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A B S T R A C T   

Despite the importance of diffraction of irregular ocean waves, there is a lack of reported measurements over 
scales larger than a few tens of wavelengths. In the coastal zone, Satellite Altimetry is hindered because the 
backscatter characteristics of waveforms deviate from Brown's theoretical model, specially up to 20 km from the 
coastline. Here, we combine a novel set of retracked — reprocessed — altimeter data with directional buoy 
spectra and simulations with a spectral numerical model where diffraction is computed with an approximation 
based on the Mild Slope Equation. The Channel Islands, off the coast of California, is an ideal spot for the analysis 
because of the sharp variations in bathymetry in the vicinity of the archipelago, increasing the relative impor
tance of diffraction over refraction. Spatial variations of wave energy in the lee of the islands are investigated 
along and across the wave propagation direction. For the first time the lateral rate of energy spreading — across 
the wave propagation direction — was computed in oceanic conditions and are of the same magnitude as those 
found in previously published experiments in a wave tank. The importance of diffraction as a non-dissipative 
process during wave propagation in situations normally encountered in the ocean is also discussed.   

1. Introduction 

The process of diffraction experienced by water waves is similar to 
the diffraction of light and sound, regarding their different wavelengths. 
In the water, diffraction occurs whenever there is a gradient of wave 
height along the direction perpendicular to the wavenumber vector, 
therefore along a line of constant phase. An intuitive — and particularly 
significant — example is that of waves encountering an emerged 
obstacle, such as a breakwater or an island, when they bend and change 
direction propagating into the sheltered area according to the Huygens- 
Fresnel principle. However, a gradient of wave height along a crest can 
also be generated by refraction (Vincent and Briggs, 1989) or because of 
the short-crestedness of the wave itself (Babanin and Waseda, 2015). 
Therefore, diffraction is ubiquitous in the ocean, with diverse levels of 
activity that are time and/or space dependent. 

Employing concepts of optical diffraction, Sommerfeld (1896) pro
posed solutions for light, sound and electromagnetic waves, which were 

later adapted for water waves (Penny and Price, 1952). Theoretically, 
the simplest approach is to consider regular waves propagating in deep 
water interacting with a semi-infinite breakwater, when analytical so
lutions are available — see a review in McCormick and Kraemer (2002). 
For longer crests, the shadow zone spreads further in the lee of the 
obstacle. However, directional spreading observed in irregular waves, 
much more common in the ocean, strongly affects diffraction. For short- 
crested waves with broad directional spreading, the effects of diffraction 
increase energy in the lee of a breakwater when compared with long- 
crested, quasi-unidirectional waves (Goda et al., 1978; Briggs et al., 
1995). 

Numerically, diffraction can only be strictly represented by phase- 
resolving models, in general based on the Boussinesq Equation (Pere
grine, 1967) or on the Mild Slope Equation (MSE — Berkhoff, 1972). 
These models are computationally demanding — they must have so 
many grid points per wavelength which is severely burdensome when 
representing both long and short waves in a single modeling system — 
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and their use is in general restricted to relatively small spatial domains. 
Spectral, phase-averaged models described by the Hasselmann equation 
(Hasselmann, 1962), have the advantage of being more efficient in 
large-scale computations. The effect of refraction is readily accounted 
for, as well as the physical processes generally not included in phase- 
resolving models — such as energy generation, dissipation and wave
–wave interactions. Diffraction, on the other hand, can only be simu
lated through numerical diffusion, with some constraints (Resio, 1987, 
1988). Alternatively, some spectral models include an approximation to 
compute diffraction, where the effect of bending direction is based on 
the MSE — referred as phase-decoupled models (Holthuijsen et al., 
2003; Janssen et al., 2008; Liau et al., 2011; Fang et al., 2019) — 
improving their overall accuracy (Ilic et al., 2007; Rusu et al., 2008; 
Toledo and Agnon, 2009; Kim et al., 2017; Do et al., 2020). 

Traditionally, diffraction has been treated mainly as an engineering 
problem. Designers of harbours have been using diffraction diagrams 
since the 1960's (Wiegel, 1962) assuming the incidence of mono
chromatic waves, resulting in significant underestimation of energy 
behind obstacles. This principle was later extrapolated applying the 
solution for monochromatic waves to an estimated directional wave 
spectrum assumed as the composition of a limited number of regular 
waves. Currently, numerical models are undoubtedly useful for studying 
complex projects employing diverse wave conditions and energy 
absorbing materials, as long as the embedded theories are supported by 
measurements in real situations. Moreover, diffraction has been 
receiving additional attention because of the recent world-wide imple
mentation of wave energy converters, impacting coastal conditions 
down-wave (Abanades et al., 2015). 

The scientific relevance of diffraction is of broader importance to 
physical oceanography, such as in studies of beach morphodynamics 
(Elshinnawy et al., 2018), long-distance changes in wave direction 
behind islands (de León and Guedes Soares, 2005) and the effects on 
infragravity waves (Mendes et al., 2020). Its role on swell propagation, 
to name an additional example, is yet not clear. The pioneering work by 
Snodgrass et al. (1966) demonstrated that waves can propagate thou
sands of kilometres with little attenuation. More recently, combining 
satellite measurements and numerical models, several investigations 
have examined swell evolution and dissipation over large distances 
(Collard et al., 2009; Ardhuin et al., 2009; Young et al., 2013; Jiang 
et al., 2016). Energy reduction is associated with dissipative (such as 
turbulence) and non-dissipative (such as directional spreading, fre
quency dispersion, diffraction) processes. Diffraction of irregular waves 
in the ocean is, indisputably, the least studied of them all. It is also 
unquestionable that swell forecasts in state of the art numerical models 
are still poor represented, when compared with the windsea part of the 
spectrum. 

Wave crests are finite, no matter whether in deep or shallow water or 
for windsea or swell, therefore subject to diffraction along their propa
gation — hence their heights are accordingly expected to be gradually 
reduced. Experiments in wave tanks point out that the magnitudes of the 
rate of lateral transmission of energy along crests are too high to be 
consistent with what is observed in the ocean (Babanin and Waseda, 
2015). The presence of background wave energy might inhibit or totally 
interrupt the rate of reduction caused by diffraction, which could 
explain the reported discrepancies. Additionally, those authors also 
proposed relations for the rate of lateral energy migration that are 
proportional to wave steepness — in tanks the wave steepness can be 
two orders of magnitude smaller than those normally encountered in the 
ocean. That also raises questions about the feasibility of extrapolating 
their experimental results to the real ocean. Measurements of diffracted 
waves in the ocean over sufficiently long distances to infer the rate of 
lateral energy migration are non-existent so far, to the best of our 
knowledge. 

The majority of studies on diffraction consider idealised situations 
with unidirectional, monochromatic waves propagating in deep water 
over a constant depth approaching an obstacle perpendicularly, mainly 

numerically or in wave tanks (Dalrymple and Kirby, 1988; Dalrymple 
et al., 1989; Monk et al., 2013, for instance); see also discussions in Yu 
et al. (2000). In the field, measuring diffraction is a cumbersome exer
cise. The spatial scales are several tens or hundreds of wavelengths along 
and across the propagation direction, which requires a dense network of 
point measurements to provide a detailed quantification. Such in situ 
measurements are clearly cost and operationally prohibitive. Altimeters 
on-board of satellites, nevertheless, can yield a broad picture along 
ground tracks (Andréfouët et al., 2012). However, the radar signal is 
corrupted in coastal regions — up to approximately 50 km from the 
coastline — and traditionally disregarded (Ribal and Young, 2019), 
exactly where diffraction effects are more remarkable. In recent years, a 
number of alternative algorithms have been proposed to improve coastal 
data quality also in terms of significant wave height (Schlembach et al., 
2020). Among these, the Adaptive Leading Edge Subwaveform (ALES) 
algorithm has been applied to a wide range of altimetry missions and the 
reprocessed altimetry data are available to the scientific community 
(Passaro et al., 2014). 

