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Simple Summary: Multi-satellite observations to jointly analyze extreme surface wind and wave
properties can now be readily obtained to study tropical cyclone (TC) events. Developing over
the Philippine Sea, TC Goni was one of the most powerful TCs in 2020. Constrained by Sentinel-
1/RadarSat-2 SAR and CFOSAT SCAT satellite data, wind field in the intense TC region is recon-
structed. Significant wave height measurements are further obtained from altimeters on-board the
CFOSAT, Jason-3, and Sentinel-3A, B satellites. The directional wave spectrum information can be
derived from the CFOSAT SWIM off-nadir radar measurements. Using a simplified 2D parametric
model and derived self-similar analytical solutions, the measured surface wave amplification in the
right-hand TC sector, relative to its propagation direction, is well captured and interpreted. For TC
Goni, observed and predicted waves reach 8 m and wavelengths larger than 200 m, leaving the TC
inner region in the forward and forward-left direction. In the far TC zone, swell attenuates and
superposes with wind waves, not necessarily aligned, to give observed significant wave height values.
Multi-satellite data together with simplified parametric model outputs open new perspectives to
more precisely study and predict surface waves generated by moving and rapidly evolving TCs for
different scientific and practical purposes.

Abstract: Over the Philippine Sea, the tropical cyclone (TC) Goni reaches category 5 on 29-31 October
2020. Multi-satellite observations, including CFOSAT SWIM/SCAT and Sentinel-1 SAR data, are
jointly analyzed to assess the performances of a parametric model. Recently developed to provide a
fast estimation of surface wave developments under rapidly evolving TCs, this full 2D parametric
model (KYCM) and its simplified self-similar solutions (TC-wave geophysical model function (TCW
GMF)) are thoroughly compared with satellite observations. TCW GMF provides immediate first-
guess estimates, at any location in space and time, for the significant wave height, wavelength, and
wave direction parameters. Moving cyclones trigger strong asymmetrical wave fields, associated to a
resonance between wave group velocity and TC heading velocity. For TC Goni, this effect is well
evidenced and captured, leading to extreme waves reaching up to 8 m, further outrunning as swell
systems with wavelengths about 200-250 m in the TC heading direction, slightly shifted leftwards.
Considering wind field constrained with very highly resolved Sentinel-1 SAR measurements and
medium resolution CFOSAT SCAT data, quantitative agreements between satellite measurements
and KYCM/TCW GMEF results are obtained. Far from the TC inner core (~10 radii of maximum wind
speed), the superposition of outrunning swell systems and local wind waves estimates leads to Hs
values very close to altimeter measurements. This case study demonstrates the promising capabilities
to combine multi-satellite observations, with analytical self-similar solutions to advance improved
understandings of surface wave generation under extreme wind conditions.
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1. Introduction

Not only for marine engineering and navigation safety, hurricane-generated wind and
wave fields are essential components of the two-way, air-ocean coupled system to enter
the dynamical evolution of extreme events [1-3]. Still, the generation and evolution of
surface waves in high-wind conditions and extreme fetches remain poorly understood.
Rare and relatively small in size, these extreme systems are furthermore difficult to sample
well with in situ measurements. Despite thorough continuous space-borne and in-field
(buoys, airborne) monitoring [4-8], extreme weather events thus generally lack very precise
information, especially regarding rapidly evolving wind fields, the associated local waves,
and outrunning swell systems [9,10]. Vector wind fields over oceans are now routinely
provided by scatterometer observations [11-13]. Yet, precise estimations of tropical cyclone
(TC) intensity using scatterometer data remain challenging, due to moderate to low spatial
resolution compared to TC structure, rain precipitations, and possible signal saturation in
radar backscatter measurements, see e.g., [14].

For numerical simulations, TC generated wave fields have been developed for
decades [15-19]. Surface wave models have then largely proved their overall reliability,
but performances under extreme conditions remain limited. One of such studies, reported
by [20] for TC Bonnie, demonstrated that WAVEWATCH III numerical model outputs can
efficiently match scanning radar altimeter measurements inside the tropical cyclone region.
This proves the model capability to reproduce the wave fields when the extreme wind
conditions are correctly prescribed. However, precise knowledge of the space-time rapidly
evolving surface wind field is not always available. Wind forcing uncertainties may then
cause large biases for surface momentum fluxes and wave developments. This may likely
be a reason for swell, generated by strong storms, to be poorly predicted by forecast models,
both in magnitude and arrival time [21].

To help estimate space-time varying wind conditions and possibly consider ensembles
of solutions, more simplified solutions were developed and presented by [22,23]. The pro-
posed two-dimensional parametric model readily provides the main statistical characteristics
of surface waves. Performing numerical experiments, simplified self-similar solutions, termed
TC-wave Geophysical Model Function (TCW GMF), were further derived to obtain first-guess
estimates for arbitrary TC vortex shapes, defined by maximum wind speed u,,, associated
radius R, and translation velocity V. Model and simplified TCW GMF solutions were already
tested on documented in-field and satellite measurements. Particularly, the well-known wave
intensification in the forward/right TC sector, relatively to the heading, resulting from a reso-
nance between wave group velocity and TC heading velocity (e.g., [24-28]), was reproduced.

Augmenting the existing satellite capabilities to monitor extreme events, the satel-
lite mission CFOSAT (China France Oceanography Satellite), launched in 2018, can now
simultaneously provide ocean surface wind field and two-dimensional wave spectral distri-
butions. CFOSAT indeed carries SCAT, a wind-field Ku-band scatterometer, and a unique
real-aperture scanning radar system SWIM (Surface Waves Investigation and Monitoring),
dedicated to ocean surface wave directional detection [29,30].

These new observations motivate the present work, to further assess the capabilities
to jointly use the simplified model results and satellite observations.

A case of super typhoon Goni developing over the Philippine Sea on 29 October 2020
was selected for this study. As one of the strongest TCs ever recorded by one-minute average
wind speed, Goni made landfall in the Philippines on November 1 with sustained winds of
195 mph and a central pressure of 884 mb, according to the Joint Typhoon Warning Center
(JTWC). Strong winds associated with this TC damaged high-risk structures, houses, and
some banana, rice, corn, and coconut plantations. A devastating storm surge of 3-6 m was
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predicted for a large swath of the coast and also caused catastrophic damage. Notice that the
Japan Meteorological Agency’s wind speed estimate for Goni predicted 155 mph one-minute
average winds, which strongly underestimates JTWC's analysis, which was 195 mph. The
latter relied on-satellite estimates, also using synthetic aperture radar (SAR) acquisition on
30 October, showing 180-185 mph winds at that time, matching Goni’s increasing intensity.

