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Significant wave height (SWH) is an important parameter to reflect wave state,
which is of great significance in ocean engineering. However, the current wave
observation methods have limitations in capturing wave field data with high
spatial resolution. In this study, to generate the SWHs field over the Northeast
Pacific and Northwest Atlantic, multi-source satellite altimeter data (CRYOSAT-2,
SARAL, JASON-3, SENTINEL-3A, SENTINEL-3B, HY-2B and CFOSAT) are fused
with a spatial resolution of 0.125° x 0.125° and a temporal resolution of 1 day. We
employ the Inverse Distance Weighting (IDW) method and the IDW-based
spatiotemporal (IDW-ST) method for data fusion. The fusion results exhibit a
consistent spatial distribution characteristic, but the results of the IDW method
display the visible trajectory. Moreover, the IDW-ST method, which incorporates
time factors, shows great agreement between the fused SWH and buoy data.
However, when the water depth change near the grid point has a great influence
on the fusion, the complexity of bathymetric topography makes the traditional
two-dimensional spatial fusion methods inadequate. Therefore, an improved
method is proposed based on the IDW-ST fusion method, which introduces the
water depth factor and significantly enhances fusion accuracy in regions where
bathymetric variations greatly affect fusion results. The proposed method can be
used to generate reliable SWH fields, especially in complex bathymetric
topography conditions, and provide significant support for marine
infrastructure design, ocean energy utilization and marine disaster protection.

multi-source satellite altimeters, fusion method, water depth factor, significant wave
height, Northeast Pacific and Northwest Atlantic
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1 Introduction

Significant Wave Height (SWH) is a crucial parameter
describing the wave energy and wave state in the ocean, which
plays an important role in the fields of ocean engineering, offshore
shipping, and ocean energy development. Accurate SWH data are
essential for ocean dynamics research, marine disaster warning
systems, ocean engineering design, and ensuring the safety of
offshore operations (Liang et al, 2019; Qin and Li, 2021; Yang
etal., 2022; Liu et al., 2023b). However, due to the complexity of the
marine environment and limitations in observation methods, the
existing measured SWH data exhibit certain deficiencies in terms of
spatial and temporal coverage (Shi et al., 2019).

Although traditional methods of ocean observation, including
buoys, ocean platforms, and ship observations, can provide highly
accurate SWH data in localized areas, these methods have
limitations due to geographical constraints and technical
considerations (Chai et al., 2020; Lin and Yang, 2020). As a
result, achieving continuous monitoring over large-scale areas
becomes challenging. The limited deployment density of buoys
and platforms contributes to significant spatial inhomogeneity in
the observed data (Woo and Park, 2017; Collins et al., 2024).
Additionally, ship observations, being random and discontinuous,
are unable to provide long-term and stable records of SWHs (Gulev
et al.,, 2003). Furthermore, these observation methods may lead to
missing or inaccurate wave data under the influence of adverse
weather and sea conditions, making it difficult to obtain timely
information on SWH fluctuations during tropical cyclones.

As an important means of accessing SWHs data in the global
ocean, satellite altimetry has the advantages of wide coverage, long
time span, and easy access to data (Young, 1994; Zieger et al., 2009;
Abdalla et al., 2021). Since the launch of the first satellite altimeter
(Geosat) in 1985, satellite altimeter data have been widely utilized in
long-term monitoring of the global marine environment (Young
et al, 2011; Woo and Park, 2017; Young and Ribal, 2019;
Timmermans et al,, 2020b), investigation and estimation of
extreme meteorological systems (Cooper and Forristall, 1997;
Wimmer et al, 2006; Vinoth and Young, 2011; Young et al,
2012; Timmermans et al., 2020a), model validation and accuracy
evaluation (Li et al., 2018; Yu et al.,, 2018; Yurovskaya et al., 2022;
Liu et al,, 2023a). However, data from a single satellite altimeter
often suffer from limited spatial and temporal resolution and
accuracy, which can hinder their effectiveness in detailed
oceanographic research and engineering applications (Appendini
et al., 2014; Abdalla et al, 2021; Hamlington et al., 2023).
Consequently, the fusion of SWH data from multi-mission
satellite altimeters has emerged as an effective method to obtain
high-resolution observation field data (Pascual et al., 2007; Yaakob
et al., 2016).

