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Abstract: The purpose of our work was to assess the feasibility of hindcasting waves using
WAVEWATCH-III (WW3) in a typhoon by assembling winds from multiple remote-sensed products.
During the typhoon season in 2021–2022, the swath wind products in the Western Pacific Ocean were
collected from scatterometers and radiometers. Cyclonic winds with a spatial resolution of 0.125◦

at intervals of 6 h were obtained by assembling the remote-sensed winds from those satellites. The
maximum wind speeds, Vmax, were verified using the reanalysis data from the National Hurricane
Center (NHC), yielding a root-mean-squared error (RMSE) of 4.79 m/s and a scatter index (SI) value
of 0.2. The simulated wave spectrum was compared with the measurements from Surface Waves
Investigation and Monitoring (SWIM) carried out on the Chinese–French Oceanography Satellite
(CFOSAT), yielding a correlation coefficient (Cor) of 0.80, squared error (Err) of 0.49, RMSE of signifi-
cant wave height (SWH) of 0.48 m with an SI of 0.25, and an RMSE of the peak wave period (PWP)
of 0.95 s with an SI of 0.10. The bias of wave (WW3 minus European Centre for Medium-Range
Weather Forecasts (ECMWFs) reanalysis (ERA-5)) concerning the bias of wind (assembling minus
ERA-5) showed that the WW3-simulated SWH with the assembling wind forcing was significantly
higher than that with the ERA-5 wind forcing. Moreover, the bias of SWH gradually increased with
an increasing bias of wind speed; i.e., the bias of SWH increased up to 4 m as the bias of wind
speed reached 30 m/s. It was concluded that the assembling wind from multiple scatterometers and
radiometers is a promising source for wave simulations via WW3 in typhoons.

Keywords: wave; WAVEWATCH-III; assembling wind

1. Introduction

Typhoons frequently occur in the Western Pacific Ocean [1] and play an essential role
in the moment and heat exchange. Observations from moored buoys and remote-sensing
equipment, i.e., an altimeter [2] and a wave spectrometer (Surface Waves Investigation and
Monitoring (SWIM)) based on the Chinese–French Oceanography Satellite (CFOSAT) [3],
are valuable sources of data for research on typhoon-induced waves. However, high-
precision on-site observations lack continuity on temporal and spatial scales. Moreover,
measurements from the abovementioned remote-sensed techniques, which release data
with a 1–2-day delay, have coarse spatial resolution, i.e., 10 km for the altimeter and 18 km
for SWIM. Moreover, sea surface wind and waves can be simultaneously inverted from
synthetic aperture radar (SAR) images, i.e., up to a 1 m pixel size for X-band TerraSAR-X [4]
and C-band Gaofen-3 [5]. As an increasing number of satellites are launched, it is vital to
cooperatively apply these advanced techniques in oceanic dynamics monitoring, such as in
the study of strong-wind-induced waves during typhoons.
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The sea surface wind field is an essential aspect of typhoon-associated hazard [6],
which also determines the drag coefficient and also generates waves [7,8]. Operational
products from atmospheric prediction systems [9,10], i.e., the European Centre for Medium-
Range Weather Forecasts (ECMWFs) and the National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS), are usually used as the forcing field in wave hindcast-
ing based on numeric models. However, as revealed in [11], the wind fields from numerical
weather prediction systems have significant distortions during typhoons. Hence, wave
simulations using these wind products as the forcing field lead to inaccurate forecasting
and hindcasting products. Since the 1980s, satellite remote sensing technology has rapidly
developed, and operational products can be released daily. Nowadays, scatterometers
and radiometers are effective instruments for wind monitoring over the global ocean.
The detectable maximum wind speeds from the scatterometer are only up to 25 m/s [12],
whereas the radiometer does not suffer this problem. However, the spatial resolution of
the scatterometer can reach 12.5 km over the swath with approximately 100 km, which
is higher than a typical 0.25◦ grid of the radiometer. Although remote-sensed winds are
available in descending and ascending directions, the temporary resolution is anticipated
to be improved using multiple satellites.

