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Abstract: The offshore waters of China are a typical monsoon−affected area where the significant
wave height (SWH) is strongly influenced by the different seasonal mean flow in winter and summer.
However, limited in situ validations of the SWH have been performed on the China–France Oceanog-
raphy Satellite (CFOSAT) in these waters. This study focused on validating CFOSAT nadir SWH
data with SWH data from in situ buoy observations for China’s offshore waters and the Haiyang−2B
(HY−2B) satellite, from July 2019 to December 2021. The validation against the buoy data showed
that the relative absolute error has a seasonal cycle, varying in a narrow range near 35%. The RMSE of
the CFOSAT nadir SWH was 0.29 m when compared against in situ observations, and CFOSAT was
found to be more likely to overestimate the SWH under calm sea conditions. The sea−surface winds
play a key role in calm sea conditions. The spatial distributions of the CFOSAT and HY−2B seasonal
SWHs were similar, with a two−year mean SWH−field correlation coefficient of 0.98. Moreover, the
coherence between the two satellites’ SWH variance increased with SWH magnitude. Our study
indicates that, in such typical monsoon−influenced waters, attention should be given to the influence
of sea conditions on the accuracy of CFOSAT SWH, particularly in studies that combine data from
multiple, long−duration space−based sensors.

Keywords: significant wave height; CFOSAT; validation; variance; China’s offshore waters

1. Introduction

The offshore waters of China are a typical monsoon−affected area that is strongly
influenced by the seasonal mean flow, which is notably different in winter and summer [1].
There is a much stronger northeasterly sea−surface wind in winter and a relatively weaker
southwesterly sea−surface wind in summer [2]. Sea−surface waves are generated by
the properties of the sea−surface wind [3]; moreover, in East Asia, the variance of the
sea−surface winds among the seasons leads to variation in the significant wave height
(SWH). SWH is the average measurement of the largest third of the waves and roughly
corresponds to the mean wave height. This SWH has a close relationship with sea−surface
winds [4], with the highest SWHs observed in winter and the lowest in summer. Moreover,
the static stability of the atmospheric boundary layer can also influence the SWH [5].
Generally, by affecting the surface winds and static stability of the atmospheric boundary
layer, the seasonal mean flow plays a key role in determining SWHs.

The SWH is an important parameter that can be used to deepen our understanding of
the physical processes involved in air–sea interactions [6,7] and to establish deep−ocean
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process models [8–11]. The first documented global atlas of SWH data was derived from
GEO−3 altimeter data [12]. After that, several space−based altimeters became available,
such as TOPEX/POSEIDON, ERS−1/2, ENVISAT, Jason−1/2/3, Sentinel−3A/B, and
HY−2A/B/C [13]. With the help of these space−based altimeters, it was possible to obtain
SWH data at relatively high spatial resolutions on the global scale [14,15].

The China–France Oceanography Satellite (CFOSAT) developed jointly by the China
National Space Administration and the Centre National D’Etudes Spatiales (CNES) [16]—the
first satellite to observe global sea−surface winds and waves simultaneously [16–19]—was
launched on 29 October 2018 [20]. Onboard, there is a French wave spectrometer (referred to
as SWIM, which stands for Surface Wave Investigation and Monitoring), which has a swath
width of about 180 km [20]. SWIM has six rotating beams, with center incidence angles of
0◦, 2◦, 4◦, 6◦, 8◦, and 10◦ [21,22]. The nadir beam uses the same principle as an altimeter
to observe waves and winds [23]. Compared with that from American National Data Buoy
Center (NDBC) buoys, which are mainly located in the tropical Pacific Ocean, tropical Atlantic
Ocean, and North American waters [24–28], the root−mean−square error (RMSE) of the
CFOSAT nadir SWH is 0.21 m [20,29]. The accuracy of CFOSAT has been validated on the
global scale in many oceanic regions (e.g., the South China Sea [30]), but not in China’s offshore
waters [31].

As the lifetime of space−based sensors is usually only several years [32,33], in order
to understand the trend of SWH variability in recent decades and acquire the advantage of
vast coverage using multiple sensors [3,34], there is a strong demand for long−duration,
multi−sensor SWH products [35,36]. However, influenced by the sea conditions, the
accuracy of CFOSAT SWHs from wave spectrum in China’s offshore waters varies [37],
which has several consequences for the accuracy of multi−sensor products. Moreover,
there is a limited number of studies that have focused on the accuracy of CFOSAT SWH
under different sea conditions [37], particularly in the typical monsoon−influenced waters
of East Asia.