Currently, many scholars have conducted research in SWH data
fusion, applying various methods to improve the accuracy and
reliability of SWH fields in different scales (e.g., Yang et al., 2008,
2012; Chen et al., 2009; Han and Yang, 2016; Badriana et al., 2021).
One commonly used method in the spatial fusion of SWH data is
the traditional Inverse Distance Weighting (IDW) method. This
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method is favored for its computational simplicity and ease of
implementation (Lu and Wong, 2008; Maleika, 2020). Despite its
widespread use, the traditional IDW method does not account for
temporal variations in wave dynamics, which may limit the
accuracy of fusion results, particularly in regions with rapidly
changing wave conditions. To overcome this limitation, the IDW-
based spatiotemporal (IDW-ST) method has been developed,
incorporating temporal factors into the fusion process (Li et al,
2016). However, when the influence of water depth change near the
fusion data points is significant, traditional two-dimensional spatial
fusion methods are still insufficient due to the complexity of the
bathymetric topography. Specifically, sharp bathymetric gradients
significantly affect wave propagation characteristics and
distribution. Therefore, methods that consider only spatial and
temporal factors are difficult to adequately capture the true
characteristics of SWH changes in these regions.

Additionally, the increasing number of satellite missions with
more track data enables the fusion generation of SWH fields with
high resolution and wide coverage. Thus, in this study, we use data
from seven satellite altimeters launched in recent years, including
CRYOSAT-2, SARAL, JASON-3, SENTINEL-3A, SENTINEL-3B,
HY-2B and CFOSAT, to fuse SWH data for 2020 over the
Northeast Pacific (NEP) and Northwest Atlantic (NWA). The
temporal and spatial resolutions of the fused SWH fields are 1 day
and 0.125 degrees, respectively. We employ both the IDW and IDW-
ST methods for data fusion and conduct a comparative analysis to
evaluate their performance. Based on the insights gained from this
analysis, an improved fusion method, Depth-Weighted-IDW-ST
(DW-IDW-ST) is proposed. This method enhances the IDW-ST
approach by introducing the influence of the water depth factor,
thereby improving the fusion accuracy of SWH data when the
influence of water depth change near the fusion data points is
significant. By integrating the effects of distance, time, and water
depth on SWHs, the DW-IDW-ST method provides a more accurate
and reliable representation of SWHs in these complex environments.

This paper is organized as follows: Section 2 provides an
introduction to the data source with satellite altimeter and buoy,
and presents the fusion algorithms and evaluation methods for the
results. In Section 3, the fusion results of different algorithms are
compared, and an improved method considering the depth factor is
proposed and evaluated. Finally, Section 4 presents the conclusions
drawn from the study.

2 Materials and methods

2.1 Satellite altimeter data

The multi-mission satellite datasets developed by Ribal and
Young (2019) are widely utilized on both global and regional scales.
A satellite altimeter measures the time delay between the
transmission and reception of radar pulses reflected from the
ocean surface, and then uses it to calculate the sea surface height
and wave conditions. With this important ocean engineering
observation tool, large-scale and continuous measurements of
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SWHs can be obtained. Figure 1 illustrates the operating years of
each satellite altimeter from 1985 to the present. The corresponding
altimeter data can be accessed through the Australian Ocean Data
Network (AODN) at https://portal.aodn.org.au. In this paper, data
from seven satellite altimeters (CRYOSAT-2, SARAL, JASON-3,
SENTINEL-3A, SENTINEL-3B, HY-2B and CFOSAT) are fused to
generate SWH fields in 2020. The parameter information
(inclination, altitude, frequency band and latitudinal range) of
these multi-mission satellites is listed in Table 1. Figure 2 displays
the trajectory of each satellite altimeter in the study area over a day.
All SWHs used in this study are calibrated, and anomalous data
(indicated by flag 4) are systematically excluded. Flag 4 designates
data points that have not passed the quality control checks and are
classified as “bad” data. These data points do not meet the required
quality standards and are thus omitted from the analysis to ensure
the reliability of the SWHs used. For more detailed information on
quality control procedures and flag definitions, see Ribal and
Young (2019).

