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Abstract Fine-scale sea surface waves are of profound importance to a number of air-sea interaction
processes. Due to a number of reasons, there exists a great degree of difficulty in obtaining quality in situ
observations of these waves. This paper presents the application of a shipboard wave-sensing method
toward the following quantifications: regime-specific contribution to sea surface slope and sensitivity to
wind speed increases. Measurements were made via polarimetric camera, resolving waves with wave-
lengths ranging from 0.21 to 0.003 m (30 rad/m< k< 1750 rad/m). The gravity-capillary regime was found
to contribute the bulk of mean square slope during stationary wind conditions and supply the majority of
mean square slope growth during periods of increasing wind speed. Capillary waves were found to contrib-
ute approximately 5% of the overall surface roughness. Furthermore, capillary waves were found to be the
least sensitive to increases in wind speed. This implies that such waves saturate at low wind speeds (� 3 m/
s) and slow wind speed increases (� 0.02 m=s2). The slight roughness contribution from capillary waves and
significant contribution from gravity-capillary waves offers insight for scientists in the remote sensing field
and important information for the formation of new wave models.

1. Introduction

Gravity-capillary and capillary waves play an integral role in many physical processes by which the atmos-
phere interacts with the ocean. Their short-scale undulation of the water surface enhances gas flux [Frew
et al., 2004; Hara et al., 1998], facilitates the transfer of momentum between wind and waves [Plant, 1982],
and allows ocean surface features to be remotely sensed via microwave radar systems [e.g., Jackson et al.,
1992; Wright, 1978; Donelan and Pierson, 1987; Hwang et al., 1996; Romeiser et al., 1997]. Vandemark et al.
[2004], following earlier works, noted that gravity waves (k > 30cm) are assumed to account for 20%–30%
of all mean square slope, leaving a large share in the gravity-capillary and capillary scales. Previously, Phillips
[1985] stated as part of his investigation of wave spectra that short waves (although not capillary waves,
which were not considered in that paper) contribute heavily to sea surface slope. Hwang [2005] repeated
the well-established assertion that decimeter to centimeter short gravity and gravity-capillary waves (specif-
ically, those in the so-called intermediate range, 1 rad/m <k <316 rad/m) were the greatest contributors to
overall sea surface slope variance. Within that discussion, the author invoked a working hypothesis that cap-
illary waves may not contribute significantly to the mean square slope of the ocean surface, following a
statement to that effect from Plant [1982]. To wit: ‘‘. it has been speculated that capillary waves may not
contribute a significant portion to the ocean surface mean square slope but a definitive proof remains
unavailable.’’ In that same paper, the theoretical results of Wentz [1976] were cited, in particular, that the
sun glint measurements of Cox and Munk [1954] serve only as a lower bound for the mean square slope of
the ocean surface. Methods which target a particular wavenumber regime are typically employed to infer
total mean square slope because of the difficulty in measuring the bandwidth; Jackson et al. [1992] pre-
sented mean square slope measurements that were obtained from the ROWS ku-band altimeter. Those val-
ues, although lower and less wind-sensitive than the densitometer-obtained results of Cox and Munk [1954],
have been useful in the characterization of the sea surface over a variety of wind conditions. In spite of the
fact that the body of roughness and short-wave data has grown considerably since the time of Cox and
Munk’s work, recent studies of this topic [Bringer et al., 2013; Caulliez and Gu�erin, 2012] have underlined the
need for further observation of gravity-capillary and capillary waves, especially in the field. Bringer et al.
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[2013] noted large discrepancies between the model spectra of Elfouhaily et al. [1997] and Kudryavtsev et al.
[1999] at high wavenumbers and called for the development of a new short-wave spectral model. They
argued that neither the Elfouhaily nor the Kudryavtsev model described the normalized radar cross-section
(NRCS) with consistency, even with the addition of an improved scattering model. In a similar vein, but to
different effect, Caulliez and Gu�erin [2012] stated that new spatial wave measurements are needed in order
to characterize sea surface statistics, especially those which seek to describe the structure and geometry of
the ocean surface.

Due to the small amplitude and short wavelength of these waves and other characteristics (two-dimen-
sional propagation and Doppler shifting by longer, faster waves) [Hara et al., 1994], their measurement has
been a difficult task in the laboratory and the field. According to J€ahne and Riemer [1990], it is advantageous
to measure the slope of the water surface as opposed to its elevation due to the smaller dynamic range of
the slope signal. Given these and other considerations, Zappa et al. [2008] proposed a method by which the
sea surface slope might be inferred from the polarization of light reflected from its surface. The polarimetric
slope sensing (PSS) method offers a host of opportunities to those wishing to address scientific questions
about the fine-scale structure of the ocean surface. The PSS method provides a unique mode of observation
for field wave measurements that is both sensitive enough to resolve capillary waves and rugged enough
to survive the motions of the observation platform. The camera apparatus has no in-water component; as

Figure 1. (a) R/V F.G. Walton Smith at dock in Gulfport, MS, (b) View of polarimeter mounted on starboard rail of 01 deck of the Walton
Smith, (c) Meteorological mast mounted above pilot house; the Gill R2A sonic anemometer atop the mast served as our wind speed sen-
sor, (d) Locations of polarimetric acquisition, GLAD. Green dots represent areas used in the stationary wind forcing analysis and red dots
represent areas used in the nonstationary wind forcing analysis. The white annulus represents the location of NDBC buoy 42040.
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such, platform effects and other distorting influences may be minimized by orienting the device sufficiently
far away from the ship. The method allows for time-dependent evaluation of spatial slope spectra, enabling
analysis of sea surface waves in nonstationary conditions. Field data used in this paper were collected
aboard the R/V F.G. Walton Smith during the Grand LAgrangian Deployment (GLAD), an upper-ocean drifter
experiment that took place during the Summer of 2012. GLAD is discussed in greater detail within Olas-
coaga et al. [2013] and Poje et al. [2014].