Numerical models are widely used methods for hindcasting and predicting sea sur-
face waves over global [13] and regional [14] oceans. Third-generation numerical models,
i.e., WAVEWATCH-III (WW3) [15,16] and Simulation Wave Nearshore (SWAN) [17], are
popular for wave hindcasting, with fine spatial resolutions and wide coverage, especially in
typhoons [18]. The main difference between the two numerical models is the computational
grid, i.e., the rectangle grid for WW3 [19–21] and the unstructured grid for SWAN [22].
However, the newly updated versions of these models can employ both rectangle and
unstructured grids. The acquisition of precisive cyclonic wind data in typhoons is still
a challenge, which restricts the accuracy of wave simulations via numerical models due
to the strong heat and momentum exchange at the air-sea interface. Although in situ
observations from moored buoys are assimilated in a reanalysis system such as ECMWFs,
the underestimation of wind speeds needs to be reduced in tropical cyclones (TCs) based
on the parametric wind profile model [23]. This leads to the difficulty of wave simula-
tion using numeric models under extreme weather conditions. This difficulty could be
solved using real measurements from remote-sensed wind products. Although assembling
winds from remote-sensed products has served as the forcing field for the numeric wave
model over the global ocean [24], the feasibility and accuracy of remote-sensed wind data
used in typhoon-induced wave simulation are important questions worth investigating.
At present, typhoon-induced waves are usually simulated via the wave model forced by
reconstructed wind products [25] and predicted via artificial intelligence methods with
remote-sensed products [26]. The application of assembling winds from remote-sensed
winds in a typhoon-induced wave simulation has not been examined. An experiment
utilizing multiple satellites is carried out in this study to explore this issue.

In this study, the simulated region is located in the Western Pacific Ocean with a wide
spatial coverage, indicating that the rectangular grid used in WW3 has better computational
efficiency than the unstructured grid in SWAN. This study aims to assess the feasibility
and accuracy of assembling winds from remote-sensed wind data used in the typhoon-
induced wave simulation via the WW3 model. Section 2 shows the data collection from
typhoons, including operational wind products from nine scatterometers and radiometers,
including the Advanced Scatterometer (ASCAT-A/B/C) and Haiyang-2 (HY-2B/C/D)
constellation. The radiometers consist of Soil Moisture Active–Passive (SMAP), Advanced
Microwave Scanning Radiometer-2 (AMSR-2) and HY-2B, and wave spectra from SWIM.
The methodology for assembling wind and the metric parameters is also presented in
Section 2. Section 3 provides the verification of WW3-simulated waves using the assembling
wind forcing field and ERA-5 wind forcing field, respectively, against the measurements of
SWIM and provides further discussion. Finally, the conclusion is given in Section 4.
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2. Data and Method

In this section, the wind measurements from multiple satellites and the approach for
assembling winds from multiple satellites are described. A description and settings of
WW3 are introduced. Additionally, ECMWFs reanalysis (ERA-5) of winds, waves, and
altimeter-measured significant wave heights (SWHs) are presented. Lastly, the metric
variables for the error analysis are shown.

2.1. Remote-Sensed Products and Assembling Method

During the typhoon season in 2021–2022, scatterometer and radiometer wind products
were acquired in the Western Pacific Ocean. Figure 1 shows the tracks and maximum
wind speeds Vmax in 30 typhoons during the 2021–2022 typhoon season from the National
Hurricane Center (NHC). The area marked by the black rectangle is the modeling region
(100◦ E–180◦ E, 0◦ N–60◦ N). Some scatterometer and radiometer wind products were
acquired for the Western Pacific Ocean region in this period. In this study, the scatterometers
include ASCAT-A/B/C and HY-2B/C/D constellations. The radiometers consist of Soil
Moisture Active–Passive (SMAP), Advanced Microwave Scanning Radiometer-2 (AMSR-2),
and HY-2B. It is necessary to clarify that wind direction data are not available from the
radiometer. These products were calibrated and are useful for the study of atmosphere
and oceanography in tropical cyclones [27,28]. The wind vectors measured from the HY-2B
scatterometer and radiometer [29] on 26 September 2021 are presented in Figure 2a and
Figure 2b, respectively.
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the black rectangle represents the modeling region and the color lines correspond the best tracks
of typhoons.