2.2 Buoy data

The National Data Buoy Center (NDBC), part of the National
Oceanic and Atmospheric Administration, manages an extensive
array of in-situ buoys that provide crucial oceanographic and
meteorological data in both real-time and historical formats. These
buoys measure key parameters such as wave parameters, which are
widely used to validate remote sensing data, particularly satellite
altimeter measurements of wave conditions. The high accuracy of
buoys makes this in-site measurement an ideal reference for
comparison with satellite-derived products such as SWHs, helping
to refine satellite algorithms and improve data fusion methods. In this
study, we utilize historical wave measurements from NDBC buoys to
validate satellite altimeter-derived SWHs and fused SWHs.
Specifically, buoys located greater than 50 km offshore are selected
for evaluating the satellite altimeter SWH data to avoid the influence
of land and ensure the accuracy of the comparison (Zhang et al.,
2015; Wan et al., 2020). The widely accepted matching criterion is 50
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km in spatial distance and 30 min in temporal difference (Monaldo,
1988; Queffeulou, 2004). In addition to these buoys, the buoys located
within 50 km offshore are also included in the comprehensive
assessment of fused SWHs. The locations of the buoys and the
study area are shown in Figure 3. Table 2 presents detailed
information on the buoys. The corresponding buoy data can be
accessed at https://www.ndbc.noaa.gov/.

2.3 Fusion methods

2.3.1 IDW fusion method

The IDW fusion method is widely employed in data fusion as a
commonly used spatial method due to its simplicity and efficiency
(Setianto and Triandini, 2015). This method utilizes distance as the
primary criterion, where the contribution of an observation point
(i.e., the location where ocean wave measurements from satellites)
to the fusion data output at the grid center increases as the distance
to the grid center decreases. The mathematical expression
associated with this approach is presented below:

Z; = éZ(xn)Wn/ﬂE:Wn (1)
w, =@1/d,)" (2)

where Z;; represents the fusion result at the grid center point (i,
7); n represents the total number of observation points in proximity
to the grid; Z (x,) represents the nth observation values of the
satellite altimeters near the grid point; the weighting factor, W,,, is
assigned to each altimeter observation point based on its distance,
d,, from the grid center; m is generally taken as 2.

2.3.2 IDW-ST fusion method

The IDW-ST fusion method is an extension of the IDW method
that incorporates a temporal parameter to establish the spatio-
temporal relationship between data points (Wang et al, 2018).
This integration enables the generation of desired wave fields at

Satellite altimeter
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FIGURE 1

Year

Duration of altimeters data in the AODN database from all the satellite missions over the period of 1985-2024.
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TABLE 1 Parameter information on multi-mission satellites used in the study.

10.3389/fmars.2024.1458892

Satellite . Repeat Inclination (°) Freq. band (GHz) Ll el °

mission (days) coverage (°)
CRYOSAT-2 30 92 717 Ku (13.575) (-88, 88)
SARAL 35 98.538 814 Ka (35.75) (-81, 81)
JASON-3 10 66 1336 Ku (13.575) (-66, 66)
SENTINEL-3A 27 98.65 815 Ku (13.575) (-78, 81)
SENTINEL-3B 27 98.65 815 Ku (13.575) (-78, 81)
HY-2B 14 99.34 964 Ku (13.575) (-81, 80)
CFOSAT 13 97.53 519 Ku (13.575) (-80, 80)

specific time points. By incorporating the time parameter, the IDW-
ST fusion method enhances the synthesis of spatial and temporal
information, leading to more accurate and comprehensive wave
field estimations. The mathematical expression representing the
IDW-ST fusion method is presented as follows:

i m

Z(x,y,ct) = iwizi, W; = % 3)
i1 1

d; = \/(xi X))+ - t) (4)

where Z represents the result to be fused at the target grid point;
Z; represents the observation values of the satellite altimeter near
the grid point at the corresponding moment; x and y represent the
coordinates of the target grid point; x; and y; represent the
coordinates of the altimeter observation point; W; represents a
weighting factor incorporates both distance and time the distance
and time parameters; m represents the power exponent of the
weighting function; d; represents the distance between the grid
point and the observation point taking into account the time
parameter, and ¢ is a parameter defined as a spatial unit divided
by a time unit.