To investigate the accuracy of CFOSAT SWH under different sea conditions in
monsoon−affected areas, this study focused on validating CFOSAT SWHs against in
situ buoy SWH data for China’s offshore waters in different seasons, comparing the spatial
distribution of the CFOSAT SWH with data from the validated Haiyang−2B (HY−2B)
satellite in different seasons, and uncovering the variance characteristics of SWH in several
key waters.

The remainder of this paper is structured as follows: Section 2 describes the data
and methodology used for validation; Section 3 documents the validation of SWH against
in situ buoy data and the consistency with HY−2B in spatial distribution for China’s
offshore waters, as well as the variance characteristics of the SWH. The main conclusions
are presented in Section 4.

2. Data and Methods
2.1. CFOSAT SWH Data

The nadir SWHs measured by altimetry (CFOSAT SWHs) were obtained from the
SWIM level 2 product distributed by the AVISO−CNES Data Center in France and the
National Satellite Ocean Application Service (NSOAS) in China, available from 29 July
2019 (data are available at the AVISO−CNES FTP site <ftp://ftp-access.aviso.altimetry.
fr/cfosat> [last accessed on 31 January 2023]). SWIM is the first space−borne wave scat-
terometer onboard CFOSAT [38]. The main idea of the retrieval algorithm of SWH is
that at near−nadir incidence, the normalized radar cross−section is sensitive to the lo-
cal slope of the sea surface, and the tilts of long waves modulate the normalized radar
cross−section [39]. In contrast to the level 1 data, level 2 SWHs are corrected by the
attenuation caused by the dry atmosphere and wet atmosphere using water vapor and
liquid cloud water from numerical forecast [18]. In order to build a long series of homoge-
nized observations from a large number of altimeter missions, these CFOSAT SWHs were
post−calibrated to be unbiased with respect to the Jason−3 mission [40,41] and buoy data
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at the global scale [35,42]. The 1 Hz CFOSAT nadir SWH and HY−2B SWH (Section 2.3)
products were used in this study [34]. The accuracy of the nadir beam CFOSAT SWH data
is greater than that of the off−nadir wave−spectrum SWH [29], and thus we only used the
nadir SWHs in this study.

2.2. China’s Offshore Buoy SWH

The SWH observations from buoys in China’s offshore waters were obtained from the
State Oceanic Administration of China (SOAC), available directly from the SOAC office.
The wave−height measurements from buoys are available half−hourly. For our analysis,
to avoid potential problems related to land contamination [43], buoy observations within
25 km of the coastline were not used. The 23 buoys from which data were collected covered
almost the entire coastline of China; therefore, they comprehensively represent China’s
offshore waters affected by the East Asia monsoon (Figure 1).
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2.3. HY−2B SWH Data

HY−2B is the second (after HY−2A) Chinese radar altimeter [44]. This is the marine
dynamic−environment satellite launched by China on 25 October 2018 [45]. It has a
dual−frequency radar operating in the 13.58 GHz (Ku) and 5.25 GHz (C) bands [34].
Geophysical data records were obtained from the NSOAS data service website (< https:
//osdds.nsoas.org.cn> [last accessed on 31 January 2023]). The ground processing of data
utilizes the MLE4 (Maximum Likelihood Estimator) retracking algorithm inherited from
the HY−2A altimeter [40,46]. The data quality of HY−2B is high and basically the same as
that of an international−radar altimeter such as the Jason−3 satellite [34]. The RMSE of
HY−2B SWH against NDBC buoys and Jason−3 are 0.27 m and 0.30 m, respectively [31].
Both HY−2B and CFOSAT were launched in October 2018. Since these two satellites have
similar on−orbit periods, there were many matched SWHs available for studying the
accuracy differences between the CFOSAT SWIM and HY−2B satellite radar altimeter.

According to the validation details for both the HY−2B Ku−band and C−band SWH
by Jia et al. [34] and Li et al. [31], the Ku−band SWH shows better performance than the
one from the C band. The HY−2B Ku−band for SWH was selected, from which the best
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data, particularly those unaffected by precipitation, were selected using a set of various
criteria and parameter thresholds from the SWH data, such as quality flags. For example,
“rain_flag”, “ice_flag”, and “qual_alt_1 hz_swh_ku_j3” were all selected to be “0” for the
data used in the analysis.

