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Soliton gas dynamics and rogue wave enhancement in a natural coastal environment
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We document a field experiment in which a path to strongly interacting soliton gas dynamics is observed
within an intermittently open/closed estuary. We show that the shallow estuary mouth acts as a low-pass filter
for incoming ocean waves, damping energy within the swell frequency band (0.04—1 Hz) and allowing surf-zone
generated infragravity waves (frequency band 0.004—0.04 Hz) to enter the semienclosed shallow lagoon formed
near the estuary mouth. These long waves penetrate under highly nonlinear conditions with Ursell numbers
consistent with multisoliton fission regimes. The k—w spectrum of the incident wave trains is consistent with
solitonic kinematics, demonstrating that solitons are released by the fission of incoming infragravity waves at
the lagoon entrance. Continuous injection of solitonic wave trains and intense wave-wave interactions enhanced
by the shallow and gradually varying bathymetry within the estuary lagoon lead to a quasistationary soliton gas
regime with a substantially increased probability of rogue wave occurrence compared with linear wave theory.
The Korteweg-de Vries nonlinear Fourier transform reveals that nearly half of the measured signal energy is
explained by solitonic modes, confirming the key role that solitons have in enhancing rogue wave emergence in

natural coastal settings.
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I. INTRODUCTION

Solitons or “waves of translation,” as they were first named
by J. S. Russell in the 19th century, have resurfaced as a
fascinating research object in recent decades. Starting from
nonlinear physics [1,2], they have gained interest from a wide
spectrum of disciplines such as optics and optical commu-
nications [3-6], ocean sciences [7—14], or fluid dynamics
[15-17]. Solitons are intriguing waves since their shape and
propagation velocity are unchanged due to the balance be-
tween nonlinear and dispersive effects. Unlike linear waves,
they can also behave akin to particles when they interact
with each other through elastic collisions that produce phase
shifts at each interaction [2]. These fundamental properties
explain the possibility that a dense group of interacting soli-
tons of different amplitudes evolve into a nonlinear random
wave field termed soliton gas (SG) [18-20]. Theoretical and
numerical studies have demonstrated that one-dimensional
integrable systems of partial differential equations, such as the
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nonlinear Schrodinger or the Korteweg-de Vries (KdV) equa-
tions, in deep and shallow waters, respectively, can produce
these nonlinear random wave fields [21]. Carefully controlled
experiments in optics [22-24], and in water wave tanks
[17,25,26], have succeeded in producing and measuring SG.
The emergence of rogue waves has also been associated with
SG characterized by large-amplitude fluctuations with heavy-
tailed non-Gaussian and quasistationary statistics [27-31].

While routes to strongly interacting soliton dynamics have
been found under carefully designed numerical and laboratory
experiments, field evidence showing that these wave regimes
can exist under uncontrolled natural conditions is scarce. The
only reported set of field measurements that could be inter-
preted as a densely distributed set of soliton wave packets is
from Ref. [12]. They analyzed low-pass filtered sea surface
time series recorded on capacitance-type rods, and identified
solitons formed from a wind wave field using the periodic
version of the KdV nonlinear Fourier transform (NFT). They
showed that the spectral signature of the low-pass filtered
signals, with a power-law decay in frequency, was compatible
with soliton turbulence [32].

In this article, we present field observations of SG dy-
namics that lead to a significant increase in the probability
of encountering rogue waves compared with linear theory. A
description of the study site, the instrumental deployment,
and the signal analysis techniques are presented in Sec. II.
The contextual oceanographic, hydrographic, and estuarine

Published by the American Physical Society
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FIG. 1. Laguna Cahuil at the river mouth of the Nilahue River in the O’Higgins Region, Chile (34.48°S, 72.00°W). Left panel: Location
in central Chile. Middle panel: Lower part of the river basin (limits in yellow line) and the main river course (light blue). Right panel:
Topobathymetry of the Laguna and the river channel with respect to the mean sea level measured between 24 and 27 March 2023. The

locations of the pressure sensors moored during the field campaign are shown in colored symbols (P1 e, P2 A, P3 M, P4

). The fixed

camera’s field of vision, used to capture incident ocean wave frequencies, is depicted by the red hatched triangle.

conditions during the field campaign are provided as Sup-
plemental Material [33]. The analysis of the field data is
presented in Sec. III, a conceptualization of the conditions that
enhanced the observed SG dynamics is given in Sec. IV, and
the main conclusions are summarized in Sec. V.

II. MATERIALS AND METHODS

The study site, and methodological details associated with
the signal and video processing, and numerical experiments
conducted to complement the analysis of the field data are
reported in this section.