2.4 Evaluation method

In order to assess the precision of the satellite altimeter data and
evaluate the efficacy of each fusion method, several statistical
parameters are utilized in this study. These parameters include
bias (BIAS), root mean square error (RMSE), scatter index (SI), and
Pearson’s correlation coefficient (r). Additionally, to provide a
comprehensive evaluation of the method performance, the
performance score (Ps) is also employed (Hanson et al., 2009).
The Ps is a normalized measure of BIAS, RMSE, and SI, defined as a
combination of these parameters. The definitions of these statistical
parameters are outlined below:

1 N
BIAS = ﬁz(n -X;) (5)

i=1

RMSE = ,/ii(m - X)) (6)
N i=1

N
LY -7) - X - X
i=1

SI = % (7)
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FIGURE 3
The locations of NDBC buoys (red triangles) in the NEP and NWA.

TABLE 2 Information on buoys used in this study.

gitude (°) Latitude (°) Depth gitude (°) Latitude (°) Depth
41001 72242 W 34703 N 4501 41002 74.936 W 31.759 N 3784
41004 79.099 W 32,502 N 35 41009 80.185 W 28.508 N £
41010 78.467 W 28878 N 888 41013 77.764 W 33441 N 33
41025 75.454 W 35010 N 48.8 41040 53.136 W 14536 N 4988
41041 46327 W 14453 N 3450 41043 64.793 W 21.026 N 5262
41044 58.630 W 21.582 N 5419 41046 68.393 W 23822 N 5490
41047 71452 W 27.465 N 5347 41048 69.573 W 31.831 N 5394
41049 62271 W 27.505 N 5480 42001 89.662 W 25926 N 3200
42002 93.646 W 26.055 N 3088 42003 85.616 W 25925 N 3273
42012 87.548 W 30.060 N 235 42019 95343 W 27.908 N 85
42020 96.679 W 26970 N 86 42035 94.406 W 29.235 N 15.5
42036 84.508 W 28.501 N 50.9 42039 86.077 W 28.787 N 281
42040 88.237 W 29.207 N 192 42055 94112 W 2214N 3608
42056 84.957 W 19.826 N 4526 42057 81.575 W 16973 N 412
42058 75.140 W 14525 N 4112 42059 67.483 W 15.300 N 4761
42060 63329 W 16.434 N 1469 44008 69.250 W 40496 N 72
44011 66.562 W 41.093 N 91.1 44014 74.837 W 36.603 N 49.1
44017 72.049 W 40.693 N 48 44025 73175 W 40258 N 40.2
44027 67.301 W 44284 N 188 44066 72.644 W 39.618 N 77

(Continued)
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TABLE 2 Continued

Buoy Longitude (°) Latitude (°) Depth (m) Longitude (°) Latitude (°) Depth (m)
46001 148.027 W 56.296 N 4123 46002 130.507 W 42.662 N 3478
46005 131.09 W 46.143 N 2821 46006 137.377 W 40.764 N 4347
46011 120.999 W 34937 N 416 46012 122.881 W 37.356 N 208.8
46013 123.317 W 38235 N 127 46014 123.980 W 39225 N 335
46015 124.844 W 42.752 N 446 46022 124.540 W 40.716 N 456
46026 122.839 W 37.754 N 54.9 46027 124382 W 41.840 N 60
46028 121.903 W 35770 N 1154 46029 124.487 W 46.163 N 131
46035 177.703 W 57.016 N 3694 46041 124.739 W 47.352 N 131
46042 122.396 W 36.785 N 1693 46047 119.525 W 32.388 N 1423
46050 124.546 W 44.669 N 160 46054 120.468 W 34274 N 454
46059 120976 W 38.069 N 4640 46060 146.795 W 60571 N 430
46061 146.837 W 60.230 N 201 46066 155.009 W 52.765 N 4457
46069 120213 W 33.677 N 977.8 46070 175261 W 55.050 N 3871
46071 179.764 W 51.040 N 3967 46072 172.114 W 51.666 N 3566
46073 172.012 W 55.008 N 3471 46075 160.794 W 53.969 N 2318
46076 148.005 W 59.508 N 200 46078 152.599 W 55.561 N 5361
46080 150133 W 57.916 N 220 46082 143353 W 59670 N 296
46083 138.019 W 58.270 N 128.9 46084 136.040 W 56.614 N 1149
46085 142.876 W 55.878 N 3745 46086 118.052 W 32499 N 1844.7
46087 124.727 W 48.493 N 262.4 46089 125.793 W 45936 N 2375
51000 153.792 W 23.528 N 4762 51001 162.008 W 24451 N 4906
51002 157.746 W 17.042 N 4997 51003 160.639 W 19.196 N 4987
51004 152.230 W 17.538 N 5278 51100 153.900 W 23.558 N 4754.9
51101 162.081 W 24359 N 4860

