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E-PSS: the Extended Polarimetric Slope Sensing
technique for measuring ocean surface waves

Nathan J. M. Laxague, Member, IEEE, 7. Goksu Duvarci,
Lindsay Hogan, Junzhe Liu, Christopher Bouillon, and Christopher J. Zappa

Abstract—Polarimetric slope sensing (PSS) is a powerful tool
for remote measurement of the spatiotemporal characteristics
of short surface waves. However, two key shortcomings have
negatively impacted the widespread adoption of the technique: (1)
the quality of the measurement may be sensitive to variability
in environmental illumination conditions and (2) waves longer
than the imager field of view are not reliably measured. We
present an extension of PSS— namely, the Extended Polarimetric
Slope Sensing (E-PSS) technique, which is robust to variation in
ambient illumination conditions and provides simultaneous access
to the directional spectrum for both long and short waves from
a single surface-looking, narrow FOV camera.

Index Terms—Polarimetry, ocean waves, wave slope sensing,
polarimetric slope sensing, wave spectra

1. BACKGROUND

HERE is a pressing need to measure the spatiotemporal

characteristics of short-scale surface waves. This require-
ment is primarily driven by the intimate connection between
these intermediate to small-scale waves and the local wind
forcing: surface waves with wavelengths between 1 cm to
10 m support a significant fraction of the wave form drag,
making them an essential mediator of air-sea momentum flux
[1]. It is fortuitous that radar-based remote sensing techniques
operate with electromagnetic wavelengths in this very range;
specifically, from HF radar down to k, band microwave
scatterometry [2]. This enables indirect measurement of wave
height, surface roughness, and wind forcing through interpre-
tation of signatures in the backscattered power [3].

However, the most commonly available techniques for mea-
suring the surface wave field are unable to adequately charac-
terize the energy or directionality of the surface wave field at
scales shorter than 10 meters. Surface buoys are by far the most
ubiquitous of in situ wave sensors, but even the small form-
factor Spotter buoys do not provide reliable directional infor-
mation beyond frequencies of 0.8 Hz (roughly corresponding
to surface wave scales of 2 to 3 meters) [4]. This leaves a
great deal of the surface wave spectrum which remains broadly
inaccessible to observation. There are several techniques which
have been developed to push the resolution of directional wave
measurements to smaller and smaller scales. Perhaps the most

N. J. M. Laxague is with the Department of Mechanical Engineering and
Center for Ocean Engineering, University of New Hampshire, Durham, NH,
USA e-mail: Nathan.Laxague @unh.edu.

Z. G. Duvarci is with the Center for Ocean Engineering, University of New
Hampshire; L. Hogan, J. Liu, and C. J. Zappa are with Lamont-Doherty Earth
Observatory of Columbia University; C. Bouillon is with Institut des Sciences
de la Mer, Université du Québec a Rimouski, Rimouski, QC, Canada.

Manuscript received XXX; revised YYY.

widely adopted of these is stereophotogrammetry [5], [6]. This
technique is able to recover the spatiotemporal characteristics
of surface waves ranging in scale from 100 meters down to 50
centimeters. While this is quite impressive, it still does leave
unresolved the shortest gravity and gravity capillary waves.
Polarimetric slope sensing (PSS) was developed by Zappa and
colleagues in 2008 [7] following decades of development of
the application of classical optical theory towards inferring
the shape of a free surface from the polarization state of
light reflected off of it [8]. PSS exploits the known (or at
least, modeled) relationship between the polarization state of
light reflected off an air-water interface and the geometry of
the reflecting facet. When repeated spatially (over an imager
field of view) and temporally (in short succession, as with
video), one is able to recover the spatiotemporal evolution of
the wave field down to very fine scales. Nevertheless— this
technique is susceptible to variation in illumination conditions
[7]. And as initially presented, PSS could reliably measure the
slopes of surface waves with wavelengths ranging from a few
millimeters up to one meter (but in practice, rarely larger) [9].

10 3
3 (%]
- <)
- o)
- >
©
— 10" =5 o9
) 3 stereo video g
L ] °
S - 2
a 0 .
= 107 5 polarimetry
S E
o -
e -
[}
107" 3
10_2 = 1 IIIII|T| oy ey LILBLLLLLL
1072 102 107 10° 10' 10°
spatial scale [m]
Fig. 1. Stommel diagram showing the spatiotemporal range of select wave

measurement techniques: polarimetric slope sensing, stereo video, and point-
like objects (buoys, fixed gauges). The black curve represents the gravity-
capillary linear dispersion relation. Note that the point-like objects provide no
direct access to spatial information.

The Stommel diagram shown in Figure 1 compares the
spatiotemporal ranges of select wave measurement techniques:
PSS, stereo-video, and point-like gauges. In order to obtain a
true spatiotemporal measurement of the surface wave field,
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Fig. 2. Fresnel curves, specifying the relationship between incidence angle (6;) and degree of linear polarization (DoLP) given variations in (a) fraction of

received radiance which is upwelling and (b) DoLP of sky-leaving radiance.

it is important for the observational technique to envelop the
gravity-capillary dispersion relation, here provided in the black
curve on Figure 1. The violet shaded region corresponding
to PSS is somewhat flexible: by increasing the imaging field
of view (i.e., by increasing the freeboard above the mean
sea surface), one may shift the region to the right, therefore
extending the effective maximally-resolvable temporal scale.
Practitioners of wave-sensing stereophotogrammetry have ex-
tended the effective temporal window of that technique through
time series analysis; e.g., Benetazzo er al. [10] employed the
maximum entropy method (MEM) technique [11] to their
surface elevation and slope estimates to infer the directional
spectra of waves larger than the stereo field of view.