A. Study site and instrumental deployment

The analyzed dataset is recorded near the outlet of the
Nilahue River catchment in Laguna Céhuil, located on the
Pacific coast of central Chile at latitude 34.48°S (Fig. 1),
between the 1st and 3rd of August 2023. Laguna Céahuil
is a notable example of an intermittently open/closed estu-
ary, located in a wave-dominated and microtidal mid-latitude
setting, where river mouth connections to the ocean occur
intermittently following dry and wet seasons [34]. The Ni-
lahue River catchment is a relatively small watershed (area
of 1700 km? with maximum elevation of 900 masl) draining
the coastal mountain range, where a shallow bar-built lagoon
system is formed at its river mouth. It is exposed to ener-
getic swells predominantly coming from SW-SSW directions,
with mean annual significant waveheight and peak period of
H, 0 =2.5m and T, = 135, respectively, and average tidal
ranges between 1 and 2 m [35]. Details on hydrographic,

oceanographic, and estuarine conditions during the field cam-
paign are provided in the Supplemental Material [33].

In the field experiment, three instruments were moored to
capture bottom pressure time series close to the river mouth
within the estuary lagoon (P1-P3) and a fourth was placed
nearly 3 km upstream in the river channel (P4). Incident ocean
wave kinematics was captured using a fixed high-resolution
video camera and unmanned aerial vehicles (UAVs). The
instrumental deployment is shown in the right panel of Fig. 1;
the dataset analyzed below is publicly available at Ref. [36].

B. Instrumental settings and pressure signal processing

The pressure data were gathered using one Aqualog-
ger310 turbidity-pressure sensor (P1 in Fig. 1) and three
Nortek Vector acoustic doppler velocimeters (P2-P4 in Fig.
1). The sampling rate for all pressure sensors was set to
1 Hz. The offset for the pressure signals is estimated as
the average of the first 1000 data points in the records
when the instruments were outside the water. Water sur-
face time series are reconstructed from pressure data using
the nonlinear and nonhydrostatic method proposed by Bon-
neton et al. [37] using a constant water density value
p = 1.020 kg/m> and considering the deployment of the
instruments, moored under the mean water depth 4 and the
distances above the bottom §,, shown in Table I.

Normalized spectrograms are computed with the
continuous Morlet wavelet transform following the
implementation in Ref. [38] (matlab toolbox available at
Ref. [39]).
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TABLE I. Distance above the bottom (38,) where the pressure
sensors were deployed and mean water depth (), computed over the
entire duration of the recorded signals.

Station P1 P2 P3 P4
8 (M) 0 0 0.69 0.58
h (m) 0.25 0.51 2.28 3.62

Water depth signals are high-pass filtered using a But-
terworth filter [40] of order 4 with a cutoff frequency
of 0.001 Hz (16 min) to study wave motions within the
sea-swell-infragravity wave (IGW) frequency band (1 s to 10
min [41-44]). The power spectral density (PSD) is estimated
using the Welch method with 512 data points (~8.5 min)
averaged over Hanning windows with an overlap of 50%.

C. Wave-to-wave analysis and high-order statistics of water
depth records

A zero-up crossing technique [45] is applied on the
high-pass filtered water depth signals to identify individual
waveheights. We define the waveheight H as the difference
between the maximum and minimum values of the signal
between zero crossings. Waveheights are stored if H > ¢ /5,
where o is the standard deviation of the time series. The
significant waveheight H 3 is computed as the average of the
highest one-third waveheights in the record.

The exceedance probability distributions for the wave-
heights and crest heights in a Gaussian wave field are written
as [46]

P(H/Hyj3 > x) = e 2, (1

P(ne/Hyjs > x) = ™, @
and the empirical exceedance probability distributions are
computed from the ordered series of the identified wave-
heights and crest heights.

The kurtosis (Ku) is a measure of the “tailedness” of the
probability distribution of the time series, the skewness (Sk)
accounts for the horizontal (peaked) asymmetry of the wave
signal, and the asymmetry coefficient (As) measures the left-
to-right (pitched forward) asymmetry of the wave shapes.
They are, respectively, computed as

Ku= "2, 3)
o
sk= 22, @)
o
3
As= O 5)
p

where #(-) is the imaginary part of the Hilbert transform
operator applied to time series, and ©3 and 4 are the third-
and fourth-order moments, respectively.

D. Remote sensing of ocean waves reaching the coast
and penetrating into Laguna Cahuil

We use a fixed high-resolution video camera to capture
ocean waves reaching the coast and penetrating into the bar-

