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E-PSS: the Extended Polarimetric Slope Sensing
technique for measuring ocean surface waves
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Abstract—Polarimetric slope sensing (PSS) is a powerful tool1

for remote measurement of the spatiotemporal characteristics2

of short surface waves. However, two key shortcomings have3

negatively impacted the widespread adoption of the technique: (1)4

the quality of the measurement may be sensitive to variability5

in environmental illumination conditions and (2) waves longer6

than the imager field of view are not reliably measured. We7

present an extension of PSS– namely, the Extended Polarimetric8

Slope Sensing (E-PSS) technique, which is robust to variation in9

ambient illumination conditions and provides simultaneous access10

to the directional spectrum for both long and short waves from11

a single surface-looking, narrow FOV camera.12

Index Terms—Polarimetry, ocean waves, wave slope sensing,13

polarimetric slope sensing, wave spectra14

I. Background15

THERE is a pressing need to measure the spatiotemporal16

characteristics of short-scale surface waves. This require-17

ment is primarily driven by the intimate connection between18

these intermediate to small-scale waves and the local wind19

forcing: surface waves with wavelengths between 1 cm to20

10 m support a significant fraction of the wave form drag,21

making them an essential mediator of air-sea momentum flux22

[1]. It is fortuitous that radar-based remote sensing techniques23

operate with electromagnetic wavelengths in this very range;24

specifically, from HF radar down to 𝑘𝑢 band microwave25

scatterometry [2]. This enables indirect measurement of wave26

height, surface roughness, and wind forcing through interpre-27

tation of signatures in the backscattered power [3].28

However, the most commonly available techniques for mea-29

suring the surface wave field are unable to adequately charac-30

terize the energy or directionality of the surface wave field at31

scales shorter than 10 meters. Surface buoys are by far the most32

ubiquitous of in situ wave sensors, but even the small form-33

factor Spotter buoys do not provide reliable directional infor-34

mation beyond frequencies of 0.8 Hz (roughly corresponding35

to surface wave scales of 2 to 3 meters) [4]. This leaves a36

great deal of the surface wave spectrum which remains broadly37

inaccessible to observation. There are several techniques which38

have been developed to push the resolution of directional wave39

measurements to smaller and smaller scales. Perhaps the most40
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widely adopted of these is stereophotogrammetry [5], [6]. This 41

technique is able to recover the spatiotemporal characteristics 42

of surface waves ranging in scale from 100 meters down to 50 43

centimeters. While this is quite impressive, it still does leave 44

unresolved the shortest gravity and gravity capillary waves. 45

Polarimetric slope sensing (PSS) was developed by Zappa and 46

colleagues in 2008 [7] following decades of development of 47

the application of classical optical theory towards inferring 48

the shape of a free surface from the polarization state of 49

light reflected off of it [8]. PSS exploits the known (or at 50

least, modeled) relationship between the polarization state of 51

light reflected off an air-water interface and the geometry of 52

the reflecting facet. When repeated spatially (over an imager 53

field of view) and temporally (in short succession, as with 54

video), one is able to recover the spatiotemporal evolution of 55

the wave field down to very fine scales. Nevertheless– this 56

technique is susceptible to variation in illumination conditions 57

[7]. And as initially presented, PSS could reliably measure the 58

slopes of surface waves with wavelengths ranging from a few 59

millimeters up to one meter (but in practice, rarely larger) [9]. 60
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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 61

spatiotemporal ranges of select wave measurement techniques: 62

PSS, stereo-video, and point-like gauges. In order to obtain a 63

true spatiotemporal measurement of the surface wave field, 64
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Fig. 2. Fresnel curves, specifying the relationship between incidence angle (𝜃𝑖) 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 the65

