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èProviding	(some)	sea	truths	for	satellite	and	
model	data	
	
-	Significant	wave	height	
-	Direc0onal	spectrum	shape	
-	Mean	square	slope	
-	Wave-ice	interac0on	
-	Wave-wave	interac0on	
-	Wave-current	interac0on	
-	Rogue	waves	
	

OVERVIEW (from meeting keywords) 



	
	

STEREO	3D	IMAGING	FOR	SEA	WAVES	
-  Features,	present	and	future	

APPLICATIONS	
-	 Characteriza0on	 of	 the	 spa0o-temporal	
wave	field	

OVERVIEW	



Why	are	we	interested	in	in	situ	
3D	observa2on	for	wave	studies?	

Spectral	and	sta0s0cal	proper0es	of	wind	waves	are	historically	inferred	
from	buoys	or	wave	gauges	installed	at	fixed	loca0ons	at	sea	

>	They	can	acquire	eleva0on	0me-series	at	a	single	point	only:	η(t)	
	
	
	
	

	
è	A	single	0me	series	can	not	describe	accurately	the	complete	space-
0me	wave	dynamics	and	the	direc0onal	distribu0on	
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Stereo	wave	imaging	

This	gap	can	be	filled	by	vision-based	3D	measurement	systems	

INPUT	
Stereo	images		è	



Stereo	wave	imaging	

This	gap	can	be	filled	by	vision-based	3D	measurement	systems	

OUTPUT	η(x,	y)		è 

INPUT	
Stereo	images		è	



We	are	able	to	measure	the	space-0me	evolu0on	of	the	wave	
field	in	an	area	~200	m	x	200	m	over	0me	(10-15	Hz)		

3D	stereo	measurement	in	2me	

time 



Acqua	Alta	oceanographic	tower	(Venice,	Italy)	

indicate the four cardinal points as N-E-S-W, with obvious meaning),
can be very strong (up to 30ms−1), but, because of fetch limitations,
the derived wave conditions are not very large. The opposite is true for
sirocco, the S-E wind typically responsible for the Venice floods.
Warmer and humid, it is often associated to a low pressure center on the
Western Mediterranean basin. Sometimes, also blocked by the Alps
range (see Fig. 1), in the northern part of the basin the wind mixes with
easterly air leading to the so called “bora scura”, because of the asso-
ciated cloudy and rainy conditions.

The astronomical tide in the Northern Adriatic Sea, in front of
Venice (see Fig. 3), has about one meter spring overall excursion. When
the basin is perturbed by a meteorological event, two seiches dominate
the situation: an 11-h one rocking about the basin center, and a 22 h
one with the node at the Otranto strait, at the southern end of the basin
(Bajo et al., 2019). The bathymetry is progressively shallower towards
the Venice upper end (see Fig. 1). Together with the dominant weather
patterns, this leads to frequent and comparably large surges on its
northern border, i.e. in front of Venice. See Fig. 4, panel c, for a clear
illustration of this distribution. As shown in Fig. 3, Venice sits at the
center of a coastal, 50× 10 km wide, mostly shallow lagoon connected
to the sea via three inlets.

When referring to the last days of October 2018, only the day (e.g.,
29 for 29 October 2018) will be specified. Not mentioning the day will

imply that what discussed is on 29 (when in practice everything hap-
pened). For time, all UTC, e.g. 19.10 UTC will mean 10min after 19
UTC.

4.2. Meteorology

In this study we rely on the meteorological data produced by the
European Centre for Medium-Range Weather Forecasts operational
model (ECMWF, Reading, U.K.). The Centre runs a fully coupled at-
mosphere-wave-ocean system. Presently the Tco1279 (HRES) atmo-
spheric model (see the full documentation available at https://www.
ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-
model/ifs-documentation) has approximately 9-km resolution and 137
vertical levels 20 of which are below 1000m. Ensemble forecasts are
also produced with 50 parallel runs at 18-km resolution. The opera-
tional analyses are based on 4-dimensional variational data assimilation
(Rabier et al., 2007). The analysis data are available at 6 h intervals (00,
06, 12, 18 UTC). This time resolution is unsuitable for our purpose (in
practice everything happened in 12 h), thus we are concatenating the
first 12-h short-term forecast fields, available at one hour interval twice
a day at 00 and 12 UTC. To explore its predictability, we have used the
medium-range forecast for the 29 October starting up to ten days earlier
for HRES, fifteen for the ensemble. Although our evaluation is based on