In the absence of the direct in-field measurements, satellite observations remain the
most powerful and reliable for extreme winds/waves monitoring and forecasting, taking
advantage of satellite data accessibility, regularity, wide swath, and now improved spatial
resolution. To this end, the case of hurricane Goni corresponds to quasi-synchronously
overlapping measurements from CFOSAT SWIM/SCAT and Sentinel-1 SAR measurements.
For this case, very accurate and high resolution wind information is thus available to
help compare wave model outputs and two-dimensional wave information. The analysis
further benefits from other available satellite data, e.g., altimeters crossing TC Goni at
different stages.

The TC Goni case study and satellite data are presented in Section 2. Satellite and
model estimates of wave characteristics, in both inner core and far zone areas, are analyzed
in Section 3. A discussion and summary follow in Sections 4 and 5.

2. Satellite Data and Wave Modeling

TC Goni was the second most intense cyclone in 2020. Starting to intensify over the
Philippine Sea on 29 October, TC Goni became a category 5 super typhoon on October 30th,
with maximum wind speeds up to 85 m/s. TC Goni’s track is shown in Figure 1a, where
color indicates the maximum wind speed. Within the TC region (600 km from the TC
center), altimeter measurements of significant wave height (Hs) from different satellites,
CFOSAT, Jason-3, AltiKa, Sentinel-3A, and Sentinel-3B, can be gathered. Over the TC
intensification region, enlarged on subplot Figure 1b, only altimeter few tracks are kept. TC
standard parameters, maximum wind speed u,;,, radius of maximum wind speed R;;, and
translation speed V from the Best Track Data [31] are given in Figure 1c.
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Figure 1. (a) TC Goni track and altimeter measurements of Hs. (b) A fragment at the stage of TC
intensification. Letters and colors indicate the altimeter names (CFOSAT, Jason-3, Sentinel-3A,B) and
relative TC positions. (c) Time evolution of Goni parameters at its most intense stage.
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2.1. TC Goni Surface Wind Information

At its peak intensity, the TC Goni wind field information can be obtained from obser-
vations acquired by synthetic aperture radars (SARs) on-board Sentinel-1A and RadarSat-2
and from CFOSAT SCAT scatterometer. Thanks to a dedicated strategy applied during
the Satellite Hurricane Observation Campaign, SAR acquisitions are now more regularly
tasked to provide wide swath observations in dual-polarization mode [32,33]. Based on
these acquisitions, more accurate estimates of the ocean surface wind speed and direction
can be obtained. For SAR acquisitions, this capability essentially relies on the use of the
high wind sensitivity of measured cross-polarized signals [34]. Reference [35] fully demon-
strated such a unique potential for estimating the TC parameters, especially the radius of
maximum wind, R;,. Combined with the co-polarized signals, the methodology also builds
on wind streaks detected orientation [36] and TC center detection to apply a parametric
inflow model using the formulation proposed by [37]. This algorithm, applied to each SAR
scene, then provides a means to estimate the wind direction at the same resolution as the
wind speed [33].

The CFOSAT SCAT is the Ku-band scatterometer with a rotating fan-beam dual-
polarization radar with incidence angles within 28°-51° (e.g., see the performance analysis
in [38]). In the present work, the scatterometer data were processed by KNMI CFOSAT
Wind Processor (CWDP) [39] deployed in the IFREMER Wave and Wind Operational Center
computational facilities. The wind vector retrieval was done using NSCAT-4 Geophysical
Modulation Function [13,40] together with ocean calibration correction [12] estimated over
the sixty-day period around the targeted TC event. The standard 2DVAR algorithm [11,41]
was applied to reduce wind vector ambiguities due to high wind speed gradients and
precipitation impacts typically observed in zones of tropical storms.

On October 29th, tracks of Sentinel-1A and CFOSAT closely crossed the TC Goni eye
within less than two hours, at 20:57 to 22:11, respectively. These two operating instruments
complement each other. SAR data are fine-resolved on a swath of hundreds of km, and
CFOSAT SCAT covers a ~1000 km swath but at medium 25 km resolution. For TC Goni, R,
is of the order of 10 km. Thus, not only considering precipitations possibly affecting the Ku-
band CFOSAT SCAT measurements, the CFOSAT SCAT resolution is too coarse to provide
accurate wind information in the wave-generation region. Note, C-band measurements
are much less impacted by heavy precipitations. Furthermore, high resolution C-band
SAR data can be more robustly filtered. Hence, SAR-derived wind field with resolution
about 1 km can be derived, including the TC intense vortex region of maximum winds.
Close in time and location, overlapping SAR and CFOSAT wind field fragments can further
be merged, giving the priority to the high-resolution SAR data, using interpolation into
a regular 1 km grid (Figure 2a). This data-driven wind field will then be considered to
input the 2D parametric model. A comparison between wind speed radial distributions
from SCAT and SAR data (Figure 2b) exhibits a clear agreement for TC radius larger than
about 70 km. Closer to the TC center, SCAT-derived maximum wind speed is apparently
underestimated compared to Best Track u,, and SAR estimates.

For other dates, either scatterometer or SAR data crossing TC Goni along its path
could solely be used, supplemented with information from the Best Track Data.

Although the wind fields are generally asymmetric, a first guess can still be approxi-
mated using the Holland model [42], especially within the most intensified wind region,
with axisymmetric wind speed with direction inwardly deviated from the tangential one

by 20°:
u(r)—\/(u%l—i-umrf)(er)Bexp<— (er>3+1>+<r2f)2_r2f, 1)

where f = 47t/ T x sin(LAT) ~ 14.58 x 107> x sin(LAT) is the Coriolis frequency (rad/s)
with T the rotation period of the Earth (s) and LAT the latitude, B the shape parameter
ranging from about 0.7 to 2.5, and r the distance from the TC center (m); maximum wind
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speed u,; and respective radius R;, are measured here in m/s and m, correspondingly. This
wind model is constrained using Best Track parameters and possible outer-core medium
resolution scatterometer or radiometer measurements [43]. These practical first-guess wind
fields can then feed the wave model simulations using the self-similar solutions (TCW
GMF) [23].