II. METHODOLOGY

A core assumption baked into the single-camera appli-
cation of PSS is that sky-leaving radiance is unpolarized
and upwelling (surface-leaving, but scattered from below
the interface) radiance is negligible [7]. This allows one to
constrain the relationship between a measurement of degree
of linear polarization (DoLP) and the incidence angle (6;)
of the light ray. In practice, however, even small variations
in ambient environmental conditions can have a significant
impact on the relationship between the measured degree of
linear polarization and the incidence angle that one might infer
[12], [13]. In Figure 2(a), we show that even a small fraction
of radiance which is upwelling and unpolarized can have a
significant impact in compressing the DoLP that would be
measured by an imaging polarimeter. Conversely, as shown
in Figure 2(b), the effect of polarized sky-leaving radiance
is to raise the floor of the variation of DoLP across all
values of 6;. The combined effect of variable sky-leaving
and surface-leaving radiance is to modify this relationship.
One approach to solving this problem might be to triple the

number of imagers, including in one’s sensing suite a floating
polarimeter for obtaining upwelling light measurements and
a sky-oriented polarimeter for obtaining downwelling light
measurements [14]. This would allow one to incorporate
these measured values into the Fresnel reflection coefficients
and directly compute the relationship between DoLP and
0; following Mueller calculus. However, one of the greatest
benefits of polarimetric slope sensing is that it requires a
single camera with no in-water component and no sky-looking
camera. Adding additional requirements for in-water recovery
of light polarization and sky-looking state would render the
technique somewhat esoteric and limit it to specialists in the
field of environmental optics. Another approach might be to
have two cameras but rather than have one look at the sky and
one at the surface we make a measurement of our slope field
with a narrow field of view lens and have a second camera
alongside it to make a direct measurement of the relationship
between degree of linear polarization and incidence angle with
a wide format lens. This direct measurement of DoLP(6;)
would natively account for the sky leaving, the polarization
state of sky leaving radiance and the fraction of light which
comes up through the surfaced unpolarized. Furthermore, it
would also implicitly account for path losses to the polarization
state, making it an attractive option for airborne applications of
polarimetric slope sensing. We will address the viability of that
two-camera approach (and other sophisticated techniques, such
as "PSSm" [15]) later in the manuscript. For now, we focus
on attempting to solve our problem with a single downward-
looking, narrow field of view camera, setting the task before
us to correct for unpolarized upwelling radiance and polarized
sky leaving radiance in a way that is robust, flexible, usable
on already-collected datasets, and does not depend on having
multiple in water and sky looking imaging polarimeters.
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1.0 4 = ideal Fresnel curve

e 3vg. Observed DoLP(6;)

e jbid., empirical gain
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1.0

0.8
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Fig. 3. Top: variation of degree of linear polarization (DoLP) with incidence angle (6;) as computed through Mueller calculus or observed via polarimetric
camera. Bottom: spatial variation of DoLP provided no gain or an empirical gain.

Even under pristine laboratory conditions, a polarimeter
may not perform ideally (that is, show ideal response when
subjected to an integrating sphere/rotating linear polarizer
test). This may be due to a number of factors, among them
depolarization of light by optics or deviation of the sensor
from optimal sensitivity. Correcting for these persistent effects
is essential to making a good measurement [16], [9], [17],
[18]. During integrating sphere polarizer tests of our DoFP
detector, we found the normalized Stokes parameter amplitude
to be 0.81 (rather than the ideal 1.0). The difference between
S; and S> amplitudes was determined to not be statistically
significant (p = 0.74, N = 12). We found the mean Stokes
parameter to be slightly variable around zero (rms=~5%) with
a directional asymmetry between minima and maxima of the
Stokes parameters on the order of 2-3% of the amplitude.

This calibration is an important first step, though it will not
account for variability in the ambient illumination conditions.
We demonstrate an empirical approach to accounting for

variability in upwelling/downwelling radiance in Figure 3.
The violet curve in the top panel represents the relationship
between DoLP and 6; which would arise due to unpolarized
sky living radiance and no upwelling radiance. The gold
segment on that panel correseponds to the observed variation
of DoLP from the bottom to the top of the image frame as
averaged over a single ten-minute period. The range of 6; is
obtained directly from the known mounting geometry of the
instrument and the vertical angle of view for the camera-lens
combination (here 30°+2.7° for a 75 mm lens).

A corresponding snapshot of the full-frame DoLP is given
in the bottom left panel, marked with a label of "raw".
The empirical gain is simply the value by which the frame-
median DoLP needs to be scaled in order to yield the value
expected for zero upwelling radiance and unpolarized sky-
leaving radiance. After application of the empirical gain to
the time-averaged DoLP, we obtain the red segment in the top
panel. When that gain value is applied to the DoLP snapshot,
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Fig. 4. Temporal variation of east and north wave slope (sg & sn, respectively) along with the corresponding water surface elevation 77 computed via the

Fourier space inversion approach of equation 1.

we obtain the field shown in the bottom right panel.

