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Retrieval of Wind Wave Elevation
Spectra From Sunglint Data
Geoff P. Cureton, Stuart J. Anderson, Mervyn J. Lynch, and Brendan T. McGann

Abstract—A new expression for the mean value of ocean surface
sunglint, modeled as a binary-valued random process, is calculated. Multiple sunglint realizations are generated by applying
the specular condition for particular viewing geometries to ocean
surface elevations with Gaussian roughness spectra. The sunglint
mean value is used to determine the relationship between the
second-order statistics of the surface slope and sunglint random
processes, and this relationship is successfully inverted to retrieve
the slope autocorrelation and power spectrum from the simulated
sunglint data. The inversion model is then applied to an image
recorded coincident with the NASA AIRSAR PACRIM2 field
campaign, to retrieve the 1-D elevation power spectrum.
Index Terms—Inverse model, random processes, sunglint.

I. I NTRODUCTION

T

HE OCEAN and other natural water bodies arguably
exhibit the most humanly recognizable example of wave
motion present in nature. An understanding of the ocean’s
undulations and the underlying physical processes has applications to areas such as maritime and civil engineering, radar,
and the remote sensing of bulk ocean characteristics, the measurement of which may be affected by the shape of the water
surface. This being the case there is a long and varied history
of attempts to characterize and understand the motions of the
ocean surface.
The acquisition of ocean surface data has historically been
pursued using in situ methods. Bottom-mounted pressure sensors, or accelerometers following the free surface, have been the
traditional method of obtaining time series of the surface elevation, from which the frequency spectrum can be obtained. For
the experimental situations for which pressure sensors and the
like are appropriate, the gravity wave dispersion relation would
be used to obtain the wavenumber spectrum. Such techniques
can provide very direct measurements of the physical quantities
of interest, but they are costly to build, deploy and operate,
sample only a single location, and yield reasonable accuracy
over only a limited band of wave frequencies.
In recent years, an emerging requirement for nearsimultaneous, high spatial resolution observations over entire
regions has focused attention on remote sensing technologies
which can conduct measurements over vast swathes of ocean
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from airborne or spaceborne platforms. Both active and passive
sensor systems have been developed, among the best known
of which are methods which retrieve wavenumber spectra by
imaging the surface in an extended spatial sense using photographic or video techniques.
Stereo photography is not only the oldest method of obtaining spatial measurements of the water surface, but it is also
one of the most widely used [1], culminating in effort with the
Stereo Wave Observation Project (SWOP) in 1954 [2]. In the
SWOP experiment, pairs of photographs of a relatively large
patch of ocean were taken by two aircraft, the cameras tripped
simultaneously using a radio link. In [3] pairs of photographs
were taken using a ship as the platform, with a 20 × 20 ft spatial
area covered by each of the photographs.
Cox and Munk [4] used aerial photographs of ocean sunglint
patterns to infer the surface wave slope probability density
functions for a variety of conditions, the results of which are
still in use today. The slope distribution was seen to be approximately Gaussian, and higher order corrections for skewness and
kurtosis of the distributions were also given.
By optically analyzing an aerial photograph of the ocean [5],
it was shown that the primary periodicities in the ocean scene
could be identified in the diffraction pattern, as well as the
primary direction of wave travel, and hence it was demonstrated
that the photographic recording of ocean scenes was potentially
a useful way of efficiently acquiring information about a large
area of ocean.
Efforts to provide a more rigorous connection between images of the ocean surface and their corresponding wavenumber
spectra have been made by several authors. A first-order theory
was developed connecting the photographic and slope spectra,
the latter from which the elevation spectrum could then be
calculated [6], [7]. This theory was extended to second order,
making explicit consideration of the various types of sky radiance distribution [8], [9].
In these attempts, it was vital that the distribution of sky
radiance was monotonic (or at worst slowly varying), so that a
unique and continuous relationship could be specified between
the radiance reaching the camera and the wave slope. For this
reason, it was pointed out that while images of sunglint had
been proven to be useful in the determination of the slope probability distribution, they were of little utility in the measurement
of wave spectra as they did not provide a continuous relationship between the detected radiance and the wave slope [6].
Alvarez-Borrego [10] presented a new method which was
able to retrieve elevation spectra from sunglint data, by relating
the glint and wave slope autocorrelations, thereby circumventing the discontinuous nature of sunglint images. However, it
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Fig. 1. Geometry of the experiment for the case where the specular condition
is met.

