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Abstract 12 

A practical method is suggested to quantitatively retrieve directional spectra of ocean 13 

surface waves from high-resolution satellite sun glitter imagery (SSGI). The method 14 

builds on direct determination of the imaging transfer function from the large-scale 15 

smoothed shape of sun glitter. Observed brightness modulations are then converted into 16 

sea surface elevations to perform directional spectral analysis. The method is applied to 17 

the Copernicus Sentinel-2 Multi-Spectral Instrument (MSI) measurements. Owing to the 18 

specific instrumental configuration of MSI (which has a primary mission dedicated to 19 

mapping land surfaces), a physical angular difference between channel detectors on the 20 

instrument focal plane array can be used to efficiently determine the surface brightness 21 

gradients in two directions, i.e. in sensor zenith and azimuthal directions. In addition, the 22 

detector configuration of MSI means that a small temporal lag between channel 23 

acquisitions exists.  This feature can be exploited to detect surface waves and infer their 24 

space-time characteristics using cross-channel correlation. We demonstrate how this can 25 

be used to remove directional ambiguity in 2D detected wave spectra, and to obtain 26 

information describing local dispersion of surface waves. Directional spectra derived 27 

from Sentinel-2 MSI SSGI are compared with in situ buoy measurements. We report an 28 

encouraging agreement between SSGI-derived wave spectra and in situ measurements.  29 

30 
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1. Introduction 31 

Space-borne instruments operating in the visible range of the electromagnetic 32 

spectrum can precisely capture fine contrast modulations related to local changes of the 33 

specular reflections of visible sunlight on the highly sensitive ocean facets. Very often 34 

ocean satellite sun glitter views strongly resemble ocean synthetic aperture radar (SAR) 35 

images, in that the fine scale structures and patterns at ocean surface can be precisely 36 

delineated, with meandering surface slicks and fronts, internal waves and surface gravity 37 

waves clearly expressed.  38 

As originally demonstrated by Cox and Munk (1954) with airborne measurements, 39 

and confirmed from space-borne measurements (e.g. Bréon and Henriot, 2006), Satellite 40 

Sun Glitter Imagery (SSGI) contains valuable information on directional statistical 41 

properties of the wind-ruffled sea surface roughness (Barber, 1954), especially its mean 42 

square slope (MSS), skewness and kurtosis. Local modulations of the detected SSGI 43 

brightness measurements by upper ocean dynamic processes affect SSGI statistical 44 

properties, especially sea surface roughness MSS, revealing spectacular patterns. For 45 

instance, using SSGI, Apel et al. (1975) observed and studied non-linear internal wave 46 

properties. Later, Jackson (2007), using MODIS SSGI observations, derived a global 47 

distribution of internal waves. SSGI of surface slicks have also been often reported, e.g. 48 

Hu et al. (2009), and a practical approach to convert sun glitter brightness variations into 49 

MSS anomalies was suggested by Kudryavtsev et al. (2012a, 2012b) to quantify satellite 50 

observations of oil spills and sub-mesoscale ocean currents (e.g. Rascle et al., 2014).  51 

At very high spatial resolution, ocean waves can be resolved and imaged in SSGI, 52 

with the potential to reveal wave transformations and impressive refraction patterns (e.g., 53 

Figure 8a in Genz et al., 2009). Under favourable conditions, the sunlight reflected by the 54 
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ocean wave slopes produces glints in the SSGI according to the relative positions 55 

between the sensor, the wave front geometry, the sun azimuth and its elevation. Local 56 

surface slopes associated with long surface waves (swell and spectral peak of wind-57 

generated waves) have corresponding variations of the SSGI brightness. Besides the 58 

obvious requirement for cloud-free conditions, this technique depends upon the 59 

instrumental configuration for which the sun, the instrument, and the ocean wave field 60 

are in a favourable alignment. For these reasons, optical techniques have a limited 61 

development compared to radar, especially SAR, methods (e.g., Collard et al., 2005). 62 

Nevertheless, a large number of studies have demonstrated the potential operational use 63 

of airborne optical imaging systems to study ocean swell spectra especially for coastal 64 

applications (e.g., Stillwell, 1969, Dugan et al., 2001, Gelpi et al., 2001). 65 

Using airborne photography, it is straightforward to covert wave induced modulations 66 

of the SSGI brightness into 2D spectra of the surface elevations using a modulation 67 

transfer function. Bolshakov et al. (1988) defined this transfer function by extending the 68 

Cox and Munk (1954) model to account for the image-resolved surface waves. The 69 

authors did not prescribe any model for the probability density function (PDF) of the 70 

small-scale (unresolved) wave slopes but used directly the shape of the SSGI as proxy of 71 

the real PDF. Very good agreement between 2D wave elevation spectra derived from 72 

SSGI and in situ measurements were reported (Bolshakov et al. 1990a, 1990b), including 73 

comparisons with empirical fetch-law development for young wind seas. Gelpi et al. 74 

(2001) also defined the transfer function by extending the Cox and Munk (1954) model, 75 

but considered an idealized Gaussian PDF and a good agreement between the optically 76 

derived wave spectra and buoy measurements was also found.  77 

Contrary to airborne photography, satellite optical instruments usually provide surface 78 
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brightness measurements in only one particular direction. For instance, measurements 79 

from the ENVISAT Medium Resolution Imaging Spectrometer (MERIS), are made in a 80 