2.4. Methods

In the comparison of the CFOSAT SWH against the HY−2B SWH, to minimize the
impacts of sea ice, the collocated SWH data were confined to the region between 60◦S and
60◦N [34], with temporal and spatial windows of 30 min and 50 km, respectively. The
comparison of the SWH from CFOSAT against in−situ−buoy SWH data also used the same
temporal and spatial windows. To replicate the seasonal differences between the CFOSAT
and HY−2B SWH in complete seasons, the data from December 2019 to November 2021
were used.

Up to 23 buoy measurements that had overlapping measurement periods with the
satellites for 28 months were analyzed in detail. To obtain the monthly variance of the statis-
tical parameters of CFOSAT SWH against the buoy observations, the statistical parameters
of matched SWHs in every month were calculated. Referring to the validation method [47],
the statistical parameters used included the relative absolute error (RAE), scattering index
(SI), correlation coefficient (R), RMSE, and temporal standard deviation for every grid box
(Tstd), defined as follows:

RAE =
1
N ∑N

i=1|Ai − Bi|
B

(1)

SI =

√
1
N ∑N

i=1
[(

Ai − A
)
−
(

Bi − B
)]2

B
(2)

R =
∑N

i=1
(

Ai − A
)(

Bi − B
)√

∑N
i=1
(

Ai − A
)2(Bi − B

)2
(3)

RMSE =

√
∑n

i=1(Ai − Bi)
2

n
(4)

Tstd =

√
∑n

i=1(xi − x)2

n− 1
(5)

where Ai is the SWH from CFOSAT, Bi is the SWH observation from the buoy, N is the
number of matched data pairs, in Equation (5) x is the SWH in one grid box from CFOSAT
or HY−2B, and n is the number−of−times series in the grid box.

The research area of this study covered China’s offshore waters (0◦–45◦N, 105◦–127◦E).
The four seasons analyzed were boreal winter, defined as December–January–February
(DJF), spring, defined as March–April–May (MAM), summer, defined as June–July–August
(JJA), and autumn, defined as September–October–November (SON). Taking different sea
conditions into account [37], an SWH of around 1.25 m denotes calm sea conditions, and
an SWH of over 5 m denotes rough sea conditions.

3. Results
3.1. Validation of CFOSAT with In Situ SWH

In order to validate the CFOSAT SWH in China’s offshore waters, we collected obser-
vations from 23 buoys (Figure 1), which covered almost the entire coastline of China. The
scatter−point density plot of CFOSAT versus the 23 buoys in 28 months, which contains
21,049 matched SWHs, revealed the overall accuracy of the CFOSAT SWH (Figure 2a). The
SI and RMSE of the CFOSAT nadir SWH were 20% and 0.29 m, respectively. The RMSE was
larger than the value (0.21 m) from the NDBC buoys [20]. According to Figure 2a, CFOSAT
SWHs showed a close relationship with buoy observations with a correlation coefficient
of 0.96. Higher densities of matched points in the range < 2 m were observed, with most
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of the matched points located near the diagonal line. In some cases, observed low SWHs
(less than 0.5 m) matched the high CFOSAT SWHs (greater than 1 m). CFOSAT tends to
overestimate the SWH in the range of <2 m, especially in the range of <1.25 m, where
the relative bias was approximately 20–40% (Figure 2b). Also, the highest accuracy was
observed for an SWH of around 4–4.5 m. This means that the relative absolute error was
greater under calm sea conditions (defined in Section 2.4) than under rough sea conditions.
A similar result has also been reported using National Data Buoy Center buoys [31].
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Figure 2. Scatter−point density plot of the CFOSAT SWH versus that of 23 buoys (a) and the relative
bias according to the SWH of buoys in intervals of 0.5 m with samples numbers, where red dots
indicate the relative bias of CFOSAT SWH against observation (b). The temporal and spatial windows
are 30 min and 50 km, respectively, and 21,049 matched SWHs were used.
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The variability of the combined RAE showed a seasonal cycle (Figure 3a, red line);
however, it varied in a narrow range near 35%. The linear−correction equation can be used
to correct the CFOSAT SWHs in China’s offshore waters. This variation has a connection
with the sea−surface wind from the buoy observations (Figure 3b, pink line), which also
exhibited a seasonal cycle. Generally, in spring and summer when weaker sea−surface
winds and SWHs appear (Figure 3b, green line), the RAE is greater when compared with
that in autumn and winter. When the sea−surface wind is relatively low (Figure 3b,
pink line), calm sea conditions occur. Under these calm sea conditions, CFOSAT tends to
overestimate the SWH compared with that in other SWH ranges.
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respectively. The RAEs of 23 buoys were used to calculate the monthly mean. The air−temperature
and sea−surface−temperature differences (blue line) have a significant correlation with the RAE at
the 95% confidence level as observed in (a) but for variance of sea−surface wind speed and SWH
(b). The temporal−correlation coefficient between the SWH from the buoys ((b), green line) and the
monthly mean RAE is −0.73 (statistically significant at the 95% confidence level). The Scatter Index
((a), gray line) and wind speed from the buoys ((b), pink line) are the monthly mean of 23 buoys in
a month.