is believed that an error was made in the calculation of the
theoretical mean value of the glint data, which results in an
incorrect theoretical relationship between the glint and slope
autocorrelations, upon which the retrieval method is based.
In this paper, we describe the sunglint model given by [10],
calculate the correct expression for the glint mean, and show
that the slope and elevation autocorrelations and power spectra
can be successfully retrieved from 1-D realizations of simulated
sunglint data. We then apply the inversion model to a photographic image of sunglint obtained while the NASA Airborne
Synthetic Aperture Radar (AIRSAR) PACRIM2 field campaign
was underway, to retrieve the 1-D elevation power spectrum.
II. F ORWARD M ODEL
A. Experimental Geometry
We have a 1-D surface elevation η(x) with variance ση2 . The
slope of this surface is given by M (x) = tan α, with variance
2
. The surface is illuminated by a source S with zenith angle
σM
θ0 and angular subtense β ( Fig. 1). The beam is reflected at the
specular point, at which the surface normal n̂ makes an angle α
with the zenith, and reaches the detector D with zenith angle θd .
The angular subtense of the detector is small enough to ensure
that θd does not change appreciably with x.
As we move along the surface, we encounter slopes that
either do or do not satisfy the specular condition. If we set the
slope values that satisfy this condition to unity, and all others to
zero, the slopes M (x) are mapped to the binary process L(x).
For the case where the source S is a point source, L(x) would
consist of a series of delta functions, each for a slope M0 which
satisfies the specular condition. Since the source of interest, the
sun, subtends a finite solid angle, there are a small range of
slopes M0 ± ∆M/2 that satisfy the specular condition. This
results in the delta functions becoming rectangular peaks of
finite extent (Fig. 2).
We would like to be able to find some connection between the
surface elevation η(x) and the binary process L(x), the latter
of which constitutes the experimental data. We do not have a
continuous, functional relationship between these two quantities, so it is not feasible to try and construct some inversion
scheme between η(x) and L(x). Despite the fact that the glint
process is discontinuous, given a long enough record of data
and/or a suitable density of glints, the glint autocorrelation can
be approximated as a continuous and differentiable quantity.

Fig. 2. Schematic representation (in arbitrary units) of the surface elevation
η(x), the surface slope M (x) with the slope range ∆M selected by the glitter
function, and the glint process L(x).

Hence, it may be possible to find some connection between the
glint and slope autocorrelations.

B. Glitter Function
In order to characterize the forward model, we must specify
the way in which the surface slopes are transformed into the
glint process L(x). It is useful to think of the process as the
operation of a filter B(M ), which acts upon the surface slopes.
[10] determined the form of B(M ), which he called the glitter
function.
In our case, the source is not a point source, but is extended,
and this results in a finite range of slopes that will satisfy the
specular condition. The transfer function B(M ) is a rectangular
function centered on M0 , extending between M0 ± ∆M/2.
As a result, the glint process L(x) will consist of a series
of rectangular impulses of varying width, the width being
dependent on the magnitude of the derivative of M (x) in the
vicinity of M0 .
Using geometric optical considerations, the glitter function
was determined to be

B(M ) = rect

M − M0
(1 + M02 ) (β/2)


(1)
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Noting that L = B(M ), we can write (8) as

which is a rectangular function with the range
M − ≤ M ≤ M+
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 ∞

(2)
2
C(τ )
σL

where

=

B(M1 )B(M2 )PM (M1 , M2 )dM1 dM2
−∞

β

M− = M0 − 1 + M02
2


β
M+ = M0 + 1 + M02
.
2

(3)
(4)