At present, the wave spectrum can be inferred from SAR [30] and SWIM, especially
in tropical cyclones [31,32]. Unfortunately, the accuracy of wave retrieval from typhoon
SAR images necessitates further improvements [33], and there are few SAR images of the
above typhoons. Here, the SWIM-measured wave spectra of 30 typhoons are used for
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validating the simulations from WW3. Note that the SWIM-measured wave spectrum has
180◦ ambiguity; therefore, a comparison of the wave directions between SWIM and WW3 is
not conducted in our work. Moreover, the SWIM-measured wave spectrum is transformed
to the wave number space and then compared with WW3 simulations.
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Centre for Medium-Range Weather Forecasts (ECMWFs) reanalysis (ERA-5) maps during Typhoon
Mindulle at 18:00 UTC on 26 September 2021: (d) wind and (e) significant wave height (SWH).

In 1978, SEASAT carrying an altimeter demonstrated the feasibility of SWH measure-
ments when using an altimeter. From then on, spaceborne radar altimeters have been
rapidly developed worldwide, e.g., the Jason-2/3 working with the Ocean Surface To-
pography Mission (OSTM) and the HY-2 satellite constellation. The footprint-following
altimeter-measured SWHs have a spatial coverage of 10 km with highly detailed data of the
sea surface. The cooperative satellite Jason-3, launched in 2016 by international agencies
(NOAA, CNES, and EUMETSAT), provides well-calibrated wave products such as SWHs.
In this study, the monthly averaged SWHs from Jason-3 altimeter products from January
2021 to December 2022 were used for conducting the error analysis of the wave simulations
from the WW3 model.

The Cressman interpolation method based on the distance is used for assembling
remote-sensed winds, which is expressed as

→
u f =

→
u0 +

1
n∑n

i=1 Wi∆
→
ui (1)

where
→
u0 is the wind velocity vector from the initial HY-2B scatterometer (<25 m/s) or

radiometer (≥25 m/s) nearest to the assembling point; n represents the numbers of available
wind vectors within the spatial resolution of assembling wind (R) assumed to be a 0.125◦

grid; ∆
→
ui is the difference between individual referred wind and the initial wind vector;

and Wi is the distance-dependant weight, stated as

Wi =
D2

i − R2

D2
i + R2

(2)
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in which Di is the distance between the individual referred wind and the initial wind
vector. The temporal resolution of the assembling wind is 6 h. The above interpolation has
been used for SAR wind retrieval in previous studies [4] because the spatial resolution of
interpolation can be selected artificially. Note that the wind direction is directly obtained
from a scatterometer because the radiometer provides no wind direction. Figure 2c shows
the assembling wind map during Typhoon Mindulle at 18:00 UTC on 26 September 2021.
Moreover, the gaps in the assembling wind were almost not observed due to the usage of
operational products from the four satellites in this study. The cyclonic structure of the
storm is well represented. The maximum wind speed Vmax reaches 45 m/s, which is greater
than that shown in Figure 3 and is close to 46.26 m/s from NHC.
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2.2. Description and Settings of WW3

Both WW3 and SWAN are third-generation wave models (WAMs) [34] because they
solve the wave equations of energy conservation. The balance equation in the direction of
wave propagation is expressed as

∂N
∂t

+∇·
[(

cg + c
)
× N

]
= Sin + Sbot+Snl + Sother (3)

where N represents the wave action density spectrum; t is the time dimension; ∇ is the
Hamiltonian operator interpreting the spatial dimension; cg is the speed of the wave group;
c is the background current speed; Sin is the input source produced by wind stress; Sbot is
the wave–bottom interaction; Snl represents non-linear triad and quadruplet wave–wave
interactions; and Sother is the other sources, i.e., wave breaking and wave–current and
wave–ice interactions. WW3 uses several parameterizations for these sources. In this study,
the parametrization sets are selected according to previous studies, i.e., parametrizations
of ST6+FLD2+BT1 for the input–dissipation source [16], parametrizations of TR1 for the
source of wave–current interaction [14], and parametrizations of GMD2 for the source of
wave–wave interactions [25]. The computational grid covers the region from 0◦ N to 60◦ N
and from 100◦ E to 180◦ E, and the grid spacing is 0.1◦.

