneity of visual observations. The “VOS-nadir” differences
reach —2.8 m/s in the Southern Ocean. However, in general, the distributions are similar and the differences are
well within the accuracy of SWIM measurements (<2 m/s; Figure 8c).
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The comparison of wind speed in collocated points (50 and 25 km radii) also shows a good agreement in terms of
mean statistics. The box measurements (Figure 9b) demonstrate a lower dispersion than the nadir-derived winds
(Figure 9a). The minor shift of the probability density function toward the VOS axis indicates the underestimation
of SWIM box winds that also is found for global histograms for 2019-2021 (Figure 7b). Correlation coefficients
are 0.57 and 0.75 (0.59 and 0.77 for a 25 km radius) for nadir and box measurements, correspondingly.

In general, the revealed consistency of wind speed estimates can be seen as a success for both data sets and con-
vincing evidence of a satisfactory accuracy of these types of measurements.

4. Discussion

We have compared two global independent data sets—satellite measurements from the innovative SWIM instru-
ment and visual observations from VOS—on the same time scales: April 25, 2019 to March 31, 2021. The num-
ber of SWIM records is more than four times larger than the number of VOS observations (2.7%10° vs. 0.6*10°).
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using 2D Gaussian kernels.

Both numbers guarantee robust statistics according to the LLN (Law of Large Numbers), but VOS data still is
at a disadvantage, mostly from spatial inhomogeneity, which might distort global estimates (Gulev et al., 2003).

To check the reliability of our statistical estimates, we have supplemented the performed validation of 2-year data
with a comparison of the SWIM measurements and climatological VOS statistics for 40 years (1982-2021). Ex-
tending the time period has also allowed us to add visually observed secondary swell to the list of compared pa-
rameters and check its conformity with the SWIM wave partitions. Generally, there is one primary swell system.
However, at times two (or even more) independent swells generated by different weather events can be observed.
The number of VOS records containing secondary swell height is only 35,000 for 2019-2021, and 1.1¥10° for
1982-2021. The number of wind sea, first swell, and wind speed records for 1982-2021 exceeds 20%10°. Fig-
ure 10 presents global histograms of SWIM wave parameters and the climatological ones from VOS.

The distributions of climatological VOS SWHI1 and SWIM nadir H (Figure 10a) demonstrate a nearly perfect
agreement, quite similar to 2019-2021 (Figure 4a). VOS climatological wind sea heights slightly overestimate
0-1 m waves of the first partition and underestimate its 3—6 m waves (Figure 10b). For 2019-2021, they coincide
much better (Figure 2a). VOS climatological first swell heights also agree well with the first partition, especially
for waves higher than 3 m (Figure 10c). The same cannot be said for VOS swell and the first partition heights for
2019-2021 (Figure 2b). No similarity was found for the second partition heights and visually observed secondary
swell (Figure 10d), as well as for the third partition (not shown in the figures).

When it comes to wind speed, we see almost identical distributions of climatological VOS observations (>20%10°
records) and the 2-year box SWIM measurements (Figures 11b). VOS data perfectly captures moderate and
strong winds with a slight underestimation of winds of less than 4 m/s. The correlation between VOS and nadir
winds has not dramatically changed when moving to the climatological scale (Figures 11a). VOS overestimates
moderate winds of 2—10 m/s and underestimates strong winds of 12-20 m/s.

The comparison of SWIM statistics with climatological VOS distributions confirms our assumption that spatial
inhomogeneity of visual observations affects the distribution of wave heights, especially for wind sea and swell
systems. Moreover, the dearth of observations probably causes the discrepancies in the SWIM box and VOS
winds. Another reason for the underestimation of wave and wind characteristics in VOS, especially the high val-
ues, is connected with the tendency of ships to avoid stormy conditions, the so-called, “fair weather bias” (Gulev
et al., 2003). Nevertheless, this experiment clearly shows the robustness of significant wave height statistics
regardless of VOS data features and time scales (whether for several years or on climatological scales).