In section 2.1, the polarimeter and accompanying sensors used during the GLAD field experiment are
described. A brief introduction to the PSS method, including its general framework and the underlying
theory, is presented in section 2.2. The specific application of Fourier analysis used is described in section
2.3. Results of the PSS method are studied to further investigate the behavior of the sea surface in stationary
wind conditions, beginning with two-dimensional saturation spectra, omnidirectional slope spectra, and
mean square slope given section 3.1. Section 3.2 shifts to an exploration of results from decidedly nonsta-
tionary wind forcing, focusing instead on naturally observed steady wind speed increases. Section 4 con-
tains a summary of this work and a discussion of its future applications.

2. Methods

2.1. Field Observations: The GLAD Experiment
The Grand LAgrangian Deployment, or GLAD, was a large-scale surface drifter experiment executed over 3
weeks in July and August of 2012 in the northern Gulf of Mexico. The entire study was part of a larger effort

Figure 2. Wind and wave conditions in the vicinity of the ship during data acquisition. Data taken from NDBC buoy 42040 exist as 1 hour
averages; wind speed and direction measurements collected aboard the R/V F.G. Walton Smith have been organized into 1 hour averages
for this figure. (a) Blue dots indicate U10 as measured by the R/V F.G. Walton Smith; red dots indicate U10 as measured by NDBC buoy
42040. (b) Black dots indicate wind direction as measured by the R/V F.G. Walton Smith; green dots indicate wind direction as measured
by NDBC buoy 42040. (c) Hs as measured by NDBC buoy 42040. (d) Dominant wave period as measured by NDBC buoy 42040 during times
of polarimetric data acquisition.
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by the Consortium for Advanced Research on Transport of Hydrocarbon in the Environment, or CARTHE, to
better understand the transport and mixing of oil in the upper ocean. During GLAD, over 300 GPS-tracked
surface drifters were released in near-simultaneous deployments. These deployments were designed to
enhance the understanding of motions ranging from 100 m to 100 km in scale. In between drifter release
operations, the sea surface was imaged using the rail-mounted polarimeter. The device was oriented off the
starboard bow of the R/V F.G. Walton Smith during the experiment (Figure 1). Polarimetric data acquisition
during GLAD was designed to target phenomena at the smaller spatial scales unresolved by the drifter
deployment (Oð1Þ meter and smaller) but still important to upper ocean transport and mixing. It was also
necessary to measure the wind forcing for a more complete characterization of the sea surface. To this end,
an additional mast was installed above the pilot house for enhanced meteorological measurements. Wind
speed was measured by the Gill R2 sonic anemometer. Additionally, an infrared camera was colocated with
the polarimeter.

2.2. Polarimetric Slope Sensing
In order to properly observe gravity-capillary and capillary waves, it is almost always necessary to use a
near-synoptic spatial data acquisition method [Hara et al., 1994; Hwang, 2005]. Doppler shifting of short-
scale waves by longer, faster ones is extremely difficult to quantify. Researchers have attempted to work
around this issue by equipping a free-drifting buoy with wave gauges [Hwang, 2005]. The methods of this
paper, however, involve use of a polarimeter (in the style of Zappa et al. [2008]), which images the sea sur-
face, gathering spatial data in a functionally synoptic fashion. This sensor encloses a single lens, a beamsplit-
ter, and three CCDs that each acquire images of 640 by 480 pixels at 54 Hz (integration time of 16.56 ms) in
one of the following three linear polarization states: 0, p=2, and p. The concluding section of Zappa et al.
[2008] states that, in the presence of ocean swell, an integration time of less than 0.1 ms is needed to avoid
motion blur in the capillary waves. Visual inspection of the camera images did not reveal any perceptible
amount of motion blur. While no direct measure of swell presence was made aboard the R/V F.G. Walton
Smith, the wave information pulled from a nearby NDBC buoy (#42040) indicates that swell was either mini-
mal or absent throughout the bulk of the experiment. Specifically, the dominant wave period only sur-
passed 4 s once during camera acquisition and Hs remained below 1 m throughout the experiment,
hovering around 50 cm during most of the cruise (Figure 2). Polarimetric data acquisition was never exe-
cuted within 80 km of the shore, allowing for sufficiently large fetch regardless of wind direction. Wind
speed, wind direction, and peak wave direction are also plotted in Figure 2; a great degree of spatial uni-
formity was found in the wind field, owing to the agreement in wind speed magnitude and direction
despite the ship and buoy separation of 50–100 km throughout the experiment. The ship-based wind data
were used in all of the analysis that follows.