Synthetic Aperture Radar (SAR) is another potential source of wave 
measurements from satellites in regions where diffraction is significant. 
Depending on the operation mode, a SAR image can cover tens of kil
ometres in both azimuth and range directions, with resolution of the 
order of tens of meters. The most recent SAR satellite missions — such as 
TerraSAR-X and TanDEM-X, COSMO-SkyMed constellation, Radarsat-2 
and Sentinel-1a — provide images with fine spatial resolution of the 
order of one meter (Lehner et al., 2012; Freeman et al., 2019). Li et al. 
(2010) employed sub-images around islands to derive a detailed picture 
of the wave spectral transformations. However, using image spectra 
rather than computing the directional wave spectrum, the authors did 
not discuss the variation of wave height. They focused on trans
formations in propagation direction and wavelength — which are 
readily extracted from image spectra — in the lee of a relatively small 
island. Wave spectra retrieval schemes are more prone to inaccuracies in 
low energy regions (Santos et al., 2021), exactly what is expected in the 
lee of an obstacle. 

Here we analyse ALES reprocessed altimeter data in the vicinity of 
the Channel Islands off the coast of Southern California. The persistent 
presence of long swells reaching the islands all year round make them an 
interesting area for the investigation of wave transformations around 
obstacles. The remainder of the paper is organised as follows. A brief 
introduction of the theoretical background is discussed in Section 2. A 
description of the retracked altimeter data, the study area, the direc
tional buoys and the numerical model appears in Section 3. Results are 
presented in Section 4 while general conclusions are presented in the 
Summary. 

2. Theoretical background 

2.1. Diffraction of water waves 

The classical problem of diffraction of polarised light passing the 
edge of a screen was solved by the end of the 19th century (Sommerfeld, 
1896). In the middle of the 20th century, Penny and Price (1952) pro
vided an analytical solution considering diffraction of long crested linear 
water waves around the tip of an impermeable barrier. Following Penny 
and Price (1952), Boccotti (2000), McCormick and Kraemer (2002) and 
Kim et al. (2011) the behaviour of waves in the presence of a semi- 
infinite breakwater is briefly discussed (see Appendix A). 

The general solution in the case of normal incidence of the waves on 
the breakwater is 

F(x, y) =
1 + i

2

(

e− iky
∫ ν

− ∞
e− i(π/2)u2 du+Creiky

∫ ν′

− ∞
e− i(π/2)u2 du

)

, (1)  

where F(x,y) is a smooth function and k is the wave number. Addi
tionally, ν2 = 4

λ (r − y), (ν′

)
2
= 4

λ (r+y), λ = 2π
k , r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
and Cr is the 
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reflection coefficient at the breakwater. For an oblique incidence of the 
waves on the breakwater, using polar coordinates (x = r cos θ and y = r 
sin θ) we have 

F(r, θ) =
1 + i

2

(

e− ikrsinθ
∫ ν

− ∞
e− i(π/2)u2 du+Creiksinθ

∫ ν′

− ∞
e− i(π/2)u2 du

)

, (2)  

where ν2 = 4r
λ (1 − sinθ), (ν′

)
2
= 4r

λ (1+sinθ), λ = 2π
k , r =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
and Cr 

is the reflection coefficient at the breakwater. 
The solution presented in Penny and Price (1952) — Eqs. (1) and (2) 

— is for monochromatic wave diffraction on water of constant depth. 
Refraction and diffraction were treated separately for many years until 
theories combining these effects were proposed. An extension of the 
wave equation — originally for constant depth — was derived 
employing the assumption of slow variation of depth contours — the 
Mild Slope Equation, see main expressions in Appendix B. 

The spacial rate of directional turn is given by 

∂θ
∂s

=
1
κ

∂κ
∂m

+
1

2(1 + δa)

∂δa

∂m
. (3)  

where s and m are orthogonal axes, m is in the direction of an iso-phase 
line and s points in the direction of the displacement — these axes are 
used to describe the directional turning of an isophase line. 

The spectral energy balance equation — disregarding the source 
terms — reads 

∂E
∂t

+∇⋅
( (

cx, cy, cθ
)
E
)
= 0, (4)  

where E(ω,θ) is the wave energy density as function of ω and direction θ, 
yielding 

cθ =
cg

k
∂k
∂m

(5)  

and 

Cθ = Cg

(
1
κ

∂κ
∂m

+
1

2(1 + δa)

∂δa

∂m

)

(6) 

In Holthuijsen et al. (2003) the amplitude in the diffraction param
eter δa was replaced by the normalised derivatives of the square root of 
the energy density, 

̅̅̅
E

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E(Ω, θ)

√
— where Ω is the intrinsic frequency 

— giving a new diffraction parameter 

δE =
∇⋅

(
ccg∇

̅̅̅̅
E

√ )

κ2ccg
̅̅̅̅
E

√ . (7) 

The expressions for diffraction-correct group velocity and directional 
turning rate Eq. (6), with the new diffraction parameter Eq. (7), were 
implemented in the SWAN model (Booij et al., 1999) to estimate the 
effect of bending direction. These diffraction corrections were derived 
neglecting the presence of currents, see discussion in Liau et al. (2011). 
Therefore, results in the vicinity of strong current gradients may be 
questionable. Additionally, the diffraction option should not be used 
when coherent reflection is expected, for instance in the vicinity of 
harbours with standing waves due to a phase coupling between the 
incident and reflected waves (Violante-Carvalho et al., 2009). In Ilic 
et al. (2007), the transformation of frequency and directional spectra 
around emerged breakwaters was assessed against laboratory and in situ 
data using SWAN with the diffraction option enabled. The authors re
ported the improvement of the prediction of wave height, particularly 
for broader directional distributions, with excellent agreement between 
model and measurements. The diffraction corrections in SWAN can be 
used in most oceanic conditions and, in particular, around emerged 
obstacles such as islands, with computational results in reasonable 
agreement with in situ and experimental data, as thoroughly reported in 
Holthuijsen et al. (2003). 

2.2. Significant wave height from reprocessed satellite altimetry 

A detailed description of the Adaptive Leading Edge Subwaveform — 
ALES — retracking process can be found in Passaro et al. (2014) and a 
validation exercise for Hs in Passaro et al. (2015). Here, for complete
ness, the most relevant aspects for our analysis are outlined. Despite the 
relatively simple concepts embedded, satellite altimetry has substan
tially improved our understanding of the wave climate (Young, 1999) 
and ocean wave physics and prediction (Kalantzi et al., 2009; Gom
menginger et al., 2019). A radar emits a short pulse of radiation that 
interacts with the sea surface within a footprint — the area covered by 
the radiation depends on the distance from the earth and the shape and 
size of the beam. Part of the incident radiation is backscattered to the 
sensor and the recorded waveforms are well described in the open ocean 
by a theoretical shape. The latter is, in the case of Jason-2 as well as the 
other standard altimetry missions (different from the latest Delay- 
Doppler altimeters), the so-called Brown functional form (Brown, 
1977). This is characterised by a steep leading edge, whose steepness 
vary with significant wave height (Hs), and a slowly decaying trailing 
edge. The retrieval of geophysical parameters in satellite altimetry is 
based on the minimization of the differences between such a functional 
form and the real signal, in a process called retracking. In particular, Hs 
is estimated from the slope of the leading edge of the altimetry wave
form (Robinson, 2004). 

In the coastal zone, the backscatter characteristics of the area illu
minated by the satellite footprint are often inhomogeneous. Land that 
intrudes in the satellite footprint or patches of calmer waters caused for 
example by sheltered areas, show up in the trailing edge of the altimeter 
waveforms as power excess — the so-called bright targets. Bright targets 
cause the waveforms to deviate from the theoretical model and, there
fore, hinder the retracking (Gomez-Enri et al., 2010). Retracking errors 
due to the presence of bright targets happen mostly up to 20 km from the 
coastline (Passaro et al., 2014), although they are also present in the 
open ocean (Queffeulou, 2004). Therefore, data in the coastal zone are 
routinely discarded and considered unreliable in standard products. 