“push-broom" mode: linear CCD arrays provide spatial sampling in the across-track 81 

direction (vertically beneath the instrument at nadir) and successive samples are acquired 82 

in the along-track direction that the ENVISAT satellite flies. Such a configuration may 83 

not be always optimal to investigate ocean processes because the SSGI provide 84 

measurements in only  one cross-track direction, and the proper 2D information of the 85 

brightness field is not available (see Kudryavtsev et al., 2012a for more detailed 86 

discussion).  87 

Owing to its specific instrumentation and configuration, the Copernicus Sentinel-2 88 

(S2) Multi-Spectral Instrument (MSI) optical instrument (e.g., ESA, 2012) is not subject 89 

to such a limitation and can determine the SSGI surface brightness gradients in both the 90 

sensor zenith and sensor azimuth directions, see Fig.1. Furthermore, the related short-91 

time lag between the cross-channel measurements (e.g. time lag between "red" bands B8 92 

and B8A is about 2 sec) provides an additional opportunity to study the space-time 93 

characteristics of the detected surface wave field (see e.g. Michele et al., 2012). S2 MSI 94 

cross-channel parallax provides an optimal time lag which is long enough to estimate 95 

phase velocity of ocean waves and, at the same time, short enough to maintain a strong 96 

coherence between the two consecutive observations. Together with a sufficiently high 97 

ground resolution of 10m for channels B04 (665 nm) and B08 (842 nm), the S2 MSI 98 

measurements is an interesting instrument to implement and test SSGI retrieval methods 99 

previously developed for airborne sun glitter photography.  100 

(Figure 1 is about here) 101 
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In this paper, we first recall the method to retrieve directional spectra of ocean 102 

surface waves from high resolution SSGI. In section 3 the technique is then applied to S2 103 

MSI data acquired over in situ directional buoy measurements and a verification analysis 104 

is presented. Our conclusions and suggestions are then given Section 4.  105 

2. 2D wave spectra retrieval from SSGI 106 

Over the ocean, satellite optical images collected during daylight contain distinct 107 

silvery-grey ellipses of sea surface reflected sunlight within approximately 30 degree of 108 

the Sun’s specular reflection point. To more efficiently probe surface roughness 109 

variations, “red” spectral channels (~800-900 nm) are the most useful because light is 110 

only absorbed within a very “thin” surface layer and, thus, derived SSGI is not too 111 

sensitive to the optical properties of the upper water column. 112 

2.1. SSGI brightness variations  113 

We consider the surface brightness field in the sun glitter area where the impact of 114 

the sky radiance reflected from the surface is negligible. Following Cox and Munk 115 

(1954), the sun glitter radiance, B , generated by specular reflection of the sun light is 116 

given by  117 

14 2( , )
4cos cos

,s

v

E
B P Z Z S



 
   (1) 118 

where sE  is the solar irradiance,   is the Fresnel reflection coefficient, v  is the view 119 

zenith angle, P  is the 2D probability density function (PDF) of the sea surface slopes 1z  120 

and 2z  in two orthogonal directions 1x  and 2x  correspondingly, S  is a generalized sea 121 

surface slope parameter. This parameter states that P  is dependent on statistical 122 

properties of the sea surface slopes, like mean square slope (MSS), skewness and 123 
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peakedness; capital 
1Z  and 

2Z  in (1) denote the sea surface slopes satisfy the conditions 124 

of specular reflections 125 

1

2
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   (2) 126 

where 
s  and 

v  are the sun and the sensor zenith angles correspondingly, 
v  and 

s  127 

are the view and sun azimuth angles, and 2 2

1 2tan Z Z   .  128 

Cox and Munk (1954) and, later, e.g. Chapron et al. (2000) and Bréon and Henriot 129 

(2006), modelled the 2D sea surface PDF as non-Gaussian, taking into account the non-130 

linearity of the surface wave slopes. Hereafter, we do not use any PDF model. Instead, 131 

we directly rely on the observed 2D large-scale shape of the sun glitter as a proxy of the 132 

local sea surface slopes PDF.  133 

Let us represent the PDF, P , in (1) in a normalized form:  134 

2

1 2 1 2( , ) ( , )P Z Z s p Z s Z s   (3) 135 

where 2s  is the mean squared slope (MSS) of the sea surface, and p  is a “scaled” PDF. 136 

In (3), following Kudryavtsev et al. (2012a), we assume that 2s  dominates and controls 137 

variations of other statistical parameters of the surface slopes, in particular the slope 138 

directionality, peakedness and skewness. In other words, it is assumed that the magnitude 139 

of the relative MSS variations  is significantly larger than variations of other sea 140 

slope statistical moments 1 2

m nz z  scaled by the MSS, 1 2 /m n m n

mnc z z s  , i.e. 141 

. This assumption is largely supported by the measurements from Cox 142 
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and Munk (1954), and Kudryavtsev et al. (2012a) provides a more in-depth discussion. 143 

Equation (1) is then rewritten in the form  144 

 2 2 2(
1

1' cos
4

)s n jvB B E p sZ s Z     (4) 145 

where 
n j jZ Z Z , subscript j varies from 1 to 2 (for the remainder of this paper 146 

repeated indexes presumes summing up). Following from (4), 'B  is a function of two 147 

variables 
jZ  and 2s . The MSS is mostly supported by wind waves shorter than O(1) m 148 