Before processing, each frame is projectively transformed to the ocean surface plane and trimmed to a 640
by 640 pixel image. Intensity information outside of this range is not considered. Due to the camera acquisi-
tion angle of 498 below the horizontal, features at the top of each image are stretched more than those at
the frame’s bottom. This may cause noise to contaminate the intensity data at different scales across the
sampling region, however, such a process is necessary for maintaining a homogeneous spatial scale
(�0.001708 m/px) across the image. While the effects of the ship’s motion were not directly taken into con-
sideration for this projection, calculation revealed that the pixel resolution varies by less than 9% for 58 pitch
and roll (the maximum pitch and roll observed during the experiment). Subpixel information is lost by the
cameras, however, preventing resolution below the Nyquist wavenumber of �1750 rad/m (minimum
resolvable scale of �3.59 mm). In Zappa et al. [2008], the authors make use of simplified M€uller calculus to
interpret the images taken from a camera apparatus able to simultaneously acquire in three different linear
polarization states (here 0, p=2, and p, as seen in Figure 5.

The light intensities as measured by the cameras are used in the explicit determination of the Stokes param-
eters. These parameters form elements of the Stokes vector).

S05I01Ip=2

S15I02Ip=2

S252Ip=42S0

(1)
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I0, Ip=4, and Ip=2 are the light intensities at 0, p=4, and p=2 radians, respectively. From two of these Stokes
parameters, S1 and S2, it is possible to compute the polarization orientation U. This value is p=2 from u, the
angle made by the intersection of the plane of reflection and the image plane.

U5
1
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arctan
� S2

S1

�
u5U1

p
2

(2)

From M€uller calculus, it is possible to determine the reflective properties of the surface from the Stokes
parameters. Specifically, with the assumption that upwelling radiation may be neglected, one may obtain a
relation between the degree of linear polarization, or DOLP, and the Fresnel reflection coefficients rk and r? .
In short, this gives the user the ability to relate the computed Stokes parameters to the angle of incidence
of the observed light. For diffuse (that is, nonlocally concentrated), uniform illumination of the air-sea inter-
face, this angle of incidence is in fact the orientation of the reflecting surface with respect to the camera.
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With these two angles, incidence and polarization orientation, one may define the slope in two dimensions
for each point. The result of these computations is (for each triplet of synchronous frames) a two-
dimensional slope field; that is, an array of slope vectors r!ðx; yÞ defined at each image pixel. The corre-
sponding spatial resolution is determined by the number of pixels, the camera’s location with respect to
the water surface, and the lens used. Chief among the assumptions made in these calculations are the fol-
lowing: that the light incident on the water surface is unpolarized and that upwelling radiation is negligible.
These assumptions were found to be appropriate for many conditions during the GLAD experiment.

Figure 3. (a) Camera frame, p=4 polarization, (b) camera frame, p polarization, (c) camera frame, 0 polarization, and (d) computed slope
field.

Journal of Geophysical Research: Oceans 10.1002/2014JC010403

LAXAGUE ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 3144



2.3. Spectral Analysis
The spatial Fourier transform of the
two-dimensional slope fields will yield
information about the directional dis-
tribution of energy within that imaged
area of the water surface. For this
paper, x (kx) represents displacement
(magnitude in wavenumber space)
forward along the longitudinal axis of
the ship. Similarly, y (ky) represents dis-
placement (magnitude in wavenum-
ber space) off the starboard bow.
Given a two-dimensional slope magni-
tude array rðx; yÞ5k r!ðx; yÞk, where
r!ðx; yÞ is the two-dimensional slope
vector field defined at location on the
water surface (x, y), one may compute
its corresponding two-dimensional
wavenumber slope spectrum Pðkx; kyÞ,
with dimensions of meters squared.
The symbol d represents the camera’s
spatial resolution in meters per pixel.

Figure 4. Comparison of elevation spectra produced from the polarimeter and the
wavelet directional method (WDM) results from Donelan et al. [2010] within ASIST.
Red asterisks represent the polarimetric spectrum and the blue line represents the
WDM spectrum; black error bars about the polarimetric data points indicate 95%
confidence intervals. Wind speed condition: Uflume 5 5.0 m/s at z 5 30 cm
(U10 5 7.6 m/s).

Figure 5. (a) Computed slope field from Figure 3d, (b) 2-D slope spectrum, (c) 2-D saturation spectrum oriented about wind direction, in the style
of J€ahne and Riemer [1990], (d) omnidirectional slope spectrum P(k). Error bars indicate 95% confidence intervals.
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and P(k) is the omnidirectional slope spectrum. P(k) is alternatively equivalent to k2SðkÞ,

where S(k) is the omnidirectional elevation spectrum. The mean square slope may be computed by inte-
grating the slope spectrum over a desired wavenumber range. This property will be taken advantage of as
the paper progresses. The two-dimensional saturation spectrum Bðkx ; kyÞ is a dimensionless spectrum com-
monly used in the study of gravity-capillary and capillary waves. This may be alternatively represented in a
form convenient for these purposes as k2Pðkx ; kyÞ.