To solve this problem, the ALES retracker focuses on fitting the 
leading edge portion of the waveform, in order to avoid, as much as 
possible, the coastal contamination. In particular, it tunes the selection 
of the subwaveform to a first estimate of the sea state, to guarantee that 
coastal and open ocean noise performances are in line with classic open 
ocean only approaches (Passaro et al., 2014). Fig. 1 shows a typical ALES 
fitting of two altimetry waveforms in the open ocean (left) and in the 
coastal zone (right). In the right panel, a bright target is seen in the 
trailing edge. The ALES fitting is not affected, since the portion of the 
waveform considered does not include most of the trailing edge. The 
accuracy of altimeter measurements is usually determined through 
comparisons between models and in situ data — see for example Abdalla 
et al. (2010). A detailed discussion about the accuracy of the ALES 
retracked Hs compared with wave buoys in the German Bight is pre
sented in Passaro et al. (2015). 

3. Data and methods 

3.1. Retracked altimeter data 

Satellite Altimetry waveforms distributed at 20 Hz (one measure
ment every 300 m along a satellite track) from the Jason-2 missions have 
been reprocessed using the ALES algorithm. Since the estimates at 20-Hz 
are strongly affected by noise, 1-Hz averages are computed, meaning a 
value of Hs every 7 km along the track. Every latitude-longitude location 
provides, therefore, an averaged estimate of Hs referred to an along- 
track dimension spanning 3.5 km before and after it. The across-track 
dimension of an altimetry estimates can be referred to the diameter of 
the circular area corresponding to the leading edge of the waveform, 
which for Jason-2 is about 2 km for a Hs of 2 m (Yang et al., 2011). 

According to Passaro et al. (2015), ALES improved the overall 
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comparison of Hs against buoys with respect to the original Jason-2 
Geophysical Data Records with clear spatial improvements, particu
larly within distances of less than 20 km from the coastline. More spe
cifically for this study, which considers 1-Hz averages, better results 
were obtained for one to three points towards the coast for each of the 
analysed tracks, meaning about 7 to 22 km of spatial improvement. 
Moreover, no systematic bias was reported. The analysis was restricted 
to conditions with Hs < 2.5 m, which are particularly challenging for the 
retrieval process due to the increased steepness of the leading edge and 
the consequent insufficient sampling (Smith and Scharroo, 2015). 
Values of Hs retrieved from ALES were also used to successfully correct 

sea level estimations by means of the sea state bias correction, allowing 
higher precision (Passaro et al., 2018). While sea level data from ALES 
have been exploited in several coastal studies, the use of Hs coastal es
timations has not been considered yet and one of the objectives of this 
study is to combine this improved dataset with model and in situ data. 

In the present work, Jason-2 significant wave height data retracked 
by ALES are employed spanning the period from 2008 to 2015, with 1- 
Hz averages which means an along track resolution of approximately 7 
km. Jason-2 has one repeat cycle of 254 passes, revisiting the same 
ground-track within a margin of ±1 km every 9.9 days. 

Fig. 1. Examples of ALES fitting (red) of two altimetry waveforms from Jason-2 at 20-Hz. In the open ocean (left, on 24-Jan-2009 11:13:30′ at 32.7◦S and 119.3◦W) 
and in the coastal zone (right, on 24-Jan-2009 11:13:20′ at 32.2◦S and 119.5◦W). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 2. The Channel Islands, Southern California, zoom out (a). In (b), the bathymetry of the area depicted as the red square in (a). Also shown the position of the two 
offshore directional buoys (46,054 and 46,069) and the onshore directional buoy (46,025). The red line is the segment of Jason-2 ground track used in the study. The 
distances between Point Conception, the Channel Islands and San Nicolas Island along the ground track are also shown. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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3.2. Diffraction around the archipelago 

The Channel Islands (Fig. 2) are a chain of islands off the coast of 
Southern California along the Santa Barbara Channel. The archipelago is 
exposed to swells from the Northern and Southern Hemispheres all year 
round, with the most energetic and longer ones coming from the 
northern quadrant (Adams et al., 2008; Crosby et al., 2019). There are 
several National Data Buoy Center (NDBC) buoys moored in the vicinity 
of the islands (O'Reilly et al., 2016), particularly three directional in
struments — Stations 46,025, 46,054 and 46,069 in water depths 
respectively of 890 m, 454 m and 977 m (see their positions also in 
Fig. 2). The main archipelago encompasses a distance of approximately 
100 km in the east-west orientation. The gaps between the islands are 
very shallow with most wave energy dissipated by breaking with no 
significant propagation through them. As an additional important 
feature, the depth around the islands varies sharply within short dis
tances, reducing the relative importance of refraction. 

Fig. 2 also depicts a Jason-2 ground track segment — pass number 
206 with descending (north to south) ground track azimuth at the 
equator equal to 159.9◦ — which crosses the Channel Islands (34 ◦ N and 
120 ◦ W) and a small island (San Nicolas, 33.25 ◦ N and 119.50 ◦ W). 
Naturally, the chosen ground track should be as aligned as possible with 
the selected direction of swell propagation. We are particularly inter
ested in the long, more energetic, northerly swell, that impacts the re
gion most of the year and whose direction is more aligned with the 
Jason-2 ground track that crosses the Channel Islands — Fig. 2. For 
the northerly waves, the orientation of the coast in Point Conception 
(34.50 ◦ N and 120.50 ◦ W) blocks most of the energy that could diffract 
around the easternmost tip of the archipelago (Adams et al., 2008). We 
are hence approximating the archipelago as a single shore-connected 
obstacle, with dimensions three orders of magnitude larger than the 
wavelengths of the incoming waves. Therefore diffraction is assumed to 
occur only around the westernmost tip of the archipelago, with no en
ergy diffracted from the easternmost tip. 

The NDBC directional buoys are employed to select wave spectra 
with the most energetic peak at least twice the energy level of the sec
ondary peak — here designated as quasi-unimodal cases. They are also 
used to extract wave peak period, wave length, group velocity and di
rection and wind speed and direction. Directional spreading was 
computed as described in Rogers and Wang (2007). Additionally, only 

waves from the northwest quadrant are considered, approximately 
aligned with the satellite azimuth direction. 

We have analysed all the available data from 2008 to 2015, with no 
restrictions on the magnitude of Hs, so that 41 events met these 
restrictive criteria. Fig. 3(a) depicts Jason-2 significant wave height 
between Point Conception and the Channel Islands (left part of the plot, 
between 0 and 60 km), between the Channel Islands and the island San 
Nicolas (60 km and 150 km) and after the island (150 km and 200 km). 
The distance runs from north to south along the ground track southward 
to Point Conception. The analysis focus on the ground track segment just 
southward to the archipelago up to the point just before the small island 
— 60 km to 150 km in Fig. 3(a). This segment is long enough for the 
energy of the propagating waves to reach an asymptote. The diffraction 
analysis is hence restricted to this ground track segment. The other two 
ground track segments are either too short — from Point Conception to 
the Channel Islands between 0 and 60 km — or the island is too small 
compared to the incident wavelengths — segment southward from is
land San Nicolas between 150 km and 200 km in Fig. 3(a). 

In the lee of the archipelago Hs increases nonlinearly and gradually 
reaches an assymptote value, the black thick line in Fig. 3(a) shows the 
average. In Fig. 3(b), to illustrate one of the 41 cases, we fit the profile 

y = y0 + btanh
(x − x0)

L
, (8)  

where x0 is the first point after the island, y0 is Hs at this point, L is an e- 
folding scale and b is the Hs difference. The horizontal dotted line is the 
asymptotic (or limit) value for Hs, denoted Hs− lim. The along track dis
tance, where Hs reaches its limit value (in Eq. (8) the parameter L), is 
defined as the recovery distance. 