built estuary (see its spatial coverage in Fig. 2). The video
acquisition system comprises a microcontroller (Raspberry
Pi 4) and a 12.3-megapixel camera (Raspberry Pi HQ), which
utilizes a Sony IMX477 sensor in conjunction with a 16 mm
focal length Arducam lens. The camera calibration and or-
thorectification process are conducted following Ref. [47],
which entails the determination of both intrinsic and extrinsic
parameters of the camera. This procedure is carried out using
the OpenCV library in Python [48] with 58 ground control
points obtained with a Trimble R3 GPS system, all referenced
to the local datum. The full frame images are rectified, and
spatial transects are defined at two alongshore locations (TS1
and TS2 shown in Fig. 2) spanning from the river mouth
and the beach face to the surf zone. TS1 and TS2 comprise
nearly 250 m of the cross-shore domain discretized every 1 m.
The frequencies of the ocean waves entering into the lagoon
(TS1) and reaching the coast (TS2) are characterized using
space-time Hovmoller diagrams. We use two 20-min video
segments, recorded between 10:00-10:20 and 10:22-10:42 h,
on 2nd August 2023 (the videos are available at Ref. [36]).
The total run length spans over 16 800 data points sampled at
7 Hz (40 min). Pixel intensity is normalized using the /” norm
of the RGB vector for each pixel, (r, g, b) € [0, 17, where
p = 10 provided a clearer visualization of wave fronts. Han-
ning windows of 4096 data points (~9.8 min) are averaged
with an overlap of 50% to compute the PSD of the normalized
pixel intensity time series, from which the frequency distribu-
tions of incoming waves along transects can be determined.
To track wave kinematics within the lagoon, we use images
captured by a UAV. A DIJI Air 2 drone recorded nearly 9
min of a 1920 x 1080 video sampled at 60 Hz, starting
at 10:01:50 h on 2nd August 2023 (see the DJI_0001.mp4
file at Ref. [36]). The video is first stabilized using the in-
stantaneous deformation field between consecutive frames
following Ref. [50]. Static landmarks are then manually
identified. Based on these fixed points, the video is sta-
bilized with respect to their position on the first frame
by applying a perspective warp using OpenCV’s warp-
Perspective function [48]. Then, seven control points are
identified in the image frame and manually matched to
their respective universal transverse mercator (UTM) coordi-
nates using GoogleEarth Pro, which served as ground truth
references. A projective geometric transformation is then
fitted using these control points via matlab’s fitgeotrans func-
tion, modeling a homography that maps image coordinates
to the UTM coordinate system (Fig. 3). The accuracy of
the transformation is evaluated by applying the fitted model
to the original control points and calculating the Euclidean
distance between the transformed points and their known
UTM coordinates (see the stabilized and rectified videos
available at Ref. [36]). The resulting errors provide a quan-
titative measure of the transformation’s fidelity, which is on
average 6 m, with higher accuracy near the entrance of the
lagoon (~ 1 m). A transect profile, aligned with the principal
direction of incident wave trains, is selected to produce a
space-time Hovmoller diagram from the rectified drone video
[Fig. 3(b)]. After the projection and interpolation between
frames, we obtain a 255-pixel transect distributed over nearly
150 m with an average spacing of Ax >~ 0.6 m and temporal
resolution of Ar >~ 0.4 s. Pixel intensities are normalized as it
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FIG. 2. Georeferenced image frame obtained from the fixed video camera and the location of the transect profiles (T'S1 and TS2) to extract
space-time Hovmoller diagrams. The background satellite image was taken on 2nd August 2023 [49].

was done with the videos captured by the fixed camera. The
obtained wave data are windowed over space-time segments
with a Hamming function in both space and time to reduce
spectral leakage, and then transformed using a 2D Fourier
analysis—fast Fourier transform applied first in time to obtain
frequencies, then in space for wave numbers. By applying this
technique, the E (k, ) spectrum, averaged over windows, can
be used to assess the normalized energy distribution across
wave numbers and frequencies providing an estimation for the
dispersion relation of the observed incident wave trains. Here,
k = 2w /L is the wave number (L being the wavelength) and
w = 21 /T is the wave angular frequency (T being the wave
period).

E. Estimation of the Ursell numbers in the field experiment

We use the definition for the Ursell number given in
Ref. [51],
3 ac’T?
~16n2 A
where a and T are, respectively, the wave amplitude and
period of the primary long waves, ¢ = /gh is the linear phase
velocity, g is the acceleration of gravity, and A is the mean
water depth. We note that the inverse of the Ursell number
€2 =1/(2U) is used in Ref. [52] to characterize laboratory
multisoliton fission regimes from periodic long waves.
The values for the wave amplitude, period, and water
depth need to be treated differently compared to labora-
tory experiments since the field measurements are conducted

(6)

under uncontrolled conditions. To associate the Ursell num-
bers with the incident long waves within the IGW frequency
band (typically below 0.04 Hz [44]), we apply the zero-up
crossing technique [45] to bandpassed water depth signals
(Butterworth filter [40] of order 4 with high- and low-pass
cutoff frequencies of 0.001 and 0.04 Hz, respectively) to per-
form the wave-by-wave analysis and identify waveheights and
periods. We then estimate a representative Ursell number for
each wave gauge station assuming the following:

(1) Representative water depths are estimated averaging
the water depth signals over the flood tide of 2nd August 2023.

(2) The long wave amplitude is estimated as a = Hyg/2,
where Hig is the median of the waveheight distribution of
bandpassed signals.

(3) The wave period is estimated as T = Tig, where Tig is
the median of the period distribution of bandpassed signals.