2.4. Laboratory Validation
In order to validate our execution of the PSS method and the associated spectral analysis, supplementary polari-
metric data were collected in the Air-Sea Interaction Saltwater Tank (ASIST) facility. The same camera used during
GLAD was operated above the wave tank. The same acquisition and processing codes were employed. For rea-
sons described in section 1, it is difficult to correctly describe fine-scale surface features using a point elevation
gauge and traditional time series analysis. As a result, the wavenumber spectra computed in Donelan et al. [2010]
were chosen for comparison. The data that produced those spectra were obtained in the ASIST facility (at the
same fetch as the polarimeter data) from colocated point slope and elevation gauges and processed using the
Wavelet Directional Method (WDM) of Donelan et al. [1996]. The WDM makes use of the phase difference in
measurements between closely-positioned wave gauges in order to obtain spatiotemporal information about the
wave field. In Donelan et al. [2010], the colocated point slope and elevation time series data described the first
two terms of a Taylor series about the measurement location; this produced four virtual wave staffs (d50:01mm
separation). A stage in the WDM process involves the application of a wavenumber vector to each particular fre-
quency band throughout the time series, resulting in a wave observation method that accounts for the Doppler-
shifting effects of long-wave advection. A single condition, corresponding to U10 of 7:6m=s, was selected as it
was the only wind speed case that corresponded with the laboratory-obtained polarimetry and fell within the
measured range of wind speeds from GLAD. Figure 3 displays the WDM-produced omnidirectional elevation
spectrum alongside the corresponding polarimetric spectrum SðkÞ5k22PðkÞ. The spectra agree well across wave-

numbers ranging from 150 rad/m to 6000
rad/m despite the fact that the data were
not obtained simultaneously.

2.5. Quality Control and Data
Selection
2.5.1. Preliminary Quality Control
In order to reduce the effect of glint-based
image saturation on the slope measure-
ments, instances in which one of the three
frames saw more than 50% of the image
saturated with brightness were not used
for calculations. Sun glint-contaminated
frames (saturation >50%) account for less
than 1% of the total images captured. Fur-
thermore, Figure 4 shows some of the
nonphysical MSS values that may be
obtained from glinty frames. In a similar
vein, only those times during which the
wind originated from bow to stern on the
starboard side were considered during

Figure 6. Variation of mean square slope with respect to percent image satura-
tion. The vertical axis represents mean square slope; the horizontal axis repre-
sents the percent saturation (percent of frame with pixel values 5 255) in the
brightest of the three polarimetric images. The minimum and maximum mean
square slope values for the observed wind speed range (as computed via the
linear fits of Cox and Munk [1954]) are given.
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slope computation. Through these meth-
ods of quality control, the effect of the
measurement platform on the measure-
ments themselves is minimized. Addition-
ally, there is a reduction in the incidence of
spurious wave slope values calculated from
significantly saturated frames. Unfortu-
nately, the high temporal resolution six
degree-of-freedom motion package failed
during the experiment, so direct covariance
measurements were not possible. This fail-
ure also hampered motion-dependent
image rectification of polarimeter frames,
making frame-by-frame analysis and com-
parison all but impossible. For this reason,
polarimeter results are presented either
over reasonably long averaging times (sta-
tionary cases) or as linearized rates of
change (nonstationary cases). For better
comparison with other results, wind speed
measurements were referenced to their

corresponding 10 m neutral values using the method of Smith [1988]. During an evaluation of the effects of this
method on the data set, the difference between the 10 m referenced values and the 11.4 m measured values
was found to be negligible (� 1%) for all wind conditions.

2.5.2. Data Selection: Stationary Wind Forcing
Traditional wave spectral analysis requires stationary wind forcing (which is to say wave) conditions. For an
appropriate comparison, the presentation of results begins with a focus on periods of quasi-stationary

Figure 8. Along-wind slope distributions from four reasonably-spaced wind speed conditions. U105 (a) 1.888 m/s, (b) 4.941 m/s, (c)
7.039 m/s, and (d) 9.225 m/s. The black dots represent the polarimeter-obtained slope distributions; the red lines represent the Gram-
Charlier-modified Gaussians used by Cox and Munk [1954] and Cox and Munk [1956]. The parameters of that expansion were provided by
Br�eon and Henriot [2006], with mean square-slope values provided by the polarimeter.

Figure 7. Mean square slope plotted against wind speed. The black and green
dots represent the polarimeter-obtained along and cross-wind mean square slope,
respectively. The red solid and dashed lines represent the linear fits for along and
cross-wind (respectively) from Cox and Munk [1954] and Cox and Munk [1956]. The
blue solid and dashed lines represent the linear fits for along and cross-wind
(respectively) from Br�eon and Henriot [2006].
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winds within the GLAD experiment.
For this purpose, it was necessary
to select relevant time intervals
with consistency and to maintain
as high a level of quality control as
the field allowed. Intervals no
shorter than 1 min during which
the measured wind speed was
shown to be stationary were con-
sidered here. These periods are
hereafter referred to as ‘‘cases’’ for
brevity. Stationarity was evaluated
using the Augmented Dickey-Fuller
(ADF) test. The ADF test has been
shown to outperform other meth-
ods in the stationarity evaluation of
simulated time series data [Choi,
2001]. In order to minimize the dis-
torting effects of the ship on the
measurements, cases with unfavor-
able wind direction conditions
were neglected. Specifically, those
times during which the wind direc-
tion was oriented on the port side
(leaving the polarimeter footprint
on the water sheltered by the ship)

Figure 10. Along-wind skewness and kurtosis (peakedness) in the style of Cox and
Munk [1954] and Cox and Munk [1956]. Following those works, the skewness parame-
ter c305 < n3 > and the kurtosis (peakedness) parameter c405 < n4 > 23, where n is
the wave slope normalized with respect to the root mean square slope, i.e., n5mx=rx .
The black dots represent polarimeter-measured values; the blue lines represent the fits
as obtained by Br�eon and Henriot [2006].