the root-mean-square value of the observed data from the buoy. Ps

M=

S[(Y; = V)0 - X)]
r= (8)
[(Y; - V) (X; - X)7]

is a non-directional index that ranges from 0 to 1, with a value of 0

]
—

indicating a perfect result.

M=

1

I
—_

 RUSE + BLAS +$1 3 Results

Ps %)

3.1 Altimeter data evaluation

BIAS = %» V (10) Before the fusion of SWH fields, a thorough evaluation of the
calibrated data from the AODN platform’s satellite altimeters is
conducted by comparing it with the data obtained from NDBC
buoys. The statistical performance of the SWHs from the seven

satellite altimeters used in this study is presented in Figure 4. The

(1m

results demonstrate a strong agreement between the SWHs data

where X; represents the SWH of the buoy and Y; represents the
SWH of the altimeter; X represents the mean value of the SWH of
the buoy and Y represents the mean value of the SWH of the
altimeter; N represents the total number of data points, and Orms is
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obtained from all satellite altimeters and the buoy data, with
correlation coefficient r exceeding 0.970 and BIAS values ranging
from -0.016 m to 0.017 m. Additionally, other statistical parameters,
such as RMSE ranging from 0.214 to 0.279, SI consistently below
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Scatter comparison of calibrated SWH data from 7 satellite altimeters ((A) CRYOSAT-2, (B) SARAL, (C) JASON-3, (D) SENTINEL-3A, (E) SENTINEL-3B,

(F) HY-2B and (G) CFOSAT) versus NDBC buoys data.

0.150, and Ps ranging from 0.071 to 0.092, further support the high
quality of the altimeter data. Notably, the three satellites launched
after 2018 (SENTINEL-3B, HY-2B, and CFOSAT) exhibit relatively
superior data quality with excellent statistical performance, except
for BIAS. Comprehensively, the Ps values for these three satellite
altimeter data are consistently below 0.080, with respective scores of
0.078, 0.077, and 0.071. It is worth mentioning that the differences
in operational cycles and durations of the satellites affect the
amount of matched data, which could contribute to the observed
variations in the accuracy of satellite data. Overall, the calibrated

Frontiers in Marine Science

satellite altimeter data provided by the AODN platform
demonstrate exceptional accuracy and consistency, thereby
meeting the requirements for multi-source data fusion.

3.2 Comparison of fusion methods
To generate the daily SWH field, we employ altimeter data from

7 satellite missions over a 3-day period, which can be used to
integrate the data of the target day, the day before and after the
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FIGURE 5

The daily spatial distribution on August 1, 2020, and mean spatial distribution in 2020 of SWH fields using IDW and IDW-ST methods. (A) daily SWH
of IDW method, (B) daily SWH of IDW-ST method, (C) mean SWH of IDW method and (D) SWH of IDW-ST method.

target day. This window ensures a high time correlation of the
observation, and the corresponding observation distance is
reasonable. Figure 5 illustrates the fused SWH field with a spatial
resolution of 0.125 degrees on August 1, 2020, along with the annual
mean SWH for both the IDW and IDW-ST methods. It can be
observed that the spatial distributions of the daily SWH fields
generated by both methods are largely similar, with IDW
demonstrating relatively higher peak wave heights. However, a
notable distinction exists between the fused results of IDW-ST
and IDW. The IDW-ST method yields more natural and smooth
results, while the IDW method exhibits visible track traces. This
discrepancy may be attributed to the fact that IDW solely considers
geospatial factors. Moreover, the mean values of the fused SWH
data generated by both methods in 2020 exhibit similarity, while it is
evident that regions with higher latitudes experience higher
SWH values.