The analysis of wave partitions from the SWIM in relation to visually observed wind sea and swell characteristics
is more sophisticated, first of all, because of the radically different approaches of wave partitioning used. Wave
system discrimination in VOS is inherently based on joint analysis of wind and wave fields. The observer's esti-
mation is also dependent on surrounding parameters (say, place of observation, ship, stationary point, etc.). Even
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though the approach is essentially qualitative, it is possible to integrate all of these factors into a comprehensive
observation. In contrast, the SWIM wave spectra partitioning follows formal magnitude criteria that can merge
close but still physically different wave systems or, in some cases, break apart a single pattern. The ongoing prob-
lem of the wave directions ambiguity in SWIM data can enhance these effects of the formal algorithm of parti-
tioning. Addressing this problem in the near future (Le Merle et al., 2021) will help develop advanced approaches
that take wind direction into account and allow for combining physically related wave systems (Hasselmann
et al., 1994; Hanson & Phillips, 2001).

5. Conclusions

For the first time ever wave and wind parameters derived from CFOSAT measurements have been validated
against visual observations from VOS.

Significant wave height as the number one sea state parameter, in general, tends to demonstrate a high coinci-
dence between all data sets, whether they are model simulations, altimetry, or buoy measurements. The VOS and
SWIM data are not an exception when it comes to global mean statistics. But the comparison of individual in-
stantaneous measurements in collocated points indicates a large dispersion of significant wave height values and
a relatively low correlation coefficient between VOS and SWIM data sets. Presumably, the reasoning for these
results lies in the features of visual observations when the significant wave height is calculated from separately
estimated wind sea and swell heights with a rather low 0.5 m discreteness.

Cross-comparison of the SWIM wave partitions with wind sea and two swell systems of VOS was the most
intriguing part of the validation. CFOSAT is the first satellite mission providing information on three wave parti-
tions due to the novel SWIM instrument. Visual observations are the only source of direct estimates of wind sea
and swell characteristics and, therefore, can be treated as the “ground truth” for this comparison. The compre-
hensive analysis showed that none of the partitions can be confidently attributed to wind-driven waves or swells,
despite the good agreement found for the first partition with both wind sea heights for 2019-2021 (Figure 2a)
and climatological swell heights (Figure 10c). Most likely, the agreement stems from two factors that compen-
sate each other when assessing the global mean statistics. The first factor is the inability of the SWIM to “see”
short waves, that is, young growing wind seas. And the second one is the spatial inhomogeneity of VOS data and
systematic underestimation of visual wave heights due to several reasons indicated above. We believe the first
partition aggregates both swells and mature wind seas which fall into the SWIM operational wavelength range.
This assumption is confirmed by a coincidence of the SWIM integral wave height (the sum of the partitions) and
SWH2 (Figures 4b, 5f and 6b), which is determined as the maximum of the observed wind sea and swell heights.
Regional analysis in the areas with pronounced wave regimes (e.g., stormy regions and swell pools) will probably
justify these findings. Promising results of similar nature have been reported recently (Aouf et al., 2021).

We found no noticeable agreement between the second and third partition heights with VOS wave systems, in-
cluding secondary swell observations.

The analysis of the CFOSAT directional steadiness showed inconclusive results most likely due to imperfect
methods of data preprocessing. We believe that the SWIM wave system partitioning can be improved if validated
against visual observations, even despite their existing limitations, which can be alleviated by using wind wave
data from other sources as well (models, reanalyses, and buoys).

A comparison of the VOS wind data with the SWIM winds, both nadir and box, showed a reasonable agreement
for global statistics and the highest correlation of data sets in collocated points. This result, perhaps, can be
regarded as unexpected, since VOS winds have never been considered as a reliable data source for validation.

To finalize this article, we would like to stress that one of the major problems that ocean studies continue to face
is the scarcity of data from vast areas of the World Ocean required for the needs of basic weather forecasting, the
provision of marine services, and wind wave climate research. The new generation of satellites and the CFOSAT
mission, in particular, can help us overcome these problems. Visual observations continue to play an important
role in validating results from other data sources.
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