Figure 9. Cross-wind slope distributions from four reasonably-spaced wind speed conditions. U105 (a) 1.888 m/s, (b) 4.941 m/s, (c)
7.039 m/s, and (d) 9.225 m/s. The green dots represent the polarimeter-obtained slope distributions; the magenta lines represent the
Gram-Charlier-modified Gaussians used by Cox and Munk [1954] and Cox and Munk [1956]. The parameters of that expansion were pro-
vided by Br�eon and Henriot [2006], with mean square-slope values provided by the polarimeter.
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were removed from consideration. Due to the high rate of data transfer through the board, the incidence of
drop-outs was prevalent; cases for which 99% or more of a sample’s frames were nonexistent were ignored
in order to maintain an acceptable level of data points for averaging purposes.

2.5.3. Data Selection: Nonstation-
ary Wind Forcing
Spectral analysis of ocean surface
waves measured by traditional, time-
series wave gauges requires station-
ary conditions over the sample dura-
tion (typically 5–60 min). The
polarimeter used in this study allows
for evaluation of high-wavenumber
directional wave spectra, omnidirec-
tional wave spectra, and integral
moments (for the purpose of this
paper, mean square slope) in nonsta-
tionary conditions because it uses
the 2-D spatial structure derived from
single images. For the purposes of
this study, focus has been directed to
periods of uniformly increasing wind
speeds (@

2 U
@t2 � 0); in a word, ‘‘ramps.’’

While constraining attention to periods
exhibiting this behavior neglects a good
deal of interesting phenomena, it pro-
vides an excellent platform for careful
study of nonstationary wind forcing

Figure 12. Omnidirectional saturation spectra. Color indicates U10 in m/s. Dashed
lines demarcate the four regimes described in Table 1. (a) Polarimetric data from this
study, (b) spectrum of Elfouhaily et al. [1997], (c) spectrum of Hwang [2011], and (d)
field-derived spectra of Yurovskaya et al. [2013].

Figure 11. Two-dimensional saturation spectra, four selected stationary cases. U105 (a) 4.228 m/s, (b) 4.941 m/s, (c) 6.175 m/s, and (d) 9.225 m/s.
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outside the laboratory environment.
In a style similar to that of the pro-
cess described in section 2.5.2, indi-
vidual ‘‘cases’’ were isolated by their
adherance to a simple model: nearly-
linear increase in wind speed with
stationary (and favorable) wind direc-
tion. Due to the reasonably large sep-
aration between the anemometer
and the ocean surface (11.4 m), there
exists a degree of ambiguity prevent-
ing the comparison of any single
gust to a corresponding change in
surface roughness. Flux footprints of
� 3:2 � 105m2 have been observed
at a measurement height of 10 m
above the mean water level
[H€ogstr€om et al., 2008]. It is difficult to
say with any degree of certainty
whether a quick change in wind con-
ditions would be directly associated

with the roughness observed in the polarimeter’s approximately 1 m2 footprint. For this reason, a method was chosen
that focused on nearly-linear wind speed increases of longer time scales (50–500 s). The filters applied in that section
aimed at the elimination of dark or saturated frames from consideration were also applied for the work mentioned here.

3. Results

3.1. Stationary Wind Conditions
The conditions defined in 2.5.2 allowed for the consideration of 26 cases representing polarimetric video
acquisition during periods of quasi-stationary wind forcing. The spatial distribution of these points can be
found in Figure 1d. Figures 9 and 10 give slope distributions for the stationary wind conditions. Slope distri-
butions are shown in comparison to the modified Gaussians of Cox and Munk [1954] (and updated for Munk
[2009] based on Br�eon and Henriot [2006]). Results from polarimetry appear to agree with the parameterized
distributions. The cumulants skewness and kurtosis are plotted in Figure 11 in comparison with the values
found by Br�eon and Henriot [2006]. In general, the observed polarimetric slope distributions are far more
peaked (although no more wind-dependent) than those found for the previously listed works. There is a
great deal of variability in observed skewness, although the paucity of data points corresponding to the so-
called ‘‘critical’’ value U10 > 7m=s (as in Jackson et al. [1992] and others) makes a proper comparison difficult.
In any case, the results of prior works seem to set an approximate lower bound for the values observed here.

3.1.1. Wave Slope/Saturation Spectra
In order to evaluate the wave observations gathered by the polarimeter, it is convenient and useful to compare
its measured wave spectra and associated moments with well-established model spectra and prior observa-
tions. Bringer et al. [2013] found the model spectrum of Kudryavtsev et al. [1999] to overestimate mean square
curvature (MSC) and normalized radar cross-section (NRCS). Whereas the spectrum of Kudryavtsev et al. [1999]
was based on a physical representation of the energy balance equation [Bringer et al., 2013], the spectrum of
Elfouhaily et al. [1997] drew its form from field and laboratory observations. For the comparisons presented
here, the empirically founded spectrum of Elfouhaily et al. [1997] was chosen because of its incorporation of
available field measurements in the high wavenumber domain sensed by the polarimeter. Additionally, the par-
ameterized spectrum of Hwang [2011] and the field-obtained spectra of Yurovskaya et al. [2013] have been
included for perspective. The spectrum presented in Bringer et al. [2013] is considered in later sections, but its
discontinuities at lower wind speeds prevent direct comparison for many of the conditions observed here.