(Vandemark et al., 2004) and accordingly, the overall shape of the sun glitter is 149 

dependent on statistical properties of these short wind waves (i.e. wavelengths in the 150 

range from millimetres to meters). Long surface waves, swell and/or wind waves near 151 

their spectral wind peak will tilt and modulate the shorter waves. 152 

Tilt and hydrodynamic modulations result in directional brightness variations on the 153 

scale of modulating long waves (image-resolved waves), LW, as 154 

         (5) 155 

where j  is local slopes of LW in jx  direction, 0s  and  are mean and variations of the 156 

surface slopes standard deviations (STD) caused by LW. After decomposition of the 157 

brightness field '

0' 'B B B   into a background part '

0B  and LW-induced variations 'B , 158 

the linearized equation (5) reads:  159 

                (6) 160 
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where ' '

0 0(1 )zj jG B B Z    is the component of the sunglitter brightness gradient over 161 

the specular slopes, and T  is a transfer function describing response of the surface 162 

brightness to the MSS variations:  163 

11

2 1

j j

zj j

j j

Z Z
T G Z

Z Z


 


                 (7) 164 

If we average (6) over LW scales, the first term in the right hand side vanishes, to arrive 165 

at an equation relating the sunglitter brightness variation to MSS anomalies, caused by 166 

short wave damping in slicks, and/or by interactions with surface currents, e.g. internal 167 

waves and fronts (Kudryavtsev et al., 2012a, 2012b; Rascle et al., 2014).  168 

2.2. Role of hydrodynamic modulations 169 

In the present context, the modulation of the MSS by LWs is a factor that could 170 

hinder direct reconstruction of the LW slopes from sun-glitter brightness modulations. 171 

Note, the transfer function T  is vanishing in the vicinity of a so-called zone of contrast 172 

inversion. In a sun glitter image, this zone approximately corresponds to the area where 173 

2 2

nZ s . Using airborne photographs, this zone of contrast inversion can easily be 174 

identified, e.g. windrow type stripes change their contrast from darkish (in the “outer” 175 

part of the sunglitter) to bright (in the “inner” sunglitter part). When performing spectral 176 

processing analysis, Bolshakov et al. (1988, 1990a) suggested that these particular image 177 

areas are selected to minimize the impact of MSS modulations on the derived 2D wave 178 

spectra elevation. Thorough analysis of the impact of the contrast inversion zone (a 179 

critical sensor viewing angle) on satellite sun-glitter imaging of the oceanic and 180 

atmospheric phenomena can be found in (Jackson and Alpers, 2010).  181 
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Satellite sun glitter images (SSGI) do not always provide proper locations of these 182 

contrast inversion areas. Therefore we must evaluate the expected contribution of the 183 

MSS modulations on the accuracy of the LW spectra retrieval. Although considered 184 

method is free of the PDF model specification, we need to specify it here in order to get 185 

quantitative estimates of the expected contribution. As a first guess, we assume the sea 186 

surface PDF is Gaussian and azimuthally isotropic, and specify it as:  187 

 2 21
exp np Z s


                    (8) 188 

In this case, components zjG  of the brightness gradient are  189 

2

2 2
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2 2
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                 (9) 190 

where the approximation follows from 2 1s . Brightness variation (6) reads 191 

              (10) 192 

If the LW are monochromatic with amplitude A  and wavenumber K , then 193 

cosj j nZ iAKZ  , and  , where   is the angle between wavenumber 194 

vector and direction of the mean brightness gradient, and sM  is the complex modulation 195 

transfer function, MTF, for the MSS. If the second term on the right-hand side of (10) is 196 

omitted, it corresponds to the algorithm suggested by Gelpi et al. (2001, their Eq. (11) 197 

and (12)) to retrieve of the surface wave spectrum, using the Cox and Munk (1954) 198 

model with a Gaussian PDF approximation.  199 

Following from (10), the ratio of the MSS and tilt modulation contributions to the 200 

squared amplitude of brightness modulations is 201 
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2 21

2cos
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n

sM Z s
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Z s

 
  
  

                 (11) 202 

To evaluate (11), 
sM  is defined as  203 

( ) ( ) ln ( ) lnsM M d d k d d k    k k k             (12) 204 

where ( ) k  is the saturation spectrum, and M  is the spectral MTF. As mentioned 205 

above, wind waves containing most of the MSS are rather short and thus their 206 

corresponding group velocity is much smaller than the LW phase velocity. To obtain the 207 

upper estimate of sM , we assume the short waves to travel along LW as free waves. In 208 

this case, the modulation of short waves by LW is described by the conservation of wave 209 

action, N , (Phillips, 1977) 210 

                  (13) 211 

Solution of (13) in terms of the short wave MTF, 0
ˆ ( )M N N AK  (hat denotes 212 

amplitude of modulations), reads  213 

2coskM m                     (14) 214 

where km  is the wavenumber exponent of the wave action spectrum. In the right-hand 215 

side, we only retain the term which provides a non-zero contribution to integral 216 

properties of short waves, like MSS modulations defined by (12), (see Kudryavtsev et al. 217 