Absent supporting independent information regarding up-
welling and sky-leaving radiance, this empirical approach
seems to be the most straightforward: the known orientation
of the camera defines the slope reference on a case-by-case
basis. Nevertheless, it is important that we demonstrate the
positive impact of this approach. The best way to accomplish
this would be to have a secondary measurement that could act
as a gold standard; however, the principal benefit of PSS is
that it is the sole established technique for field observations
of short to intermediate-scale ocean waves. During the Fall
and Winter of 2019-2020, a set of targeted measurements of
wind forcing, surface waves, and near-surface currents were
made at the Air-Sea Interaction Tower (ASIT) just south of
Martha’s Vineyard, MA [18]. As part of this campaign (here-
inafter "ASIT2019"), we obtained wind speed and turbulent
fluxes along with the water surface elevation time series via
near-infrared LiDAR. For some observational cases, we also
obtained the frequency-directional wave spectrum via bottom-
mounted ADCP. In order to demonstrate the efficacy of the
empirical gain approach, we will compare the wave height
and energy-weighted mean wave period obtained via LiDAR
measurements to the same quantities inferred from surface
slope field measurements.

The first step in this comparison is to infer the water surface
elevation time series from the time series of two-component
surface slope (e.g., east and north), as in equation 1:

0 =7 = £ [Flsed + Fisnd]) 1)

This inversion follows directly from small-amplitude water
wave theory, analogous to inversion techniques based on wave
orbital velocity/dynamic pressure [19] or wave slope [20].

10" 3
3 — lidar
] — E-PSS, no gain
. - E-PSS, lab gain
100 4 — E-PSS, emp. gain
|—I| -
N
& 1074
E 3
< i
"é 4
w -
1072 3
1073 3
3 1 LI Frrry 1 LI Frrry 1 rrrrn
1072 107 10° 10
f [Hz]
Fig. 5. Omnidirectional spectra computed from water surface elevation

timeseries obtained by LiDAR and E-PSS.

A demonstration of this approach is presented in Figure 4.
The east and north oriented slope components are provided
as dashed and dotted curves, respectively, while the red trace
indicates the resulting water surface elevation time series
n inferred from the slope time series. The corresponding
omnidirectional frequency spectra are provided in Figure 5.
Note that the frame size of L ~ 3 m limits the proper frequency
response above 0.35 Hz (wavelength = 4L).
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III. REsuLTS

From this point forward, we use the acronym E-PSS (Ex-
tended Polarimetric Slope Sensing) to describe a combina-
tion of (1) polarimetric slope sensing with a laboratory or
empirically-based modification to the DoLP(6;) relationship
and (2) the estimation of surface elevation via Fourier space
inversion of the slope time series. As shown in Figure 2b,
unpolarized sky-leaving radiance will elevate the lowest degree
of linear polarization that will be observed from a downward-
looking imaging polarimeter. However, we did not find there
be an elevated floor the measurements of DoLP made over a
range of ambient conditions (full sun to full overcast) during
the 2019-2020 ASIT field campaign. To be specific, we found
frequent occurrence of low (<0.1) values of DoLP for all
ambient illumination conditions, indicating that variability in
sky-leaving polarization state is likely to be of secondary
importance for PSS. However, given the somewhat large
values of empirical DoLP gain (1.2-1.7) used during our field
observations, upwelling radiance should not be neglected. This
is consistent with previous studies of upwelling radiance [21],
[22]. When one compares this range of DoLP gain values to
the Fresnel curves plotted in Figure 2a, we infer that for the
ASIT2019 observations which passed our quality control, less
than 10% of the radiance received by our imaging polarimeter
was unpolarized, upwelling radiance. Nevertheless, the exis-
tence of any such variation indicates that an approach which
allows for a dynamic gain (e.g., our empirical approach) to
have a significant advantage over the static laboratory-based
calibration. The benefit of using an empirical gain approach
is demonstrated in the scatter plot of Figure 6, wherein we
compare the significant wave height computed from LiDAR
and E-PSS-derived wave spectra. We compute the significant
wave height as four times the square root of the zeroth moment

of the wave spectrum, H,,,o = 4X ( fooO F(f) df) 1/2. The figure
legend contains pieces of key statistical information about the
comparison between LiDAR and E-PSS estimates. The no-
gain and laboratory-gain approaches provide significant wave
heights which are substantially lower than those produced
from the LiDAR measurements. However, the H,,( estimates
produced via empirical gain approach are appropriately close
to those obtained by LiDAR: R% ~ 0.75, RMSE ~ 33 cm, and
a fit slope of 0.94, indicating nearly one-to-one response. An
analogous comparison is provided in Figure 7, where we show
the mean wave period computed both from LIDAR and E-PSS
measurements. The energy-weighted mean wave period (Tg)
is defined in the following manner:

oy STEC) A .
JCF(f) df

Note that the E-PSS estimate of Tf is less sensitive than
H,,0 to the DoLP gain value: the frequency response is weakly
sensitive to the choice of gain, whereas the total energy
contained within the spectrum is quite sensitive to the gain.
The underestimation of Tg by E-PSS for moderate to long
wave periods is likely due to the method’s performance at
low frequencies. The Fourier space transfer function between
slope and surface elevation goes as k~! (¢ f72), requiring a

m_y
TE = —
mo

highpass filter to curtail the spurious magnification of energy
at low frequencies. We established a passband of 0.08 Hz
< f < 0.3 Hz; however, application of a lowpass filter is
redundant due to the spatial averaging inherent to the process
of computing the mean slope over our 2.5 m X 2.5 m field of
view (frequency corresponding to 4x the frame size of f.,; =
0.4 Hz).