For 29 October, fitting the SAR-derived wind profile with relation (1) gives R, = 15 km,
um =47 m/s, B = 1.9 (the black line in Figure 2b). Note that the fitted maximum wind
speed differs from the Best Track estimate (65 m/s). To model surface wave development,
waves at a given location are not directly linked to the local wind but depend on the wind
forcing effect integrated along the trajectory of the developing wave train. A typical spatial
scale of wave development is of the order of the TC radius [23,44].
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Figure 2. (a) Merged Sentinel-1A SAR and CFOSAT SCAT wind data, altimeter estimates of Hs
in TC reference system, and CFOSAT SWIM track for 10°-inclined beam (black). (b) Wind speed
radial distributions.
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2.2. TC Goni Surface Waves
2.2.1. Data

Significant wave heights, wavelengths, and wave directions can all mostly be derived
from the CFOSAT SWIM measurement. The SWIM instrument is a Ku-band radar with
nadir and near-nadir scanning beam geometry designed to measure the spectral properties
of surface ocean waves [29]. Directional wave spectra are recovered from scanning radar
measurements, obtained by rotating beams pointing at 6°, 8°, and 10° mean incidence
angles. On ground, a chosen beam will display a cycloid-like pattern, Figure 2a, for the
10° incidence. SWIM nadir products include Hs and the normalized radar cross-section
interpreted in terms of surface wind speed, with accuracy similar to standard altimeter
missions [45]. Other altimeter data come from satellites Jason-3, Sentinel-3A,B, and AltiKa.
The latter was further excluded, with spurious strong Hs overestimation over the TC region,
likely due to the strong sensitivity of Ka-band radar measurements to heavy precipitations.
Over the cyclone intensification stage, 29-31 October, altimeter data were selected to cross
the TC track at a distance not exceeding 600 km from the TC center. All these observations
in the cyclone reference system are shown in Figure 2a.

2.2.2. Model Approach

Satellite data were analyzed together with the results of wave simulations using a
recently developed 2D parametric model of the surface wave generation/evolution in the
wind field varying in space and time [22].

Following [23], for TC conditions, full 2D parametric model calculations can be re-
duced to self-similar solutions, termed TCW GMF. These direct solutions are used to
provide first-guess estimates of the wave field within the inner TC area, where the local
inverse wave age a; = u * cos(¢p — ¢w)/cp exceeds a fixed value, taken equal to 0.6 in
this study. The wind field prescribed by (1) with given values of Ry, uy, B, and V is
considered as the model input for TCW GMEF. In the TC far zone, outside the contour
a) = 0.6, the self-similar solutions can be supplemented with analytical solutions of the
parametric model equations, describing waves outrunning from the TC most intense area
and propagating as swell systems.

The 2D parametric model equations and self-similar solutions for wind waves gen-
erated inside TC are recalled in Appendixes A.1 and A.2, correspondingly. The simpli-
fied analytical solution for the outrunning swell systems, consistently linked with self-
similar solutions valid within the TC intense region, are given in Appendix A.3. Here-
inafter, we simply term the full 2D parametric model “KYCM” (Kudryavtsev—Yurovskaya—
Chapron Model [22]) and its simplified version, combining TCW GMF and swell descrip-
tion, “TCW GMF”.

A flow chart to illustrate the procedure of joint analysis of satellite data and wave
simulations is presented in Figure 3. Either KYMC or TCW GMF can by applied depending
on the availability and quality of wind observations. If the wind field can be precisely
reconstructed from satellite measurements over the whole considered area, it can be di-
rectly taken as model input in KYCM. Otherwise, the wind field prescribed by a Holland
function (1) with R, 1, and B taken from the Best Track Data or fitted using satellite
measurements, is used as model input in TCW GMF (and can be used in KYCM as well).
Another model input parameter, TC translation velocity, is always taken from the Best
Track Data. The fields of wave height, wave length, and wave directions, both for wind
waves and swell, are the model output.

Far zone swell systems superimpose on “locally” generated wind waves, forming
mixed sea conditions. For the sake of simplicity, we can assume that, in these regions, these
local wind waves are nearly or fully developed, i.e., their energy directly related to the local
wind speed. Using the Pierson-Moskovitz [46] expression, local Hs follows:

Hs = 0.21u%,/g, 2
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where u1¢ is wind speed at 10 m level above the sea surface and g is gravity.

The mixed sea conditions in the TC far zone can thus be directly obtained to provide
fast quantitative evaluations of TC generated wave fields, using (2) together with self-
similar solutions within the TC inner intense zone and associated swell systems (TCW
GMF). Alternatively, TC generated waves can also be obtained after numerical simulations
using the full-2D parametric model (KYCM), Figure 3.

While the result of direct model calculations (KYCM) is more accurate, TCW GMF
gives immediate first-guess estimates of wave fields in the cases when wind field informa-

tion is insufficient to effectively use KYCM. The computational time of KYCM simulations

is of the order of several minutes, depending on spatial resolution, swath, and forecast
period (in our study, the forecast period is usually 48 h).

Scatterometer/SAR Best Track Data
data
v

‘ Wind field (ux, uy) }« ————————————————— { H?";‘;djumncé';’” ’

TC translation
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¢ speed data)

Comparison with observations
(CFOSAT SWIM, altimeter)

Figure 3. A scheme illustrating joint analysis of satellite data and wave simulations, either KYCM or
TCW GME.

3. Results
3.1. TC Inner Core Region: Significant Wave Height and Wavelength Distribution

Firstly, the largest waves generated by the TC were estimated using the self-similar
functions, Equations (A3) and (A4). The parameters R,;, = 15 km, u,, = 47 m/s, and
V =5m/s give R,/ L¢r = 5, corresponding to a “slow” TC (see Appendix A.2), leading to
maximum wave height of 8.9 m and wavelength of 192 m. The Hs estimate is consistent
with SWIM nadir-derived Hs (about 8 m). The peak wavelength derived from off-nadir

SWIM measurements (not shown) is about 200 m, which is also in agreement with this first
guess estimate.
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The spatial distribution of significant wave height and wavelength of the longest
waves, from numerical solution KYCM, driven by the wind field shown in Figure 2a and
a TC translation velocity of 5 m/s, is presented in Figure 4a,b. The largest waves are
predicted in the right TC sector (relative to the heading) to trace the expected wave group
velocity resonance. This effect is well captured in all altimeter data from 29 to 31 October,
including tracks passing hundreds of kilometers away from the TC center, either ahead of or
behind it, i.e., the Hs colormap distribution on Figure 1b, comparing southern and northern
regions relative to the TC track. For the considered case study, 29 October, Figure 4a,b, the
maximum waves are predicted to turn left, somehow following the wind direction, and
then leave the TC intense region through the front and front-left sector, becoming 200 m
swell systems.