Usually, from October to May, temperature inversions appear mostly in the air–sea
interface layer along the southeastern coast of China, in the west and south of the Korean
Peninsula, and in the north and east of the Shandong Peninsula [48]. It is worth noting that
the RAEs were also relatively low in some high sea−surface wind−speed months. During
this period, a relatively low SWH appeared (Figure 3b, green line). The air–sea temperature
difference played a key role in the sea−surface roughness [49], especially in April 2020 and
May 2021. Also, the seasonal variance of air–sea temperature inversion had an influence on
the RAE.

According to previous results comparing CFOSAT against the Jason−3 altimeter
SWH [20,31], CFOSAT seems to overestimate the SWH under calm sea conditions as well.
In East Asia, calm sea conditions usually occur in spring and summer, whereas rough sea
conditions occur in winter, which plays a crucial role in the RAE seasonal cycle.

3.2. Evaluation of HY−2B Performance with In Situ SWH

In order to evaluate the performance of HY−2B in China’s offshore waters, we used
the same temporal and spatial windows and eliminated the buoys within 25 km of the
coastline (details in Section 2.2). For a broader coverage, more matched SWHs collected
in the same time period, including 24,896 samples from 30 buoys, were analyzed than the
SWHs for CFOSAT (Figure 4). These buoy locations cover most of the China’s offshore
waters and some open−sea waters (e.g., in the central South China Sea).
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in total).
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The matched scatter−point density shows a linear correlation between HY−2B and in
situ SWHs (Figure 5a), where most HY−2B SWHs were greater than observed. The RMSE
was 0.34 m higher than from CFOSAT but lower than the value (0.38 m) against the NDBC
buoys [50]. Based on the relative bias in each 0.5 m range, HY−2B tended to overestimate the
SWH below 2 m, especially in the range of <1.25 m, which is similar to the CFOSAT result.
HY−2B tended to underestimate the SWH at around 5 m. In the range of >2 m, HY−2B
showed relatively high−quality SWHs, where the relative bias was about 10% (Figure 5b).
Linear correction can be used as a preliminary step to correct the HY−2B SWHs.
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Comparing the CFOSAT and HY−2B in−situ−validation results, CFOSAT and HY−2B
both showed a close relationship according to observations made. CFOSAT and HY−2B
tended to overestimate the SWHs in the range of <2 m; moreover, HY−2B probably overes-
timated the SWH in the range of <1.25 m more than CFOSAT. CFOSAT showed a relative
advantage in the SWH range of 3.5–4.5 m.

Generally, despite the sensors onboard CFOSAT and HY−2B being different, their
SWH results showed high correlation with observations. Linear−correlation equations can
be used as a preliminary step to correct the SWH from both CFOSAT and HY−2B.

3.3. Comparison of CFOSAT and HY−2B SWHs Variation

The spatial coverage of SWH played a key role in evaluating the time scale on which
to establish a gridded satellite dataset. We split the area into 25 km × 25 km grid boxes
(the same as the horizontal resolution of the original swaths [51]) and calculated the
cumulative number of boxes in which there was at least one data point, for 1 to 31 days
(Figure 6). The overlapping boxes were considered only once, even if there were two or
more measurements located in the box.
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Figure 6. The coverage variance according to the number of days. The solid, filled bars indicate the
coverage of HY−2B over East Asia, while the cross−hatched bars denote the coverage variance of
CFOSAT according to the number of days. The 31−day cumulative box of HY−2B is set as 100%.