In order to assess the quality of the cross validations between model 
or altimeter (x) against buoy data (y), four statistical parameters are 
employed: Bias, root-mean square error (RMSE), scatter index (SI) and 
Pearson correlation coefficient (corr), that is 

Bias =
1
n

∑n

i=1
(xi − yi), (9)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(xi − yi)

2

√

, (10) 

Fig. 3. Significant wave height Hs measured with Jason-2 along a segment of ground track number 206. Data spans the period from 2008 to 2015, with quasi- 
unimodal spectra selected with direction of propagation from the NW quadrant, yielding 41 cases. In (a), distance runs from north to south, zero is the north
most point in the vicinity of where the ground track crosses the continent — see Fig. 2. Therefore the northwesterly waves are propagating from the left of the plot to 
the right of the plot. The leftmost vertical bar represents the position of the Channel Islands, the rightmost one the small island San Nicolas. Black thick line is the 
mean Hs. In (b), example of one of the 41 selected cases shown in (a) for the ground track segment in between the two vertical lines. The asterisks are the altimeter 
data and the full red line is data fit using Eq. (8). The asymptote is computed and the values of recovery distance and where Hs reaches its limit value (Hs− lim) are 
determined for each case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

N. Violante-Carvalho et al.                                                                                                                                                                                                                   



Remote Sensing of Environment 265 (2021) 112653

6

SI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n
i=1(xi − yi)

2
√

1
n

∑n
i=1yi

, (11)  

corr =
cov(x, y)

σx⋅σy
, (12)  

where n is the number of observations, cov(x,y) represents the covari
ance between the two variables and (σx, σy) are the standard deviations. 

3.3. Numerical model description 

The SWAN cycle III version 41.31 phase-averaged model was used to 
investigate the wave pattern in the lee of the Channel Islands, where 
diffraction effects are expected to be significant. The model solves the 
action density balance equation in time, geographical and spectral space 
— the governing equations are thoroughly discussed in Booij et al. 
(1999). The directional space was computed with 10∘ resolution — 36 
directions — and 31 frequencies ranging from a minimum frequency of 
0.04 Hz to a maximum frequency of 1 Hz. The model was run in sta
tionary mode because of the relatively short residence time of the waves 
in the geographical domain (Fig. 4(a)). 

SWAN was mainly employed to gain a better understanding of the 
relative importance of the various processes. More importantly, a phase 
resolving model — for instance a Boussinesq model or a model based on 
the MSE — would not allow an evaluation of the relative (separate) 
importance of diffraction and refraction, which in SWAN can easily be 
activated or de-activated individually. 

Unless otherwise stated (when specific tests were proposed), the runs 
were performed on the default set-up of the model — the quadruplet 
wave-wave interactions and source/sink terms were de-activated and 
diffraction was activated. Diffraction is a non-default option imple
mented from version 40.41 onwards (see details in Holthuijsen et al., 
2003, and in Section 2). Our strategy for mitigating numerical diffusion 
in geographic space is to use high resolution via unstructured grids 
(Rogers et al., 2002; Kim et al., 2017). A high resolution unstructured 
grid was built using SMS (Surface-Water Modeling System) for auto
matic mesh generation with a longitude range from 119◦W to 121◦W 
and a latitude range from 32.5◦N to 34.5◦N (Fig. 4(a)) — the ETOPO1 
bathymetry was downloaded from www.ngdc.noaa.gov. The grid is 
composed of 78,161 vertices and 146,376 cells, with minimum grid size 
of 17.8 m and maximum of 10,401 m, with resolution increasing in re
gions where diffraction effects are important. The output wave 

parameters discussed in the paper were required on this grid, with no 
interpolations performed. Additionally, the same wave parameters were 
estimated over grid points coincident with Jason-2 ground track. 

Directional wave spectra from the NDBC buoys simultaneous with 
Jason-2 data — time difference of less than 30 min — were used as input 
at the boundaries. The offshore buoys (46,054 and 46,069, see Fig. 2) 
were employed on the North and West side of the computational grid, 
respectively, or on both sides in the absence of one of the spectra. 
Moreover, the onshore buoy 46,025 was used on the South side of the 
grid. The 41 cases shown in Fig. 3(a), whose peak wave directions and 
1D spectra were available for the selection process, were initially 
considered for the simulations with the numerical model. However, for 
the year 2009 and for both offshore buoys, the spectral wave direction 
data — archive alpha2 in the NDBC data base — were missing and 
therefore 10 spectra were not computed and hence not used as input for 
SWAN simulations. Consequently, there are 31 coincident cases 
employed in the numerical simulations — one of them is depicted in 
Fig. 4(b). 

4. Results and discussion 

4.1. Energy recovery along the direction of propagation 

In nature, diffraction rarely occurs disassociated from other shallow 
water wave phenomena such as shoaling, reflection, breaking and — 
mainly — refraction. The wave propagation speed depends on depth and 
when the crests approach shallow water at an oblique angle they tend to 
gradually become parallel to the bottom contours. The factor to deter
mine whether the accumulated change in direction is significant is the 
ratio of the horizontal gradient of depth variation to the incident 
wavelength. The modulation in wave direction due to changes in the 
bathymetry in coastal areas, in general, is relevant since water depth 
slowly varies increasing the relative importance of refraction in respect 
with the other shallow water phenomena. The assumption of mild slopes 
is key for the formulation of propagation and transformation theories 
considering the combined effect of refraction and diffraction (Radder, 
1979; Madsen and Sørensen, 1992). 

The supposition of mild slopes does not hold in the present case — 
see Fig. 4(a). The depth is greater than 300 m only 10 km away from the 
archipelago, in both up and down-wave directions. In the vicinity of its 
westernmost tip, the depth sharply drops from 100 m to 0 in about 5 km. 
As waves move into shallow water, their propagation is affected when 
they reach depths of about half their wavelength. A wave with length of 

Fig. 4. SWAN computational area and the unstructured grid — colors represent water depth (a). In (b), one of the 31 coincident cases with peak wave direction θ =
311◦ for April 4th 2015 at 05:00) showing the Channel Islands as an effective obstacle to the wave propagation — Hs down-wave is nearly zero in the vicinity of the 
archipelago. Jason-2 ground track depicted as the thick black line and the colors represent Hs. 
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200 m will hence propagate 5 km — roughly 25 wavelengths — when 
refraction commences and, less than that, for effective changes in di
rection to be discernible. That is a relatively short distance and therefore 
the importance of refraction with respect to diffraction is expected to be 
small. 

An example of the spatial distribution of peak wave direction 

computed by SWAN is shown in Fig. 5(a), in addition to Hs — for a peak 
wave direction θ = 311◦ measured by the buoy which spectrum was 
employed as offshore boundary input for the simulation (the whole 
computational domain is depicted in Fig. 4(b)). The shadow effect of the 
archipelago as a single obstacle is clear, with down-wave Hs in the vi
cinity of the islands nearly zero gradually increasing further away — 

Fig. 5. In (a), zoom in down-wave the archipelago of the same case shown in Fig. 4(b). The colour bar indicates Hs and the thick black line is Jason-2 ground track — 
the arrows indicate peak wave direction, their lengths are proportional to the magnitude of Hs. In (b), the horizontal axis is the ratio between the along track distance 
in the lee of the archipelago — segment shown in (a) — and the peak wavelength Lp measured by the offshore buoy. The asterisks are the absolute difference between 
the offshore buoy peak wave direction and the peak wave direction over the normalised ground track estimated by the numerical model. Therefore the vertical axis is 
the change of peak wave direction with respect to the incident peak wave direction. The thick black line is the mean value of the 31 coincident cases for run R1 — see 
Table 1 — and the red circles depict its fit using Eq. (8). The values of the asymptote are also displayed. The five simulations listed in Table 1 are shown in (c) 
depicting the fit of the mean value of the 31 coincident cases for every run using Eq. (8). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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also shown in Fig. 3(a) and (b). Energy migrates from the westernmost 
tip towards the shadow zone, as expected, with no energy coming from 
the easternmost tip. The Jason-2 ground track is also shown in Fig. 4(b), 
crossing the Channel Islands and around 90 km down-wave also crossing 
San Nicolas Island. The following analysis is focused on this ground 
track segment. 