3.0
none lab emp R
R2 = 065 0.63 067 L,
RMSE = 050 044 034 m ’
2.5 |slope = 051 058 0.82 il
bias = 005 0.06 -0.02m| ,7,

Hpo, E-PSS [m]

0.5 1.0 15 2.0
Hmo, lidar [m]

2.5 3.0

Fig. 6. Scatterplot comparing significant wave height (Hy,,0) estimates from
lidar and E-PSS for each of the three DoLP gain values. Dots mark individual
observations while lines represent the least-squares linear fits (with shaded
regions demarcating 95% confidence intervals). Key error metrics (computed
with respect to H,,, lidar) are given in the figure legend.

1 vz
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Fig. 7. Analogue to Figure 6 for energy-weighted mean wave period (Tg).
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Fig. 8. Upwind and crosswind mean square slope computed from wave slope fields given the three modes of DoLP gain application. Shaded regions demarcate
the 95% confidence interval about the mean. Black lines and shaded regions represent the least-squares fits and uncertainties of Bréon & Henriot [2006]. The

dashed blue trace marks values of mss computed from the spectrum of Elfouhaily ef al. [1997] [23] assuming a high wavenumber cutoff of 100 rad m

The joint probability density function (PDF) for upwind and
crosswind wave slope is approximately Gaussian. In the real
ocean, wind stress and long surface waves impact the short
wave slope distribution in a way that yields non-zero skewness
and kurtosis (peakedness). Cox & Munk [1954] accounted for
this by providing a Gram-Charlier polynomial expansion about
a Gaussian distribution [24], here provided in equation 3. We
omit the expansion’s higher-order terms. The quantities o,
and o, correspond to the standard deviations about the mean
of upwind and crosswind slopes, respectively. The independent
variables of the distribution, & and ¢, represent the crosswind
and upwind wave slopes normalized by the corresponding
wave slope standard deviation.

2 2
P(6.0) = £

2n0upTer exp( 2

1
1- 5621(52 -1

1
- 6&)3(53 -30)

1 4 2
+ sz =66 +3)

1 4 2
+szem(dt=652+3)

3)

Fen@ - D@ -1

The variation of upwind and crosswind mean square slope
(02, and o7, respectively) with ten-meter wind speed Ujg
observed during ASIT2019 is provided in Figure 8. The
three different colored segments indicate measurements of
mean square slope obtained given the three aforementioned

DoLP gain modes (no gain, laboratory-derived gain, empirical

-1

gain). Shaded regions on the three colored curves from our
measurements correspond to 95% confidence intervals about
the mean. The black line marks the results of Bréon & Henriot
[2006] [25] which are in close agreement with the classic
Cox & Munk [1954] [24] observations. The blue dashed
trace represents upwind/crosswind slope variance computed
from the wavenumber-directional spectrum of Elfouhaily et
al. [1997] assuming a high wavenumber cutoff of 100 rad
m~'. This semi-empirical model [23] was chosen because
it reproduces JONSWAP-type spectra [26] at intermediate to
long wave scales while upholding the wave slope variance
results of Cox & Munk [24] when integrated over all scales.

The joint PDF for upwind and crosswind wave slope was
computed for all ASIT2019 observational cases with the three
aforementioned DoLP gain modes. From these we obtained the
marginal PDFs: the upwind slope PDF and the crosswind slope
PDF. A selection of these (bin-averaged by ten-meter wind
speed Ujg) are shown alongside the Bréon & Henriot [2006]
[25] marginal PDFs in Figure 9. We performed a least-squares
fit of the Gram-Charlier expansion of a Gaussian (equation 3)
to each wave slope joint PDF. This exercise yielded the coeffi-
cients ¢p1 & co3 (correseponding to skewness) and caq, co4, &
¢y (corresponding to kurtosis). We present these coefficients
in Figure 10, bin-averaged by ten-meter wind speed Ujo and
shown alongside the results of Bréon & Henriot [2006] [25]
and Cox & Munk [1954] [24]. Colored segments correspond
to the results of E-PSS, with shaded regions representing the
95% confidence interval about the mean. The shaded regions
around the black traces of Bréon & Henriot correspond to
their empirically derived levels of uncertainty. In panel (f) we
provide the number of samples per wind speed bin ranging
from 5 to 40 per bin.
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Fig. 9. Slope probability density functions, upwind (a,c,e) and crosswind (b,d,f). Colored traces correspond to PDFs produced from field observations with
varying DoLP gain values. Black dashed traces correspond to Gram-Charlier distribution with coefficients taken from Bréon & Henriot [2006].
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Fig. 10. Coeflicients c;; of the Gram-Charlier expansion to the 2D Gaussian wave slope distribution. Coefficients correspond to skewness (c2; & co3) and
kurtosis (c40, co4, & c27) of the distribution. Colored traces represent values averaged in bins equally-spaced in wind speed, with shaded regions marking the
95% confidence interval about the mean. Black curves represent least-squares fits from Bréon & Henriot [2006], with shaded region marking the qualitatively-
determined uncertainty [25]. Bar chart in panel (f) displays sample size per wind speed bin.
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As demonstrated in section II (and shown in Figure 5),
E-PSS allows one to infer the elevation omnidirectional fre-
quency spectrum from the wave slope time series. We found
good response for frequencies f on [0.08 Hz, 0.5 Hz]. For
the slope field size L? of 2.91 m x 2.91 m obtained during
ASIT2019, this range of frequencies corresponds to waves
with wavelength A2 on [2L,50L]. Polarimetric slope sensing
is capable of obtaining the "direct" wavenumber-frequency di-
rectional spectrum for waves in the range of scales constrained
by the sampling rate, camera resolution, and spatial frame
size. For this field campaign, the sampling rate of 30 fps and
effective spatial resolution of 5.69 mm/px limited the Nyquist
frequency and wavenumber to 15 Hz and 551.74 rad m™',
respectively.