To display the individual spectra from all the cases chosen would be prohibitively space-consuming; as a result, this
section will focus on condensing their information into more readily understandable graphics. For reference, an
example two-dimensional saturation spectrum is given in Figure 6c. The seemingly spurious off-wind values at

Figure 13. Short-wave peak wavenumbers, omnidirectional saturation spectra. Red
asterisks represent the results of this paper; black circles represent peak wavenumbers
from the Bringer et al. [2013] spectra; blue plus-signs represent peak wavenumbers from
the Elfouhaily et al. [1997] spectra; magenta triangles represent peak wavenumbers from
the observation-derived spectra of Yurovskaya et al. [2013]. The green line indicates 363
rad/m, the short-wave peak used in Elfouhaily et al. [1997] and many other works.
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around 100 rad/m are artifacts of the interpolation required to project the semicircular spectrum onto a square grid.
They do not have any noticeable effect on the omnidirectional spectra (see Figure 6d). A more detailed (and time-
averaged) version of the 2-D saturation spectrum may be found in Figure 7. No detailed analysis of the directional
spreading has been performed; however, this is a rich topic that deserves further time and study in the future. In the
style of Figure 9 from J€ahne and Riemer [1990] and Figure 8 from Hara et al. [1998], Figure 112a in this paper gives
the omnidirectional saturation spectra for each wind speed case. The other Figures 12b–12d correspond to Elfouhaily
et al. [1997], Hwang [2011], and Yurovskaya et al. [2013], respectively. The polarimetric spectra show a degree of vari-
ability, especially in low wind conditions. It is possible that surfactant plays a role in this variability, due to the likeli-
hood of large variability in surface film conditions across sampling locations. Frew [1997] demonstrated that
surfactant strongly dampens sea surface roughness (and therefore inhibits air-sea gas transfer) at low wind speeds.
No independent measure of surfactant was made, however, so a quantitative analysis is impossible. While the spectra
in Figure 12a do not fall off at centimeter scales at low winds as in the Elfouhaily et al. [1997] (Figure 1212b) or
Hwang [2011] (Figure 12c) spectra, they seem to agree with Hwang [2011] and Yurovskaya et al. [2013]
(Figure 12d) in the post peak spectral shape. Furthermore, the peak wavenumbers of the polarimetric
saturation spectra (Figure 13) nearly all fall below the 363 rad/m used in Elfouhaily et al. [1997], in fair
agreement with Bringer et al. [2013] over the range of 5–7 m/s. While the figures referenced are appro-
priate visualizations of the distribution of energy in each observed sea state, further work must be done
to draw quantitative conclusions from these data. In order to better understand the behavior, it is neces-
sary to focus on the wave regime-specific contributions to mean square slope.

3.1.2. Mean Square Slope
In this section, the subject of discussion shifts to the contributions to overall mean square slope by specific
wave regimes. Rather than using wavenumber bands determined by remote-sensing wavelengths or some

Figure 14. Mean square slope computed over four wavenumber regimes: (a) 37:1 < k < 117:1, (b) 117:1 < k < 371, (c) 371 < k < 1173,
and (d) 1173 < k < 1750. Red asterisks represent polarimetric data from this study, blue plus-signs represent the integrated spectrum of
Elfouhaily et al. [1997], black circles represent the integrated spectrum of Bringer et al. [2013], green asterisks represent the integrated spec-
trum of Hwang [2011], and magenta triangles represent data gathered from the integration of the Yurovskaya et al. [2013] field-derived
spectra.
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other metric, regimes are identified by
their dominant restoring forces. To wit-
short gravity, pure capillary, and
gravity-capillary waves correspond to
primary restoring forces of gravity, sur-
face tension, and a mixture of the two,
respectively. For the purposes of this
study, four regimes spanning from

k 5 37.1 rad/m to k 5 1750 rad/m (kNyq) have been chosen for further study. They are as follows: short grav-
ity (37:1 < k < 117:3), gravity/gravity-capillary (117:3 < k < 371), gravity-capillary/capillary
(371 < k < 1173), and pure capillary (1173 < k < 1750). At k 5 117.3 rad/m, the linear dispersion relation’s
gravity term is an order of magnitude larger than its capillary term. At k 5 1173 rad/m, the converse is true.
These definitions are also shown in table 1.

The breakdown of mean square slope contributions from the four, previously-mentioned regimes is
shown in Figure 14. Over all wind speed ranges, the two gravity-capillary regimes (Figures 14b and 14c)
together contribute the most to overall mean square slope and appear to be the most sensitive to wind
speed. This is in slight contrast to the mean square slope values computed from the Hwang [2011] and
Bringer et al. [2013] spectra, especially at low winds. The polarimetrically sensed short gravity wave
band of 37.1 rad/m <k < 117.3 rad/m (a) excludes a great deal of the sea surface gravity wave regime,
so care should be taken before one performs a direct comparison to other data, although results show
agreement with the mean square slope estimates from the Elfouhaily et al. [1997] spectrum. The polari-
metrically sensed pure capillary wave regime of 1173 rad/m <k < 1750 rad/m (d), extends sufficiently
far into high-wavenumber space that it may be compared with virtually any historical capillary wave
measurements. Although observed capillary-regime mean square slope values are higher than those
produced from the other spectra referenced here, they are still far and away the slightest contributors
to overall roughness, accounting for approximately 5% of mean square slope on average. This result
seems to confirm the earlier-referenced statement contained in Hwang [2005] following Jackson et al.
[1992], Walsh et al. [1998], and Vandemark et al. [2004]. Another method of examining the wavenumber
dependence of mean square slope over a variety of wind speeds involves calculating their cumulative
value over some sliding wavenumber range. Figure 15 shows the cumulative mean square slope