2005, their eq.(44) and (46) and discussion therein). For  , which is almost constant 218 

(i.e., the Phillips spectrum), then km = - 9/2, and sM  defined by (12) with (14) can be 219 

taken as sM = 9/4.  220 
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The ratio between hydrodynamic and tilt modulations (11) is shown in Fig.1. Around 221 

the center of the sun glitter, 2 2 0nZ s  , as well as in the vicinity of the direction 222 

perpendicular to the brightness gradient, cos 0  , tilt modulations vanish, and thus, LW 223 

can solely be visible due to MSS hydrodynamic modulations. In the vicinity of the 224 

contrast inversion, 2 2 1nZ s  , MSS modulations vanish. This sun glitter area is thus the 225 

preferable location to derive LW parameters, as brightness modulations are solely linked 226 

to the LW slopes.  227 

(Figure 2 is about here) 228 

As shown in Fig. 2, calculations for different wind speeds, and LW directions relative 229 

to the brightness gradient, suggest that we can neglect the impact of the MSS 230 

modulations within a sun glitter area satisfying 0.3< 2 2

nZ s <2. For these configurations, 231 

if we do not consider MSS modulations we may expect an error of up to 10% (and less) 232 

in the retrieval of LW elevations from SSGI brightness modulations. Hereinafter, we will 233 

tolerate such inaccuracy and ignore MSS modulations. Width of the ground track area 234 

satisfying condition 0.3< 2 2

nZ s <2 is of order 0.7sH , where H = 876 km is the altitude 235 

of S2 satellite. If e.g. 0.2s   (that corresponds to wind speed 7-8 m/s) and sensor 236 

azimuth is toward the sun, than the width of the area, where our assumption is valid, is 237 

2 0.7sH = 240 km, which is comparable with the width of S2 MSI image, 290 km. 238 

Apparently, this is the upper estimate; the real portion of the S2 image applicable for 239 

suggested method, depends entirely on sun and viewing geometry. Notice that beyond 240 

2 2

nZ s =2, SSGI brightness falls by an order of magnitude relative to its peak value near 241 

the center. Therefore, the application of our proposed method at larger 2 2

nZ s , at 242 

2 2

nZ s >2, is strongly questionable due to the increasing contribution of sky radiance.  243 
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2.3. Wave spectra retrieval from 2D SSGI 244 

As sea surface slope PDF’s can significantly depart from a Gaussian model, it is 245 

tempting to determine the gradient of the brightness, 
zjG  in (6), directly from the 246 

observations, without an a priori PDF model. 247 

These “natural” characteristics of SSGI are the measured components of the 248 

brightness gradient in two perpendicular directions:  1 ' 'j jG B B x   . The gradients 249 

zjG  in (6) can thus be obtained from the “observed” gradients jG , as: 250 

 

 

1 2 2,1 1 2,2

2 1 1,2 2 1,1

z

z

G G Z G Z

G G Z G Z

  

  
                 (15) 251 

where ,i j i jZ Z x   , and  , the determinant, defined by 1,2 2,1 1,1 2,2Z Z Z Z   . This 252 

approach is self-consistent. The mean (averaged over the dominant wave scales) 2D 253 

shape of the sun glitter brightness, '( , )B x y , helps define the gradient zjG  using (15) 254 

which are then used to convert the brightness variation 
0' ' 'B B B   into the dominant 255 

wave slopes following (6). With MSS modulations omitted, (6) in Fourier space reads 256 

ˆ ˆ( ) ( )zj jb G K K K                   (16) 257 

where the hat over a variable denotes its Fourier transform, and 0
ˆ ˆ ' 'b B B . This 258 

equation can further be used to reconstruct the sea surface elevation field via inverse 259 

Fourier transformation:  260 

   ˆ( ) ( ) expzj j j jb G K K x d  x K K              (17) 261 
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This relation contains a singularity around 0zj jG K   which can be removed (as a first 262 

guess) assuming that the narrow sector of ˆ( )b K  surrounding the line 0zj jG K  , does not 263 

contribute to the elevation field.  264 

The spectrum of dominant waves, ( )S K , follows and is derived from the spectrum 265 

of sun glitter brightness variations, ( )bS K , as 266 

 
2

( ) ( )b zj jS S G K K K                  (18) 267 

Again, there is a singularity in the vicinity 0zj jG K   where the retrieval of the wave 268 

spectrum is impossible. If the SSGI can be obtained over a wide field of view, tiles 269 

corresponding to different directions of the brightness gradient can be selected, to help 270 

remove the impact of singularity (Bolshakov et al. ,1988, 1990a): 271 

 
2

( ) ( )n n

b zj j

n n

S S G K  K K                (19) 272 

where summation is performed over the image tiles selected along different directions of 273 

the brightness gradient.  274 

3. Application to Sentinel-2 SSGI  275 

3.1. The data  276 

The Sentinel-2 Multi Spectral Instrument is composed of 12 staggered detectors, 277 

which cover the extremely wide 290 km instrument field of view at a maximum ground 278 

spatial resolution of 10 m. Due to the staggered positioning of the detectors on the focal 279 

planes, a parallax angle between the two alternating odd and even clusters of detectors is 280 

induced in the measurements, resulting in a shift along track of approximately 46 km 281 