The relative change in peak wave direction along the normalised 
ground track estimated by the numerical model is depicted in Fig. 5(b) 
and (c). Five different model configurations are listed in Table 1 with 
model options activated or de-activated (R1–R4) and an additional run 
with very high spectral resolution (R5). In Fig. 5(b), the simulations 
were performed with both processes of diffraction and refraction acti
vated; whitecapping, depth-induced breaking and nonlinear quadruplet 
wave interactions de-activated — spectral resolution of 36 directions 
and 31 frequencies. This is the standard configuration (R1) for our 
simulations. SWAN default configuration settings were applied to the 
remaining parameters, as previously discussed. The run R1 configura
tion was applied to the simulations shown in Fig. 4(b) and all others, 
unless otherwise stated. The thick black line in Fig. 5(b) is the mean rate 
of change of direction for the 31 coincident cases — its fit is also shown 
using Eq. (8) with the vertical and horizontal asymptotes (see Table 1 
and Fig. 5(c) as well). On average — for run R1 — the waves propagate 
136.3 wavelengths before reaching the limit direction, with a 11.4◦

deviation from the peak propagation direction measured at the offshore 
buoy. The simulation was repeated with the same configuration but de- 
activating the process of diffraction whereas refraction was kept acti
vated — run R2 — and on average the waves have to propagate 338.5 
wavelengths (more than twice the number of wavelengths in run R1) to 
attain the limit peak direction. The rate of change in direction, compared 
to run R1, is significantly more slow when diffraction is not enabled. 
Moreover, considering the opposite configuration (diffraction activated 
and refraction de-activated — run R3) the number of wavelengths to 
attain the limit peak wave direction is similar to run R1. The model 
directional resolution is 10◦, therefore the three simulations attain a 
similar down-wave direction within the numerical resolution. Simula
tions R1-R3 confirm the importance of diffraction over refraction in the 
vicinity of the Channel Islands. 

Runs R1 and R4 are identical and therefore whitecapping, depth- 
induced breaking and nonlinear quadruplet wave interactions are of 
less importance in our simulations. Numerical diffusion is an artefact 
that appears due to the discretization process during propagation, hence 
becoming smaller at higher — spectral and geographical — resolutions. 
Diffusion in spectral space is investigated by testing with high spectral 
resolution — sensitivity test. With a much finer spectral (frequency/ 
directional) discretization — 72 bins in directional space and 45 in 
frequency ranging from a minimum of 0.04 Hz to a maximum of 1 Hz — 
run R5 is also nearly identical to run R1. Numerical diffusion in spectral 
space is found to be small — the refined spectral resolution in run R5 
does not impact the overall results. 

Fig. 6 shows the diffraction coefficient — ratio between down-wave 
and incident Hs — versus normalised along track distance, measured by 
the altimeter (Fig. 6(a)) and estimated by the numerical model (Fig. 6 
(b)). Both plots depict the gradual energy increase in the lee of the ar
chipelago up to a limit value. The 31 coincident cases encompass values 

of offshore buoy steepness ε = Hsπ
Lp 

(where Lp is the peak wavelength) 
ranging from 0.01 to 0.05, peak wave direction θ varying from 285◦ to 
324◦, peak period Tp from 8.3 s to 17.4 s and directional spreading σ 
from 16◦ to 51◦. The average wind speed measured at the onshore buoy 
is 6.7 ms− 1 and mean direction is 287◦. Despite the more scattered values 
of the altimeter, on average both plots are similar with reasonable 
agreement between the numerical model and measured values. The 
incoming wave energy is reduced in the lee of the archipelago due to 
wave breaking and reflection, and the reduction is more pronounced in 
the SWAN simulations. On average, the diffracted Hs measured by the 
altimeter reaches a limit around 300 wavelengths and is reduced by 
16%. The simulated diffracted Hs with SWAN reaches its limit value 
earlier — 250 wavelengths — and is more severely attenuated — 29%. 

Considering regular waves, Penny and Price (1952) demonstrated 
that an exact solution can be obtained for a fully reflecting, semi-infinite 
thin and impermeable obstacle on water of constant depth. Furthermore, 
the amount of reflected energy affects the diffracted energy in the 
shadow zone. SWAN does not accurately represent reflection and 
diffraction simultaneously (Violante-Carvalho et al., 2009), with poor 
convergence during the iteration process in stationary runs. In the pre
sent simulations, the archipelago is considered as a fully absorbing 
obstacle, hence there is no reflected energy. This dependence is expected 
to be reduced in cases of irregular waves with a certain amount of 
directional spreading using the phase-decoupled approximation 
included in SWAN. Even so, the model clearly underestimates the limit 
value of energy. To tune the model parameters for processes such as 
reflection from obstacles, bottom friction or depth-induced breaking — 
to name a few — is beyond our scope in this work, with its default 
configuration being used (see SWAN user manual for details). 

The overall behaviour observed in Fig. 6 can be more thoroughly 
examined taking into account other spectral parameters extracted from 
the offshore buoys. The comparisons between incident Hs and the limit 
values Hs− lim from Jason-2 and SWAN (respectively Hs− limJ and Hs− limS) 
considering all cases are shown in Fig. 7, plotted together with the 
computed directional spreading from the offshore buoys — respectively 
Fig. 7(a) and (c). The agreement between altimeter and buoy data is 
better than model and buoy, with smaller values of RMSE, Bias and SI. 
The model estimates that Hs− limS is more attenuated than the altimeter 
measurements — as already discussed in Fig. 6. The effects of incident 
wave heights and wind speed measured at the onshore buoy on the ratio 
Hs− limJ

Hs 
have also been examined and are insignificant. 

In Ilic et al. (2007), directional wave spectra were obtained in 
shallow water in the vicinity of one of the gaps of six shore-parallel, 
emerged breakwaters using several pressure transducers and surface- 
piercing wave staffs. The authors reported that down-wave dissipation 
is frequency dependent, with shorter waves more attenuated than 
longer, low frequency waves. Such dependency was not observed in our 
data. The energy reduction in the lee of the archipelago has no obvious 
relation with the offshore buoy peak period. The dependence on offshore 
buoy steepness, on the other hand, is noticeable though still not large. 
The average ratio Hs− limJ

Hs 
is 0.86 for ε ≥ 0.025 and is slightly reduced to 

0.83 for ε < 0.025. The cut-off value 0.025 is roughly the median used to 
split the number of measurements in half to assure statistical confidence. 
In the following, the same approach is applied to the remaining 

Table 1 
SWAN configuration for five distinct runs: Refraction (REF), Diffraction (DIF), Whitecapping (WCAP), Depth-induced breaking (BREAK), Nonlinear quadruplet wave 
interactions (QUAD), Number of directions (#DIR) and Number of frequencies (#FREQ). In addition VER and HOR are, respectively, the vertical and horizontal 
asymptotes computed from Eq. (8).  