Fig. 3. Left panel: geometry of the area at the top of
the Adriatic Sea (see Fig. 1). The ‘tower’ is the po-
sition of the offshore structure shown in the right
panel. Lido, Malamocco and Chioggia are the three
inlets connecting the sea with the lagoon. The Ve-
nice dot shows Punta Salute, the official tide gauge
for Venice floods. 1, 2, 3, 4 (in the right panel)
identify the four usable decks of the tower, at re-
spectively 6.5, 9, 12, 15m above the mean sea
level.

Fig. 4. (a) Wind, (b) wave, (c) surge fields in the Adriatic Sea at 18 UTC of 29 October 2018. Scales are respectively ms−1, m, m.

L. Cavaleri, et al.



Stereo-vision:	principle	of	opera2on	
Let’s	assume	we	are	able	to:	
1.  Iden0fy	corresponding	points	in	two	images	

	



Stereo-vision:	principle	of	opera2on	

Depth	of	each	point	
can	be	es0mated	by	
intersec0ng	
(triangula2ng)	3D	
rays	passing	through	
the	corresponding	
points	and	the	
op0cal	centers	



Stereo-vision:	principle	of	opera2on	

Problems	
1.  How	to	match	

points	efficiently	
(robust	and	fast)?	

2.  How	to	accurately	
calibrate	the	
system?	
–  Intrinsic	
– Extrinsic	(R,	t)	



Matching	corresponding	points	
Stereo-matching	 is	
effi c i e n t	 s i n c e	
poten0al	 matches	
can	be	 found	along	
each	corresponding	
epipolar	lines	



Camera	(intrinsic)	calibra2on	
-	A	known	object	 (usually	a	planar	chessboard)	 is	 imaged	by	 the	
stereo	rig	in	mul0ple	poses	to	recover	its	geometrical	proper0es.	
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Previous	experiences	

… lack of Computer Vision techniques and 
Computing power… 



The	WASS	pipeline	
In	 the	 past	 years,	 we	 proposed	 state-of-the-art	 methods	 in	
this	field,	contribu0ng	to	the	diffusion	of	the	topic	among	the	
oceanographic	community	
	
1.  Stereo	camera	extrinsic	calibra0on	(R,	t)	from	sea	images	
2.  Point	cloud	filtering	and	mean	sea-plane	alignment	
3.  Reconstruc0on	 errors	 varying	 the	 geometrical	

configura0on	of	the	stereo	system	
4.  Reconstruc0on	from	moving	vessels	

WASS	(Wave	Acquisi2on	Stereo	System)	



① Stereo	frames	(synch.	<	1	ms)	
② Camera	intrinsic	parameters	

○  Focal	length	
○  Principal	point	
○  Lens	distor0on	coefficients	
(calibrated	in	the	lab)	

INPUT	 WASS	computes	

① Stereo	extrinsic	
parameters	(R,	t)	

② Mean-sea-plane	
coefficients	

③ 3D	wave	field	η(x,	y)	for	
each	stereo	pair	

y 

x 



hYp://www.dais.unive.it/wass	
(Bergamasco	et	al.,	2017.	C&G)	

The	first	open-source	sofware	for	sea-waves	3D	reconstruc0on	



Kinds	of	measurement	error	
1.   Calibra2on	Error:	error	in	es0ma0ng	camera	parameters	
2.   Matching	 Error:	 uncertainty	 in	 the	 determina0on	 of	 the	

corresponding	pixels	for	each	image	pair	(dark,	bright	areas)	
3.   Quan2za2on	 Error:	 reconstruc0on	 is	 quan0zed	 along	 the	 image	

scanlines	producing	characteris0c	paherns	along	the	y-axis	

	
	
	
	
	
	
	
We	can	simulate	and	evaluate	the	expected	reconstruc0on	accuracy	
given	a	stereo	setup	
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Latest	Applica2ons	