Besides these primary wave systems, the KYCM also provides a method to possibly
estimate, at any location, local shorter wave systems. Figure 4c,d shows the interpolation
of wave rays corresponding to pure wind waves (inverse wave age greater than 0.85). The
fields of the longest waves and pure wind waves coincide around the TC center and in the
right (northern) TC sector. Over these regions, the wave field can be termed uni-modal. In
the forward (western) and left (southern) sector, this is not the case. The wind waves and
swell systems differ in both magnitude and direction. The two wave systems are clearly
distinguished in Figure 5, corresponding to a fragment of the wave field, marked by the
red square in Figure 4a. Figure 5a shows all wave rays in the TC reference frame, crossing
the selected area during the entire calculation time (48 h). The average wavelength, wave
height, and wave direction along each ray fragment is plotted in (Ay, A;) coordinates in
Figure 5b. This provides wave evolution and angular spectral properties of the wave field
inside the considered fragment. In particular, over this local region, it is expected that the
two wave systems are almost following perpendicular propagation paths: the wind waves
with wavelengths from several meters to 100 m, corresponding to different stages of their
development, and respective Hs up to 3 m, are crossing a 200 m swell system with Hs
about 4-5 m.

The wave field distribution, combining TCW GMF results (Appendix A.2), with in-
put parameters R, = 15 km, u;, = 47 m/s, V =5 m/s, and simplified swell solutions
(Appendix A.3), appears very similar to the wave field derived from the numerical so-
lutions of the KYCM, Figure 4e,f. “Pure” wind waves and swell at initial stage, pre-
dicted by TCW GME, are confined within the region, delineated by the gray contour in
Figure 4e,f. Beyond this boundary, the local degree of wave development, the inverse
wave age || = u/cpcos(@p — ¢w), is below the value of 0.6. Wave trains crossing this
contour start to follow a swell regime, with parameters (energy and wave length) calculated
according to (A7) and (AS).

Altimeter measured Hs is shown in Figure 4 using colored circles as symbols.
Figure 4a,e demonstrates that both full numerical simulation and TCW GMF quantitatively
match, which is observed in the along-track SWIM altimeter Hs measurements (1S).

In more detail, along-track profiles of altimeter- and model-derived Hs for track 1S
are compared on Figure 6a. Close to the TC center, the KYCM (green), TCW GMF (black),
and altimeter data (blue) indicate that maximum waves reach Hs~8 m. AtY > 100 km,
TCW GMEF-derived solutions, corresponding to pure swell systems, are apparently under-
estimated. Local wind waves, not accounted in this approach, explain such discrepancies.
Indeed, in this sector, up to 200 km from the TC center, the wind remains strong, at about
20 m/s (see Figure 2a), to force energetic local wind waves. Moreover, traveling in high
wind conditions, the inner-core generated waves turn to swell systems at a later stage than
predicted by the Holland-based TCW GMEF, evidenced with the green and black lines at
Y~100-200 km. Beyond this intermediate region, in the very far zone (~400 km), swell
systems again dominate, as confirmed with both KYCM and TCW GMF predictions.
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The superposition of the longest waves including swell systems (green solid line) and
the longest pure wind waves (green dashed line) is shown with dark red. The two wave
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systems are distinguished with the estimated inverse wave age of the longest waves, larger
or smaller than 0.85. Beyond this transition location, the longest waves will propagate
without changing their directions. Hence, their wavenumber vector will start to deviate
from the local wind direction. These swell waves are superimposed on other local systems
of wind-generated waves (see Figure 4b,d as an example). A direct sum of the swell and
wind-waves energy provides Hs level, coinciding with measurements. In the left TC sector
(relative to the heading, Y < 0), far from the TC eye, wind waves are negligibly smaller
than the swell generated by the TC. Over this region, the TCW GMF prediction is thus close
to the KYCM result.

Sentinel-3 tracks 1B and 2B were also close to the TC Goni center but slightly behind
and half/one day later. Altimeter data is quite scattered behind the TC, apparently due
to precipitations, which can prevent precise determination of Ku-band measurements.
As detected, [47,48], local heavy precipitations can indeed lead to poor performance of
altimeter retrieval algorithms. At the time acquisitions of these measurements, the wind
field changed, see Figure 1c. Still, this wind field evolution cannot entirely explain dif-
ferences between modeled and observed Hs in the region that is east from the TC center,
Figure 4a. Wind fields from both Sentinel-1 and RadarSat-2 data, closer in time, were then
considered. Only slight differences in predicted Hs are obtained (not shown). A reason
for this inconsistency can possibly be attributed to inaccurate wind directions, retrieved
from the SAR data. In the area around the TC center, wind directions are indeed crucial to
model wave development in the backward sector. Another reason can also arise from the
possibly very complicated structure of the wave field behind the TC center. It is indeed
regularly observed [8] and it will also be shown below for this TC that wave spectra in a
TC backward area can display complex distributions.

Alternatively, TCW GMF estimates were augmented with underlying wind wave
estimates to compare Hs transects along Sentinel-3 tracks 1B and 2B. The wind field follows
the Holland function defined with Best Track Data parameters interpolated to the time
of acquisition, with a decreased u,, by about 5 m/s. Parameter B in Holland function (1)
is further determined by approximating the wind profile using four parameters of the
Best Track Data: R, and radii corresponding to 34, 50, and 64 kn. Resulting Hs profiles
are shown Figure 6b,c. The overall Hs evolution is similar to the observed one and also
the prediction using the KYCM driven by the SAR derived wind field (not shown). The
Hs is underestimated around the TC center and north of it, especially for the track 2B. In
the far zone, the local wind waves must be taken into account and superimposed to the
generated swell systems. The wind wave contribution is shown with dashed lines and the
superposition with the swell contribution with the dark-red line. Far from the TC center,
the predicted wind wave contributions have similar profiles, either from the KYCM with
wind field combining SAR and CFOSAT SCAT estimates or simply considering (2) with the
local scatterometer-derived wind estimates (note that SAR coverage is only limited around
the TC center).