M0 is the specular slope and β is the angle subtended by the
source, in our case the Sun. Equation (2) has been derived in a
more rigorous fashion [11], assuming a quasi-monochromatic,
incoherent source of uniform intensity.

which is the same as (4) in [10].
We are now left to specify the joint probability density of
the random variables M1 = M (x1 ) and M2 = M (x2 ), with
2
. Assuming that the surface slope is a zero-mean
variances σM
process, we have for PM (M1 , M2 ) [12]
PM (M1 , M2 ) =

C. Relationship Between the Glint and Slope Autocorrelations
In defining the forward model, we require a connection
between the measured quantity L(x) and the surface slope
M (x).
Given that we have the random variable L = L(x) with
2
, we can take from L two further random variables
variance σL
L1 = L(x1 ) and L2 = L(x2 ). We may conclude also that L2
is just L1 which has been shifted by the amount τ = x2 − x1 .
One quantity that we can calculate directly from L(x) is the
2
C(τ ), which is related to L(x) by
glint covariance σL

(9)

1
2
2πσM
1 − Q2 (τ )


M12 − 2Q(τ )M1 M2 + M22
× exp −
2 [1 − Q2 (τ )]
2σM

where Q(τ ) is the correlation of M1 and M2 , and we have for
the glint covariance
 ∞
2
C(τ ) =
σL
−∞

B(M1 )B(M2 )
1 − Q2 (τ )

2
2πσM



M 2 −2Q(τ )M1 M2 +M22
× exp − 1 2
dM1 dM2 .
2σM [1 − Q2 (τ )]
(11)

2
σL
C(τ ) = L1 L2 

 ∞
L1 L2 PL (L1 , L2 ) dL1 dL2

=

(5)

If we integrate over M1 , we get

−∞

where PL (L1 , L2 ) is the joint probability of having glint values
L1 at x1 and L2 at x2 . Since L(x) is a binary process, the
integral in (5) can be replaced with
2
σL
C(τ ) =

1 
1




(i) (j)
(i)
(j)
L1 L2 PL L1 , L2

(6)

i=0 j=0
(i)

(j)

where L1 = i at position x1 , and L2 = j at position x2 , and
(i)
(j)
PL (L1 , L2 ) is the joint probability of L(x) having values
(i)
(j)
L1 at x1 and L2 at x2 .
From (6), we can see that only one term in the summation
is nonzero, for which i = j = 1. The glint covariance then
becomes


(1) (1)
(1)
(1)
2
(7)
C(τ ) = L1 L2 PL L1 , L2 .
σL
We can reasonably assume that the joint probability that there
are glints at both x1 and x2 (i.e., L1 = L2 = 1) is just the joint
probability that the slopes at these points are both within the
range specified by the glitter function, i.e.,
 M+
2
σL
C(τ )

=

(1)

(1)

L1 L2 PM (M1 , M2 )dM1 dM2 .
M−

(10)

2
σL
C(τ )

=

∞

1
2
8πσM

B(M2 ) [erf(ξ+ ) − erf (ξ− )]
−∞



M2
× exp − 22 dM2
2σM

(12)

where
ξ+ =

M+ − Q(τ )M2
2
2σM

[1 −

Q2 (τ )]

ξ− =

M− − Q(τ )M2
2 [1 − Q2 (τ )]
2σM

.

D. Relationship Between the Glint and Slope Variances
In order to normalize the glint covariance (12), we need to
calculate the glint variance
∞
2
σL

[B(M ) − µL ]2 PM (M )dM

=

(13)

−∞

where the glint mean µL is
∞

(8)

µL =

B(M )PM (M )dM
−∞

(14)
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TABLE I
THEORETICAL, SIMULATED , AND RETRIEVED GLINT MEANS µL FOR
SEVERAL SOLAR ZENITH ANGLES θ0 . THE RETRIEVED SLOPE
STANDARD DEVIATION IS σM = 0.2126, WHERE THE
ORIGINAL VALUE WAS σM = 0.2121