Run REF DIF WCAP BREAK QUAD #DIR #FREQ VER HOR 

R1 ON ON OFF OFF OFF 36 31 11.4 136.3 
R2 ON OFF OFF OFF OFF 36 31 5.7 338.5 
R3 OFF ON OFF OFF OFF 36 31 10.0 158.1 
R4 ON ON ON ON ON 36 31 11.4 136.3 
R5 ON ON OFF OFF OFF 72 45 10.6 140.3  
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Fig. 6. The diffraction coefficient as a function of non-dimensional distance. The horizontal axis is the ratio between the along track distance in the lee of the 
archipelago and the peak wavelength Lp measured by the offshore buoy. The vertical axis is the ratio between the diffracted Hs measured by Jason-2 (a) or estimated 
by the numerical model (b) and the incident Hs measured by the same offshore buoy. The thick black line is the mean of the 31 coincident cases. The red circles depict 
the fit using Eq. (8). The values of the asymptote are also displayed (lower right corner panel) and the parameters of Eq. (8) (lower central panel). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Incident Hs measured by one of the directional offshore buoys (46,054 or preferentially 46,069, whenever there is available directional data) against the limit 
value Hs− lim in the lee of the archipelago — computed as presented in Fig. 3(b). The colorbar is the offshore buoy directional spreading σ. The 45◦ full line is the 
perfect fit and the red full line is the least-squares fit — dashed lines indicate the 95% confidence intervals. In (a) all cases measured by Jason-2 (denominated as 
Hs− limJ) are displayed with wave propagation direction θ varying from 285◦ to 324◦, in (b) only those with θ ≥ 300◦. Also shown the number of observations (n), the 
Pearson Correlation Coefficient (corr), Bias, root mean square error (RMSE) and the least-squares fit equation. In (c,d), same as (a,b) for the limit value in the lee of 
the archipelago estimated by SWAN — Hs− limS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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parameters measured by the offshore buoys. 
A numerical investigation about the effects of directional spreading 

on an array of wave energy converters considered as a series of 
permeable breakwater segments was presented in Monk et al. (2013). 
The waves were simulated only for a normal incidence angle relative to 
the array and the reduction in wave height on its lee side along a central 
transect was discussed. The final energy reduction, a number of wave
lengths down-wave, was larger for very narrow directional spreading, 
compared to broader spreading, confirming other published results in 
wave tanks (for example, Briggs et al., 1995; Yu et al., 2000). Here, the 
buoy directional spreading has a small effect on Hs− limJ

Hs
. For broader 

spreading, with σ ≥ 30◦, the average ratio is 0.86. The waves are slightly 
more attenuated for narrow directional spreading — σ < 30◦ — with the 
average ratio reduced to 0.83. The incident offshore wave peak di
rections are not constant for a given range of directional spreadings in 
our altimeter dataset — as usually is imposed in numerical experiments 
or wave tanks. Hence, the determination of the relative importance of 
directional spreading over incidence angle is not clear when considering 
the whole range of incident offshore directions — θ varying from 285◦ to 
324◦. 

In Figs. 7(a) and 7(c) all available data are displayed, spanning the 
whole range of incident offshore propagation directions. Considering 
only the events more collinear with the along track direction (θ ≥ 300◦

in Fig. 7(b) and (d)) the values of RMSE, Bias and SI of the subsampled 
ensemble are larger, indicating more discrepancy between Hs and Hs− lim 
and hence larger wave energy attenuation. There is, therefore, a more 
clear relationship between wave attenuation and incident offshore wave 
peak direction. The average ratio Hs− limJ

Hs 
is 0.80 for θ ≥ 300◦ with σ = 30◦

(where the overbar represents average) while it is 0.88 for θ < 300◦ with 
σ = 32◦. At θ < 300◦ more energy is directed from the west and hence 
gets behind the islands. Considering all selected cases, θ varies from 
285◦ to 324◦. Hence, the range of incident directions for θ ≥ 300◦ in 
Fig. 7(b) equals 24◦ for an average directional spreading of 30◦. 
Therefore, the range of offshore incident peak wave directions is smaller 
than the average value of the directional spreading. The incident 
offshore peak wave direction is more effective in determining the 
amount of energy in the lee of the islands rather than the directional 
spreading per se, within the narrow range of directions from the NW 
window considered. Energy can propagate down-wave by diffraction 
and advection as well, which implies that changes in the peak wave 
direction by a couple tens of degrees does affect the energy recovery 
pattern more significantly than the width of the directional spreading. 

Although Hs− limJ did not show an obvious relationship with the 

steepness measured by the offshore buoy, the recovery distance, on the 
other hand, is clearly dependent on ε. Fig. 8 depicts the offshore buoy 
steepness ε against the number of wavelengths necessary to reach the 
limit value — ratio between recovery distance and peak wavelength Lp. 
Less steep waves, with higher peak periods, propagate less wavelengths 
to attain the energy limit. The model performance is reasonably good 
when compared with altimeter data, describing the same overall 
behaviour. SWAN estimates that Hs− limS is reached in a smaller number 
of wavelengths (Fig. 8(b)) in comparison with Jason-2 data (Fig. 8(a)). 
Moreover, similar to Fig. 7(b) and (d), selection of propagation di
rections more aligned with Jason-2 ground track (θ ≥ 300◦, not shown in 
the plots) can alter the results. Waves propagating over this range of 
directions are more attenuated, so that the number of wavelengths to 
reach Hs− limJ increases — the expression shown in Fig. 8(a) becomes y =
x * 9260.33 − 18.35 — highlighting the main role played by the incident 
peak wave direction in comparison with the directional spreading. The 
number of wavelengths to reach the limit value has no obvious depen
dence on σ, on the ratio Hs− limJ

Hs
, nor on the wind speed measured at the 

onshore buoy. 

4.2. Energy reduction across the direction of propagation 

In principle, because of the finitude of wave crests, diffraction is one 
of the attenuation processes acting on swell as they propagate away from 
a storm area. In the open ocean the lateral gradients in crest height will 
be small and hence diffraction is expected to be also small but not 
negligible. Its relative importance among the other phenomena 
responsible for wave energy attenuation is not clear, mainly because of 
the inherent complexity of measurements over many tens or hundreds of 
wavelengths, both along and across its propagation direction. Global 
models do not compute diffraction and in some of them it appears as a 
non-default option generally activated only around emerged obstacles 
or in shallow water with complex bathymetry. Hence, diffraction is 
currently not included as an attenuation process during propagation in 
numerical models. 

An attempt to quantify the rate of lateral diffraction of mono
chromatic waves in a tank of 10 m width, 50 m long and 5 m deep was 
presented by Babanin and Waseda (2015). In their experiments, me
chanically generated crests shorter than the tank's width, with distinct 
steepnesses, were monitored around 50 wavelengths. As expected, as the 
waves crossed the tank, energy decreased gradually as it was spread to 
the initially flat surface. They concluded that the rate of lateral energy 
migration to the undisturbed region — ν in ms− 1 — is a function of wave 

Fig. 8. Offshore buoy steepness ε = Hsπ
Lp 

against the number of wavelengths to reach the limit — ratio between the down-wave recovery distance (as shown in Fig. 3 
(b)) and the offshore buoy peak wavelength Lp. In (a) Jason-2, in (b) SWAN. The red full line is the least-squares fit and the dashed lines indicate the 95% confidence 
intervals — equation shown on top of both plots. The colorbar is the offshore buoy peak period Tp. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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steepness and group velocity. Another set of experiments combined 
crests half the tank's width with concomitant waves, with same ampli
tude and period but phase shifted of 180◦ and occupying the other half 
of the tank, with the same crest length to avoid a flat surface. The lateral 
spreading of energy and therefore diffraction was interrupted, with no 
significant energy reduction as previously observed. 

The rate of lateral diffraction — orthogonally to the propagation 
direction — is computed using our altimeter and model data. Given an 
offshore peak wave direction, a diffraction separation line is drawn 
tangential to the westernmost tip of the archipelago — blue line in Fig. 9 
illustrating, as an example, a peak wave direction θ = 324◦. After hitting 
the archipelago, the diffraction separation line is the boundary between 
the area where the waves are not affected by the islands and the shadow, 
sheltered area. The computed recovery distance (DREC) along the ground 
track, as illustrated in Fig. 3(b), is also shown for this example. An 
orthogonal segment to the diffraction separation line is computed 
passing through DREC, yielding the distance of lateral diffraction (DLD) — 
dashed line in Fig. 9. Additionally, the distance from the westernmost tip 
of the archipelago up to the projection of DREC on the diffraction sepa
ration line is denominated as DPD. Based on the peak group velocity Cg 
measured at the offshore buoy, the time of wave propagation along DPD 

is determined — TPD = DPD
Cg 

(in s). The rate of lateral diffraction (νd in 
ms− 1) is defined as the ratio between the distance of lateral diffraction 
and the estimated time of wave propagation along the diffraction sep
aration line (νd = DLD

TPD
). Energy migrates down-wave laterally increasing 

its value gradually along the ground track up to the limit position (DREC). 
Therefore νd is an estimate of the rate of lateral energy migration — 
spreading caused by diffraction — into the shadow area in the lee of the 
islands. 