All three considered cases demonstrate a good correspondence between predicted
and measured Hs, with correlation coefficients equal to 0.94, 0.87, and 0.85, root mean
square errors 0.4, 0.7, and 0.3, and biases —0.4, —0.4, and 0.1 for altimeter tracks 1S, 1B, and
2B, respectively.
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Figure 6. Hs profiles along altimeter tracks 1S (a), 1B (b), 2B (c).

3.2. Surface Wave Spectral Information

Besides Hs nadir measurements, the CFOSAT SWIM instrument uniquely provides
wave spectral information [29]. The area covered by SWIM off-nadir measurements (colored
circles on Figure 7a) is determined by the given inclination of a considered radar beam.
Considering the whole rotation cycle, a full two-dimensional spectrum can be derived,
corresponding to averaged spectral information over areas from tens to more than hundreds
of km, again depending on the incidence angle. This resolution is seemingly too coarse to
analyze waves, varying rapidly inside an intense TC region.

Yet, spectral analysis over given transects can be considered independently to obtain
wave spectral information more locally and at finer scales. This analysis is performed
for each of the different SWIM beams, acquired on 29 October (1S). Modeled wave-trains
inside 9 km x 9 km areas, with centers matching a given SWIM beam measurement, are
considered. Average wavelengths and wave directions along wave rays are first plotted
in (Ay, Ay) coordinates; see an example in Figure 5. Only the wave-train with the largest
wavelength is further taken into account. This wavelength is then compared with the peak
wavelength determined from SWIM-transect 1D spectra. Data are then only kept when this
direction is close to SWIM viewing azimuth (£15°, accounting for 180° ambiguity). Points
satisfying this condition are shown in Figure 7c,d for KYCM and SWIM, respectively.

For most cases, also corresponding to the longest waves, SWIM measurements indicate
a preponderant west-south-west traveling direction, i.e., slightly leftwards of the TC head-
ing direction. Wind wave systems with shorter wavelengths are detected to travel almost
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perpendicular to the TC heading direction. These distributions confirm the wavelength
and wave direction fields predicted by KYCM, Figure 4b,d. A one-to-one wavelength
comparison is presented in Figure 7b. Modeled and measured wavelengths generally agree,
though large scatter is obtained. Part of it can presumably be attributed to noisy SWIM mea-
surements, see Figure 7a. Still, the correlation coefficients for the different SWIM beams, 6°,
8°, and 10° incidence angles, are 0.73, 0.79, and 0.8, respectively. These beams are generally
favored to derive wave spectral information [45]. However, wavelength distributions from
two other SWIM radar beams, 2° and 4° incidence angles, are also found to be consistent
with KYCM predictions. They clearly reveal the two groups of points: waves ~150 m to the
west (the northern part of SWIM track) and waves ~200 m to the south-west (the southern
part of SWIM track), Figure 8a,b; see also Figure 4b. The correlation coefficients for modeled
and measured wavelengths, Figure 8c, are also high, at 0.78 and 0.71, respectively.
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Figure 7. (a) The modeled wave-rays (gray) and SWIM off-nadir measurements (6°, 8° and 10°
incidence angles). Color indicates the peak wavelength of 1D spectrum transect. (b) SWIM- and
KYCM-derived wavelength comparison. (c¢) Wavelengths of modeled waves traveling in SWIM
viewing direction in the vicinity of acquisition (9 km x 9 km). (d) Peak wavelengths of SWIM-derived

spectrum transects.
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Figure 8. Modeled and observed wavelength comparison for 2° and 4° SWIM beams. (a) Wavelengths
of modeled waves traveling in SWIM viewing direction in the vicinity of acquisition. (b) Peak wave-
lengths of SWIM-derived spectrum transects. (¢) SWIM- and KYCM-derived wavelength comparison.

The directional distribution of wavelengths within different TC sectors is presented
on Figure 9. Notations on the left subplots are identical to Figure 7 a, but only small areas
are considered. The middle subplots show SWIM-derived spectrum transects according to
beam viewing azimuth. These spectra quite reliably provide information on wave peak
location. The right subplots are modeled Hs distributions, which are described above
(Figure 5). Though the comparison is indirect, KYCM predictions and SWIM data reveal
strong similarities: wave systems intensify in the right and forward TC sectors (Figure 9a—f).
For both, maximum wavelengths are about 200 m, and waves propagate slightly to the
left relative to the TC heading. In the back TC sector, waves are less intensified, with
wider directional distribution (Figure 9g—i). In the left-forward far zone, ~300 km from
the TC center, a 200 m south-west swell system dominates, Figure 9j-1. Generally, we can
note quantitative agreements between observations and KYCM predictions for both peak
wavelengths and directions.



Remote Sens. 2022, 14, 2032

14 of 24

-200 0 200

-200 0 200

200

200

Hs,m

- N W OO N

-200

200

200

Figure 9. Left column: the modeled wave-rays (gray), CFOSAT SWIM measurements (color indicates

wave height of 1D spectrum peak), and considered TC areas (black contours). Middle column: SWIM-

derived spectra transects inside a taken area; right column: Hs distributions of modeled waves.

3.3. TC Far Zone

Altimeter measurements 2S, 3S, 1], and 1A are quite far from the TC center, Figure 2a.
The local wind waves are expected to dominate the wave energy. For track 3S, the KYCM
wave field using CFOSAT SCAT-derived wind field, Figure 10a, is shown in Figure 10b,c.
For KYCM simulations, demonstrating fetch development, the wind input only corresponds
to a fragment of the total wind field. Therefore, obvious artifacts are caused by an artificial
wind field cutoff from the windward side. For such a case, only wave parameters far enough
from this windward boundary, i.e., at a distance about 200 km, can be considered reliable.
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Along-track Hs profiles for this case, and also cases 25, 1], and 1A, derived from
the KYCM with CFOSAT SCAT-derived wind field (the closest in time), are shown in
Figure 11a—-d with a green line. For comparison, the Pierson-Moskovits Hs, Equation (2),
is also plotted (black-dashed line), corresponding to the upper limit of wind waves. First-
guess estimates for the wavelength and direction of these wind waves considering the
inverse wave age equal to 0.83 [46] and aligned with the wind direction are plotted
with dashed lines in middle and bottom subplots. Comparing the KYCM results of
Hs Figure 11a—d, wavelength Figure 11e-h, and wave direction Figure 11i-l, we can con-
clude that wind waves in the far zone are indeed close to fully developed conditions and
propagate almost opposite to swell, Figure 11i-1.