Table 1. Classification of Regimes by Wavenumber Range

Wavenumber Range Classification

37.1 rad/m <k < 112.7 rad/m Short gravity waves
112.7 rad/m <k < 371 rad/m Gravity-capillary waves, part one
371 rad/m <k < 1173 rad/m Gravity-capillary waves, part two
1173 rad/m <k < 1750 rad/m Pure capillary waves

Figure 15. Cumulative mean square slope. Color indicates U10 in m/s. Dashed lines demarcate the four regimes described in Table 1. (a)
Polarimetric data from this study, (b) integrated spectrum of Elfouhaily et al. [1997], (c) integrated spectrum of Hwang [2011], and (d) inte-
gration of the Yurovskaya et al. [2013] field-derived spectra. High cutoff wavenumber kmax is the upper limit of integration for the mean
square slope computation Cumulative < S2 > 5

Ð kmax

37:1 PðkÞdk.
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produced from polarimetry and
the three outside sources used in
Figure 12. The high wavenumber
cutoff kmax represents the upper
limit of integration for which the
mean square slope was com-
puted, i.e.,

Cumulative < S2 > 5

ðkmax

37:1

PðkÞdk

(7)
where the wavenumber value of
the lower limit of integration is, as
before, 37.1 rad/m. Figure 15 shows
a roughness separation between
wind speeds that rapidly widens in
the two interior, gravity-capillary
regimes. A tapering off in the pure

capillary regime is found consistently throughout the shown examples, displaying that wave regime’s minis-
cule roughness contributions as seen directly in Figure 14.

3.2. Nonstationary Wind Conditions
Following the identification of several instances functionally similar to the ramp model, the field was pared
down to 25 cases after quality control and an imposition of the conditions listed in section 2.5.2. While data
from all such periods is used in this paper (e.g., Figure 19), the case with the longest duration is shown in
Figure 16, with associated plots following in Figures 17 and 18.

3.2.1. Wave Slope Spectra
In order to properly visualize the wind’s effect on the wave spectrum, an approach different to the one
taken in section 3.1 must be taken. Rather than average over the span of a period of wind stationarity,
it is necessary to represent the shift of the sea state as the wind forcing conditions change. The spectro-
gram is a well-established visualization tool used in the study of dynamic processes. Because the

polarimeter-derived spectra may
be computed in such a short
amount of time, the spectrogram
windows may be as short as 17
ms. Five seconds was chosen in
order to reduce visual clutter and
to minimize the effect of ship
motions while preserving the
nonstationary aspect of the
ramps. Spectrograms for the cho-
sen example are shown in Figure
17. A plateau appears to develop
in the higher-wavenumber sec-
tion of the gravity-capillary; the
change in spectral shape no lon-
ger tracks the increasing wind
speed.

3.2.2. Mean Square Slope
Due to the nonstationary nature
of the cases considered in this
section, it is difficult, if not
meaningless, to compare these
polarimetrically obtained mean

Figure 16. Wind speed, selected ramp case. <@U
@t >� 0.0236 m=s2.

Figure 17. Wavenumber slope spectrogram corresponding to wind speed conditions
plotted in Figure 16. Solid lines demarcate the four regimes described in Table 1. Plot
represents the change of the shape and overall energy of the omnidirectional slope
spectra during the selected ramp case, with color corresponding to (dimensionless)
omnidirectional degree of saturation.
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square slope measurements to bulk
values obtained from steady condi-
tions. To reflect this change in the
nature of the data, the focus of anal-
ysis must shift. Part of that analysis
includes computing the cumulative
mean square slope (from section
3.1). Shown in Figure 18 is a repre-
sentation of the change in cumula-
tive mean square slope over the
changing wind speed shown in Fig-
ure 16. This approach to represent-
ing the wavenumber sensitivity of
sea surface roughness ties each sea
state to its particular wind speed
condition, rather than using the sim-
ple time progression of the spectro-
gram. Within Figure 18 is an
important piece of information:
cumulative mean square slope
increases steadily (on semi-log scale)
until the high gravity-capillary and

pure capillary regimes (k> 700 rad/m). This seems to coincide with the change in shape of the
omnidirectional curvature spectra computed from stationary wind conditions and shown in Figure
12a, which are similar in nature to Figure 12c (Hwang [2011] spectra) and Figure 12d (Yurovskaya
et al. [2013] spectra). This is not an entirely surprising result; the laboratory-derived spectra
shown in Figure 9 of J€ahne and Riemer [1990] also exhibit similar behavior in the high-
wavenumber regime.