The omnidirectional wave spectra obtained via E-PSS dur-
ing ASIT2019 are shown in Figure 11. The "direct" fre-
quency spectra were subjected to band-averaging while the
spectra produced from the inferred sea surface elevation were
computed using Welch’s method (one-minute non-overlapping
segments, each subjected to a Hann window). Spectra have
been averaged in wind speed bins of 2 m s~! in Ujo (as
indicated by the color bar). The top row contains elevation
spectra while the bottom row contains saturation spectra (i.e.,
compensated by f> or k). Dashed and dotted lines correspond
to the equilibrium and saturation ranges, respectively. The
wavenumber spectra for long waves was inferred through linear
wave theory, given the water depth at ASIT of 15 m and
assuming no current.
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Fig. 11. Omnidirectional spectra: (a) frequency elevation, (b) wavenumber elevation, (c) frequency saturation, (d) wavenumber saturation. Color indicates the
ten-meter wind speed range for which each bin average was computed. Dashed and dotted lines correspond to power laws indicating the slope to be expected

in the equilibrium (f’4, k23 elevation; fl, k03

A pair of example frequency-directional wave spectra is
shown in Figure 12. The left panel contains the directional
wave spectrum obtained from our Teledyne RDI Sentinel V
ADCP [27], while the right panel contains the directional
wave spectrum inferred from the surface elevation and slope
measurements of E-PSS. Each spectrum was produced using
the maximum entropy method (MEM) [11]. Color corresponds
to the base 10 logarithm of the spectral energy density. The
black arrow gives the direction of the wind, while the red

saturation) and saturation (f~>, k=3 for elevation; fO, k0 saturation) ranges, respectively.

arrow provides the direction of the near surface current.
Given the frequency-directional spectrum F(f, 8), the wave

directional distribution D(f,#) is defined as:

F(f.0)

F(f)

. where F(f) = L 7; F(f,0)d0 is the omnidirectional fre-
quency spectrum. Figure 13 contains D(f,6) computed from
the frequency-directional spectra shown in Figure 12. The top

D(f.,6) = 4)
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Fig. 12. Frequency-directional spectra computed via MEM given (a) the surface elevation/current profile measurements of the ADCP and (b) the measured

two-component long wave slope and water surface elevation inferred via E-PSS.

The black arrow indicates the wind direction (Ujg = 7.7 m s~1) and the red

arrow indicates the surface current direction (Usfe = 0.11 m s7 zg fe ~ 1 cm). Wave and current direction is provided in "going-to" convention, while wind

direction follows the meteorological "coming-from" convention.
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Fig. 13. Frequency-directional wave distribution D (f, ) corresponding to the case shown in Figure 12: (a) ADCP via MEM, (b) E-PSS via MEM, and (top
half of a,b) directly from the wave slope field 3D Fourier transform. The red line indicates the wind direction in "going-to" convention.

portion of panels (a-b) correspond to the frequency directional
spectra obtained directly from the water surface slope field
"stacks". The bottom portion of those panels correspond to the
directional spectra obtained via MEM from either the ADCP
or E-PSS measurement. Following Lin et al. [2021] [28], we
calculate mean wave direction 6

/9

6o (f) = / 6D (f.0)d0 3,

- 299

... and spreading width o
1/2

ao(f) = I/ (6 - 60)°D(f.6)d6 (6)

The mean wave direction and directional spread may alter-
natively be computed from the first-order Fourier moments
[29]. However, we computed 6o(f) and o¢(f) from the
spectra themselves in order to maintain consistency between
the ADCP and E-PSS estimates. This approach carries the
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Fig. 14. Difference in mean wave direction 6y computed between ADCP and
E-PSS long waves.

additional benefit that it would also be usable with the "direct"
frequency-directional spectra obtained from the wave slope
fields themselves. However, we determined that the scale
separation between the shortest waves resolved via E-PSS
(=10 m) and the longest waves within our FOV from which
we were able to obtain a reasonable wave direction estimate
(=1 m) was sufficient to preclude a one-to-one comparison of
those estimates. In Figure 14, we show the difference in mean
wave direction Afy, with each 6y computed via equation 5
from both MEM directional spectra (ADCP and E-PSS). A
direct intercomparison of mean wave direction estimates does
strain our capability: there is a substantial spatial separation
(=1 km laterally) between the ADCP mooring and ASIT. This
separation does allow for a good deal of evolution in the wave
field given wind forcing, wave-current interaction, or breaking.
We did attempt to correct for simple wave refraction via Snell’s
law, though this correction appears to have been negligible: the
ADCP mooring was on the 18.3-meter isobath while ASIT
is on the 15-meter isobath. Equation 6 provides the means
to compute the wave directional spreading width oy (f). In
Figure 15(a), we show an example o (f) computed from the
spreading functions D ( f, 6) obtained by ADCP and E-PSS for
a particular run. The dark red vertical segment corresponds
to the frequency the energy-weighted mean frequency, fr =
m_y/mg. In panel (b), we provide the bin averaged response
of ¢ (fE) as a function of 10 meter wind speed Ujg. We note
that this downward trend in oy with Ujg is a consequence of
the development of the sea state (and therefore a decrease in
fE). Our focus is on the intercomparison of ADCP and E-PSS-
obtained directional spreading; we leave further discussion of
wind-wave development to another paper.