The forcing fields include winds assembled using multiple remote-sensed products,
currents, and sea levels. Here, the daily average sea surface current and sea level data
from the Copernicus Marine Environment Monitoring Service (CMEMS) [35] are employed
with 0.08◦ grid spacing. The water depth is based on the General Bathymetry Chart of the
Oceans (GEBCOs) [36], with a horizontal resolution of 1 km. Other settings are listed as
follows: frequency bin f is logarithmic, ranging from 0.04118 to 0.7186 at a 0.01 interval
of ∆f /f ; the directional resolution is 15◦; and the time step is 300 s. The outputs from
the WW3 model are SWH, peak wave period (PWP), and wave spectrum, with a spatial
resolution of 0.1◦ at intervals of 1 h. In our work, the wave simulations of 30 typhoons
continuously run with a ‘cold start’ regime from January 2021 to December 2022. As for the
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‘cold start’ regime, several initial months of simulation results were used to establish the
boundary conditions of the WW3 model. Thus, there is no prior information on the initial
and boundary conditions for the wave spectrum simulation. In our study, we removed the
initial 3 months simulation results to ensure the model accuracy of WW3.

2.3. ERA-5 Data

Since 1979, ECMWFs have continuously released atmospheric and marine data (i.e.,
wind and SWH) for the scientific community [37]. Until now, the spatial resolution of the
latest ERA-5 wind and wave data has been 0.25◦ with a temporal resolution of 1 h, which
is valuable for oceanographic research [38]. However, the ERA-5 wind and wave data
during typhoons is significantly underestimated [39], although the TC size asymmetry
in global climatology is reliable [40]. Figure 2d,e show the ERA-5 wind and SWH map
during Typhoon Mindulle at 18:00 UTC on 26 September 2021, respectively. In this case,
the maximum ERA-5 wind speed is 25 m/s, whereas the measurements from NHC are up
to 46 m/s. The tropical cyclone reports of NHC contain the most accurate comprehensive
information for each storm, including synoptic history, atmospheric statistics, casualties
and damages, and the post-analysis best track. The NHC intensity (maximum 1 min
average wind associated with the TC at an elevation of 10 m) from the best tracks is
estimated using satellite-based techniques, i.e., the Advanced Microwave Sounding Unit
and the multiplatform of satellites. Moreover, aircraft reconnaissance data and the Stepped
Frequency Microwave Radiometer measurements are also used to reduce the NHC intensity
uncertainty. In this study, ERA-5 data are employed to highlight the novelty of this study,
i.e., the accuracy of assembling wind and wave parameters simulated by the WW3 model in
typhoons because the ERA-5 data underestimate the wind speed under typhoon conditions.
In other words, we applied the assembling wind rather than the ERA-5 wind data as the
forcing field to improve the accuracy of the wave simulations from the WW3 model.

2.4. Metric Parameters

Two parameters, root-mean-squared error (RMSE) and scatter index (SI) [41,42], are
employed for the error analysis of the variables, i.e., the maximum wind speed Vmax, SWH,
and PWP:

RMSE

√
1
n∑n

i=1 (Xi −Yi)
2 (4)

SI =
1
Y

√√√√√∑n
i=1

[(
Xi −

−
X
)
−
(

Yi −
−
Y
)]2

n
(5)

where the n-elements Xi and Yi represent the modeled and measured data. The correlation
coefficient (Cor) and the squared error (Err) are defined as

Cor =
∑ PkQk∆k√
∑ P2

k Q2
k∆k

, (6)

Err =
2∆ f√

∑ P2
f ∆ f ∑ Q2

f ∆ f
. (7)

where Pf and Qf represent the one-dimensional wave spectrum in terms of wave frequency
f simulated by the WW3 model and measured by SWIM, respectively.

A diagrammatic sketch of this study is shown in Figure 3.

3. Results

In this section, the applicability of assembling winds during storms is assessed, and
the validation of WW3-simulated waves against the products of SWIM is discussed. Fur-
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thermore, a comparison between the WW3 result forced by assembling wind and ERA-5
wind is presented.