Fig. 3. Theoretical relationships between C(τ ) and Q(τ ), for several solar
zenith angles.

and
PM (M ) =

1
2
2πσM



M2
exp − 2 .
2σM

(15)

Expanding (13), we have

for example, the case of θ0 = 0◦ is ill-posed, in that the inverse
relationship between the glint and slope autocorrelations is multivalued for this particular geometry. In such a case, a different
geometry, for which the inverse relationship was single valued,
would need to be used.
Once we have the retrieved slope autocorrelation, the elevation autocorrelation is obtained using the relationship [13]

∞
2
σL

B 2 (M ) − 2B(M )µL + µ2L PM (M )dM.

=

2
Q(τ ) = −ση2
σM

−∞

Noting that B 2 (M ) = B(M ), we can write the glint variance
in terms of the glint mean
2
σL
= µL (1 − µL )

where we calculate µL as

M+
1
µL =
erf √
2
2σM

M−
− erf √
2σM

d2 R(τ )
.
dτ 2

(18)

A Fourier transformation is then used to convert this to the
elevation power spectrum Ψ(k).

(16)
IV. S IMULATIONS

.

(17)

III. I NVERSE M ODEL
As we have seen in the previous section, the expression for
C(τ ) is specified by (12), (16), and (17), respectively. Given
2
, and C(τ ), we are
that we can experimentally measure µL , σL
left to use this information, along with (12), (16), and (17), to
2
and Q(τ ).
retrieve σM
2
is retrieved by fitting the curve given
The slope variance σM
2
by (17) to the measured values of the glint mean µL , with σM
as a fitting parameter.
Once we have retrieved the slope variance, we can use it in
(12) to calculate the theoretical relationship between C(τ ) and
2
2
and σM
. Shown in Fig. 3 is the
Q(τ ), for the variances σL
theoretical relationship between C(τ ) and Q(τ ) for the case
of σM = 0.2121 for several values of θ0 , θd = 0◦ , and the glint
mean given by (17). For the given slope and glint variances, the
curves in Fig. 3 correspond to the ideal relationship between
C(τ ) and Q(τ ).
For a particular solar zenith angle, the slope autocorrelation
Q(τ ) is retrieved by stepping through the glint autocorrelation
values C(τ ) for each value of τ , and using the correct curve in
Fig. 3 to find the corresponding value of Q(τ ). We can see that,

A series of simulations were performed to test the retrieval of
2
and Q(τ ). To this end, 10 000 surface elevation realizations
σM
η(x) were generated, with each surface having 65 536 points,
∆x = 0.2 cm, ση = 13 cm, the power spectrum
 2 2
√
l k
2
2
Ψ(k) = l πση exp −
4

(19)

and the correlation length
√
l=

2ση
.
σM

(20)

The correlation length was adjusted such that the resulting slope
realizations had the standard deviation σM = 0.2121.
The forward glint model, as represented by the glitter function (1), was applied to the slope realizations M (x) to produce
multiple glint realizations L(x), for the solar zenith angles θ0 =
10◦ , 20◦ , 30◦ , 40◦ , and 50◦ . A detector zenith angle θd = 0◦ was
used. Realization averaged glint autocorrelations and variances
were calculated from the glint realizations for each solar zenith
angle.
Shown in Table I are the theoretical, simulated, and retrieved
glint means, for each solar zenith angle. We can see that there
is good agreement between the simulated and theoretical glint
means, where the theoretical values were calculated using (17).
We also note that the retrieved slope standard deviation of
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Fig. 4. Theoretical and simulated relationships between C(τ ) and Q(τ ), for
θ0 = 30◦ .

Fig. 5.

Theoretical and retrieved slope autocorrelations Q(τ ).