According to the daily increment of spatial coverage of the CFOSAT SWH (Figure 6),
one month can be divided into two stages: a rapidly increasing stage and a relatively stable
stage. The rapid daily−increment stage was between 1 and 12 days. The period after
13 days was the relatively stable stage, and the coverage increased slowly with time.

In contrast, according to the daily increment of spatial coverage of HY−2B, one month
can be classified into three stages. A rapid daily−increasing stage occurred from 1 to
13 days, a slow daily−increasing stage occurred from 14 to 27 days, and a stable stage
occurred after 28 days, when the coverage of HY−2B reached its maximum.

Owing to the design of the satellite orbit, the coverage of HY−2B was greater than
that of CFOSAT. HY−2B also had a greater geographic coverage than that of Jason−3 [34].
Weighting the spatial coverage and time scale of the final gridded SWHs, we found that a
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10−day mean was a relatively reasonable time scale for interpolating CFOSAT and HY−2B
nadir swath SWHs into gridded boxes with a horizontal resolution of 25 km × 25 km.

To validate the spatial distribution of SWHs in a complete season, especially in winter,
the HY−2B and CFOSAT seasonal mean SWHs were used for the corresponding period
from December 2019 to November 2021 (Figure 7). The nadir SWHs were corrected with
observations (equations listed in Table 1) and then interpolated into a 25 km × 25 km grid
using the Cressman analysis, which is usually applied to interpolate meteorological station
observations [52].
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South China Sea, respectively.

Table 1. Seasonal field mean SWH and correct equations.

Field Mean SWH (m) DJF MAM JJA SON Annual Correct Equation

HY−2B 1.8 0.9 0.9 1.3 1.2 y = 0.93x − 0.13
CFOSAT 1.8 1.0 0.9 1.3 1.2 y = 0.97x − 0.17

Figures 5 and 7a illustrate that, for a typical winter−monsoon season in East Asia
(DJF), the SWH distribution from CFOSAT is similar to that from HY−2B in East Asia,
with a field correlation coefficient of 0.97 in DJF. In contrast, the lowest field correlation
coefficient of 0.92 occurs in spring. The SWH from CFOSAT was greater than that from
HY−2B in China’s offshore waters. Considering the SWH distribution in the Taiwan Strait,
CFOSAT showed more feasible results compared with HY−2B. The DJF field mean of SWH
was 1.8 m for CFOSAT, which is the same as the SWH for HY−2B (summarized in Table 1).

In boreal spring (MAM) in East Asia, the spatial distributions of the seasonal
mean SWH from CFOSAT and HY−2B showed less similarity than in winter, with a
field−correlation coefficient of 0.92 (Figure 7b,f). During this seasonal−transition period,
the weakened mean flow causes a moderate surface wind in spring, which forms calm
sea conditions. Based on the in−situ−validation results, CFOSAT has a lower accuracy
than in winter. The field mean SWH was 0.9 m for CFOSAT and 1.0 m for HY−2B.

In boreal summer (JJA, Figure 7c,g), the spatial distributions of the seasonal mean
SWH from CFOSAT and HY−2B were more uniform compared with in spring, with a field
correlation coefficient of 0.94. The CFOSAT SWH in the waters near the coastline accords
well with that from HY−2B, but not for the open sea waters, especially to the northeast of
Taiwan Island, which weakens the field correlation coefficient.

In autumn (SON), the SWH distribution was uniform between CFOSAT and HY−2B,
with a field correlation coefficient of 0.97, especially in the South China Sea (Figure 7d,h).
The CFOSAT field mean SWH was the same as the HY−2B SWH at 1.3 m.

To further summarize the comparison between CFOSAT and HY−2B, we analyzed
the annual mean SWH (Figure 7i,j), which revealed a field correlation coefficient of 0.98,
thereby, indicating that the spatial variation of SWH was quite similar between CFOSAT
and HY−2B. The field means of the annual SWH from CFOSAT and HY−2B were the
same, with a mean SWH of 1.2 m for CFOSAT, which was the same as that for HY−2B.
The monthly mean SWHs of CFOSAT and HY−2B showed an obviously similar seasonal
cycle, with the highest value in winter and the lowest value in summer. In spring, the
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field correlation coefficient was the lowest among the four seasons, which indicates that
in the period of low sea−surface winds and apparent air–sea temperature inversion, the
differences between CFOSAT and HY−2B were greater.