gravity-capillary dispersion relation, here provided in the black66

curve on Figure 1. The violet shaded region corresponding67

to PSS is somewhat flexible: by increasing the imaging field68

of view (i.e., by increasing the freeboard above the mean69

sea surface), one may shift the region to the right, therefore70

extending the effective maximally-resolvable temporal scale.71

Practitioners of wave-sensing stereophotogrammetry have ex-72

tended the effective temporal window of that technique through73

time series analysis; e.g., Benetazzo et al. [10] employed the74

maximum entropy method (MEM) technique [11] to their75

surface elevation and slope estimates to infer the directional76

spectra of waves larger than the stereo field of view.77

II. Methodology78

A core assumption baked into the single-camera appli-79

cation of PSS is that sky-leaving radiance is unpolarized80

and upwelling (surface-leaving, but scattered from below81

the interface) radiance is negligible [7]. This allows one to82

constrain the relationship between a measurement of degree83

of linear polarization (DoLP) and the incidence angle (𝜃𝑖)84

of the light ray. In practice, however, even small variations85

in ambient environmental conditions can have a significant86

impact on the relationship between the measured degree of87

linear polarization and the incidence angle that one might infer88

[12], [13]. In Figure 2(a), we show that even a small fraction89

of radiance which is upwelling and unpolarized can have a90

significant impact in compressing the DoLP that would be91

measured by an imaging polarimeter. Conversely, as shown92

in Figure 2(b), the effect of polarized sky-leaving radiance93

is to raise the floor of the variation of DoLP across all94

values of 𝜃𝑖 . The combined effect of variable sky-leaving95

and surface-leaving radiance is to modify this relationship.96

One approach to solving this problem might be to triple the97

number of imagers, including in one’s sensing suite a floating 98

polarimeter for obtaining upwelling light measurements and 99

a sky-oriented polarimeter for obtaining downwelling light 100

measurements [14]. This would allow one to incorporate 101

these measured values into the Fresnel reflection coefficients 102

and directly compute the relationship between DoLP and 103

𝜃𝑖 following Mueller calculus. However, one of the greatest 104

benefits of polarimetric slope sensing is that it requires a 105

single camera with no in-water component and no sky-looking 106

camera. Adding additional requirements for in-water recovery 107

of light polarization and sky-looking state would render the 108

technique somewhat esoteric and limit it to specialists in the 109

field of environmental optics. Another approach might be to 110

have two cameras but rather than have one look at the sky and 111

one at the surface we make a measurement of our slope field 112

with a narrow field of view lens and have a second camera 113

alongside it to make a direct measurement of the relationship 114

between degree of linear polarization and incidence angle with 115

a wide format lens. This direct measurement of DoLP(𝜃𝑖) 116

would natively account for the sky leaving, the polarization 117

state of sky leaving radiance and the fraction of light which 118

comes up through the surfaced unpolarized. Furthermore, it 119

would also implicitly account for path losses to the polarization 120

state, making it an attractive option for airborne applications of 121

polarimetric slope sensing. We will address the viability of that 122

two-camera approach (and other sophisticated techniques, such 123

as "PSSm" [15]) later in the manuscript. For now, we focus 124

on attempting to solve our problem with a single downward- 125

looking, narrow field of view camera, setting the task before 126

us to correct for unpolarized upwelling radiance and polarized 127

sky leaving radiance in a way that is robust, flexible, usable 128

on already-collected datasets, and does not depend on having 129

multiple in water and sky looking imaging polarimeters. 130
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Fig. 3. Top: variation of degree of linear polarization (DoLP) with incidence angle (𝜃𝑖) 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 polarimeter131

may not perform ideally (that is, show ideal response when132

subjected to an integrating sphere/rotating linear polarizer133

test). This may be due to a number of factors, among them134

depolarization of light by optics or deviation of the sensor135

from optimal sensitivity. Correcting for these persistent effects136

is essential to making a good measurement [16], [9], [17],137

[18]. During integrating sphere polarizer tests of our DoFP138

detector, we found the normalized Stokes parameter amplitude139

to be 0.81 (rather than the ideal 1.0). The difference between140

𝑆1 and 𝑆2 amplitudes was determined to not be statistically141

significant (𝑝 = 0.74, 𝑁 = 12). We found the mean Stokes142

parameter to be slightly variable around zero (rms≈5%) with143

a directional asymmetry between minima and maxima of the144

Stokes parameters on the order of 2-3% of the amplitude.145

This calibration is an important first step, though it will not146

account for variability in the ambient illumination conditions.147

We demonstrate an empirical approach to accounting for148

variability in upwelling/downwelling radiance in Figure 3. 149

The violet curve in the top panel represents the relationship 150

between DoLP and 𝜃𝑖 which would arise due to unpolarized 151

sky living radiance and no upwelling radiance. The gold 152

segment on that panel correseponds to the observed variation 153

of DoLP from the bottom to the top of the image frame as 154

averaged over a single ten-minute period. The range of 𝜃𝑖 is 155

obtained directly from the known mounting geometry of the 156

instrument and the vertical angle of view for the camera-lens 157

combination (here 30◦±2.7◦ for a 75 mm lens). 158

A corresponding snapshot of the full-frame DoLP is given 159

in the bottom left panel, marked with a label of "raw". 160

The empirical gain is simply the value by which the frame- 161

median DoLP needs to be scaled in order to yield the value 162

expected for zero upwelling radiance and unpolarized sky- 163

leaving radiance. After application of the empirical gain to 164

the time-averaged DoLP, we obtain the red segment in the top 165

panel. When that gain value is applied to the DoLP snapshot, 166
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Fig. 4. Temporal variation of east and north wave slope (𝑠𝐸 & 𝑠𝑁 , respectively) along with the corresponding water surface elevation 𝜂 computed via the
Fourier space inversion approach of equation 1.

we obtain the field shown in the bottom right panel.167

Absent supporting independent information regarding up-168

welling and sky-leaving radiance, this empirical approach169

seems to be the most straightforward: the known orientation170

of the camera defines the slope reference on a case-by-case171

basis. Nevertheless, it is important that we demonstrate the172

positive impact of this approach. The best way to accomplish173

this would be to have a secondary measurement that could act174

as a gold standard; however, the principal benefit of PSS is175

that it is the sole established technique for field observations176

of short to intermediate-scale ocean waves. During the Fall177

and Winter of 2019-2020, a set of targeted measurements of178

wind forcing, surface waves, and near-surface currents were179

made at the Air-Sea Interaction Tower (ASIT) just south of180

Martha’s Vineyard, MA [18]. As part of this campaign (here-181

inafter "ASIT2019"), we obtained wind speed and turbulent182

fluxes along with the water surface elevation time series via183

near-infrared LiDAR. For some observational cases, we also184

obtained the frequency-directional wave spectrum via bottom-185

mounted ADCP. In order to demonstrate the efficacy of the186

empirical gain approach, we will compare the wave height187

and energy-weighted mean wave period obtained via LiDAR188

measurements to the same quantities inferred from surface189

slope field measurements.190

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:

𝜂(𝑡) = F −1
{
− 𝑖

𝑘

[
F {𝑠𝐸} + F {𝑠𝑁 }

]}
(1)

This inversion follows directly from small-amplitude water191

wave theory, analogous to inversion techniques based on wave192

orbital velocity/dynamic pressure [19] or wave slope [20].193
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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. 194

The east and north oriented slope components are provided 195

as dashed and dotted curves, respectively, while the red trace 196

indicates the resulting water surface elevation time series 197

𝜂 inferred from the slope time series. The corresponding 198

omnidirectional frequency spectra are provided in Figure 5. 199

Note that the frame size of 𝐿 ≈ 3 m limits the proper frequency 200

response above 0.35 Hz (wavelength ≈ 4𝐿). 201
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III. Results202

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(𝜃𝑖) 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, 𝐻𝑚0 = 4×

( ∫ ∞
0 𝐹 ( 𝑓 ) d 𝑓

)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 𝐻𝑚0 estimates
produced via empirical gain approach are appropriately close
to those obtained by LiDAR: 𝑅2 ≈ 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 (𝑇𝐸)
is defined in the following manner:

𝑇𝐸 ≡ 𝑚−1
𝑚0

=

∫ ∞
0 𝑓 −1𝐹 ( 𝑓 ) d 𝑓∫ ∞

0 𝐹 ( 𝑓 ) d 𝑓
(2)

Note that the E-PSS estimate of 𝑇𝐸 is less sensitive than203

𝐻𝑚0 to the DoLP gain value: the frequency response is weakly204

sensitive to the choice of gain, whereas the total energy205

contained within the spectrum is quite sensitive to the gain.206

The underestimation of 𝑇𝐸 by E-PSS for moderate to long207

wave periods is likely due to the method’s performance at208

low frequencies. The Fourier space transfer function between209

slope and surface elevation goes as 𝑘−1 (∝ 𝑓 −2), requiring a210

highpass filter to curtail the spurious magnification of energy 211

at low frequencies. We established a passband of 0.08 Hz 212

≤ 𝑓 ≤ 0.3 Hz; however, application of a lowpass filter is 213

redundant due to the spatial averaging inherent to the process 214

of computing the mean slope over our 2.5 m × 2.5 m field of 215

view (frequency corresponding to 4× the frame size of 𝑓𝑐𝑢𝑡 ≈ 216

0.4 Hz). 217
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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 𝜎𝑢𝑝

and 𝜎𝑐𝑟 correspond to the standard deviations about the mean
of upwind and crosswind slopes, respectively. The independent
variables of the distribution, 𝜉 and 𝜁 , represent the crosswind
and upwind wave slopes normalized by the corresponding
wave slope standard deviation.

𝑃(𝜉, 𝜁) = 1
2𝜋𝜎𝑢𝑝𝜎𝑐𝑟

exp
(
− 𝜉2 + 𝜁2

2

)

·



1 − 1
2
𝑐21 (𝜉2 − 1)𝜁

− 1
6
𝑐03 (𝜁3 − 3𝜁)

+ 1
24

𝑐40 (𝜉4 − 6𝜉2 + 3)

+ 1
24

𝑐04 (𝜁4 − 6𝜁2 + 3)

+ 1
4
𝑐22 (𝜉2 − 1) (𝜁2 − 1)

...



(3)