F. Numerical experiments with the Serre-Green-Naghdi
and KdV equations

To complement the analysis of the field data, we perform
a numerical experiment integrating the Serre-Green-Naghdi
(SGN) equations using the SERR1D code [53,54] to prop-
agate incident long waves with amplitudes and frequencies
compatible with the ones entering into Laguna Céhuil. The
wave field is propagated from the ocean border of the la-
goon (absorbing-generating left boundary condition [55]) into
the measured bathymetric profile shown in Fig. 4, consider-
ing a moving shoreline boundary condition on the eastern
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FIG. 3. Rectification process for the video captured by the UAV. (a) Identification of georeferenced points in the original image.
(b) Projection of the original image into a georeferenced Google Earth Pro satellite image. The red line depicts the transect profile used

to produce the space-time Hovmoller diagram from the rectified video.

border (right), where incoming waves can reflect. The nu-
merical integration is performed taking spatial and temporal
discretizations of Ax = 0.3 m and At = 0.0782s for a total
duration of 23 400 s, using a constant Manning friction factor
n = 0.025.

Numerical experiments are also performed using the KdV
equations using the numerical implementation described in
Ref. [56]. The propagation of periodic waves with charac-
teristics compatible with the measured incident long waves
is conducted on an idealized channel of constant depth, us-
ing a fourth-order Runge-Kutta scheme in time, splitting the
linear and nonlinear terms with a fractional stepping method,
and using a fast-Fourier-transform-based spectral method in
space. The numerical solver is run using spatial and tempo-
ral discretizations of Ax = 0.00066 m and At = 0.029 s, but
are subsampled in space to Ax = 0.6641 m for the analysis
presented below.

G. Nonlinear Fourier analysis of wave signals

Nonlinear Fourier transforms enable the detection of po-
tentially hidden solitons in time or space series [8,57]. In
particular, they can provide the amplitudes and phases of each
soliton. With this information, one can compute the so-called
soliton energy ratio [58]. This is a number between zero
and one, where zero means that there are no solitons at all
and one means that the signal consists only of solitons. The
soliton energy ratio is based on nonlinear versions of Parsevals
relation, by which the “energy” E of a time series 7(t) satisfies

00
E = / |77(t)|2dt = Esoliton + Econtinuous>

oo

where Egiton = 0 is computed from the solitonic part of the
nonlinear Fourier spectrum and Eoptinuous == 0 1S computed
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FIG. 4. Profile transect used for the numerical experiment using the Serre-Green-Naghdi equations. (a) Topobathymetry of the Laguna
Cahuil (measured between 24 and 27 March 2023) and the selected transect for the simulations (blue line). The locations of the instruments
moored during the field campaign are shown in colored symbols. (b) Snapshot of the simulation and bathymetric profile (the free surface time

series are multiplied by a factor of 5 to facilitate the visual inspection).

from the nonsolitonic part of the NFT. The soliton energy ratio
is given by Egliton/E -

Different kinds of NFTs exist for different types of propa-
gation models. Here, we consider the NFT for the vanishing
KdV equation [8,59]. The KdV is a weakly nonlinear and
weakly dispersive shallow water equation. The time se-
ries considered below greatly satisfy the main applicability
condition, i.e., kh < 1, where k is the dominant wave number
and A is the reference water depth.

To compute the KdV-NFT numerically, we employ the
development version of the software library FNFT (commit
6d1c36b92) [60] with vanishing boundary conditions. The
underlying algorithm is a simplified version of the method
described in Ref. [61]. The accounting function is computed
as described there for the second-order case. Then, bisection
is used to bracket the eigenvalues. Intermediate results of the
scattering process are rescaled to avoid the range of floating
point numbers being left occasionally. The formulas required

to compute the soliton energy ratio for the KdV case are
provided, e.g., in Eq. (23) of Ref. [62].

III. ANALYSIS OF THE RECORDED WAVE FIELD

Water depth measurements are reconstructed from bottom-
moored pressure signals following Ref. [37] as described in
Sec. II B. Measured time series and associated spectrograms
are shown in Fig. 5; the highest energy content belongs to tidal
modulations at longer periods (>128 min). Significant patches
of wave energy are also visible within the IGW frequency
band (typically defined between 0.42 and 4.2 min [44]), only
during the flood tides. Hereafter, we analyze the time series
during the flood tide of 2nd August, which was the largest
captured by all the instruments (depicted in the red boxes
shown in Fig. 5).
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FIG. 5. Reconstructed water depths from the bottom-moored pressure signals recorded at the locations shown in Fig. 1. Left panel:
Recorded time series (color key: Pl m, P2 m, P3 m, P4 =). Right panel: Normalized spectrograms of the signals. The flood tide segment
used to analyze the spectral and statistical characteristics of the wave field is shown in red boxes.

A. Measured wave field and associated spectrograms

Time series are high-pass filtered with a cutoff frequency
of 0.001 Hz (16 min) to damp out longer-period oscilla-
tions associated with tidal modulations, enabling the analysis
of the recorded signals within the sea-swell-IGW frequency
band (see Sec. II B). The filtered time series during the flood
tide of 2nd August and their spectrograms are presented in
Fig. 6. The spectrograms show a broad energy content within
the IGW frequency band (periods above 0.42 min) with no
clear frequency dominance and a downshift in frequency for
P4 located nearly 3 km upstream the river mouth. A similar
frequency downshift was observed for IGWs propagating up-
stream a similar bar-built estuary in Ref. [63].