Again, the differences for the Hs and wavelength predictions, revealed at large Y,
are artifacts caused by windward clipped wind field inputs. Thus, the use of Equation (2)
can serve as an alternative and robust way to rapidly assess wind waves characteristics
far from the TC center. Accounting for swell contributions is then important to bring our
predictions in line with observations. In particular, in the far southern zone, the wind is
low (see Figure 2a), and Hs of emerging swell from the TC center region is of the same
order of magnitude or larger, Figure 9a-d. The superposition of wind waves, given by (2),
and swell, given by TCW GMF (A7) and (AS8), is shown with a dark-red line. It is highly
correlated with altimeter-derived Hs; correlation coefficients are 0.93, 0.97, 0.94, and 0.88,
root mean square errors 0.1, 0.1 0.25, and 0.53, and biases —0.2, —0.1, —0.1, and —0.4 for
tracks 2S5, 35, 1], and 1A, respectively.

For SWIM-off nadir measurements, Figure 12 presents a fragment of a time sequence
of unidirectional modulation spectra for the 10° radar beam. Respective wavelengths and
wave directions for SWIM tracks 25 and 3S are shown with blue circles in Figure 11e f,i,j.
For the case of 35, the radar spectra are very noisy to retrieve peak locations and only
a part of the whole sequence can be considered. Still, it can reveal wind waves whose
radar modulation amplitudes are larger than swell ones, Figure 11b,f,j. For 25, swell is
well distinguished, while wind waves are blurred, Figure 12. Secondary peaks can still
be determined, close to wavenumbers corresponding to modeled wind waves, Figure 11e.
KYCM/TCW GMF predictions and SWIM-derived wavelengths and directions are thus
again in good agreement.
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Figure 12. Spectrum of CFOSAT SWIM radar signal modulations (divided by a wavenumber), shown
in logarithmic color scale. A time sequence for 10° inclined beam, track 2S.

4. Discussion: TC-Generated Wave Forecast: State of the Art and Prospects

For extreme events, a comprehensive investigation of the wave kinematics including
wave directional properties is essential not only for predicting hazardous sea states and
preventing damages but also for understanding ocean—-wind interaction physics. A signifi-
cant challenge to modeling is to correctly capture complex surface wave fields resulting
from strong temporal and spatial gradients of the wind forcing inherent to TC conditions.
The situation is further impeded by relatively small scales of extreme weather systems that
also often limit in situ wind and wave observations, which could be assimilated.

Some studies comparing model, satellite, and altimeter observations reveal some un-
derestimation of the largest heights of forecast waves. Specifically, Rogovsky et al. [49] con-
ducted a comprehensive analysis of four hindcast products (three based on WAVEWATCH-
III and the other using the Wave Modeling project), against an array of fixed wave buoys
for six major TCs of the last decade. The analysis showed a general tendency for the wave
models to underestimate significant wave height (Hs) around the peak of the TC. As dis-
cussed by Cavaleri et al. [50], who tested the meteorological model of the European Centre
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for Medium-Range Weather Forecasts in closed basins, the error may depend on fetch
estimates. Larger underestimation is found at short fetches (order of 100 km), gradually
decreasing with the distance from the coast. This effect may be crucial for the TC conditions
with high wind gradients, where maximum waves develop at scales of the order of tens
of km. Thus, Hs bias patterns likely result from various and possibly combined mecha-
nisms including insufficient resolution, improper wind source term parameterization, and
omission of wave—current interactions. On the other hand, predicted surface marine winds
are typically underestimated by 5 to 10%, which is also likely to cause significant bias in
modeled wave fields. As shown by Greenslade et al. [51], a simple statistical adjustment of
the wind components and inclusion of scatterometer observations (but not for hurricane
winds) can already significantly reduce the observed bias in significant wave height.

Benassai et al. [52] used SAR-derived wind fields to force surface wave models (Wave
Watch III and Weather Research and Forecasting models), together with their validation
with wave buoys data. In the absence of SAR data assimilation, the results of validations
using wave buoys data were qualitatively satisfactory in terms of the storm trend but less
accurate in terms of the maximum Hs values and directions. The use of SAR-derived wind
fields improved the model accuracy.

The advantage of freely available, curated altimeter data was taken by Collins et al. [53]
to evaluate operational wave hindcasts (NCEP and Ifremer models) against these obser-
vations in TC conditions. A pattern of error was revealed in the TC centered frame of
reference: overestimation in the left and back sectors and underestimation in the right sector,
where the highest wave heights were observed. Relative bias appeared to systematically
increase with increasing TC translation velocity and in the cases of the smallest and most
intense TCs, where the authors found an expanded area of underestimation to all sectors
near the TC eye and a more pronounced random error.

In this study, another approach, an explanatory wave-ray model, was first properly
tested together with multi-mission satellite observations. The wave-tracing method offers a
relative computation simplicity and robustness to also build on a fully consistent system
of physical equations and empirical self-similar laws for wave development. Estimations
using both the direct model (KYCM) and TCW GMF predictions give reliable results in
the vicinity of maximum winds in the forward TC sector but they are less accurate in the
backward one. In all comparisons with altimeter measurements, a small underestimation is
revealed with bias of the order of 10 cm, which is comparable to the obtained root mean
square error. However, the peak wave heights are predicted accurately.

Joint analysis of the model results and the data from the recently launched satellite
CFOSAT revealed totally new aspects and questions, particularly concerning the wave
spectral distributions inside tropical cyclones. In the future, observed and predicted sea
state parameters, i.e., Hs, wavelengths, and directions, can then be anticipated to be more
easily combined to rapidly assess the total wave field developments for assimilation and
practical applications. The present study largely benefits from new capabilities that the
CFOSAT SWIM instrument can bring. The CFOSAT SWIM instrument is a Ku-band
rotating near-nadir real aperture radar to help infer directional wave information, with 15°
azimuthal resolution.