To further analyze the performance of the fusion methods, four
buoy stations (41040, 41043, 41047, and 51001) are selected to
conduct a time series comparison between the fused SWH and the
measured data (as shown in Figure 6). The buoy data is averaged to
obtain the daily average SWH, which is comparable to the fused
daily SWH. Figure 6 illustrates the time series comparison of the
SWHs at these sites. It is observed that the fused results and the
buoy data exhibit a high degree of consistency in terms of both the
trend and amplitude of the SWH changes. This consistency
validates the effectiveness of the IDW and IDW-ST methods in
accurately representing the actual sea state. However, when
compared to the IDW-ST method, the fused SWHs generated by
IDW display relatively discrete characteristics, particularly showing
significant deviations at the peak values. For instance, at buoy
41043, the IDW method notably overestimates the measured data
on January 16, 2020, as well as on July 30, 2020. Table 3 shows the
statistical parameters of buoy measurements and fused SWHs,
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which are obtained by the IDW method and IDW-ST method.
Compared with the IDW method, the IDW-ST method has lower
RMSE, SI and Ps values, and higher correlation (r) values at each
buoy station, indicating better agreement with the buoy
measurement results. For example, at buoy 41043, the IDW-ST
method achieves an RMSE of 0.148 m and a correlation (r) of 0.971,
outperforming the IDW method (RMSE: 0.212 m, r: 0.943). This
improved performance is particularly evident in the strong
temporal variation of the wave field, such as under extreme wave
conditions, which shows the importance of the IDW-ST method in
considering the spatiotemporal variation of waves.

For a comprehensive evaluation, Figure 7 presents the scatter
comparison between the fused SWH data and all buoy data. From
the scatter plots, it is evident that both the IDW and IDW-ST fused
data exhibit a strong correlation with the buoy data (r: 0.923 and
0.947), and the scatter distributions closely align with the ideal 45-
degree diagonal line. However, the results of the IDW method
present relative dispersion with relatively large values for RMSE
(0.365 m), SI (0.193) and Ps (0.128). This characteristic is also
reflected in the significant orbital traces observed in the fused SWH
fields (Figure 5) and the deviations in the SWH time series
(Figure 6) at peak values. In contrast, the IDW-ST method
demonstrates a more concentrated distribution of fused data,
particularly for large SWHs, resulting in smaller values for RMSE
(0.300 m), SI (0.158) and Ps (0.108). The notable advantage of the
IDW-ST method can be attributed to the incorporation of the time
factor, which enhances the temporal correlation and assigns greater
weight to the nearby altimeter SWH data on a spatiotemporal scale.
This becomes particularly significant when there are substantial
variations in the SWH field across these two scales, further
highlighting the fusion advantage of the IDW-ST method.
Overall, the IDW-ST fusion method, which generates stable and
reliable fusion results, is suitable for the following research.
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The time series comparison between the fused SWHs and measured data obtained from NDBC buoys (A) 41040, (B) 41043, (C) 41047, and (D) 51001

in 2020.

TABLE 3 Statistical performance of time series SWH fused by IDW and IDW-ST methods at four buoys.

Method Buoy BIAS (m) RMSE (m) SI r 23
41040 0.015 0.157 0.082 0.946 0.056
41043 -0.031 0.212 0.116 0.943 0.081
IDW
41047 0.006 0.278 0.163 0.930 0.105
51001 0.010 0.215 0.096 0.958 0.064
Method Buoy BIAS (m) RMSE (m) SI r Ps
41040 0.013 0.109 0.057 0.974 0.039
41043 -0.050 0.148 0.077 0.971 0.060
IDW-ST
41047 0.013 0.189 0.111 0.966 0.073
51001 -0.003 0.157 0.070 0.976 0.046
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FIGURE 7

Scatter comparison of SWHs fused by (A) IDW method and (B) IDW-ST method with measured data from all buoy.