(maximum) inter-detector. Likewise, the hardware design of both the Visible and Near 282 
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Infrared (VNIR) and Short Wave Infrared (SWIR) detectors imposes a relative 283 

displacement of each spectral channel sensor within the detector resulting in an inter-284 

band measurement parallax amounting to a maximum along track displacement of 285 

approximately 14 km.  Thus, the odd numbered detectors in the array are looking 286 

forward, and the even numbered detectors are looking backward relative to the flight 287 

direction of the satellite. Therefore, there is an azimuth difference between successive 288 

detector arrays: MSI images exhibit detector wide “stripes” as brightness of observed 289 

surface varies with azimuth, Fig.1. For the present study we use “red” channels B04 290 

(wavelength 665 nm) and B08 (wavelength 842 nm). An example of an MSI “striped” 291 

SSGI of the ocean surface is shown in Fig. 3.  292 

MSI sensor incidence and azimuth angles are shown Fig. 4, and reveal how 293 

brightness stripes originate from the step-like change of the sensor azimuth. This unique 294 

feature of the MSI instrument design provides valuable information about the 2D 295 

brightness gradient (in incidence and azimuth directions) to retrieve surface wave spectra 296 

from SSGI.  297 

(Figure 3 is about here) 298 

(Figure 4 is about here) 299 

The distribution of the surface brightness inside the white rectangle indicated in Fig.3 300 

is shown in Fig. 5. The brightness exhibits a pronounced trend in zenith directions 301 

showing a gradual increase of 'B  with increasing zenith angle for an individual detector 302 

strip (along 1x -axis, pixel number linked to the zenith angle), and in azimuth. There is an 303 

“abrupt” change of 'B  at a given 1x  where the azimuth angle switches from one detector 304 

strip to the next strip.  305 
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(Figure 5 is about here) 306 

Small-scale brightness modulations originating from surface waves are clearly 307 

visible. For the given sun and instrument angles, surface slopes, 
nZ , providing specular 308 

reflections, vary from 0.15 to 0.18. The wind speed over the observation area taken from 309 

the buoy (white star in Fig.2) was reported 3.5 m/s. Following Cox and Munk (1954), it 310 

suggests s = 0.14. The parameter 
nZ s  for this scene is thus close to 1, and therefore 311 

provides optimal conditions for surface wave spectra retrieval.  312 

3.2. Wave spectrum retrieval from SSGI 313 

The mean brightness field shown in Fig. 5(b) are used to calculate the mean 2D 314 

brightness gradient 1 1(1 ') 'G B B x    and 2 2(1 ') 'G B B x   , with the 1x -axis 315 

directed perpendicular to the satellite flight track (perpendicular to the stripe), and 2x -316 

axis directed along the satellite flight track. The brightness fields of Fig. 5, averaged over 317 

2x  direction inside each of the detector strips, are shown Figure 6a. We define 318 

components of the mean brightness gradients as (following notations in Fig. 6a) 319 

1 4 2 4 2

2 1 2 1 2 3 4 3 4

2( ) / ( )

( ) / ( ) ( ) / ( )

G B B B B

G B B B B B B B B

  

     
         (20) 320 

The similar definition is introduced for the gradients of the specular slopes 321 

,i j i jZ Z x   . Then determination of the tilt transfer function components zjG  following 322 

(15) is straightforward and an example of calculated zjG  is shown in Fig. 6b.  323 

(Figure 6 is about here) 324 

A fragment of the image used for spectral analysis is presented in Fig. 7a and a 325 

zoomed image is shown in Fig. 7b that clearly indicates at least two wave systems. 326 
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Hereinafter we account the wave directions from the east counter-clockwise. The SSGI 327 

brightness contrast spectrum, Fig.7c, clearly exhibits a spectral peak corresponding to 328 

waves travelling from 160 deg. and from -20 deg., clearly visible in Fig. 7a. In addition, 329 

the brightness spectrum detects weaker spectral features at azimuth 100 deg. and -80 deg, 330 

and azimuth 30 deg and -150 deg. Careful inspection of the image zoom, Fig. 7b, indeed 331 

visibly confirms the existence of a possible three wave systems (notice that unlike the 332 

image fragments, the spectra are rotated, so that 
xk -axis is directed to the east).  333 

(Figure 7 is about here) 334 

The wave elevation spectrum shown in in Fig. 7d is calculated from (18) using the 335 

brightness spectrum in Fig. 7c and the tilt transfer function of Fig. 6b as input 336 

parameters. As discussed, there is a singularity in the vicinity of 0zj jG k   and this 337 

singularity line is approximately consistent with sectors of minimal values in the 338 

brightness spectrum.  339 

Application of the transfer function redistributes the spectral energy density in k-space, 340 

and clearly enhances the spectral peak of the waves traveling from direction 90 deg and -341 

90 deg.  342 

In the next section, we compare reconstructed spectrum with in situ buoy-measurements, 343 

but first we discuss how to remove directional ambiguity using cross-channel analysis.  344 

3.3. Cross-channel analysis 345 

The two S2 MSI channels, B04 (664 nm) and B08 (864 nm), considered in this study, 346 

measure the brightness of the same point on the surface with a small time lag. This 347 

temporal lag results from angular difference between acquisitions by each channel, as 348 
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revealed by comparing sensor azimuths for channels B04 and B08 shown in Fig. 4 349 