In the absence of synchronous wind field information, generalized analytical self-
similar solutions (TCW GMF) are also demonstrated to provide robust first-guess estimates
of surface wave field characteristics (Hs, wavelength, direction) from the Best Track Data.

The present study thus demonstrates promising perspectives to rapidly and efficiently
combine multi-satellite data from the two CFOSAT instruments (SWIM and SCAT) with
satellite high-resolution radar SAR scenes and altimeters with KYCM/TCW GMF outputs.
It shall lead to improved methodologies to help interpret the satellite measurements and
also to refine KYCM and TCW GMF predictions, e.g., enhancement factors. Again, these
derivations are not necessarily intended to compete with advanced wind wave generation
models. Analytically developed, it can still enable rapid and robust evaluations to further
document the general characteristics of each storm. Combined with all available satellite
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observations, it can especially help in documenting more precisely the expected wave
field asymmetries and/or outrunning characteristics of swell systems to better constrain
medium to long-range dissipation processes [10,54]. Possible assimilation of directional
wave components is also promising [30,55] and expected to improve the descriptions of
ocean/atmosphere coupling in terms of both momentum and gas flux transfer, which are
still poorly taken into account in climate models.

5. Summary

The category 5 TC Goni case is analyzed and presented to exemplify the present-day
enhanced capability to combine and use multi-satellite observations, CFOSAT SCAT/SWIM,
Sentinel-1 SAR, and altimeters data, together with an easy-to-use 2D parametric wave
model (KYCM) and its self-similar solutions for a TC (TCW GMEF). Corresponding to the
TC Goni intensified stage, satellite measurements were obtained over the Philippine Sea
from 29 to 31 October 2020. Quite robustly, the model for wave evolution inside the TC
region is solved in the storm frame of reference, using wind fields directly estimated from
very high resolution Sentinel-1/RadarSat-2 SAR measurements and/or medium-resolution
CFOSAT SCAT scatterometer data. Wind field merging observations were also considered.

For the TC Goni case, satellite measurements and reconstructed two-dimensional
wave fields reveal strong azimuth wave development asymmetries. As anticipated, this
results from a resonance between the TC heading translation velocity and surface wave
group velocity in the right TC sector, i.e., the wave-trapping effect.

Estimates from both the direct model (KYCM) and TCW GMF predictions agree
well with altimeter measurements in the vicinity of maximum winds. In the far zone,
the local wind sea is found to dominate. In this region, it can well be reproduced using
CFOSAT SCAT data as the wind model input. Results are found to be consistent with
predictions using the Pierson-Moskovitz formulation for fully developed wind sea. These
assessments are further supplemented with estimates of swell systems outrunning in the
TC center region. Comparisons of wave directional properties using CFOSAT SWIM off-
nadir measurements also confirm qualitative and quantitative agreements between satellite
estimates and model predictions.
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Abbreviations

The following abbreviations are used in this manuscript:

JTWC Joint Typhoon Warning Center

Hs Significant wave height

KYCM Kudryavtsev—Yurovskaya—Chapron Model [22]

SAR Synthetic Aperture Radar

SWIM Surface Waves Investigation and Monitoring (CFOSAT instrument)
TC Tropical Cyclone

TCW GMF  Tropical Cyclone-Wave Geophysical Model Function

Appendix A. 2D Parametric Model and Its Simplifications
Appendix A.1. Governing Equations

The two-dimensional parametric model (KYCM) is based on energy and momentum
conservation equations [56] constrained with the self-similar fetch laws for the growth of
wind waves [57]. The main model equations and description of the model parameters
are given in [22]. Here, for the reader convenience, we provide the final system of model
equations describing wind waves generation/evolution and swell propagation in the wind
field varying in space and time:

d -
—In(¢ge) = —CoGy + wp(ly — D),

dt
d 7oC,
T =~ A8 (kge)?,
d u .
70 = —Cy o wpHp sin2(@p — ¢w)], (A1)
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dy . _
i sm((pp)cg,

where e is the total wave energy, ¢, is the mean group velocity weighted over the entire
spectrum; wy, ¢y, cgp, and ky, are frequency, phase velocity, group velocity, and wavenumber
of the spectral peak, respectively; u is wind speed at 10 m above the sea level; ¢, and
pw are wave spectral peak and wind directions; g is gravity; x and y are wave train
coordinates; I, is the dimensionless energy wind input and D is the dimensionless energy
dissipation due to wave breaking; H), is a step-like function that ends the wind forcing
if ¢y > u; Ap is a bell-shaped function linked to the derivative of H, which describes
a deceleration of the peak frequency downshift and its leveling off, due to the action
of the wind forcing spectral drop against non-linear interactions; term G, describes the
effects of wave rays convergence/divergence and r¢, C;, C, are dimensionless constants
and functions described in [22], Appendix 2.

System (A1) is solved numerically for the given wind velocity field using the ray-
tracing method in the coordinate system moving with TC. A ray superposition visualizes
how the energy, frequency, and direction of dominant surface waves evolve and how the
waves leave the storm area as swell systems. Examples of the KYCM simulations can be
found in [23].

Appendix A.2. TCW GMF

Comparable to the wave development in uniform wind conditions, parameters of the
waves generated by a TC obey self-similar laws [44,58]. In order to establish these laws,
using the 2D parametric model, [23] performed calculations for TCs spanning different
combinations of their parameters (maximum wind speed u,,, radius Ry, of uy,, translation
velocity V). Radial wind profiles were prescribed by the Holland (1) model with wind
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inflow angle of 20°. Results of the KYCM simulations were generalized in a form of
self-similar solutions as

e/eg = O.(r/LL,,0),
Ap/Apo = D,(r/LL,,0), (A2)
Pp — Ppo = qD(P(r/LZwG)/

where Ay, €9, and ¢, are reference distributions associated with azimuthally isotropic
wave development under stationary TC, which are defined by Equation (8) from [23]: 0 is
azimuth, and ®,, ®,, and @, are 2D dimensionless functions accounting for the TC motion.
Ly, is critical fetch defined as

LZ,g/uf = Ccr(ur/zv)l/q/
where ¢, is a constant linked to the fetch law constants as

Cor = —cofl/qq/(l +q) = 6.46 x 10°

with g = —1/4 and ¢, = 11.8; u, is radial wind velocity at given distance from TC center r;
g is gravity. The critical fetch defines the distance from the initial point of the wave train
generation to the turning point where projection of the wave group velocity on TC heading
becomes equal to the TC translation velocity (group velocity resonance).