The recorded time series, normalized with respect to the
average of the highest third of waveheights in the background
signal, H} 3, are shown in the left panel of Fig. 6. The presence
of rogue waves is evidenced in all gauges using the crest
height criterion threshold n./H;,3 > 1.25 [64,65]. To confirm
and quantify these, statistical and spectral properties of the
recorded time series are presented in the next section.

B. Waveheight distributions, high-order moments, and spectral
properties of the measured wave field

To characterize the statistical properties of the free surface
signals and quantify the presence of rogue waves, individual

waves are isolated using the zero-up crossing method (see
Sec. IIC). Several rogue waves measured at P3 can be in-
spected in the 2-h segment shown in Fig. 7(a). In Figs. 7(b)
and 7(c), we show the waveheight, P(H/H;;;3 > x), and crest
height, P(n./H,;3 > x), empirical exceedance probabilities.
All the measured signals lie consistently above the distribu-
tion that characterizes a Gaussian random wave field, and the
presence of rogue waves is confirmed also from the wave-
height threshold criterion H/H,;3 > 2.2 [64,65]. The proba-
bility of encountering a rogue wave considering P(H/H 3 >
2.2) or P(n./Hy;3 > 1.25) is several orders of magnitude
higher than that for linear wave superposition.

High-order moments of measured free surface time series
can provide additional insights into the wave field character-
istics and are presented in Fig. 8. Wave left-right asymmetry
(As) and wave skewness (Sk) show distinct evolution between
gauges. Near the entrance of the lagoon at P1, waves are
highly asymmetric as As >~ —0.6, an indication of nearly
breaking conditions; within the lagoon (P2 and P3), the asym-
metry tends to decrease, while for P4, left-right asymmetry
is mild (As ~ 0.05) suggesting that nonlinear and dispersive
effects equilibrate as long waves propagated over nearly 3 km
upstream in the river channel. Skewness increases steadily
from one station to the next, reaching a maximum Sk =~
0.34 at P3. For P4, the skewness value is small and positive
(Sk >~ 0.03). The kurtosis values for the instruments moored
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FIG. 6. High-pass filtered (cutoff frequency of 0.001 Hz) signals of the water depth records at the locations shown in Fig. 1 for the flood
tide of 2nd August 2023. Left panel: Recorded time series and rogue wave threshold (n./H,;3 = 1.25) depicted in a dashed black line (color
key: P1 m, P2 m, P3 m, P4 =). Right panel: Normalized spectrograms of the time series.

within the lagoon (P1-P3) are all above Ku = 3 that character-
izes a Gaussian process (with Ku 2~ 4.6 at P3), confirming the
strongly non-Gaussian nature of the wave field there. At P4,
the kurtosis value is smaller but still remains slightly above 3
(Ku >~ 3.1).

The PSD of the free surface signals is shown in Fig. 7(d).
The spectra of the three instruments moored closer to the river
mouth (P1-P3) show a nearly exponential decay within the
IGW frequency band (0.004-0.04 Hz); for higher frequen-
cies, the energy decay tends to follow a power law (between
f~! and f~2). Rather flat spectra are observed for shorter
wavelengths (f > 0.1) at stations P2 and P3, evidencing the
randomization of the wave field for shorter wavelengths. A
strong damping of frequencies above 0.01 Hz is observed at
P4 located far upstream, but an increase in energy is clearly
visible for higher frequencies (f > 0.1 Hz), hence suggesting
an energy transfer from long to shorter wavelengths during the
propagation of long waves upstream the river channel.

C. Evidence of soliton gas dynamics within Laguna Cahuil

The observed waveheight distributions with a probability
of encountering rogue waves several orders of magnitude
higher than that for linear wave superposition are consistent
with those reported in numerical and laboratory experiments
as SG dynamics [23,24,28,31,51]. In addition, similar high
kurtosis values have been obtained for the SG generated in a
wave flume by Redor et al. [S1]; moreover, a value of Ku = 4

has been theoretically shown to correspond to a stationary
limit of SG dynamics developing from narrow-band partially
coherent waves resulting in a 1.5 orders of magnitude increase
in the probability of encountering rogue waves compared to
the linear theory in an integrable turbulence framework [30].
This value is reached at locations P1 and P3. Skewness shows
an evolution with negative curvature, which peaks at sensor
P3 within the lagoon. Similar evolution patterns of Sk were re-
ported in a solitonic gas by Dutykh and Pelinovsky [66] from
direct numerical simulations conducted with a nonintegrable
KdV set of partial differential equations.

The exponential signature decay close to the forcing fre-
quency shown in the instruments moored within the lagoon
(P1-P3) is a characteristic of SG obtained in numerical simu-
lations [20,67], measured in optical experiments [28,29], and
in a bidirectional laboratory wave flume [17,51]. The power-
law decay is consistent with the ones reported in the field
observations of Costa ef al. [12] as soliton turbulence.