The recovery distance DREC is closely dependent on the offshore peak 
period — longer waves attain the limit value in less wavelengths than 

shorter ones (Fig. 8). In some occasions, depending on the peak period 
and the offshore peak wave direction, the diffraction separation line 
crosses the Jason-2 ground track before DREC and therefore a distance of 
lateral diffraction DLD cannot be estimated. Hence, for Jason-2, the 
distance of lateral diffraction was successively determined in 10 cases 
whereas SWAN yielded 13 cases — presented in Fig. 10. 

Fig. 10(a) and (c) depict, respectively, the ratio between the rate of 
lateral diffraction — νdJ for Jason-2 and νdS for SWAN — and offshore 
group velocity Cg against offshore wave steepness ε. The relationship for 
monochromatic waves mechanically generated in a tank proposed in 
Babanin and Waseda (2015), which corresponds to the direction of 
normal incidence, is also shown — dashed line. To investigate the in
fluence of the directional spreading and steepness on the rate of lateral 
diffraction, SWAN test case simulations were performed using as forcing 
JONSWAP spectra with an incident peak wave direction of 300◦. Nine 
simulations with different values of peak wave steepness were run for a 
fixed value of directional spreading σ = 10◦ and then repeated for σ =
20◦. The ratio νd

Cg 
was accordingly estimated for the test case simulations 

— represented by full lines blue and red, respectively, in Fig. 10(a) and 
(c). For monochromatic waves, Babanin and Waseda (2015) pointed out 
that in the limit ε → 0 the value νd

Cg
→0.1, the asymptote to the theoretical 

linear solution for a finite breakwater (Penny and Price, 1952) — their 
wave tank data reached a smaller value of 0.08. For broader waves, 
SWAN simulations indicate that the limit value of νd

Cg 
increases when ε → 

0 — to approximately 0.10 for σ = 10◦ and approximately 0.18 for σ =
20◦. The ratio νd

Cg
, derived from SWAN test simulations and measured in 

the wave tank, decreases as the waves become more unidirectional, that 
is with smaller spread. The altimeter data in Fig. 10(a) indicate this 
dependence, with larger values of νdJ

Cg 
for larger values of σ — the same is 

not clearly observed in Fig. 10(c) for νdS
Cg

. The dependence of νdJ
Cg 

and νdS
Cg 

on 
wind speed and Hs measured at the onshore buoy is marginal, as well as 
Tp, θ and Hs at the offshore buoy. However, the dependence of νdJ on σ is 
clear — Fig. 10(b) — for broader waves, the rate of lateral diffraction is 
faster. The same is not observed, however, in the model results (Fig. 10 
(d)), with no dependence of νdS on σ. 

It is also clear with the curves shown in Fig. 10(a) and (c), derived 
from SWAN test case simulations and measured in the wave tank, that 
the ratio νd

Cg 
increases gradually with steepness. That is not evident from 

the altimeter data or the SWAN runs using as input the offshore buoy 
spectra. The values of νdJ

Cg 
and νdS

Cg 
versus ε in Fig. 10(a) and (c) have similar 

behaviours and both peak respectively at ε = 0.023 and ε = 0.030, 
decreasing for larger and smaller values of steepness. The scatter 
observed in Fig. 10(a) of νdJ

Cg 
around the curves of the SWAN test case 

simulations and the wave tank relationship is not surprising and is, 
probably, related to the broad range of incident peak wave directions 
and directional spreadings. In contrast, the curves are given by re
lationships of unidirectional and monochromatic waves in a tank and 
also of irregular waves with fixed values of spreading and propagation 
direction for the test case simulations. Nevertheless, the values of νdJ

Cg 
in 

Fig. 10(a) for irregular waves propagating with distinct directions and 
spreadings have the same order of magnitude of the theoretically 
calculated for monochromatic waves (Penny and Price, 1952), simu
lated with SWAN and measured in a wave tank, which increases our 
confidence on the altimeter data results. 

Our data differ from Babanin and Waseda (2015) in many aspects. 
We are considering irregular waves much less steep than those mono
chromatic and mechanically generated in a tank. The range of incident 
peak wave directions and directional spreadings clearly affects the 
diffraction patterns, overcoming the dependence on steepness and group 
velocity that they found. However, the mean values of νdJ

Cg 
and νdS

Cg 
are, 

respectively, 0.20 and 0.13 — within the range of ratios reported in 
Babanin and Waseda (2015). 

Here we are considering a very particular situation in oceanic con

Fig. 9. The red line is the segment of Jason-2 ground track used in the study, 
whereas the blue line is a given peak wave direction at the offshore buoy — 
324◦ in the example depicted — tangent to the westernmost tip of the archi
pelago and designated as diffraction separation line. DREC is the position of one 
of the computed recovery distances along the ground track — see Fig. 3(b). The 
orthogonal from DREC up to the diffraction separation line is the distance of 
lateral diffraction DLD — dashed line. Moreover, DPD is the distance from the 
westernmost tip of the archipelago up to the projection of DREC on the 
diffraction separation line. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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ditions. Energy is totally blocked by the archipelago and diffraction 
down-wave is responsible for its lateral spreading, rapidly occupying an 
area where a strong gradient along crest was present. However, the ratio 
νdJ
Cg 

is quite high. If such a rate of lateral diffraction was acting during 
propagation in ordinary situations, caused by the finite length of wave 
crests as they move away from the storm areas, then waves would 
attenuate unrealistically quick. A possible explanation was suggested 
based on the wave tank data (Babanin and Waseda, 2015). Whenever the 
energy gradient along crest caused by diffraction occurred simulta
neously with background wave energy, the lateral spreading was 
severely interrupted. 

The occurrence of such gradients in crest height on otherwise un
disturbed sea surfaces seem to be rare in the ocean even in the low wind 
conditions of the equatorial zone — monthly climatologies of Hs were 
presented for instance in Young (1999). Considering 37 years of spectral 
data from the European Centre for Medium-Range Weather Forecasts — 
employing the ECWAM model — Portilla-Yandún et al. (2016) proposed 
a methodology for wave spectra partitioning and long-term statistics. A 
global climatology is available in the GLOSWAC data base, presenting a 
probability distribution of wave spectral partitions. Multi-modal spectra 
in the Atlantic, Pacific and Indian Equatorial Oceans — not shown here 
— is the normal situation year-round. Even during events with very low 
wind speeds, the occurrence of a single swell component seems to be 

improbable, as normally there are at least two. The total lack of back
ground energy during swell propagation therefore appears to be rare but 
not impossible and that would result in very rapid wave amplitude 
reduction over short distances, which has not been reported to date. 

5. Summary 

Our analysis combines a novel dataset of retracked altimeter mea
surements, directional buoy data and numerical model estimates to 
investigate the effects of diffraction. This approach was applied to the 
vicinity of the Channel Islands, where the greater importance of 
diffraction with respect to refraction means it is an ideal area to study 
the complex changes occurring in the lee of an emerged obstacle. 
Considering quasi-unimodal waves roughly aligned with a Jason-2 
ground track segment, energy transformations along and across the 
wave propagation direction were investigated for a variety of incident 
offshore directions, steepnesses, directional spreadings, peak periods 
and energies. We believe that this is the first reported measurements of 
diffraction of irregular waves in the ocean over a relative large number 
of wavelengths — data typically greater than 300 wavelengths. 