In keeping with the linear model used for this section, one may simply examine the rates of
change of regime-specific mean square slope, framing the problem in a manner akin to the work
discussed in section 3.1. This approach involves the computation of rates of change of mean
square slope and rates of change of wind speed, as in Figure 19. The two intervals encompassing
the gravity capillary regime show strong sensitivity to changes in wind forcing. This echoes the
behavior found in the stationary study; similarly, the near-static behavior of roughness rates in the

pure capillary regime brings to
mind the observed mean square
slope values in stationary wind forc-
ing conditions.

4. Concluding Remarks

The observations described in this
paper offer an addition to the body
of sea surface wave data that is
both scientifically important [Bringer
et al., 2013] and useful [Hara et al.,
1998]. Results are in agreement with
the previously referenced statement
from Hwang [2005] (following Jack-
son et al. [1992], Walsh et al. [1998],
and Vandemark et al. [2004]) noting
that capillary waves are minor con-
tributors to mean square slope.
Results from both sections 3.1 and
3.2, especially those contained within

Figure 18. Cumulative mean square slope, selected ramp case. Dashed lines
demarcate the four regimes described in Table 1. High cutoff wavenumber kmax

is the upper limit of integration for the mean square slope computation
Cumulative < S2 > 5

Ð kmax

37:1 PðkÞdk.

Figure 19. Time-averaged rate of change of total mean square slope plotted against
time-averaged rate of change of wind speed, all ramp cases.
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Figures 14 and 19 appear to strengthen this statement. In all cases and conditions, capillary waves
were found to be the weakest contributors to overall surface roughness. Furthermore, capillary waves
were found to be the least sensitive to increases in wind speed, strongly implying that such waves
reach a level of saturation even at low wind speeds (� 3 m/s) and slow wind speed increases (�
0.02 m=s2). Gravity-capillary waves, however, were found to be strong contributors to sea surface
roughness, both in the stationary (bulk) sense and in the nonstationary (growth) sense. This result
further underscores the importance of gravity-capillary waves to processes of momentum transfer
between the atmosphere and the ocean.

The Polarimetric Slope Sensing (PSS) technique is a powerful method for measuring the spatial and tempo-
ral properties of short-scale waves. Interpreting the polarization of reflected ambient light to obtain sea sur-
face slopes allows for passive, unobtrusive observation of delicate phenomena in an environment that is
anything but delicate. The polarimeter is able to resolve waves well into the pure capillary regime without
altering their physical properties. Additionally, and importantly, the camera is robust enough to allow acqui-
sition aboard a moving vessel, allowing great latitude in the scientist’s directed observational efforts. Other
methods of fine-scale wave observation, including the laser slope/elevation gauge setup described in Done-
lan et al. [2010] or the slope-from-refraction technique used in J€ahne and Riemer [1990] (or more recently,
Kiefhaber et al. [2014]) offer high spatial and temporal resolution in the lab, but are not suitable for the field
environment.

Field measurements were collected in the northern Gulf of Mexico as part of the GLAD experiment of
Summer 2012. The PSS allowed for observation of sea surface waves in the short gravity, gravity-
capillary, and capillary regimes. Accompanying these data is a set of wind speed information corre-
sponding to times of wave data acquisition, resulting in a body of data that offers a unique glimpse
into the behavior of the air-sea interface under a variety of forcing conditions. A portion of the discus-
sion contained within Bringer et al. [2013] described the state of model wave spectra. Specifically, that
the disagreement between the energy balance-based spectrum of Kudryavtsev et al. [1999], the empiri-
cally based spectrum of Elfouhaily et al. [1997], and the parameterized spectrum of Hwang [2011] call
for further wave measurements in the gravity-capillary and pure capillary regimes. The spectra pro-
duced from polarimetric observations (and displayed in Figure 12a) are variable in their shape at low
winds. Discrepancies in the position of the short-wave peak exist, primarily between the field-obtained
spectra of Yurovskaya et al. [2013] and the model/parametrized spectra listed previously. In the wind
speed range of 5–7 m/s, the polarimetric results contained here seem to agree with the results of
Bringer et al. [2013] regarding the position of the short wave peak of the saturation spectrum. Specifi-
cally, both sources indicate that the peak lies below the 363 rad/m imposed in Elfouhaily et al. [1997]
and others. Further data acquisition is required to fill gaps in the wind speed record for a more com-
plete comparison between polarimetric results and those of the models/observations listed here. Addi-
tionally, the Doppler-shifting effect of background surface current has not been explored; a study
similar to this work that incorporates current measurements would add a great deal to the results pre-
sented here.

Acquisition of polarimetric imagery aboard the R/V F.G. Walton Smith during the GLAD experiment
produced a rich set of information. Great care was placed into quality control; rather than consider
the polarimetric data set in its entirety, the authors chose to isolate conditions that would be con-
ducive to producing high-quality data. A focus was placed on consistency; in the style of
laboratory-based work, the analysis is focused on stationary and linearly increasing wind speed
conditions. It should be reinforced that the majority of the data used here was collected in a small
region of time and space, specifically, in the near vicinity of 298 N, 888 W over a period of approxi-
mately three days. While this does constrain the data considered to a possibly narrow set of
instances, priority was placed in assuring high data fidelity and favorable environmental condi-
tions; the intent of the authors was to discriminate primarily on the basis of wind speed character-
istics and not on the properties of the location of acquisition. An important next step would
involve repeated, targeted measurements over several areas for a full evaluation of the physical
phenomena described.
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