To confirm the presence of solitons in the measured time
series, we apply the KdV-NFT algorithm (see Sec. IIG) to
the 2-h segment measured at P3 shown in Fig. 7(a). The
KdV-NFT algorithm assumes a flat bottom and unidirectional
propagation, which is why it can describe the investigated dy-
namics only approximately. In particular, the unidirectionality
assumption might be critical for the measured data since inci-
dent and reflected waves can propagate in multiple directions
within the lagoon. Despite these limitations, the NFT is useful
to detect the presence of solitons in the measured time series.
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FIG. 7. Statistical and spectral properties of free surface signals during the flood tide of 2nd August 2023. (a) Two-hour segment of
the normalized time series recorded at location P3. (b) Waveheight empirical exceedance probability. (c) Crest height empirical exceedance
probability. The distributions associated with a Gaussian wave field are plotted in red solid lines as reference and the black dashed lines show
the threshold criteria for rogue waves. (d) Power spectral density of the time series. Color key: P1 o, P2 A, P3 M, P4 0. In the background
of each graph, we show the results from the SGN numerical experiment in light gray [the time series shown in panel (a) is extracted from a

virtual gauge located at x = 200 m; see Fig. 4].

For the time series sampled at 1 Hz with a mean water
depth of 2.35 m (see Table II), the KdV-NFT detects 287
solitons with amplitudes ranging from 21.56 cm down to
0.02 cm. The complete distribution of soliton amplitudes is
provided in Fig. 9. The resulting soliton energy ratio is 0.53,
which means that the signal is dominated by KdV-type soliton
dynamics.

So far, our results are indicative of an SG dynamics result-
ing in a strongly nonlinear wave field attaining a statistically
quasistationary state within the lagoon, as similar PSDs, ex-
ceedance probability distributions, and stable kurtosis values
are observed at different locations there (P1-P3). To con-
firm this, we need to identify the soliton release mechanism
from the transformations that incident ocean swells undergo

0.1 . , 035 5
03 45
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0.25
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02t sl
015} S 25
0.1 2r
15}
0.05
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07 -0.05
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FIG. 8. High-order moments of measured free surface time series. Left panel: Asymmetry (As). Central panel: Skewness (Sk). Right panel:

Kurtosis (Ku).
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FIG. 9. Soliton amplitudes for the 2-h segment recorded at P3 [see Fig. 7(a)] computed using the NFT-KdV algorithm. In the background,
the soliton amplitudes resulting from the application of the NFT-KdV to the SGN numerical experiment are shown in light gray [the analyzed

time series is shown in light gray in Fig. 7(a)].

when reaching the coast and penetrate Laguna Cahuil. For
this purpose, incident wave kinematics are studied in the next
section.

D. Multisoliton fission from incident infragravity waves
entering into Laguna Céhuil

Ocean waves reaching the coast and propagating into the
bar-built estuary during the flood tide of 2nd August were
captured by a fixed high-resolution video monitoring system
(see Sec. IID). The incident wave frequencies are character-
ized from a 40-min record starting at 10:00 h using space-time
Hovmoller diagrams of optical pixel intensity over two cross-
shore transects (TS1 and TS2 in Fig. 2; Hovmoller diagrams
are shown in the left panel of Fig. 10). In the right panel
of Fig. 10, the PSDs computed from the normalized pixel
intensities along transects (see Sec. I D) clearly show the peak
period of the incoming swells (~ 13.4 s), while over the beach
transect (TS2), break-point modulations at IGW frequencies
show a strong surf-beat forcing as described in Refs. [68,69].
Along the river mouth channel (TS1), it is seen that the swell
energy is strongly damped, and only long waves in the IGW
frequency band penetrate into the lagoon. This is in agreement
with the low-pass filtering effects observed in similar config-
urations from field measurements [63,70] and from numerical
experiments using the fully nonlinear and weakly dispersive
SGN equations [54].

TABLEII. Ursell numbers for primary long waves at each station
based on the estimated characteristic values for the relevant variables
(see Sec. IIE).

Station h (m) a (m) T (s) U €?

P1 0.36 0.049 84.0 511.7 0.0010
P2 0.56 0.036 98.0 203.3 0.0025
P3 2.35 0.031 92.0 8.8 0.0568
P4 3.68 0.004 194.5 2.0 0.2525

IGWs thus breach the bar sporadically and propagate up-
stream the river mouth over a shallow and gradually varying
bathymetry. We compute the Ursell numbers associated with
the IGW signals recorded at the different pressure sensors as
described in Sec. ITE. The estimated Ursell numbers close
to the entrance of the lagoon at P1 and P2 are on the order
U ~ 100 (see Table II), hence comparable with the ones lead-
ing to multisoliton fission from periodic long waves in the
laboratory experiments of Trillo et al. [52].