The variation of upwind and crosswind mean square slope218

(𝜎2
𝑢𝑝 and 𝜎2

𝑐𝑟 , respectively) with ten-meter wind speed 𝑈10219

observed during ASIT2019 is provided in Figure 8. The220

three different colored segments indicate measurements of221

mean square slope obtained given the three aforementioned222

DoLP gain modes (no gain, laboratory-derived gain, empirical223

gain). Shaded regions on the three colored curves from our 224

measurements correspond to 95% confidence intervals about 225

the mean. The black line marks the results of Bréon & Henriot 226

[2006] [25] which are in close agreement with the classic 227

Cox & Munk [1954] [24] observations. The blue dashed 228

trace represents upwind/crosswind slope variance computed 229

from the wavenumber-directional spectrum of Elfouhaily et 230

al. [1997] assuming a high wavenumber cutoff of 100 rad 231

m−1. This semi-empirical model [23] was chosen because 232

it reproduces JONSWAP-type spectra [26] at intermediate to 233

long wave scales while upholding the wave slope variance 234

results of Cox & Munk [24] when integrated over all scales. 235

The joint PDF for upwind and crosswind wave slope was 236

computed for all ASIT2019 observational cases with the three 237

aforementioned DoLP gain modes. From these we obtained the 238

marginal PDFs: the upwind slope PDF and the crosswind slope 239

PDF. A selection of these (bin-averaged by ten-meter wind 240

speed 𝑈10) are shown alongside the Bréon & Henriot [2006] 241

[25] marginal PDFs in Figure 9. We performed a least-squares 242

fit of the Gram-Charlier expansion of a Gaussian (equation 3) 243

to each wave slope joint PDF. This exercise yielded the coeffi- 244

cients 𝑐21 & 𝑐03 (correseponding to skewness) and 𝑐40, 𝑐04, & 245

𝑐22 (corresponding to kurtosis). We present these coefficients 246

in Figure 10, bin-averaged by ten-meter wind speed 𝑈10 and 247

shown alongside the results of Bréon & Henriot [2006] [25] 248

and Cox & Munk [1954] [24]. Colored segments correspond 249

to the results of E-PSS, with shaded regions representing the 250

95% confidence interval about the mean. The shaded regions 251

around the black traces of Bréon & Henriot correspond to 252

their empirically derived levels of uncertainty. In panel (f) we 253

provide the number of samples per wind speed bin ranging 254

from 5 to 40 per bin. 255
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Fig. 10. Coefficients 𝑐𝑖 𝑗 of the Gram-Charlier expansion to the 2D Gaussian wave slope distribution. Coefficients correspond to skewness (𝑐21 & 𝑐03) and
kurtosis (𝑐40, 𝑐04, & 𝑐22) 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),257

E-PSS allows one to infer the elevation omnidirectional fre-258

quency spectrum from the wave slope time series. We found259

good response for frequencies 𝑓 on [0.08 Hz, 0.5 Hz]. For260

the slope field size 𝐿2 of 2.91 m × 2.91 m obtained during261

ASIT2019, this range of frequencies corresponds to waves262

with wavelength 𝜆 on [2𝐿, 50𝐿]. Polarimetric slope sensing263

is capable of obtaining the "direct" wavenumber-frequency di-264

rectional spectrum for waves in the range of scales constrained265

by the sampling rate, camera resolution, and spatial frame266

size. For this field campaign, the sampling rate of 30 fps and267

effective spatial resolution of 5.69 mm/px limited the Nyquist268

frequency and wavenumber to 15 Hz and 551.74 rad m−1,269

respectively.270

The omnidirectional wave spectra obtained via E-PSS dur- 271

ing ASIT2019 are shown in Figure 11. The "direct" fre- 272

quency spectra were subjected to band-averaging while the 273

spectra produced from the inferred sea surface elevation were 274

computed using Welch’s method (one-minute non-overlapping 275

segments, each subjected to a Hann window). Spectra have 276

been averaged in wind speed bins of 2 m s−1 in 𝑈10 (as 277

indicated by the color bar). The top row contains elevation 278

spectra while the bottom row contains saturation spectra (i.e., 279

compensated by 𝑓 5 or 𝑘3). Dashed and dotted lines correspond 280

to the equilibrium and saturation ranges, respectively. The 281

wavenumber spectra for long waves was inferred through linear 282

wave theory, given the water depth at ASIT of 15 m and 283

assuming no current. 284
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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, 𝑘−2.5 elevation; 𝑓 1, 𝑘0.5 saturation) and saturation ( 𝑓 −5, 𝑘−3 for elevation; 𝑓 0, 𝑘0 saturation) ranges, respectively.

A pair of example frequency-directional wave spectra is285

shown in Figure 12. The left panel contains the directional286

wave spectrum obtained from our Teledyne RDI Sentinel V287

ADCP [27], while the right panel contains the directional288

wave spectrum inferred from the surface elevation and slope289

measurements of E-PSS. Each spectrum was produced using290

the maximum entropy method (MEM) [11]. Color corresponds291

to the base 10 logarithm of the spectral energy density. The292

black arrow gives the direction of the wind, while the red293

arrow provides the direction of the near surface current. 294

Given the frequency-directional spectrum 𝐹 ( 𝑓 , 𝜃), the wave
directional distribution 𝐷 ( 𝑓 , 𝜃) is defined as:

𝐷 ( 𝑓 , 𝜃) ≡ 𝐹 ( 𝑓 , 𝜃)
𝐹 ( 𝑓 ) (4)

... where 𝐹 ( 𝑓 ) =
∫ 𝜋

−𝜋
𝐹 ( 𝑓 , 𝜃)d𝜃 is the omnidirectional fre-

quency spectrum. Figure 13 contains 𝐷 ( 𝑓 , 𝜃) computed from
the frequency-directional spectra shown in Figure 12. The top
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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 (𝑈10 = 7.7 m s−1) and the red
arrow indicates the surface current direction (𝑈𝑠 𝑓 𝑐 = 0.11 m s−1, 𝑧𝑠 𝑓 𝑐 ≈ 1 cm). Wave and current direction is provided in "going-to" convention, while wind
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Fig. 13. Frequency-directional wave distribution 𝐷 ( 𝑓 , 𝜃 ) 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 𝜃0