IV. Discussion
A. Core findings of this paper

The results shown in Figure 6 (H,,) and Figure 8 (mss)
demonstrate that it is essential to characterize the polarization
response of one’s polarimetric camera— and that failure to
properly account for ambient environmental conditions may
have a substantial negative impact on the measured slope mag-
nitude. Our simple, single-camera "empirical" correction to the
observed DoLP allows E-PSS to provide a reasonable estimate
of the significant wave height H,,0. A recent intercomparison
[30] between directional wave spectral estimates provided by
different types of wave buoy systems (e.g., NOAA 3DMG,
HIPPY, Triaxys, Watchman, and Datawell DWR) showed that
for Hy, it is reasonable to expect biases of approximately
0.1 m and RMSE of approximately 0.3 m. These values are
almost exactly the error metrics we find for E-PSS relative
to our reference lidar system, despite the enormous disparity
in sample size between the two studies (order 10* for the
buoy study, order 10> here). The buoy intercomparison of
mean wave period T,,0, are far more closely clustered than
our E-PSS and lidar values of Tg, though we attribute the
underestimation of energy-weighted mean wave period to the
slight underestimation of wave energy at very low frequencies
(as described in section III).

The empirical gain approach appears to improve the estimate
of mean square slope (Figure 8), though our observed values
are still lower than classic observations [24], [25] for moderate
wind speeds (Ujp > 7 m s~!). It may be the case that these
relatively low values of mss are owed to a degraded effective
resolution of our polarimeter: for division of focal plane
(DoFP) polarimeters like the one used in this study, one should
expect a steep falloff in spectral energy density for scales 5-10
times larger than the image resolution [18]. We have computed
the upwind and crosswind slope variance from the model
wavenumber-directional spectrum of Elfouhaily et al. [1997]
[23], setting the wavenumber upper limit of integration to 100
rad m~!. It appears that this effective resolution limitation [18]
is a reasonable explanation for the relatively low wave slope
variance observed here. The marginal wave slope PDFs (Figure
9) reveal that slopes with absolute value greater than 0.3 are
extraordinarily rare at moderate wind forcing, even with the
empirical DoLP gain. Waves of such extreme slopes tend to be
exceptionally short— e.g., sub-centimeter, in the short gravity-
capillary and pure capillary regime. This low level of detection
of ultra-steep waves is further evidence that the shortest waves
are systematically underresolved [18]. In contrast, the sun
glint-based statistical results of Cox & Munk and Bréon &
Henriot capture the total effect of surface waves to contribute
to reflectance— though those results do not provide insight
into the scale dependence of the reflectance. It is this scale
awareness that makes E-PSS so valuable.

Higher-order statistics (skewness and kurtosis) were esti-
mated from the coefficients inferred through a least-squares fit
of a Gram-Charlier expansion to the 2D Gaussian wave slope
distribution; these are provided in Figure 10. The effect of the
DoLP gain on the computed wave slope skewness and kurtosis
is inconclusive; it may be that the modest binned sample size
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of the present dataset (Figure 10) is insufficient to the task
of parsing the behavior of these higher-order statistics gives-
adjustments to the measured light polarization state. Indeeds
there is significant uncertainty in those parameters even as
obtained from the large sample size satellite dataset used
by Bréon & Henriot [2006]. Nevertheless, the skewness and
kurtosis values produced from the ASIT2019 field campaign
are generally comparable to the classically-accepted values.

The combined omnidirectional spectra provided in Figure
11 demonstrate the dual capabilities of E-PSS in providing a
reliable measurement of both short waves and long waves. The
polarization measurements used to compute the slope fields
from which the spectra were produced were subjected to the
empirically-derived DoLP gain. However, no further adjust-
ments to the spectra were performed. The strong agreement
in both spectral energy density and spectral subrange slope
between the "direct” omnidirectional spectra and those inferred
from the long wave time series is a natural consequence of the
internal consistency of E-PSS. We sought to examine the abil-
ity of E-PSS to recover long wave directionality by computing
the frequency-directional spectrum via MEM [11] given the
two-component wave slope and water surface elevation. Use
of an established technique like MEM confines our focus to
the task of evaluating E-PSS itself. However, we note that
the outputs of two-component wave slope and water surface
elevation affords the technique a great deal of flexibility with
respect to ultimate application. In particular, it opens E-PSS
to a wide range of tools for evaluating wave directionality,
including novel open-source utilities with the ability to capture
nonstationarity in the wave field [31], [32]

The wave frequency directional spectra shown in Figures
12 & 13 provide a snapshot into the performance of E-PSS
for capturing long wave directionality. Although it is difficult

te@ say for certain without a third reference measurement, the
smearing which occurs at the peak frequency in the ADCP-
derived directional spectrum is likely a limitation of that
particular measurement, whereas the directional veering we
see in the E-PSS-derived spectra appears to track from the
dominant long wave direction into the wind direction for
shorter scales (Figure 12). As shown in Figure 13, this align-
ment of intermediate-to-short gravity wave scales into the wind
direction is consistent between the MEM-derived long wave
and "direct" short wave portions of the E-PSS spectra. When
considering mean/integral measures of wave directionality as
obtained from the ADCP and E-PSS frequency-directional
spectra, we found for mean wave directional difference A8
the mean absolute error (MAE) to be 4.02° and the root-
mean-square error (RMSE) to be 29.69°. The rather large
RMSE computed from this comparison may result from the
difference in frequency-dependent behavior that was observ-
able via the ADCP and E-PSS (as mentioned in our discussion
of the directional veering shown in Figure 13). The directional
spreading width at the energy-weighted mean frequency—i.e.,
09 (fg)—determined via E-PSS is within 10° of the ADCP-
derived estimate on average (MAE = 2.03°, RMSE = 9.36°).
This strong agreement is likely due to our narrow constraint
that both ADCP and E-PSS estimates be considered at the
same frequency, which reduces the scale-dependent variability
which may have contributed to deviations in Afy. Furthermore,
both estimates tend to follow the same general narrowing trend
with wind speed (~1.5°/(m s~!)). Although the locations and
periods of operation are entirely different, this range of wave
directional spread is consistent with values typically observed
at the USACE FRF 8-m array [4], with o (f) ranging from
25° at 0.1-0.12 Hz to 45° at 0.25 Hz.