The 2D dimensionless universal functions ®,, ®,, and ®, in (A2) describe radial
(scaled by L;,) and azimuth distributions of the energy, wavelength, and direction of
the primary wave system relative to the corresponding values for stationary TC. Shapes
of these universal functions are shown in Figure 18 from [23] and are also available as
numerical matrices at https:/ /zenodo.org/record /4609996#.Y GmoDD9n2U], accessed on
20 April 2022.

From numerical experiments, two regimes are realized: “slow” TC corresponding to
the group velocity quasi-resonance, Ry, /L > 1, or “fast” TC, Ry, /Ly < 1. Here, Ly is the
critical fetch defined for maximum wind speed and its radius:

Loy = ccr(ufn /g) (um/2V)1/’1.

In the latter case (“fast” TC), the TC heading velocity is too large, and all waves “slide
down” to the backward TC sector. The region around Ry, /L¢; = 1 corresponds to the group
velocity resonance conditions, leading to the largest possible waves generated by a TC.
Similarly, from the shape of functions (A2), the storm area of the same TC can be divided to
an inner area, R/L, < 1, where generated waves still “feel” the TC as a “fast” one, and
the outer area, R/L, > 1, where generated waves are subjected to the local group velocity
resonance and thus attain an “abnormal” development.

These two-dimensional universal functions-matrices are considered to build the TC-
wave Geophysical Model Function (TCW GMTF) to provide a way to analytically derive
2D-field of significant wave height, wavelength, and direction inside a TC prescribed by
Ry, um, and V. A clear advantage of these 2D self-similar solutions is their instantaneous
evaluation to give efficient quantitative first-guess estimates for waves generated by an
arbitrary TC with three known parameters.

The maximal values of wave energy and wave length generated by a moving TC can
be defined by relationships, which are particular cases of (A2):

emax /88111)(

(slow) = 14384 X (R /Ler) %%,
AT LAG Gow) = 14 1.37 X (R /Ler) 038, (A3)
" /e (pry = 292 X (R /Ler) "™,

AT NG (fast) = 167 X (R / Ler)*,
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where A%, ef'®* are the energy and wavelength of maximum waves generated by a TC
with the same parameters but zero translation velocity:

el = 1.4 x 1070 x (ut,/¢%) (Rmg/u?,)%/4,
AAY — 6 % 1072 x (u2,/g) (Rmg/u3)2. (A4)

Appendix A.3. Outrunning Swell Systems

The KYCM, Equation (A1), and TCW GMF can be further complemented with analyti-
cal functions describing swell evolution outside the storm area, i.e., outside the “TC core”.
As noticed in [23], TCW GMEF is valid only in the central TC region where wind waves
develop and transform to swell. This region can be found by estimating the local inverse
wave age, 4 = u * cos(@p — Qu)/cp, using the wind data and TCW-GMF-derived phase
velocities and wave directions. The solution of system (A1) for the swell part, starting
from the contour where 4/ is less than 0.85, can be analytically derived, and there is no
need to solve (Al) numerically. In the present study we specified the contour for swell
as a)| = 0.6. This may thus further accelerate capabilities to derive solutions of the prob-
lem. Moreover, these analytical solutions may help to simplify the data (e.g., SAR and
SWIM) interpretation.

For swell systems, the wind energy input in Equation (A1) is no longer needed, i.e.,
replacing H, by H, = 0 and A, by A, = 1. For a swell system, the peak frequency
downshift due to non-linear resonant interaction is weak (see, e.g., model simulations
shown in Figure 3 from [22]). Using this fact, we may solve Equation (A1) iteratively. For
the first iteration, the effect of the peak frequency downshift is ignored on both the wave
energy and the group velocity along the swell trajectory (two first equations in (A1)), but
this effect of wave energy change is kept (second equation in (A1)). In this approximation,
the first two equations in (A1) reduce to:

d
(e /e)* = 2Gy(eo/e)* + 4kpo(kge0/€7)?, (A5)
d
7 (kpo/K)° = blpo (ke / €7)?, (A6)
where subscript “0” indicates initial condition; b = fZOrgC,,s‘lT = 0.59 (see the values of

constants listed in [22]); G, is wave rays convergence/divergence, for the case of swell

defined as
Gy 14+ Gpo(x — xp)

Guo  [1+ Guo(x — x0)]? + 62
with § = 1/2Acq /¢y = 0.1, standard deviation of group velocity scaled by its mean value
weighted over a JONSWAP-like spectrum.
Skipping technical details related to the standard procedure of solving the ordinary
non-uniform differential equation of the first order, we write the solution of (A5) as

(eo/e)® = (x> +62) L _&(52 + ? (tan1 X tan! 1)] (A7)
where x = 14 Gyol, | is a distance from initial point to the local position on swell
trajectory; G,0 = A¢p/Ang the initial cross-ray gradient of wave rays directions; A =
4(kpo/ Gno) (kpoeo/€%)?, €3 = 0.155.

Evolution of swell wavelength along a trajectory due to the peak frequency downshift
results from solution of (A6) with (A7) and reads

b 1462 1 X 11
5_1_72 1A 1=
(A/Ag)’ —1= 4:ln [1+A 5 (tan 5 tan 5)} (A8)

Application of (A7) and (AS8) for the mapping of swell parameters inside and outside
the TC core with the use of TCW GMEF can be considered as follows.
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Step#1. A 2D contour is defined, L = L(r, 8), where local wave age, Wy = ucos(¢ — ¢u) /Cp,
predicted by TCW GMF (A2) with the universal functions ®,, ®,, and @, takes on the
value «)| = 0.6. An example of such a contour is shown in Figure 4e f.

Step#2. Wave parameters on this contour are considered as the initial conditions:
kp = kpo,ep = epo, ¢p = @po and gradient of ¢, in the direction perpendicular to the
wavenumber vector is defined as initial cross-ray gradient of ray directions affecting wave
energy through convergence/divergence of the energy flux; this is the first term in the first
equation of (Al).

Step#3. From each point of the contour, trajectories going to the outer region are
plotted. Furthermore, the distribution of energy and wavelength along each trajectory
is calculated according to Equation (A7) and (A8). The superposition of wave rays with
known wave parameters then forms a two-dimensional field of energy and wavelength in

the outer part of TC.
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