(specifically, see cross-channel azimuths difference in Fig.4e). 350 

In the first instance, cross-channel time delay can be used to remove the wave 351 

propagation directional ambiguity, as demonstrated Fig. 8a and Fig. 8b. The images are 352 

highly correlated as confirmed by a high level of coherence in the spectral domain 353 

corresponding to the large brightness variations. As expected, the phase spectrum has 354 

180-degree asymmetry. This asymmetry, - sign of the phase spectrum, is further used to 355 

remove directional ambiguity of 2D spectra which was already noticed in Fig.7c and 356 

Fig.7d. Following the viewing geometry of S2 observation, we introduced a definition 357 

stating that negative (resp. positive) phases of cross-spectrum between B04 and B08 358 

channels pick out “true” direction of wave components for descending (resp. ascending) 359 

satellite acquisitions. 360 

(Figure 8 is about here) 361 

Following from the linear wave theory, the anticipated phase shift is 362 

1/2

( )

( )

k t

gk t

   

  
                  (21) 363 

where t  is time delay between cross-channel detectors which can be calculated from 364 

“instrument azimuths” for each of the MSI channels (see Fig.4 right column, and Fig.4e ) 365 

as 366 

/

tanv v

t D V

D H 

 

 
                   (22) 367 

where D  is ground distance, H = is altitude of the satellite, V  is its ground speed, 368 

estimated as 0 ( )E EV V R R H  , where ER  is the Earth radius, 0V  is the satellite 369 
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velocity (H and 
0V , are taken from Sentinel-2 metadata files), 

v  is mean (between two 370 

channels) zenith view angle, and 
v  is azimuth difference. The measured phase minus 371 

anticipated (model) phase, calculated using (21) and (22), is shown in Fig. 8c. For this 372 

case, t  is about 0.8 s. The phase of waves travelling in the “true” direction obeys the 373 

model predictions. A transect of the cross channel phase, ( , )k  , represented in terms 374 

of phase velocity  375 

 

( , ) ( )

( , ) tanv v

C k k t

V k kH



  

  

  
               (22a) 376 

at  =170 deg. (shown in Fig. 8d) is also in very good agreement with the linear-model 377 

prediction.  378 

3.4. Comparison with buoy measurements 379 

To help validate the approach we have described, we specifically chose an MSI 380 

image that includes an in situ directional wave buoy shown in Fig. 3. The directional 381 

buoy and SSGI-computed spectra are shown in Figure 9. The SSGI spectrum is a “true” 382 

directional spectrum obtained from the folded spectrum, Fig. 7, and the application of a 383 

phase mask (negative/positive values are assigned 1/0), and then multiplying by a factor 384 

two to conserve the total energy. As compared to the buoy spectrum, the SSGI spectrum 385 

clearly displays a much higher directional resolution. The two spectral peaks, visually 386 

corresponding to wave systems in Fig. 7b, are merged in the buoy spectrum, to exhibit a 387 

very smeared directional distribution.  388 

Nevertheless, the derived omni-directional SSGI spectrum is found consistent with 389 

that computed from the in situ buoy measurements, with a similar spectral level and 390 
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shape. The significant wave height (SWH, Hs) evaluated from the SSGI spectrum, 391 

Hs=1.4 m, is very close to that measured by the buoy, Hs = 1.5 m.  392 

(Figure 9 is about here) 393 

Near the same location as the buoy, a S2 sun glitter image was acquired on 2016-04-394 

19 18:44 and shown in Fig. 10. SSGI data processing was performed in an identical 395 

manner to that previously described. The resulting brightness modulation spectrum is 396 

reported Fig. 11a. Application of the tilt transfer function enhances a secondary 397 

brightness spectrum peak, and the wave elevation spectrum becomes bimodal as shown 398 

in Fig. 11b. The bi-modal structure of the surface wave field is confirmed from the image 399 

zoom, shown in Fig. 10.  400 

(Figure 10 is about here) 401 

(Figure 11 is about here) 402 

Again, in the spectral domain corresponding to large brightness variations, the cross-403 

channel, B04 and B08, images are highly correlated as shown in Fig. 11c. In addition, 404 

phase difference, the difference between observed cross-channel phase and expected 405 

model phase (21) shown in Fig. 11d, removes directional ambiguity, and clearly indicates 406 

the direction of detected waves.  407 

Comparison of directional and omnidirectional buoy and SSGI spectra is presented in 408 

Fig. 12. The SSGI spectrum clearly exhibits a very high angular resolution. It resolves 409 

two wave systems very well, apparently merged and smeared in the buoy angular 410 

distribution. Omnidirectional spectra, Fig. 12c, are again consistent in terms of both the 411 

spectral level and shape, and possess almost the same SWH, Hs=1.3 m and Hs=1.2 m, 412 

respectively. 413 
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(Figure 12 is about here) 414 