σM = 0.2126 is in good agreement with the original value
σM = 0.2121.
In Fig. 4 is the theoretical relationship (12) between the
glint and slope autocorrelations (solid line), using the simulated
µL and retrieved σM from Table I, for θ0 = 30◦ . Also shown
(triangles) is the relationship between the simulated glint autocorrelation and the theoretical slope autocorrelation. While the
comparison between these two curves would not be possible
in actual experimental conditions, in this simulation exercise,
it provides a useful way of quantifying the way in which the
variability in the simulated (measured) glint mean, and in
the retrieved slope variance, affect the quality of the retrieval.
The simulated data generally fall below the theoretical curve,
and as a result there will be a negative bias of the retrieved slope
autocorrelation as τ approaches infinity. This effect is most
pronounced where the C(τ ) − Q(τ ) gradient is the smallest,
in that a small perturbation in the value of C(τ ) results in a
large change in the value of Q(τ ). It is for this reason that this
value of θ0 was chosen, as it has a steeper gradient overall in
the critical range −0.4 ≤ Q(τ ) ≤ 0.8.
Shown in Figs. 5–7 are the theoretical and retrieved slope autocorrelations, elevation autocorrelations, and elevation power
spectra, respectively. We observe that for each of these quantities, the theoretical and retrieved curves are in good agreement.
However, in Fig. 5, we can see that for large τ the retrieved
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Fig. 6. Theoretical and retrieved elevation autocorrelations R(τ ).

Fig. 7. Theoretical and retrieved elevation power spectra Ψ(k).

Q(τ ) does not tend to zero, but to some finite amount. This
is a direct consequence of the variability in the theoretical
2
2
and σM
as input paraC(τ ) − Q(τ ) relationship, which has σL
meters. This highlights the need for the accurate determination
of the glint variance and autocorrelation, and hence the slope
variance.
Since both the elevation and slope power spectra for a
realistic ocean surface would be bandlimited, we expect that the
corresponding autocorrelations would show similar behavior.
Specifically, Q(τ ) and R(τ ) should tend to zero in the limit of
large τ . To ensure that the retrieval satisfied this requirement, a
Butterworth lowpass filter was applied to the slope autocorrelation, and the filter cutoff was adjusted until R(τ ) and R (τ )
approached zero for large τ .
In this paper, we have examined the sunglint retrieval model
presented in [10], and we have seen that it is successful in
retrieving elevation wavenumber power spectra from glint data.
However, we believe that the original model as published
contained an error in the calculation of the glint mean µL . Here,
we have calculated this quantity to be given by (17), whereas (4)
of [14] specified the glint mean as

µL = erf

M+
σM

− erf

M−
σM

.

(21)

2834

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 9, SEPTEMBER 2007

Fig. 8. Theoretical relationship between the glint mean and slope variance
(17), for several solar zenith angles.

Fig. 10.
surface.

Geometry of the specular reflection of sunlight from the ocean

azimuthal variation of S and D, so we are able to use our
1-D retrieval model. If we now apply our 1-D model along the
x-direction, the x-component of the specular slope is
M0x =

Fig. 9. Theoretical relationship between the glint mean and slope variance
(21), for several solar zenith angles.

Shown in Figs. 8 and 9 are the relationships between the
2
for several solar zenith
glint mean µL and slope variance σM
angles, where µL is given by (17) and (21), respectively. We
can see that for the slope standard deviation used both in this
paper and by Alvarez-Borrego (σM = 0.2121), (21) overestimates the glint mean for the smaller solar zenith angles, and
underestimates for the larger solar zenith angles.
V. B EAGLE G ULF E XPERIMENT
The sunglint inversion model described above was applied
to imagery obtained in a Defence Science and Technology
Organisation (DSTO) experiment in Beagle Gulf, north of
Darwin, attached to the NASA AIRSAR PACRIM2 field campaign. The images were obtained from a helicopter using a digital camera, for 12 azimuth angles and several detector heights.
Shown in Fig. 10 is the experimental geometry used. We now
have the 2-D surface elevation η(x, y) with variance ση2 . The
slope of this surface is given by Mx (x, y) and My (x, y), with
2
2
and σM
, respectively. The surface is illumivariances σM
x
y
nated by a source S with zenith angle θs , azimuth angle φs and
angular subtense β. The beam is reflected at the specular point,
at which the surface normal n̂ makes an angle θ with the zenith,
and reaches the detector D with angles θd and φd .
Because we are now dealing with a 2-D geometry, we
must alter our definition of the specular slope to include the

sin θs cos φs + sin θd cos φd
.
cos θs + cos θd

(22)