The kinematics of IGWs entering into the lagoon can
be further studied using the video captured by a UAV
as described in Sec. IID. The wave field is analyzed
along a transect representing the main direction of propa-
gation of observed incoming wave trains [see Fig. 3(b)]. In
Fig. 11, the resulting space-time Hovmoller diagram is shown,
where eight incident long wave trains are accurately captured,
penetrating into the lagoon at temporal intervals between
40 and 200 s, thus compatible with the IGW frequencies
observed in Fig. 10(a). Following Ref. [17], we apply the
space-time Fourier transform as described in Sec. IID to
obtain the 2D spectrum averaged over the eight x— windows
shown in Fig. 11. The resulting E (k, w) spectrum shown in
Fig. 12 demonstrates that the kinematics of incident long wave
trains correspond to solitons since the strongest energy level
of forward propagating waves (k > 0) is a straight line in the
k—w space (the linear dispersion relation is plotted in white
curves as reference). We obtain ¢ = w/k >~ 4.1 m/s, giving a
referential water depth 2 ~ 1.7 m using the linear long wave
celerity. Energy associated with back-traveling waves (k < 0)
is also visible in Fig. 12, but its interpretation is more complex
since reflected waves could propagate in different directions.

Hence, long IGWs penetrating into the lagoon fission into
solitons as the Ursell numbers computed for P1 and P2 in
Table II suggested. To further confirm this, we run the periodic
KdV model described in Ref. [56] using parameter values
a=02m, T =60s, and h = 1.7m, on the order of the in-
cident IGW field observed within the lagoon. The KdV model
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FIG. 10. Remote sensing of the incident ocean swells and infragravity wave motions during the tidal flood of 2nd August 2023 for transects
TS1 (a) and TS2 (b) shown in Fig. 2. Left panels: Hovmoller diagrams for raw space-time RGB time series and using the pixel intensity
normalization described in Sec. IID. Right panels: Cross-shore evolution of wave frequencies along transects. The horizontal and vertical
dashed red lines show, respectively, the limit between swell and infragravity frequency bands, and the shoreline position.
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FIG. 11. Space-time Hovmoller diagram for the transect profile obtained from the UAV video [see Fig. 3(b)] showing the kinematics of
infragravity waves penetrating into Laguna C4huil. RGB time series are normalized as described in Sec. IID. Detected incident long wave

trains are depicted within x— red windows.

produces a multisoliton fission of the primary long waves (see
the snapshot in the upper panel of Fig. 13) resulting in an
E (k, w) spectrum consistent with the one obtained from the
UAV video as shown in the lower panel of Fig. 13. It is thus
demonstrated that solitons are released from the fission of
incident IGWs while entering into the lagoon, a mechanism
that was first described by Zabusky and Kruskal [2].

IV. FROM OCEAN SWELLS TO SOLITON GAS DYNAMICS
IN A NATURAL COASTAL ENVIRONMENT

The path to the SG regime in our field experiment is
now conceptualized. Swells are long-lived narrow-band wind
waves at frequencies between 0.04 and 1 Hz that propa-
gate over thousands of kilometers across the world’s oceans

K2z (m~1)

carrying most of the global surface wave energy [71]. While
approaching the coast, IGWs with typical frequencies be-
tween 0.004 and 0.04 Hz are enhanced by nonlinear shallow
water processes that transfer energy from the swell frequen-
cies to the IGW frequency band [44]. Within the surf and
swash zones, IGWs can be released by the breaking of their
short-wave parents and then propagate as free long waves
[43]. Recent field observations [63,70] and a numerical simu-
lation using a fully nonlinear and weakly dispersive shallow
water wave model based on the SGN equations [54] have
shown that IGWs generated from surf-zone processes and
released by breaking can penetrate shallow bar-built estuaries
and propagate long distances upstream. In the surf zone and
at the river mouth, the wave energy in the swell frequency
band is completely damped and IGWs are released as free

0.6 0.8 1 1.2
ol (s7h

FIG. 12. Normalized E (k, w) spectrum of the measured incident wave field averaged over the x— windows shown in Fig. 11. The linear
dispersion relation using a water depth 2 = 1.7 m is shown in the white curves as reference.
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FIG. 13. Kinematics of the KdV multisoliton fission from a sinusoidal wave with amplitude a = 0.2 m, period T = 60 s, and reference
water depth 7 = 1.7 m. Upper panel: Snapshot of the modeled free surface. Lower panel: Normalized E (k, w) spectrum of the free surface
time series. The linear dispersion relation using a water depth # = 1.7 m is shown in the white curves as reference.

long waves, propagating upstream into the estuary and river
channel during flood tides, when subcritical conditions are en-
hanced [54,63,70]. Hence, shallow river mouth configurations
can operate as a natural low-pass filter allowing to directly
track the fate of IGW motions.

At Laguna Cahuil, surf-zone-generated IGWs provide the
energy input for the formation and development of the SG
regime. As schematized in Fig. 14, the river mouth is exposed
to energetic ocean swells (Fig. 14, inset A) that enhance the
generation of IGWs within the surf zone. IGWs breach the bar
sporadically and propagate upstream the river mouth where
they experience multisoliton fission (Fig. 14, inset B). The
continuous injection of soliton trains that propagate within the
lagoon over a shallow and gradually varying bathymetry leads
to refraction and reflections enhancing intense wave-wave
interactions (see Fig. 14, insets D and E, and Fig. 15). The
repeated interactions between solitonic waves shall explain
reaching the measured quasistationary wave field compatible
with an SG regime. To test this hypothesis, we conduct numer-
ical simulations over a transect profile of Laguna Céhuil using
the SGN model described in Refs. [53,54] (see Sec. II F). The
SGN equations are nonintegrable in the strict sense, but admit
at least four conservation laws and closed-form solutions for
cnoidal and solitary waves over horizontal bottoms [72], and
can produce dispersive shock waves [73,74].