3.3 Improvement of IDW-ST

Although the IDW-ST method has demonstrated superior
performance, significant discrepancies between fusion results and
observed data have been noted at certain buoy locations, such as
buoys 41013 and 41025. By investigating the environmental
characteristics of these locations, it is observed that the water
depth in the area surrounding the fusion points exhibits
significant variations, which in turn exert a notable influence on
the wave characteristics. It is worth noting that fusing satellite
measurements on a spatial scale with distance as an important
weight may ignore the effect of water depth on ocean waves.
Specifically, the spatial distribution characteristics of SWHs
considered in data fusion should not only be a two-dimensional
distribution of a plane, but a three-dimensional distribution. If the
water depth near the grid point where SWH is to be fused changes
greatly, and this variation has a significant effect on the spatial

distribution of SWHs, then water depth should also be selected as a
fusion factor. Thus, we propose incorporating the depth factor,
alongside the time factor and distance factor, into the satellite data
fusion process. This lead to the development of the Depth
Weighting-IDW-ST (DW-IDW-ST) method. The expression of
this method can be defined as follows:

2 (20)"
W, = g;((:‘?))m)li = exp(-a.
i=1 1

where W; represents a weighting factor that combines distance,

ab, |
r—d;

(12)

time and depth; AD; represents the difference between the water
depth at the grid point to be fused and the water depth at the
satellite orbit position; d; represents the distance between the grid
point and the observation point in Equation 4 that takes into
account the time factor; A; represents a factor that balances the
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Time series comparison of fused SWHs derived by IDW-ST and DW-IDW-ST methods at buoys (A) 41013 and (B) 41025.
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depth difference and the distance, and o represents an adjustable
coefficient, which is chosen to be 0.02 in this paper.

The DW-IDW-ST method, which modulates the joint influence
of distance, time, and depth factors on data fusion, is utilized to
generate daily SWH fields in the study area for the year 2020. These
results are compared with the fusion outcomes of the IDW-ST
method. The comparison focuses specifically on the buoy locations
mentioned above, where significant water depth variations are
identified to have a substantial impact on ocean waves. Figure 8
illustrates a comparison of the time series of SWHs between the
IDW-ST and DW-IDW-ST fusion methods at buoys 41013 and
41025. The results reveal that the IDW-ST method tends to
overestimate the true sea state in certain peak values when
compared to the buoy measurements, such as on February 7, 2020.
This discrepancy can be attributed to the fact that the IDW-ST
method solely utilizes distance as the spatial fusion factor, giving
significant weights to satellite orbital locations close to the grid points.
However, due to large variations in water depths, the wave
characteristics at these specific locations can differ significantly.
Therefore, data at satellite track locations where the water depth is
similar to the grid points should be assigned greater weights
compared to all locations. For example, in satellite altimeter data at
nearly equal distances from the grid points, some locations with
significant differences in water depth compared to the grid point may
exhibit large SWHs. Conversely, other locations might have similar
water depths to the grid point with comparable wave characteristics.
When only distance is considered as the spatial fusion factor, the
weights of all these data points are treated similarly. Consequently,

10.3389/fmars.2024.1458892

this leads to an overestimation of the measured values by the IDW-ST
method, as depicted in Figure 8. However, by accounting for the
influence of water depth, the DW-IDW-ST method demonstrates
relatively good agreement with the buoy data during this period,
providing a more realistic representation of the sea state. Table 4
shows the statistical parameters of buoy measurements and fused
SWHs, which are obtained by the IDW-ST method and DW-IDW-
ST method. For example, at buoy 41025, the DW-IDW-ST method
yields lower RMSE (0.363 m) and Ps (0.139) compared to the IDW-
ST method. When the significant water depth change near the grid
point has a great influence on the fusion, the DW-IDW-ST method
shows a strong fusion ability.