The standard deviation based on the time series of every 10−day mean SWH from 2020
to 2021 showed a variation in SWH magnitude throughout the study period (Figure 7k,l).
The spatial distribution of the CFOSAT SWH standard deviation was similar to that of
HY−2B, with a field correlation coefficient of 0.87. The SWH from CFOSAT and HY−2B
shared a fairly uniform spatial distribution in terms of their variation in magnitude in
China’s offshore waters among the four seasons.

Figure 8 shows the characteristics of the variation in SWH between HY−2B and
CFOSAT for every 10−day mean series from December 2019 to December 2021 in the four
sea areas of concern (Figure 8a–d). During the study period, the variations of SWH from
CFOSAT and HY−2B showed a close relationship (Figure 8a–d), with most of the sea areas
having statistically significant correlation coefficients at the 95% confidence level.
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Figure 8. Field mean SWH variance from HY−2B (blue line) and CFOSAT (red line) for every 10−day
mean series from December 2019 to December 2021 (78 time series in total). The selected waters are
shown in Figure 7k,l (red boxes). The boxes, from north to south, are Huanghai (a), Donghai (b), east
of Taiwan (c), and the central South China Sea (d), respectively.
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Among the four sea areas, it was interesting to find that the correlation coefficient
increased with SWH magnitude. Compared with HY−2B, more extreme high SWHs oc-
curred in northern waters according to CFOSAT, such as in October in Huanghai (Figure 8a),
leading to a smaller correlation coefficient. The CFOSAT SWHs varied uniformly with
HY−2B to the east of Taiwan (Figure 8c) and in the central South China Sea (Figure 8d).

An intercomparison of CFOSAT and HY−2B data over a larger domain with over
170,000 points was carried out between 60◦S and 60◦N (Figure 9a), with the criteria of a
spatial window of 50 km and a time window of 30 min [34]. There were three peak zones of
a total number of zonal points: one near the equator and the other two near the midlatitude
in the northern hemisphere and southern hemisphere. The SWHs from CFOSAT were
consistent with those from HY−2B in all SWH ranges, with a correlation coefficient of 0.99
(Figure 9b), which agrees with the findings of Li et al. [31]. It is worth noting that, in calm
sea conditions (SWH < 1.25 m), CFOSAT and HY−2B both tended to overestimate the SWH.
Similar results were also found in the CFOSAT SWH validation against buoy observations
in summer (relatively calm sea conditions) in Sections 3.1 and 3.2.

Remote Sens. 2023, 15, x FOR PEER REVIEW 15 of 19 
 

 

 

 

Figure 9. Locations of matched points between HY−2B and CFOSAT nadir measurements and zonal 

total samples at every latitude (top), and a scatter−point density plot of HY−2B versus CFOSAT 

SWH (bottom). The data were selected with a 50 km spatial window and 30 min time window be-

tween CFOSAT and HY−2B observations between 60°S and 60°N. 

4. Conclusions 

In East Asia, a typical monsoon−affected area, the sea−surface wind speed varies con-

siderably in magnitude between summer and winter. This different seasonal mean flow 

can directly lead not only to variations in SWH but also to the appearance of air–sea tem-

perature inversion. This issue cannot be simply eliminated by setting up some flag (e.g., a 

rain detection flag or an ice flag). However, there have been limited, in situ validations of 

SWHs performed in these waters with such complex sea conditions. In this study, we val-

idated the SWHs from CFOSAT against in situ buoy observations for China’s offshore 

waters from July 2019 to December 2021 with temporal and spatial windows of 30 min 

and 50 km, respectively. The SI and RMSE of the CFOSAT nadir SWH were 20% and 0.29 

m, respectively. The main findings of our study can be summarized as follows: 

(1) On the basis of 23 in situ buoy observations in China’s offshore waters, CFOSAT 

tends to overestimate the SWH in the range of <2 m, especially in the range of <1.25 

m, where the relative bias is about 20–40%. The highest point of accuracy is observed 

for the SWH in the range of around 4–4.5 m. The SI and RMSE of the CFOSAT nadir 

Figure 9. Locations of matched points between HY−2B and CFOSAT nadir measurements and zonal
total samples at every latitude (top), and a scatter−point density plot of HY−2B versus CFOSAT
SWH (bottom). The data were selected with a 50 km spatial window and 30 min time window
between CFOSAT and HY−2B observations between 60◦S and 60◦N.
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4. Conclusions