90 90
(a) fe (b) —— ADCP
75 — — 75 = E-PSS
-
60 — I 60
Y
— =
> ©
— 45 - o 45
s
=
30 T 30
- g
15 S 15
0 T T T T TTT1T] T T T TT1T1 0 T I I | | |
107 107 10° 0 2 4 6 8 10 12 14
f[HZ] Uio [m S_l]

Fig. 15. Spreading width og, computed from D (f, 8) obtained from ADCP and E-PSS spectra following eq. 6 for (a) a single case and given in terms of

frequency and (b) all cases, bin-averaged and evaluated at the energy-weighted mean frequency fg; shaded regions mark 95% confidence intervals about the

mean.
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B. Impact on existing literature 509

The superior performance of the empirical DoLP correc®
tion (relative to no correction and a solely laboratory-based’
correction) is part blessing and part curse. On the one hand,
it offers a way to ensure that existing datasets obtained with
single surface-looking polarimeters may produce results which
are robust to external environmental factors. However, it also
indicates that previous applications of PSS—which did not
take steps to account for variation in ambient illumination—
may need to be reevaluated in light of the present results.
Based on our review of existing literature on the topic (much
of it contributed by the authors of this paper), we find a range
of potential impacts. The studies most negatively impacted
by a systematic underestimation of surface wave slope (and
amplified case-to-case variability) are those with results based
on the absolute spectral energy density or integrated slope
variance at short gravity and gravity-capillary scales. These
include field observations made with no laboratory calibration
[33] and field observations made with a laboratory calibration
[16], [9]. However, in each of these cases, only a subset
of the results were tied to the absolute magnitude of the
slope spectral energy density. Some key results were based
on the analysis of relative wave response, e.g. hydrodynamic
modulation [34] or suppression by surfactant slicks [17]. Many
of the applications of PSS have bypassed this issue entirely,
using the spatiotemporal propagation of the waves simply as
a means to obtain the near-surface current [35], [36], [37],
[38]; these results are entirely unaffected by the considerations
mentioned here.

C. Going forward

In section I, we stated that the most complete form of
PSS would entail simultaneous measurement of the sky-
leaving, upwelling, and surface-reflected polarization state.
Crucially, this would require an in-water sensor for obtaining
measurements of upwelling radiance. The detector array used
in our observations is the Sony IMX250MZR "Polarsens";
in recent years, this has become the standard detector for
polarimetric cameras used for sensing ocean waves [18]. Per
the manufacturer, the Sony IMX250 Pregius provides > 50%
relative response between 400-800 nm light wavelengths. The
spectral dependence of this response was not determined
as part of the present study, though such a quantity is of
import for techniques like PSSm [15] which depend on the
wavelength dependence of DoLP;; this separation allows one
to infer properties about sky and surface-leaving radiance
via Monte Carlo simululation [39], [40]. The rest of PSSm
involves a series of nested iterations which culminate in (1)
the recovery of the local relationship between DoLP and 6;
and (2) an isolated measure of the surface-reflected radiance.
This technique shows a great deal of promise, and it may be
the approach of choice for those who are able to make such
multi-spectral polarization measurements (and then execute the
multi-step iterative process).

Based on the results of the present work, we propose
(without full demonstration of capability) a system that extends
the empirical approach used in the present manuscript to