A scatter-comparison analysis is performed to evaluate the fusion
performance of the IDW-ST and the DW-IDW-ST methods in areas
with significant water depth variations (as shown in Figure 9). The
results indicate that the introduction of the depth factor in the DW-
IDW-ST method improves the fusion accuracy and reduces the
overestimation of the measured values when compared to the IDW-
ST method. Specifically, the fusion results of the DW-IDW-ST method
demonstrate a substantial decrease in BIAS, RMSE, and S, indicating
relatively small errors. The enhanced correlation coefficient, with the
value of r increasing from 0.900 to 0.920, signifies a stronger
relationship between the fusion results of the DW-IDW-ST method
and the measured data. Additionally, the decrease in Ps from 0.179 to
0.160 further highlights the comprehensive advantages of the DW-
IDW-ST method. Overall, these findings confirm the effectiveness and
necessity of incorporating bathymetric parameters into the SWH
fusion process of satellite altimeters.

TABLE 4 Statistical performance of time series SWH fused by IDW-ST and DW-IDW-ST methods at two buoys.

Method Buoy BIAS (m) RMSE (m) SI r Ps
41013 0.156 0.337 0.195 0.795 0.143
IDW-ST
41025 0.278 0.606 0.298 0.755 0.256
Method Buoy BIAS (m) ‘ RMSE (m) ‘ si r Ps
41013 -0.017 0.323 0.187 0.814 0.129
DW-IDW-ST
41025 0.043 0.363 0.199 0.801 0.139
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FIGURE 9

Scatter comparison of fusion results of (A) IDW-ST method and (B) DW-IDW-ST method with buoy data at locations with significant water depth
variations. The solid black line represents the diagonal line, and the solid red line indicates the regression line.
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4 Conclusion

The study of wave fields plays a vital role in ensuring safety,
feasibility, and sustainability in marine meteorological forecasting,
ocean engineering planning and design, marine ecological research,
and marine disaster warning and protection. In this study, the
calibrated data from multi-source satellite altimeters (CRYOSAT-2,
SARAL, JASON-3, SENTINEL-3A, SENTINEL-3B, HY-2B and
CFOSAT) using the IDW and IDW-ST methods are fused to
generate SWH fields in the NEP and NWA. The spatial
resolution is set at 0.125° x 0.125° and the temporal resolution is
set at 1 day. The SWH fields obtained from both fusion methods
present similar spatial distributions. However, the results produced
by the IDW-ST method appear more natural and smooth, while the
results of the IDW method show a visible trajectory. This difference
could be attributed to the fact that the IDW-ST method takes into
consideration not only the spatial distance factor but also the
influence of the time factor, thus reinforcing the spatio-temporal
connection in the fusion of satellite altimeters data. As a result,
compared to the IDW method, the IDW-ST method produces
relatively stable and reliable fused SWHs data with high accuracy
(Ps of 0.108) when compared to buoy data.

In the case of substantial variations in water depth near the fusion
points, it is likely to have a significant impact on the fusion results. The
spatial distribution characteristics of SWHs considered in data fusion
should account for the three-dimensional distribution due to the effect
of water depth on ocean waves. Therefore, a comprehensive approach,
the DW-IDW-ST fusion method, is proposed to consider the distance
factor, time factor and depth factor in data fusion. The results reveal
that the fused SWHs from the DW-IDW-ST method generally match
the buoy measurements, and the overestimation of SWHs is notably
improved compared to the fused results of the IDW-ST method,
especially for large SWHs. The DW-IDW-ST method significantly
enhances the fusion accuracy when confronted with substantial
variations in water depths surrounding the grid points, as these
variations can influence the spatial distribution of waves. In such
cases, solely relying on distance to characterize the spatial distribution
of SWHs may assign excessive weight to satellite orbit positions
proximate to grid points, even if the water depth conditions at these
positions significantly differ from those of the grid points.

Consequently, the DW-IDW-ST method not only considers the
temporal and spatial changes of waves, but also considers the
influence of water depth changes on the fusion results. This
method can be used to fuse SWH fields with large spatiotemporal
variations, especially in regions with significant topographic
variations. The fused data provide important support for marine
equipment layout, route planning and disaster protection. Future
research is expected to establish a multi-source fusion of cross-
platform data, such as satellite data, buoy observations, radar data,
drone observations and ship-based measurements. The fusion
method can be further improved on the basis of machine learning
and neural networks, which can handle complex nonlinear
relationships between different data sources. By effectively fusing
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cross-platform data, high-resolution and multi-scale wave field
monitoring can be achieved, which is critical for ocean engineering.
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