A final case is documented in Fig.13 to Fig.15. Unlike the previous cases, the wave 415 

field has a “broad” angular distribution, also revealed visually, Fig. 13, and confirmed 416 

from the brightness and the wave elevation spectra, Fig.14. Cross-channel images are 417 

still highly correlated (Fig. 14c) and phase shift (Fig. 14d) removes directional 418 

ambiguity.  419 

(Figure 13 is about here) 420 

(Figure 14 is about here) 421 

Comparison of directional and omnidirectional spectra is shown in Fig.15. In this 422 

case, the SSGI spectrum broad angular distribution is fully consistent with the buoy 423 

spectrum. As in the previous cases, SSGI omnidirectional spectrum also agrees with the 424 

buoy spectrum, and even reproduces a high-frequency secondary spectral peak around 425 

k=0.15 rad/m. SWH following from the sunglitter spectrum is Hs=0.7 m that is 426 

consistent with Hs=0.6 m as measured by the buoy.  427 

(Figure 15 is about here) 428 

4. Conclusion 429 

A practical method is proposed and tested to retrieve directional spectra of the surface 430 

waves using satellite sun glitter imagery (SSGI) obtained from the Copernicus Sentinel-2 431 

Multi Spectral Instrument (MSI). The short waves, from capillaries to order 1 m gravity 432 

waves, contain most of the total mean square slope (MSS) of the sea surface, and are 433 

generally not resolved using a satellite sensor. Long waves, near the wind peak 434 

wavelength and/or swell, are possibly resolved and mostly contribute to the total wave 435 

energy. The SSGI of these long surface waves (LW) can thus be described within the 436 
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frame of a two-scale model: LW carrying shorter waves (i) provide local tilts, and (ii) 437 

modulate short waves leading to MSS variations correlated with LW. Both factors are 438 

imaging mechanisms resulting in LW-induced variations of the SSGI brightness.  439 

As proposed, the brightness modulations are converted into LW elevations using a 440 

transfer function determined from the smoothed 2D shape of the SSGI. As compared to 441 

the contribution of tilt modulations, MSS modulations can be ignored for observations 442 

within a SSGI satisfying conditions 2 20.3 2nZ s  . 443 

We demonstrate the proposed methodology using Copernicus Sentinel-2 MSI 444 

measurements. Indeed, because of the specific instrumentation and configuration of the 445 

MSI multi-channel detectors, MSI data enable us to determine (i) the surface brightness 446 

gradients in two directions, - in sensor zenith and sensor azimuth directions, and (ii) 447 

space-time characteristics of the surface waves using time delay in cross-channel 448 

measurements. This latter property can then be used to remove directional ambiguity in 449 

2D spectra and to evaluate the dispersion of the surface waves. So far, these combined 450 

capabilities have been little exploited for ocean applications, especially to quantitatively 451 

retrieve ocean swell information. 452 

Compared to in situ measurements, directional spectra derived from Sentinel-2 MSI 453 

SSGI are found to be in good agreement. SSGI spectra generally exhibit high angular 454 

resolution to help retrieve directional properties of resolved waves. The high coherency 455 

at short time lag further helps to robustly retrieve the propagation properties.  Finally, 456 

shapes of the measured omnidirectional spectra, and SWH estimates, also compare very 457 

well to in situ measurements.  458 
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While certainly limited to cloud-free areas, and to favourable periods for which the sun, 459 

the sensor, and the ocean wave field provide proper geometrical configurations, 460 

suggested technic has two main advantages as compared with SAR. First, the cross-461 

channel time lag is about 10 times larger than that can be obtained by extracting multi-462 

looks in any SAR sensor. This is constrained by a limited dwell time, except for SAR 463 

spot mode only available on some commercial SAR satellites, and never used over the 464 

ocean. This larger time lag translates proportionally in better accuracy of the retrieved 465 

wave motion. Second, for Sentinal-2 the imaging principle are the same in two 466 

orthogonal directions, along and across track. For SAR, they are different; in the azimuth 467 

direction the imaging uses a Doppler based focussing introducing an azimuth cutoff 468 

caused by random unresolved ocean wave motions and an overall distortion by orbital 469 

velocities of resolved long waves. For this reason, unlike Sentinel-2, SAR is capable to 470 

provide quantitative information for long waves only. As compare with altimeter, the 471 

clear advantage of suggested technic is the ability to derive 2D spectra describing 472 

distribution of the wave energy over the wavelengths and the directions.  473 

These first reported results certainly suggest that Copernicus S2 MSI measurements 474 

will provide a valuable and complementary data source of great interest, particularly to 475 

monitor coastal processes. Thought the repeat cycle of Sentinel-2A is quite long, - 10 476 

days, the launch of Sentinel-2B in the next year will reduce it to 5 days. Furthermore, 477 

with interest growing in space-borne techniques for surface current and wave motion 478 

determinations, the proposed method can quantitatively provide very high-resolution 479 

information to help future developments. 480 
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Figures and Captions: 555 

 556 

 557 

Figure 1. Sketch of S2 MSI viewing geometry 558 
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 559 

Figure 2. Ratio between hydrodynamic and tilt modulation contributions to the 560 

brightness spectrum defined by (11) as a function of 
2 2

nZ s , different wind speeds: 561 

(solid) 5 m/s, (dash) 10 m/s, and (dash-dotted) 15 m/s, and angles between wavenumber 562 

vector and direction of the brightness gradient: (thick lines) 0 deg., (thin lines) 60 deg.  563 

564 
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 566 

 567 

Figure 3. S2 MSI image channel B04 (665 nm) off the California coast, 2016-04-29 568 