𝜃0 ( 𝑓 ) =
𝜋∫

−𝜋

𝜃𝐷 ( 𝑓 , 𝜃)d𝜃 (5)

... and spreading width 𝜎𝜃

𝜎𝜃 ( 𝑓 ) =
[ 𝜋∫
−𝜋

(
𝜃 − 𝜃0

)2
𝐷 ( 𝑓 , 𝜃)d𝜃

]1/2

(6)

The mean wave direction and directional spread may alter- 295

natively be computed from the first-order Fourier moments 296

[29]. However, we computed 𝜃0 ( 𝑓 ) and 𝜎𝜃 ( 𝑓 ) from the 297

spectra themselves in order to maintain consistency between298

the ADCP and E-PSS estimates. This approach carries the299
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Fig. 14. Difference in mean wave direction 𝜃0 computed between ADCP and
E-PSS long waves.

additional benefit that it would also be usable with the "direct"300

frequency-directional spectra obtained from the wave slope301

fields themselves. However, we determined that the scale302

separation between the shortest waves resolved via E-PSS303

(≈10 m) and the longest waves within our FOV from which304

we were able to obtain a reasonable wave direction estimate305

(≈1 m) was sufficient to preclude a one-to-one comparison of306

those estimates. In Figure 14, we show the difference in mean307

wave direction Δ𝜃0, with each 𝜃0 computed via equation 5308

from both MEM directional spectra (ADCP and E-PSS). A309

direct intercomparison of mean wave direction estimates does310

strain our capability: there is a substantial spatial separation311

(≈1 km laterally) between the ADCP mooring and ASIT. This312

separation does allow for a good deal of evolution in the wave313

field given wind forcing, wave-current interaction, or breaking.314

We did attempt to correct for simple wave refraction via Snell’s315

law, though this correction appears to have been negligible: the316

ADCP mooring was on the 18.3-meter isobath while ASIT317

is on the 15-meter isobath. Equation 6 provides the means318

to compute the wave directional spreading width 𝜎𝜃 ( 𝑓 ). In319

Figure 15(a), we show an example 𝜎𝜃 ( 𝑓 ) computed from the320

spreading functions 𝐷 ( 𝑓 , 𝜃) obtained by ADCP and E-PSS for321

a particular run. The dark red vertical segment corresponds322

to the frequency the energy-weighted mean frequency, 𝑓𝐸 =323

𝑚−1/𝑚0. In panel (b), we provide the bin averaged response324

of 𝜎𝜃 ( 𝑓𝐸) as a function of 10 meter wind speed 𝑈10. We note325

that this downward trend in 𝜎𝜃 with 𝑈10 is a consequence of326

the development of the sea state (and therefore a decrease in327

𝑓𝐸). Our focus is on the intercomparison of ADCP and E-PSS-328

obtained directional spreading; we leave further discussion of329

wind-wave development to another paper.330

IV. Discussion331

A. Core findings of this paper332

The results shown in Figure 6 (𝐻𝑚0) and Figure 8 (𝑚𝑠𝑠)333

demonstrate that it is essential to characterize the polarization334

response of one’s polarimetric camera– and that failure to335

properly account for ambient environmental conditions may 336

have a substantial negative impact on the measured slope mag- 337

nitude. Our simple, single-camera "empirical" correction to the 338

observed DoLP allows E-PSS to provide a reasonable estimate 339

of the significant wave height 𝐻𝑚0. A recent intercomparison 340

[30] between directional wave spectral estimates provided by 341

different types of wave buoy systems (e.g., NOAA 3DMG, 342

HIPPY, Triaxys, Watchman, and Datawell DWR) showed that 343

for 𝐻𝑚0, it is reasonable to expect biases of approximately 344

0.1 m and RMSE of approximately 0.3 m. These values are 345

almost exactly the error metrics we find for E-PSS relative 346

to our reference lidar system, despite the enormous disparity 347

in sample size between the two studies (order 104 for the 348

buoy study, order 102 here). The buoy intercomparison of 349

mean wave period 𝑇𝑚02 are far more closely clustered than 350

our E-PSS and lidar values of 𝑇𝐸 , though we attribute the 351

underestimation of energy-weighted mean wave period to the 352

slight underestimation of wave energy at very low frequencies 353

(as described in section III). 354

The empirical gain approach appears to improve the estimate 355

of mean square slope (Figure 8), though our observed values 356

are still lower than classic observations [24], [25] for moderate 357

wind speeds (𝑈10 ≥ 7 m s−1). It may be the case that these 358

relatively low values of 𝑚𝑠𝑠 are owed to a degraded effective 359

resolution of our polarimeter: for division of focal plane 360

(DoFP) polarimeters like the one used in this study, one should 361

expect a steep falloff in spectral energy density for scales 5-10 362

times larger than the image resolution [18]. We have computed 363

the upwind and crosswind slope variance from the model 364

wavenumber-directional spectrum of Elfouhaily et al. [1997] 365

[23], setting the wavenumber upper limit of integration to 100 366

rad m−1. It appears that this effective resolution limitation [18] 367

is a reasonable explanation for the relatively low wave slope 368

variance observed here. The marginal wave slope PDFs (Figure 369

9) reveal that slopes with absolute value greater than 0.3 are 370

extraordinarily rare at moderate wind forcing, even with the 371

empirical DoLP gain. Waves of such extreme slopes tend to be 372

exceptionally short– e.g., sub-centimeter, in the short gravity- 373

capillary and pure capillary regime. This low level of detection 374