How	rogue	waves	look	like	in	3D	

-  Maxima at different locations 
on the xy-space

-  Missed by local instruments 
(e.g., buoys)



(Benetazzo	et	al.,	2015;	Benetazzo	et	al.,	2017)	

Rogue	waves	in	Space	and	Time	

è Individual,	 rogue	wave	 is	 isolated	 in	 0me	 (…it	 seems	 to	 appear	 out	 of	 nowhere…)	 but	
coherent	in	space-0me	

è Likelihood	and	shape	of	rogue	waves 



Crest	speed	of	high	waves	



Wave	load	on	marine	structures		



Stereo/x-band	radar	data	fusion	



From	a	moving	ship	
è	Coupling	with	an	IMU	for	
the	6-DOF	mo2on 



Wave	dissipa2on	in	the	MIZ	

(Alberello	et	al.,	2021)	

è Wave	fields	(from	3D)	and	sea-ice	concentra0on	(from	images) 



Ø  Oceanic near-surface current (via Doppler shift)

Ø  Energy of linear / nonlinear modes

Ø  Directionality of short waves


Wavenumber-Frequency	3D	spectrum	

(Benetazzo	et	al.,	2018;	OM)	



Bi-modal	distribu2on	of	short-wave	energy	



Present	research:	WASSfast	
WASS	 computes	 a	 3D	 wave	 field	 from	 stereo	 pair	 in	 ~1	 min	 (half	 of	 the	 0me	 is	 spent	 for	
gridding	from	the	point	cloud)	

(Bergamasco	et	al.,	2021;	C&G)	



WASSfast	

Features
extraction

and matching

Spectrum
prediction

Spectrum
update
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WASSfast:	spectrum	update	

Two	alterna2ve	approaches	
	

1.   PU:	A	constrained	minimiza0on	procedure	working	in	the	
Fourier	wavenumber	domain	
–  Slower,	more	accurate	

2.   CNN:	A	learning-based	Convolu0onal	Neural	Network	to	
perform	“depth	comple0on”	based	on	physical	priors		
–  Extremely	fast,	slightly	less	accurate	in	the	high	frequencies,	s0ll	

under	heavy	tes0ng…	



WASS	vs.	WASSfast	

•  Reconstructs	 a	 dense	 point	
cloud	 (approx.	 3E6	 points	 per	
stereo	pair	on	a	5mpix	camera)	

•  Frames	are	processed	in	parallel	
and	 no	 temporal	 rela0on	 is	
considered	

•  Gridding	 is	 a	 separate	 step	
implemented	 as	 a	 general	
scahered	surface	interpola0on	

•  Highly	accurate,	well	tested	
•  Approx.	30	sec	per	stereo	frame	

processing	0me	

•  Reconstructs	 a	 sparse	 point	
cloud	 for	 each	 frame	 (10K	 on	
average)	

•  F r am e s	 a r e	 p r o c e s s e d	
sequen0ally,	 the	 dispersion	
rela0on	 is	 used	 to	 op0mize	 a	
0me-evolving	3D	surface	

•  Gridding	 is	 interleaved	 with	
point	reconstruc0on	

•  Less	accurate,	designed	for	real-
0me	processing	

•  Up	to	from	0.5	fps	(PU)	to	5	fps	
(CNN)	on	modern	GPUs	



Low-cost	WASS	with	smartphones	/	GoPro®	



Take	home	message	
•  Stereo	 wave	 imaging	 allows	 to	 measure	 the	
surface	 wave	 field	 in	 space	 and	 0me	 with	 good	
accuracy	

•  No	 assump0ons	 on	 the	 underlying	 wave	
mechanics	

•  Firng	ships	of	opportunity	(code	not	available	yet)	
•  Limita0ons	

– Coverage	
– Need	of	a	superstructure	(with	power	supply)	
– Huge	amount	of	data	(less	with	WASSfast)	



Many	thanks	for	your	aYen2on!	
	
	
	
	
	
	
	



Paddle-	and	wind-wave	tank	(Qingdao,	P.R.	China;	FIO)	



Paddle-	and	wind-wave	tank	(Qingdao,	P.R.	China;	FIO)	
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