In East Asia, a typical monsoon−affected area, the sea−surface wind speed varies
considerably in magnitude between summer and winter. This different seasonal mean
flow can directly lead not only to variations in SWH but also to the appearance of air–sea
temperature inversion. This issue cannot be simply eliminated by setting up some flag (e.g.,
a rain detection flag or an ice flag). However, there have been limited, in situ validations
of SWHs performed in these waters with such complex sea conditions. In this study, we
validated the SWHs from CFOSAT against in situ buoy observations for China’s offshore
waters from July 2019 to December 2021 with temporal and spatial windows of 30 min and
50 km, respectively. The SI and RMSE of the CFOSAT nadir SWH were 20% and 0.29 m,
respectively. The main findings of our study can be summarized as follows:

(1) On the basis of 23 in situ buoy observations in China’s offshore waters, CFOSAT tends
to overestimate the SWH in the range of <2 m, especially in the range of <1.25 m,
where the relative bias is about 20–40%. The highest point of accuracy is observed for
the SWH in the range of around 4–4.5 m. The SI and RMSE of the CFOSAT nadir SWH
are 20% and 0.29 m, respectively. The RAE shows an obvious seasonal cycle, varying
in a narrow range near 35%. A linear−correction equation can be used to correct the
CFOSAT SWHs in China’s offshore waters. The sea condition plays a crucial role
in the RAE seasonal cycle, which is influenced by the sea−surface wind speed and
air–sea temperature inversion. Both are controlled by seasonal mean flow.

(2) Weighting the spatial coverage and time interval of the final gridded SWHs, a 10−day
mean was used for interpolating CFOSAT and HY−2B swath SWHs into grid boxes. A
comparison of the corrected CFOSAT grid−box SWH against that of HY−2B showed
that the spatial distribution of SWH agreed well with that from HY−2B in the four
seasons, with a field correlation coefficient exceeding 0.98 for two years of mean
SWHs. In winter, when the SWH is greater, the field correlation coefficient is 0.97, as
compared to spring, when the field correlation coefficient is 0.92.

(3) Among four selected sea areas, the field mean SWH variance of CFOSAT and HY−2B
showed a close relationship. Moreover, the correlation coefficient of the field mean
SWH variance from CFOSAT and HY−2B increased with the mean SWH magni-
tude. Compared with HY−2B, more extremely high CFOSAT SWHs occurred in the
Huanghai seawater area.

(4) For a broader coverage of HY−2B than CFOSAT, 24,896 matched SWHs from 30 buoys
were found in almost the entire region of China’s offshore waters. The validation
results indicated that, normally, the HY−2B SWH is higher than observed, with an
RMSE of 0.34, which is greater than that of CFOSAT. The SWH of both CFOSAT and
HY−2B shared a close relationship with the observed data, in which the HY−2B
SWH showed a greater overestimation than CFOSAT in the SWH range of <1.25 m.
Scatter−point density plots of CFOSAT and HY−2B SWHs versus buoy data suggest
that linear correlation equations can be applied as a preliminary step to correct the
SWHs of both satellites.

(5) The matched points from the intercomparison of CFOSAT and HY−2B SWHs were
distributed evenly over the latitudes. These SWHs from CFOSAT were consistent
with those from HY−2B in all SWH ranges. In calm sea conditions (SWH < 1.25 m),
both CFOSAT and HY−2B tend to overestimate the SWH.

To maintain a clear focus in this study, we concentrated on the validation of CFOSAT
SWHs and the characteristics of their variance in China’s offshore waters. Nevertheless,
other factors, such as the sandy intertidal zone [53–56] and ocean swell [57–60], can in-
fluence the results. Despite the limited number of observations, consisting of 23 buoys
moored in China’s offshore waters, and the period of overlap (two years) with HY−2B
SWH data, the results show that the sea conditions have a strong connection with the RAE
seasonal cycle. This study emphasizes that, in such special seasonal mean−flow−affected
waters, especially in the mid−latitude offshore waters of China, attention should be given
to the adverse effects of the sea conditions on the accuracy of CFOSAT SWH. Furthermore,
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more validation results with in−situ observations from China’s offshore waters and the
mechanism behind the seasonal mean flow and SWH accuracy are worthy of investigation
in the future.
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