of ultra-steep waves is further evidence that the shortest waves 375

are systematically underresolved [18]. In contrast, the sun 376

glint-based statistical results of Cox & Munk and Bréon & 377

Henriot capture the total effect of surface waves to contribute 378

to reflectance– though those results do not provide insight 379

into the scale dependence of the reflectance. It is this scale 380

awareness that makes E-PSS so valuable. 381

Higher-order statistics (skewness and kurtosis) were esti- 382

mated from the coefficients inferred through a least-squares fit 383

of a Gram-Charlier expansion to the 2D Gaussian wave slope 384

distribution; these are provided in Figure 10. The effect of the 385

DoLP gain on the computed wave slope skewness and kurtosis 386

is inconclusive; it may be that the modest binned sample size 387
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of the present dataset (Figure 10) is insufficient to the task 388

of parsing the behavior of these higher-order statistics given 389

adjustments to the measured light polarization state. Indeed, 390

there is significant uncertainty in those parameters even as 391

obtained from the large sample size satellite dataset used392

by Bréon & Henriot [2006]. Nevertheless, the skewness and393

kurtosis values produced from the ASIT2019 field campaign394

are generally comparable to the classically-accepted values.395

The combined omnidirectional spectra provided in Figure396

11 demonstrate the dual capabilities of E-PSS in providing a397

reliable measurement of both short waves and long waves. The398

polarization measurements used to compute the slope fields399

from which the spectra were produced were subjected to the400

empirically-derived DoLP gain. However, no further adjust-401

ments to the spectra were performed. The strong agreement402

in both spectral energy density and spectral subrange slope403

between the "direct" omnidirectional spectra and those inferred404

from the long wave time series is a natural consequence of the405

internal consistency of E-PSS. We sought to examine the abil-406

ity of E-PSS to recover long wave directionality by computing407

the frequency-directional spectrum via MEM [11] given the408

two-component wave slope and water surface elevation. Use409

of an established technique like MEM confines our focus to410

the task of evaluating E-PSS itself. However, we note that411

the outputs of two-component wave slope and water surface412

elevation affords the technique a great deal of flexibility with413

respect to ultimate application. In particular, it opens E-PSS414

to a wide range of tools for evaluating wave directionality,415

including novel open-source utilities with the ability to capture416

nonstationarity in the wave field [31], [32]417

The wave frequency directional spectra shown in Figures418

12 & 13 provide a snapshot into the performance of E-PSS419

for capturing long wave directionality. Although it is difficult420

to say for certain without a third reference measurement, the421

smearing which occurs at the peak frequency in the ADCP-422

derived directional spectrum is likely a limitation of that423

particular measurement, whereas the directional veering we424

see in the E-PSS-derived spectra appears to track from the 425

dominant long wave direction into the wind direction for 426

shorter scales (Figure 12). As shown in Figure 13, this align- 427

ment of intermediate-to-short gravity wave scales into the wind 428

direction is consistent between the MEM-derived long wave 429

and "direct" short wave portions of the E-PSS spectra. When 430

considering mean/integral measures of wave directionality as 431

obtained from the ADCP and E-PSS frequency-directional 432

spectra, we found for mean wave directional difference Δ𝜃0 433

the mean absolute error (MAE) to be 4.02◦ and the root- 434

mean-square error (RMSE) to be 29.69◦. The rather large 435

RMSE computed from this comparison may result from the 436

difference in frequency-dependent behavior that was observ- 437

able via the ADCP and E-PSS (as mentioned in our discussion 438

of the directional veering shown in Figure 13). The directional 439

spreading width at the energy-weighted mean frequency—i.e., 440

𝜎𝜃 ( 𝑓𝐸)—determined via E-PSS is within 10◦ of the ADCP- 441

derived estimate on average (MAE = 2.03◦, RMSE = 9.36◦). 442

This strong agreement is likely due to our narrow constraint 443

that both ADCP and E-PSS estimates be considered at the 444

same frequency, which reduces the scale-dependent variability 445

which may have contributed to deviations in Δ𝜃0. Furthermore, 446

both estimates tend to follow the same general narrowing trend 447

with wind speed (≈1.5◦/(m s−1)). Although the locations and 448

periods of operation are entirely different, this range of wave 449

directional spread is consistent with values typically observed 450

at the USACE FRF 8-m array [4], with 𝜎𝜃 ( 𝑓 ) ranging from 451

25◦ at 0.1-0.12 Hz to 45◦ at 0.25 Hz. 452
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Fig. 15. Spreading width 𝜎𝜃 , computed from 𝐷 ( 𝑓 , 𝜃 ) 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 𝑓𝐸 ; shaded regions mark 95% confidence intervals about the
mean.
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B. Impact on existing literature 453