In the lee of the archipelago, along the propagation direction, energy 
increases with the number of propagated wavelengths and gradually 
reaches a limit. This behaviour is well described by Eq. (8) and, on 

Fig. 10. Offshore buoy steepness ε = Hsπ
Lp 

against the ratio between the rate of lateral diffraction along swell crests (νd, ms− 1) and group velocity estimated from the 
offshore buoy (Cg, ms− 1) for Jason-2 (a) and SWAN (c). The colorbar is the offshore buoy directional spreading σ. The dashed line is the relationship for mono
chromatic waves proposed in Babanin and Waseda (2015) whereas the full lines are the test case simulations with SWAN for JONSWAP spectra with σ = 10Kd and σ 
= 20◦. The relationship between the offshore buoy directional spreading and the rate of lateral diffraction along swell crests, respectively for Jason-2 and SWAN, is 
shown in (b) and (d). The red full line is the least-squares fit and the dashed lines indicate the 95% confidence intervals — equation, correlation coefficient and 
number of points shown on plots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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average, the energy limit is reached after 300 wavelengths for the 
altimeter data. The numerical simulations described a similar behaviour 
but Hs was more severely reduced in a smaller number of wavelengths. 
The limit value presented a stronger dependence on the incident peak 
wave direction rather than on the width of the directional spreading — 
the dependence on wind speed, incident peak period, steepness and Hs 
were marginal. The other parameter of relevance is the distance along 
the ground track necessary to attain the limit, which is strongly 
dependent on steepness. Less steep waves require fewer wavelengths to 
attain an asymptotic value of Hs. 

The lateral rate of energy spreading across the wave propagation 
direction (νd) is computed, for the first time in oceanic conditions. The 
ratios νd

Cg 
from altimeter and SWAN simulations are of the same magni

tude as those reported in a wave tank experiment. Moreover, a direct 
dependence of νd

Cg 
on directional spreading is observed with the altimeter 

data. Despite the eight years of retracked altimeter data employed, the 
restrictive selection criteria reduced significantly the amount of data 
available for our analysis. An increase in the dataset, to gain statistical 
robustness, might be achieved employing a substantially larger period of 
coincident measurements between altimeter and buoy. Additionally, 
phase resolving models could be used, with a high computational 

burden, to possibly corroborate the preliminary findings described in 
Fig. 10(a) and (b) — which is beyond the scope of the present work. 

Diffraction is associated with strong energy gradients, expected to 
occur down-wave of emerged obstacles or when finite crest length swells 
are crossing a region with lack of background energy. While emerged 
obstacles obviously occur frequently, the absence of other spectral 
components during propagation seems to be a rare event, even in regions 
well known for low wind speed values. Diffraction is one of the non- 
dissipative processes acting during propagation and the reported 
values of νd

Cg 
might have implications in numerical simulations under the 

conditions here discussed. 
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Appendix A 

Considering Cartesian coordinates with the origin being at the tip of the breakwater and the positive x-axis along the breakwater (Fig. 11). Depth is 
assumed as constant with z = − d at the bottom and z = 0 at the still water surface. The water plane is defined by x and y and the z-axis is upward 
orthogonal to this plane. For incompressible fluid and irrotational flow, there is a velocity potential, ϕ(x,y,z, t), whose Laplacian is equal to zero.

Fig. 11. Schematic diagram for waves approaching a breakwater: (a) normal and (b) oblique incidence.  

The velocity potential can be represented by — considering the periodicity and the no-flow boundary condition at the bottom: 

ϕ(x, y, z, t) = Acosh(k(z+ d) )F(x, y)eiωt, (13)  

where A is a constant — related to wave amplitude, angular frequency, wave number, gravity and water depth — k is the wave number, ω is the 
angular frequency and with F(x,y) a smooth function that has to obey the Helmholtz equation 

∂2F
∂x2 +

∂2F
∂y2 + k2F = 0 (14)  

which is a time independent form of the wave equation that describes the propagation of the wave motion in space and time. Applying boundary 
conditions, the solution for F(x,y) in Eq. (2) is given by 

F(x, y) = e− ikyF1(x, y)+ eikyF2(x, y) (15)  

Appendix B 

The so-called Mild Slope Equation (MSE), first presented in Berkhoff (1972), is given by (Holthuijsen et al., 2003; Ilic et al., 2007; Rusu et al., 2008) 
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∇⋅
(
ccg∇ξ

)
+ κ2ccgξ = 0, (16) 

where c = ω
κ, κ is the separation parameter from ω2 = gκ tanh (κd), g is the gravitational acceleration and d is the water depth, ω is the radian frequency 

and cg = ∂ω
∂κ . Let 

ξ = aexp(iψ) (17)  

be a complex wave function of a harmonic wave, where Re(ξ exp (iωt)) is the ocean surface elevation as a function of time, a(x,y) is the stationary 
amplitude and ψ(x,y) is the phase function. 

Assuming ω constant and multiplying Eq. (1) by the complex conjugate of ξ, after removing its imaginary part we obtain 

∇

(
k
κ
cga2

)

= 0. (18) 

In the presence of diffraction the group velocity is 

Cg =
k
κ
cg, (19)  

and substituting Eq. (2) into (1) we obtain 

k2 = κ2 +
∇⋅

(
ccg∇a

)

ccga
. (20) 

The second term on the right-hand side represents diffraction in the phase function ψ . Denoting the diffraction parameter as 

δa =
∇⋅

(
ccg∇a

)

κ2ccga
, (21)  

the diffraction-correct phase velocity is 

C =
ω
k
= c(1 + δa)

− 1/2
, (22)  

with the diffraction-correct group velocity 

Cg = cg(1 + δa)
1/2

. (23)  
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Andréfouët, S., Ardhuin, F., Queffeulou, P., Gendre, R.L., 2012. Island shadow effects and 
the wave climate of the Western Tuamotu Archipelago (French Polynesia) inferred 
from altimetry and numerical model data. Mar. Pollut. Bull. 65 (10), 415–424. 

Ardhuin, F., Chapron, B., Collard, F., 2009. Observation of swell dissipation across 
oceans. Geophys. Res. Lett. 36 (6). 

Babanin, A.V., Waseda, T., 2015. Diffraction and instability of short-crested limited- 
length one-dimensional coherent wave trains. In: Proceedings of the 34 International 
Conference on Ocean, Offshore and Arctic Engineering pages 1–7.  

Berkhoff, J., 1972. Computations of combined refraction, diffraction and reflection. In: 
Proceedings of the 13th International Conference on Coastal Engineering. ASCE, 
New York page 471–490.  

Boccotti, P., 2000. Wave Mechanics for Ocean Engineering. Elsevier. 
Booij, N., Ris, R.C., Holthuijsen, L.H., 1999. A third-generation wave model for coastal 

regions: 1. Model description and validation. J. Geophys. Res. Oceans 104 (C4), 
7649–7666. 

Briggs, M.J., Thompson, E.F., Vincent, C.L., 1995. Wave diffraction around breakwater. 
J. Waterw. Port Coast. Ocean Eng. 121 (1), 23–35. 

Brown, G., 1977. The average impulse response of a rough surface and its applications. 
IEEE Trans. Antennas Propag. 25 (1), 67–74. 

Collard, F., Ardhuin, F., Chapron, B., 2009. Monitoring and analysis of ocean swell fields 
from space: new methods for routine observations. J. Geophys. Res. Oceans 114 
(C7). 

Crosby, S.C., Kumar, N., O’Reilly, W.C., Guza, R.T., 2019. Regional swell transformation 
by backward ray tracing and SWAN. J. Atmos. Ocean. Technol. 36 (2), 217–229. 

Dalrymple, R.A., Kirby, J.T., 1988. Models for very wide-angle water waves and wave 
diffraction. J. Fluid Mech. 192, 33–50. 

Dalrymple, R.A., Suh, K.D., Kirby, J.T., Chae, J.W., 1989. Models for very wide-angle 
water waves and wave diffraction. Part 2. Irregular bathymetry. J. Fluid Mech. 201, 
299–322. 

de León, S., Guedes Soares, C., 2005. On the sheltering effect of islands in ocean wave 
models. J. Geophys. Res. Oceans 110 (C9). 

Do, J.D., Jin, J.-Y., Hyun, S.K., Jeong, W.M., Chang, Y.S., 2020. Numerical investigation 
of the effect of wave diffraction on beach erosion/accretion at the Gangneung 
Harbor, Korea. J. Hydro Environ. Res. 29, 31–44. 
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