3.1. Applicability of Assembling Winds

The comparison between the maximum wind speed (Vmax) in 30 typhoons and the
measurements from NHC was statistically analyzed, yielding an RMSE of 4.79 m/s and
an SI of 0.20 for the assembling wind and an RMSE of 9.20 m/s and an SI of 0.37 for the
ERA-5, as exhibited in Figure 4a. Similarly, the comparison between the assembling wind
and ERA-5 data in the 30-typhoon period is depicted in Figure 4b. It is found that the
underestimation in the results from the ERA-5 data is reduced in a typhoon period. In
addition, the assembling wind speeds are close to that of ERA-5 under low-to-moderate
atmospheric conditions.
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Figure 4. (a) Comparison of the maximum wind speed Vmax between assembling data, ERA-5 data,
and the measurements from NHC in 30 typhoons. (b) Comparison between assembling wind and
ERA-5 data from 30 typhoons.

3.2. Validation of WW3-Simulated Waves

It was proven in previous studies [3,13,14] that WW3 has good performances in
hindcasting typhoon-induced waves over many parts of the global ocean. Assembling
wind, CEMES currents, and CMEMS sea levels are treated as forcing in WW3 (version 6.07).
In our study, the WW3-simulated waves for June–October 2022 are validated against the
measurements from SWIM onboard CFOSAT and measurements observed from altimeter
Jason-3. The WW3-simulated SWHs map during Typhoon Mindulle at 00:00 UTC on
26 September 2021 is shown in Figure 5a,c, in which the along-track SWHs from SWIM and
Jason-3 are also shown. As shown in Figure 5d, there are over 500,000 matchups between
the WW3 simulations and the measurements from altimeter Jason-3, with a 0.44 m RMSE,
0.28 SI, and a 0.83 Cor. The variation in SWH via the ERA-5 wave, the utilized approach,
WW3 forced by ERA-5 wind, and the footprint of SWIM is illustrated in Figure 5b. The
variation in SWH via assembling winds from WW3 and the footprint of SWIM is consistent
at SWH up to 8 m. Furthermore, the wave simulations using assembling wind products
are better than those in ERA-5 and the SWH via the WW3 model forced by ERA-5 wind,
with an improvement of up to about 1 m. Additionally, the time difference between
WW3 and SWIM is less than 30 min. Statistical analysis was conducted for 30 typhoons,
yielding a 0.80 Cor of wave spectrum with a 0.49 Err, a 0.48 m RMSE of SWH with a 0.25 SI
(Figure 6a), and a 0.95 s RMSE of PWP with a 0.1 SI (Figure 6b). Under this circumstance, it
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is believed that assembling wind derived from multiple remote-sensed products is reliable
for typhoon-induced wave simulation via WW3.
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As mentioned in Section 2, ERA-5 provides wave data over the global ocean, especially
in TCs. Therefore, the bias of SWH (WW3-simulated SWH minus ERA-5) relative to the
bias of wind (assembling minus ERA-5) was analyzed, as exhibited in Figure 7. It is not
surprising that a positive bias occurs as the bias of wind speeds is larger than 5 m/s, which
means that the bias of SWH has a positive relation with the bias of wind speed. This is
because the sea surface wave is mainly determined by wind stress [13]. Moreover, the bias
of SWH increases with the increasing bias of wind speed. In particular, the bias of SWHs
could reach 4 m as the wind speed bias is greater than 30 m/s. Therefore, the assembling
wind from multiple scatterometers and radiometers is a promising source of data for wave
simulation via the WW3 model during typhoons because the underestimation of strong
wind from the atmospheric model (i.e., ERA-5) is improved.
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3.3. Discussion

The ERA-5 winds and assembling winds were used as the forcing field for the WW3
model, and we compared the wave parameters from July to October 2021. Figure 8 shows
the comparison between the SWH simulated via the WW3 model with the ERA-5 wind
forcing, and the assembling wind forcing and the measurements from SWIM. Statistical
analysis was conducted, yielding a Cor of 0.91, with an RMSE of SWH of 0.41m simulated
via the WW3 model with the assembling wind forcing and an SI of 0.20 (Figure 8a), which
is better than the SWH simulated via the WW3 model with the ERA-5 wind forcing shown
in Figure 8b with a Cor of 0.86, an RMSE of 0.49 m, and an SI of 0.27. In addition, the Cor
of the PWP simulated via the WW3 model with the assembling wind forcing was 0.69,
with an RMSE of 1.23 m and an SI of 0.13 (Figure 8c). The result is better than the PWP
simulated via the WW3 model with the ERA-5 winds forcing, as exhibited in Figure 8d.
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Furthermore, Figure 9 shows a variation in the SWH relative to the measurements from
SWIM, in which the red error bar represents the bias of SWHs (simulations from the WW3
model with the assembling wind forcing minus the measurements from SWIM), and the
black error bar is the bias of SWHs (simulations from the WW3 model with the ERA-5 wind
forcing minus the measurements from SWIM). It was found that the bias of SWHs simulated
via assembling forcing winds was less than that via ERA-5 forcing winds. With the increase
in the SWIM-measured SWHs, the bias increased. However, the bias of SWHs simulated
via assembling forcing winds was significantly smaller than that via ERA-5 forcing winds
at SWH > 3 m, and this behavior was even more obvious at the extreme sea state. Under
this circumstance, it is believed that assembling winds derived from multiple remote-sensed
products is better for typhoon-induced wave simulation using the WW3 model than using
ERA-5 winds.
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4. Conclusions