The superior performance of the empirical DoLP correc- 454

tion (relative to no correction and a solely laboratory-based 455

correction) is part blessing and part curse. On the one hand, 456

it offers a way to ensure that existing datasets obtained with 457

single surface-looking polarimeters may produce results which458

are robust to external environmental factors. However, it also459

indicates that previous applications of PSS—which did not460

take steps to account for variation in ambient illumination—461

may need to be reevaluated in light of the present results.462

Based on our review of existing literature on the topic (much463

of it contributed by the authors of this paper), we find a range464

of potential impacts. The studies most negatively impacted465

by a systematic underestimation of surface wave slope (and466

amplified case-to-case variability) are those with results based467

on the absolute spectral energy density or integrated slope468

variance at short gravity and gravity-capillary scales. These469

include field observations made with no laboratory calibration470

[33] and field observations made with a laboratory calibration471

[16], [9]. However, in each of these cases, only a subset472

of the results were tied to the absolute magnitude of the473

slope spectral energy density. Some key results were based474

on the analysis of relative wave response, e.g. hydrodynamic475

modulation [34] or suppression by surfactant slicks [17]. Many476

of the applications of PSS have bypassed this issue entirely,477

using the spatiotemporal propagation of the waves simply as478

a means to obtain the near-surface current [35], [36], [37],479

[38]; these results are entirely unaffected by the considerations480

mentioned here.481

C. Going forward482

In section I, we stated that the most complete form of483

PSS would entail simultaneous measurement of the sky-484

leaving, upwelling, and surface-reflected polarization state.485

Crucially, this would require an in-water sensor for obtaining486

measurements of upwelling radiance. The detector array used487

in our observations is the Sony IMX250MZR "Polarsens";488

in recent years, this has become the standard detector for489

polarimetric cameras used for sensing ocean waves [18]. Per490

the manufacturer, the Sony IMX250 Pregius provides > 50%491

relative response between 400-800 nm light wavelengths. The492

spectral dependence of this response was not determined493

as part of the present study, though such a quantity is of494

import for techniques like PSSm [15] which depend on the495

wavelength dependence of DoLP;; this separation allows one496

to infer properties about sky and surface-leaving radiance497

via Monte Carlo simululation [39], [40]. The rest of PSSm498

involves a series of nested iterations which culminate in (1)499

the recovery of the local relationship between DoLP and 𝜃𝑖500

and (2) an isolated measure of the surface-reflected radiance.501

This technique shows a great deal of promise, and it may be502

the approach of choice for those who are able to make such503

multi-spectral polarization measurements (and then execute the504

multi-step iterative process).505

Based on the results of the present work, we propose506

(without full demonstration of capability) a system that extends507

the empirical approach used in the present manuscript to508

include a richer base of information obtained by two surface-509

looking panchromatic polarimetric cameras: (1) one with a510

field of view (FOV) determined by the wave scales one desires511

to resolve and (2) one with a wide FOV, broad enough to 512

capture angles of incidence ranging from near-nadir to past 513

Brewster’s angle (≈53◦ for an air-water interface). The in- 514

frame angles of incidence 𝜃𝑖 would be determined from the 515

camera-lens combination’s intrinsic and extrinsic parameters 516

(i.e., through simple geometry). The wide-FOV polarimeter 517

would then measure the variation of DoLP with 𝜃𝑖 that 518

is particular to a given measurement; this would inherently 519

include all effects related to the intensity and polarization state 520

of sky-leaving and upwelling radiance. This field-determined 521

DoLP(𝜃𝑖) would then be used as a "lookup-table", allowing 522

one to directly compute DoLP in the narrow-FOV scene 523

without reliance on dedicated measurements or modeling of 524

sky-leaving/upwelling radiance [39], [40] or any assumptions 525

of theory. This approach is a bit cruder (and easier to employ) 526

than PSSm, and is expected to be more robust than the narrow- 527

FOV empirical approach we have used in the paper thus far. A 528

demonstration of the sort of two-camera measurement which 529

would enable this computation is provided in Figure 16. 530

These observations were made on two non-consecutive 531

days (9/29/2025 & 10/2/2025) from the end of the pier in 532

Piermont, NY, USA (incidentally, the same location used for 533

the field validation exercise of Zappa et al. [2008], [7]). On 534

the overcast day (9/29/2025), an in-water turbidity sensor [41] 535

reported river turbidity of 3.2 NTU (Nephelometric Turbidity 536

Units); on the cloudless day (10/2/2025), the same sensor 537

reported river turbidity of 0.3 NTU. It is well-documented 538

that variation in turbidity/water type has a substantial impact 539

on the intensity of upwelling radiance [42] and the polar- 540

ization state of that upwelling radiance [43], [21]. Indeed, 541

observations made on the day with overcast conditions and 542

moderate water turbidity (Figure 16a) are consistent with 543

expectations that sky-leaving radiance be weakly polarized 544

and upwelling radiance be minimal due to attenuation by 545

in-water particulates. Conversely, observations made on the 546

cloudless day (Figure 16b) indicate significant impacts by 547

sky-leaving polarization and upwelling radiance. Rather than 548

discuss these complexities at greater length, we simply note the 549

substantial variation in observed polarization state between the 550