include a richer base of information obtained by two surface-
lgoking panchromatic polarimetric cameras: (1) one with a
field of view (FOV) determined by the wave scales one desires
to resolve and (2) one with a wide FOV, broad enough to
capture angles of incidence ranging from near-nadir to past
Brewster’s angle (=53° for an air-water interface). The in-
frame angles of incidence 6; would be determined from the
camera-lens combination’s intrinsic and extrinsic parameters
(i.e., through simple geometry). The wide-FOV polarimeter
would then measure the variation of DoLP with 6; that
is particular to a given measurement; this would inherently
include all effects related to the intensity and polarization state
of sky-leaving and upwelling radiance. This field-determined
DoLP(6;) would then be used as a "lookup-table", allowing
one to directly compute DoLP in the narrow-FOV scene
without reliance on dedicated measurements or modeling of
sky-leaving/upwelling radiance [39], [40] or any assumptions
of theory. This approach is a bit cruder (and easier to employ)
than PSSm, and is expected to be more robust than the narrow-
FOV empirical approach we have used in the paper thus far. A
demonstration of the sort of two-camera measurement which
would enable this computation is provided in Figure 16.
These observations were made on two non-consecutive
days (9/29/2025 & 10/2/2025) from the end of the pier in
Piermont, NY, USA (incidentally, the same location used for
the field validation exercise of Zappa et al. [2008], [7]). On
the overcast day (9/29/2025), an in-water turbidity sensor [41]
reported river turbidity of 3.2 NTU (Nephelometric Turbidity
Units); on the cloudless day (10/2/2025), the same sensor
reported river turbidity of 0.3 NTU. It is well-documented
that variation in turbidity/water type has a substantial impact
on the intensity of upwelling radiance [42] and the polar-
ization state of that upwelling radiance [43], [21]. Indeed,
observations made on the day with overcast conditions and
moderate water turbidity (Figure 16a) are consistent with
expectations that sky-leaving radiance be weakly polarized
and upwelling radiance be minimal due to attenuation by
in-water particulates. Conversely, observations made on the
cloudless day (Figure 16b) indicate significant impacts by
sky-leaving polarization and upwelling radiance. Rather than
discuss these complexities at greater length, we simply note the
substantial variation in observed polarization state between the
two days and reiterate the importance of taking this variation
into account. For our demonstration, we made use of two
azimuthally-aligned polarimetric cameras with identical Sony
Polarsens DoFP polarimetric detectors. One camera was fitted
with a narrow FOV lens (75 mm focal length, angles of view
6.5°x5.4°) and the other was fitted with a wide FOV lens
(5 mm focal length, angles of view 80.7°x70.7°). We found
the mean DoLLP measurements made by the two cameras to be
comparable within their overlapping look region. Furthermore,
in applying a least-squares fit to the data assuming a framework
of specular reflection off the air-water interface, we were able
to infer the Stokes vector of the sky-leaving radiance and
the upwelling radiance fraction. It should be noted that the
use of a wide-format lens may necessitate accounting for any
effects resulting from light rays interacting obliquely with the
polarizing filters on the focal plane array [44]. In any case,
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further testing of this two-camera concept is left to a futures
study. 577

We close this Discussion by noting that previous studies
which made use of single-camera PSS [16], [33], [9] were
performed with an understanding of the importance of diffuse,
uniform illumination conditions. A great deal of observational
cases were simply rejected during quality control; advance-
ments like the ones we describe in this work will hopefully
serve to allow for high quality wave measurements to be

overcast (sky DoLP = 0.067)
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Fig. 16. Variation of DoLP with 6; observed on days with (a) overcast and (b)
cloudless sky conditions. On the overcast day, the least-squares fit determined
S‘sky =[1.000, 0.086,0.017] (DoLP = 0.087) with an upwelling fraction of
0.058. On the cloudless day, the fit determined S‘sky =[1.000,0.117,0.084]
(DoLP = 0.144) with an upwelling fraction of 0.140.

made in a broader range of conditions. The empirical gain
approach we introduce in the present paper appears to be
particularly well-suited towards mitigating the influence of
upwelling unpolarized radiance, while the two-camera system
concept we mention here (or PSSm [15]) is likely the optimal
solution for making measurements in sunny conditions.

V. SUMMARY

We have presented an extension of the polarimetric slope
sensing (PSS) technique for measuring ocean surface waves. In
the original implementation of PSS, we prefer to use a narrow
field-of-view lens to avoid challenges associated with oblique
ray interaction with the polarizing filters within the camera,
though these effects may be mitigated through careful pre-
processing [44]. The best measurements tend to be made with a
camera incidence angle midway between nadir and Brewster’s
angle (i.e., ~ 27°); this helps to keep the particularly steep
ocean wave surfaces away from camera-relative angles where
the Fresnel curve is double-valued (i.e., ~0° and ~53°). While
it is essential that these effects be considered, accounting for
each of them comes with a cost: (1) low camera incidence
angles make the polarization measurement more susceptible
to contamination by upwelling radiance (a consequence of the
Fresnel equations); (2) the narrow field of view precludes di-
rect measurement of intermediate to long-scale surface gravity
waves. These challenges directly motivated the present work.

The technique we present here has been named "extended
polarimetric slope sensing", or E-PSS; the "extended" modifier
here denotes additional steps taken to

1) account for variation in ambient environmental conditions

2) allow one to infer the directional properties of surface
gravity waves many times larger than the polarimeter
FOV

When E-PSS is used with a simple empirical correction to
the measured degree of linear polarization (DoLP), it is able
to provide an accurate remote determination of the omnidirec-
tional frequency spectrum across a wide range of surface wave
frequencies (and therefore key sea state parameters, e.g. H,,0)
from a single surface-looking imaging polarimeter. Further
processing of the E-PSS outputs of water surface elevation
and two-dimensional surface tilt yields a frequency-directional
spectrum which exhibits wave spreading comparable to the
spectrum obtained via a traditional ADCP-based approach.
The mean direction for the shortest waves resolved through
this indirect approach tends to be very close to value obtained
from the short wave slope fields directly via multidimen-
sional Fourier transform; i.e., application of MEM to our
long wave elevation and tilt time series appears to recover
the directionality of intermediate-scale wind waves. We find
consistency in spectral energy density and equilibrium range
slope between the long wave and short wave components of
the omnidirectional frequency spectra produced by E-PSS.
Furthermore, the short wave statistics obtained directly from
the wave slope fields after empirical DoLP correction exhibit
stronger agreement with classic observations than has been
shown with the unadjusted results of previous applications of
PSS. Crucially, these measurements (both of long wave and
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short wave properties) are robust with respect to the ambient
illumination condition. Finally, we present in concept an exten-
sion of this technique to involve two surface looking camera§;’
allowing for direct (in-scene) determination of the relationshig,
between observed polarization state and surface inclinatiome
This extension may improve performance in situations whegzz
the sky-leaving polarization state cannot be neglected, though,
that remains to be demonstrated at scale.
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