Remote-sensed wind and wave products are operationally provided by multiple
satellites, i.e., ASCAT [43], HY-2B [44], and CFOSAT [45]. Although the spatial resolution
of these products is 12.5 km for winds and ~10 km for waves, they are valuable sources
of data for oceanography during extreme sea states [46], e.g., typhoons and hurricanes.
As mentioned above, the wind field simulated using atmospheric models such as ERA-5
during typhoons is significantly underestimated. The purpose of this study is to address
the issue of whether assembling winds from satellites is valuable as a forcing field in wave
simulation via the WW3 model. Although the advantage of the proposed approach is
that TC intensity is considerable, the uncertainty of remote-sensed products is inherent in
assembling winds.

In our study, wind products from the scatterometers and radiometers during the
typhoon season in 2021 and 2022 were assembled using the Cressman interpolation method.
The statistical analysis of the maximum wind speed Vmax in 30 typhoons from assembling
winds compared with the measurements from NHC showed an RMSE of 4.79 m/s and an
SI of 0.20. In addition, the comparison between assembling wind speeds and ERA-5 data
proved that underestimation exists in the result from the numerical weather prediction
model. This indicates that assembling winds could illustrate the intensity of the typhoon.
The 0.125◦ gridded assembling wind speeds with intervals of 12 h, daily CMEMS currents,
and daily CMEMS sea levels at 0.08◦ grids which were applied as the forcing fields in the
WW3 wave simulations during 30 typhoons. The WW3-simulated waves for June–October
2022 were validated against the measurements from SWIM onboard CFOSAT, yielding
a Cor of wave spectrum of 0.80 with an Err of 0.49, an RMSE of SWHs of 0.48 m with
an SI of 0.25, and an RMSE of PWP of 0.95 s with an SI of 0.10. Furthermore, an error
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analysis between the bias of SWHs (WW3 minus ERA-5) concerning the bias of wind speeds
(assembling minus ERA-5) was conducted. It was observed that the WW3-simulated SWHs
forced by the assembling wind fields was higher than that by ERA-5, i.e., the positive
bias of SWHs at a wind speed bias greater than 5 m/s. With the increasing bias of wind
speeds, the bias of SWHs gradually increased; in particular, the bias of SWHs reached
up to 4 m as the wind speed bias was greater than 30 m/s, which was caused by the
linear relation between winds and waves. Furthermore, the comparison also showed that
assembling winds derived from multiple remote-sensed products had better performance
for typhoon-induced wave simulations using WW3 than that using the ERA-5 winds. In
particular, the error reduced from 6 m with ERA-5 winds to 3 m with assembling winds
in an extreme sea state. It was concluded that assembling winds derived from multiple
remote-sensed products is reliable for typhoon-induced wave simulations using WW3, in
which the underestimation of ERA-5 in typhoons is significantly reduced.

TC winds and waves can be inverted from SAR images with fine spatial resolution, i.e.,
TerraSAR-X [47,48], Gaofen-3 [49], RADARSAT-2 [50], and Sentinel-1 [51,52]. In the near
future, SAR-derived TC winds and waves will be assimilated with other remote-sensed
wind products. Otherwise, by assembling winds using the interpolation method, we need
to consider the asymmetric of the typhoon winds [53]. The collocated wind and wave data
are useful for improving the parametrizations of the drag coefficient and wave breaking in
WW3 to enhance the accuracy of the wave simulation.
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