two days and reiterate the importance of taking this variation 551

into account. For our demonstration, we made use of two 552

azimuthally-aligned polarimetric cameras with identical Sony 553

Polarsens DoFP polarimetric detectors. One camera was fitted 554

with a narrow FOV lens (75 mm focal length, angles of view 555

6.5◦×5.4◦) and the other was fitted with a wide FOV lens 556

(5 mm focal length, angles of view 80.7◦×70.7◦). We found 557

the mean DoLP measurements made by the two cameras to be 558

comparable within their overlapping look region. Furthermore, 559

in applying a least-squares fit to the data assuming a framework 560

of specular reflection off the air-water interface, we were able 561

to infer the Stokes vector of the sky-leaving radiance and 562

the upwelling radiance fraction. It should be noted that the 563

use of a wide-format lens may necessitate accounting for any 564

effects resulting from light rays interacting obliquely with the 565

polarizing filters on the focal plane array [44]. In any case, 566
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further testing of this two-camera concept is left to a future 567

study. 568

We close this Discussion by noting that previous studies 569

which made use of single-camera PSS [16], [33], [9] were570

performed with an understanding of the importance of diffuse,571

uniform illumination conditions. A great deal of observational572

cases were simply rejected during quality control; advance-573

ments like the ones we describe in this work will hopefully574

serve to allow for high quality wave measurements to be575
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Fig. 16. Variation of DoLP with 𝜃𝑖 observed on days with (a) overcast and (b)
cloudless sky conditions. On the overcast day, the least-squares fit determined
𝑆̂𝑠𝑘𝑦 = [1.000, 0.086, 0.017] (DoLP = 0.087) with an upwelling fraction of
0.058. On the cloudless day, the fit determined 𝑆̂𝑠𝑘𝑦 = [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 gain576

approach we introduce in the present paper appears to be577

particularly well-suited towards mitigating the influence of578

upwelling unpolarized radiance, while the two-camera system 579

concept we mention here (or PSSm [15]) is likely the optimal 580

solution for making measurements in sunny conditions. 581

V. Summary 582

We have presented an extension of the polarimetric slope 583

sensing (PSS) technique for measuring ocean surface waves. In 584

the original implementation of PSS, we prefer to use a narrow 585

field-of-view lens to avoid challenges associated with oblique 586

ray interaction with the polarizing filters within the camera, 587

though these effects may be mitigated through careful pre- 588

processing [44]. The best measurements tend to be made with a 589

camera incidence angle midway between nadir and Brewster’s 590

angle (i.e., ≈ 27◦); this helps to keep the particularly steep 591

ocean wave surfaces away from camera-relative angles where 592

the Fresnel curve is double-valued (i.e., ≈0◦ and ≈53◦). While 593

it is essential that these effects be considered, accounting for 594

each of them comes with a cost: (1) low camera incidence 595

angles make the polarization measurement more susceptible 596

to contamination by upwelling radiance (a consequence of the 597

Fresnel equations); (2) the narrow field of view precludes di- 598

rect measurement of intermediate to long-scale surface gravity 599

waves. These challenges directly motivated the present work. 600

The technique we present here has been named "extended 601

polarimetric slope sensing", or E-PSS; the "extended" modifier 602

here denotes additional steps taken to 603

1) account for variation in ambient environmental conditions 604

2) allow one to infer the directional properties of surface 605

gravity waves many times larger than the polarimeter 606

FOV 607

When E-PSS is used with a simple empirical correction to 608

the measured degree of linear polarization (DoLP), it is able 609

to provide an accurate remote determination of the omnidirec- 610

tional frequency spectrum across a wide range of surface wave 611

frequencies (and therefore key sea state parameters, e.g. 𝐻𝑚0) 612

from a single surface-looking imaging polarimeter. Further 613

processing of the E-PSS outputs of water surface elevation 614

and two-dimensional surface tilt yields a frequency-directional 615

spectrum which exhibits wave spreading comparable to the 616

spectrum obtained via a traditional ADCP-based approach. 617

The mean direction for the shortest waves resolved through 618

this indirect approach tends to be very close to value obtained 619

from the short wave slope fields directly via multidimen- 620

sional Fourier transform; i.e., application of MEM to our 621

long wave elevation and tilt time series appears to recover 622

the directionality of intermediate-scale wind waves. We find 623

consistency in spectral energy density and equilibrium range 624

slope between the long wave and short wave components of 625

the omnidirectional frequency spectra produced by E-PSS. 626

Furthermore, the short wave statistics obtained directly from 627

the wave slope fields after empirical DoLP correction exhibit 628

stronger agreement with classic observations than has been 629

shown with the unadjusted results of previous applications of 630

PSS. Crucially, these measurements (both of long wave and 631
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short wave properties) are robust with respect to the ambient 632

illumination condition. Finally, we present in concept an exten- 633

sion of this technique to involve two surface looking cameras, 634

allowing for direct (in-scene) determination of the relationship635

between observed polarization state and surface inclination.636

This extension may improve performance in situations when637

the sky-leaving polarization state cannot be neglected, though638

that remains to be demonstrated at scale.639
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