In the numerical experiment, the incident IGW field
is built from a narrow-band JONSWAP spectrum with
significant spectral waveheight H,o = 0.2m, peak period
Tp = 60s, peak enhancement factor y = 3.3, and a random
phase distribution between the harmonic components [75], to
qualitatively comply with the measured one. This wave field is

propagated from the ocean border of the lagoon as described
in Sec. II F. We compute the statistical and spectral properties
for the numerical time series in virtual gauges spaced every
5 m between x =0 and x = 750 m (see Fig. 16) applying
the same methods described for the measured water depths,
discarding the first 1800 s of the simulations (warming up
of the model). A 2-h free surface time series extracted from
a virtual wave gauge located at x = 200 m is shown in light
gray in Fig. 7(a), where similar wave patterns compared with
the field measurements are observed, including the frequent
appearance of rogue waves. The location of the virtual wave
gauge in the simulation (x =200m in Fig. 16) is chosen
inside the lagoon with a similar mean water depth as location
P3 for the field experiment.

In the numerical experiment, “new” and ‘“old” solitons
interact continuously (see the animation available at Ref. [36])
resulting in statistical and spectral properties showing striking
resemblances with the ones measured within Laguna Cahuil
(Figs. 7 and 16), hence supporting our conjectures. It is worth
noting that in the SGN experiment, the significant wave-
heights and the high-order moments of the time series show
mild spatial variations over a large portion of the lagoon
profile. In particular, the kurtosis reaches an almost constant
value, Ku =4, between x = 100m and x = 320m, hence
suggesting that a quasistationary wave field is reached there.

We also apply the KdV-NFT algorithm to the 2-h time
series segment obtained from the SGN simulations shown
in light gray in Fig. 7(a). The numerical time series is re-
sampled (linear interpolation between points) at 1/0.1048 ~
9.54 Hz, and the mean water depth at the virtual gauge is esti-
mated to be 1.83 m. The KdV-NFT detects 389 solitons with
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FIG. 14. Snapshot of the wave field during the field experiment where most instances of the conceptual model for the generation of the
soliton gas regime at Laguna Cahuil can be observed. Callouts refer to enlarged inset images. Explanations are provided in the main text.

FIG. 15. Solitonic interactions after the penetration of infragravity wave motions in Laguna Céahuil during the flood tide of 1st August
2023, 10:10 h. Images captured by an unmanned aerial vehicle. (a) Dispersive shock waves and multisoliton fission and refraction over shoals.
(b) Cross-propagating solitonic wave fields. (c) X- and Y-type shallow water solitons emerging from oblique crossings in very shallow waters.
(d) A solitonic wave train propagating toward the river mouth after reflecting at the lagoon borders, while another solitonic wave train
propagates upstream.
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FIG. 16. Results obtained from the numerical experiment using the Serre-Green-Naghdi equations. From top to bottom: significant
waveheights (H)/3); asymmetry (As); skewness (Sk); kurtosis (Ku); snapshot of the free surface showing the multisoliton fission of long
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amplitudes ranging from 27 cm down to 0.01 cm. The com-
plete distribution of soliton amplitudes is shown in Fig. 9. The
resulting soliton energy ratio in the numerical experiment is
0.47.

Although there are some obvious differences between mea-
sured and modeled time series due to the mismatch between
the numerical experiment and the measured wave field, we
observe that the overall distribution of the detected solitons is
quite similar. Most strikingly, both soliton energy ratios are
very close to 0.5.

V. SUMMARY AND CONCLUSIONS

To summarize, in this article we have demonstrated that an
SG can be formed in a natural coastal environment from ocean
swells and identified a specific set of necessary conditions:
first, the generation of surf-zone IGWs from incident narrow
frequency band swells; second, a low-pass filtering effect at
a bar-built estuary allowing only IGWs to enter into a shal-
low lagoon with Ursell numbers of order U ~ 100, leading
to multisoliton fission of the primary long waves; and third,
propagation of the resulting trains of solitons within a semien-
closed shallow lagoon with gradually varying bathymetry that
enhance intense wave-wave interactions. These conditions
were only possible under a weak river discharge and subcriti-
cal flow conditions at the river mouth during flood tides; their
coexistence might be just ephemeral and sporadic, making
very difficult observing an SG dynamics in nature.

We recall that routes to SG and integrable turbulence have
been theoretically studied over nearly 60 years since the sem-
inal works of Zakharov [76] and Zabusky and Kruskal [2], but
until now, such nonlinear wave regimes, leading to several or-
ders of magnitude increase in the probability of encountering
rogue waves, had only been reached in theoretical, numerical,
and laboratory experiments.
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