18:40. The large-scale striping in the image is due to the configuration of MSI detectors 569 

(see main text). The white star indicates location of the buoy 46258 - Mission Bay West 570 

CA (220), Scripps Institution of Oceanography. The white frame indicates the selected 571 

image fragment used for further analysis. Image contains modified Copernicus data 572 

(2016). Strips formed by odd and even detectors look brighter and darker, respectively. 573 

574 
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 575 

 576 
 577 

Figure 4. Sensor (a, c) zenith and (b, d) azimuth angles for the S2 scene shown Figure 3, 578 

for two channels, (upper row) B04, and (lower row) B08. (e)  Azimuth difference 579 

between B04 and B08 shown in plots (b) and (d).   580 

581 
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 582 

 583 

 584 

Figure 5. Sentinel-2 MSI SSGI brightness distributions for the white box shown in Fig. 585 

3. (a) Surface brightness field inside the selected area, box shown Fig.3; (b) 586 

corresponding smoothed brightness field; (c) resulting brightness variation from the 587 

difference between original and smoothed fields.  588 

589 
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 590 

 591 

 592 

Figure 6. (a) Brightness field averaged over 2x -axis inside each stripe, with 593 

corresponding linear fits. (b) Components of the tilt transfer function zxG  and zyG  594 

defined by (15) and calculated using the mean brightness gradients, shown in (a) 595 

596 
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 597 

 598 

 599 

Figure 7. (a) S2 MSI image fragment from (Fig 5) and (b) its zoom, in which three wave 600 

systems can be detected; (c) SSGI brightness spectrum; (d) Wave elevation spectrum. 601 

The strong linear feature with abnormal “enhanced energy” in (d) corresponds to the 602 

singularity area, in the vicinity of 0zj jG k  , over which wave spectrum determination is 603 

impossible. Unlike the image fragments, the spectra are rotated, so that xk -axis is 604 

directed to the east. 605 

606 
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 607 

 608 

 609 

Figure 8. Spectrum of (a) coherence and (b) phase spectrum obtained from cross-spectral 610 

analysis between Sentiel-2 MSI channel B04 (664 nm) and B08 (864 nm). (c) Difference 611 

between measured phase shifts and predicted ones (21). The spectral domain where the 612 

difference is close to 0 indicates the “true” propagation direction of the wave 613 

components. (d) Dispersion relation, ( )c k , derived from cross-channel analysis, eq.(22a), 614 

against the linear model relation 
1/2( )c g k .  615 
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 617 

 618 

Figure 9. (a) Buoy directional spectrum, (b) spectrum derived from sun glitter image, 619 

and (c) omnidirectional spectra. kx-axis is directed to the East. Buoy and sun glitter 620 

derived SWH are 1.5 m and 1.4m, respectively. Buoy derived mean wave direction is 621 

185
o
. 622 

623 
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 624 

 625 

Figure 10. Sentinel-2 MSI image channel B04 off the California coast, 2016-04-19 626 

18:44. The white star indicates location of the buoy 46086 - San Clemente Basin, 627 

National Data Buoy Center (NDBC). Wind speed is 3.3 m/s. The white frame indicates 628 

the selected image fragment, and insert is its zoom of that area.  Contains modified 629 

Copernicus data (2016). 630 

631 
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 632 

 633 

Figure 11. (a) Spectrum of the brightness modulations; (b) corresponding wave elevation 634 

spectrum; (c) Coherence spectrum between channels B04 and B08; (d) Difference 635 

between measured phase shifts and predicted by (21). Linear feature with abnormal 636 

“enhanced energy” in (b) corresponds to the singularity area, in the vicinity of 0zj jG k   , 637 

over which wave spectrum determination is impossible. 638 

639 
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 640 

 641 

Figure 12. (a) Buoy directional spectrum, (b) spectrum derived from sun glitter image 642 

(b), and (c) omnidirectional spectra. kx-axis is directed to the East. Buoy and sun glitter 643 

derived SWH are 1.3 m and 1.2 m, respectively. Buoy derived mean wave direction is 644 

185
o
. 645 

 646 

647 
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 648 

 649 

Figure 13. Sentinel-2 MSI image channel B04 off the Florida coast, 2016-05-14 16:04. 650 

Star indicates location of the buoy 41004 - Edisto, National Data Buoy Center (NDBC). 651 

Wind speed is 6.5 m/s. White frame indicates the selected image fragment, and insert is 652 

its zoom. Contains modified Copernicus data (2016). 653 

654 
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 655 

 656 

Figure 14. (a) Spectrum of the brightness modulations; (b) corresponding wave elevation 657 

spectrum; (c) Coherence spectrum between channels B04 and B08; (d) Difference 658 

between measured phase shifts and predicted by (21). Linear feature with abnormal 659 

“enhanced energy” in (b) corresponds to the singularity area, in the vicinity of 0zj jG k   , 660 

over which wave spectrum determination is impossible. 661 

 662 

663 
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 664 

 665 

Figure 15. (a) Buoy directional spectrum, (b) spectrum derived from sun glitter image, 666 

and (c) omnidirectional spectra. kx-axis is directed to the East. Buoy and sun glitter 667 

derived SWH are 0.7 m and 0.6 m, respectively. Buoy derived mean wave direction is 668 

322
o
. 669 