In this paper, the x-axis was taken to be along the plane of the
detector and the specular point, and as such we had φd = 0◦ .
Shown in Fig. 11 are the original, scaled and clipped images for
the angles θd ≈ 34◦ , θs ≈ 26◦ , and φs ≈ 165◦ , and a detector
height of approximately 300 m. The extent of the glint data
along the x-direction (along the columns of the image) was
approximately 190 m, and the subtense of the detector along
this direction was approximately 24◦ .
If we examine the original image [Fig. 11(a)], we can see that
there is relatively little contrast. This is due to the significant
level of upwelling optical radiation, reflected from the shallow
bottom present in Beagle Gulf. To facilitate the distinction
between glint features and bottom reflection, the image was
histogram equalized to produce Fig. 11(b). The process of
equalization attempts to balance the levels of occupancy of
the various gray levels in the image, thereby increasing the
contrast between features in an image, which would otherwise
have similar image intensities. In this way, we hope to reduce
the erroneous identification of bright pixels as glint events. We
then clip the equalized image to produce the binary image in
Fig. 11(c).
Once we obtained the binary image, the glint autocorrelation
and variance were calculated for each column of the image,
and averaged to reduce the effects of statistical noise. The glint
2
= 0.0038, from which a slope
variance was found to be σL
standard deviation of σM = 0.16 was retrieved. The glint and
retrieved slope variances, and the glint autocorrelation were
used in the sunglint model to retrieve the slope autocorrelation,
elevation autocorrelation, and elevation power spectrum, for
the column direction of the image, all of which are shown in
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Fig. 11. Shown in this figure are the (a) original, (b) scaled, and (c) clipped
images of the ocean surface in Beagle Gulf. The distance along the columns of
the images is approximately 190 m.

Fig. 12. Shown in this figure are the retrieved (a) slope and (b) elevation
autocorrelations, and (c) the retrieved elevation power spectrum, corresponding
to the images in Fig. 11.

Fig. 12. We note that the elevation power spectrum [Fig. 12(c)]
is similar in form to the Pierson–Moskowitz spectrum, which
is typical of oceanic wind waves. The spatial increment was
estimated to be approximately 0.5 m, and as such the retrieved elevation variance was determined to be approximately
ση2 = 0.2 m2 .

determine the correct relationship between the glint and slope
statistics, which was successfully inverted to determine the
slope and elevation autocorrelations and power spectra from
simulated 1-D sunglint data. The sensitivity of the retrieval
process was examined with respect to variations in the retrieved
value of the slope variance. Such variations resulted in the
retrieved slope autocorrelation tending to a finite value for
large lag, which is aphysical. A Butterworth lowpass filter was
applied to the retrieved slope autocorrelation, the specific form
of the filter being chosen so that the elevation autocorrelation
and its derivatives vanish for large values of the lag. The 1-D

VI. C ONCLUSION
In this paper, we have calculated a new expression for the
mean of the sunglint random process. This allowed us to
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inversion model was then applied to an image of sunglint, and
the elevation power spectrum for the column direction of the
image was successfully retrieved.
An inherent limitation of the retrieval model considered in
this paper, and indeed any retrieval method based on secondorder statistics, is that any phase information about the random
surface is lost. One consequence is that we are unable to determine the direction of wave travel, and we have no information
about the interactions between wave spectral components. To
alleviate this deficiency, we propose to generalize the model
described here to retrieve higher order statistical quantities,
namely the slope and elevation bispectra, which are dependent
on the skewness of these quantities. In addition to removing the
π radian ambiguity in the retrieved direction of wave travel for
moderately nonlinear surface waves (for example those present
in shallower coastal waters), this would allow the determination
of the relative contributions to the wave spectral components of
spontaneous excitation and nonlinear coupling.
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