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Breaking waves play an important role in air-sea interaction: enhancing

momentum flux from the atmosphere to the ocean, dissipating wave energy that

is then available for turbulent mixing, injecting aerosols and sea spray into the at-

mosphere, and affecting air-sea gas transfer due to air entrainment. In this thesis

observations are presented of the occurrence of breaking waves under conditions of

strong winds (10-25ms−1) and fetch-limited seas (0-500km) in the Gulf of Tehuan-

tepec Experiment in 2004. An airborne nadir-looking video camera, along with a

global positioning system (GPS) and inertial motion unit (IMU), provided digital

videos of the breaking sea surface in an earth frame. In particular, we present

observations of Λ(c)dc, which is the distribution of breaking wave crest lengths

per unit sea surface area, binned by breaking velocity increments dc.

Methods of analyzing visible images of the sea surface to yield Λ(c) are

studied. The results from two previous field observations of Λ(c) give qualitatively

different results: Melville and Matusov (2002) find an exponential form for Λ(c),

while Gemmrich et al. (2008) obtain a function that peaks at intermediate speeds

and falls off for high and low speeds, and at higher speeds is up to an order of

magnitude higher than Melville and Matusov (2002). Two independent processing

techniques for determining Λ(c) from video images are implemented, and it is

shown that the results from both studies can qualitatively be obtained when the
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assumptions built into the processing of the previous studies are used. The effects

of surface currents, long wave orbital velocity, and the relationship between the

speed of the foam patch and the underlying intrinsic phase speed are addressed.

The appropriateness and limitations of comparison of the first moment of Λ(c) to

the breaking rate are explored.

The spectrally resolved Λ(c) as well as bulk measurements of whitecap

coverage and breaking rate are presented for a range of wind speeds and sea states.

Observations are compared to Phillips’ (1985) model of Λ(c) in the equilibrium

range of the wave spectrum. The observed Λ(c) distributions are described well

by the Rayleigh distribution for slow and intermediate speeds, yet fall above the

Rayleigh distribution for the fastest breaking speeds. The dimensionless width of

the Λ(c) distribution increases weakly with dimensionless fetch, while the total

length of breaking per unit sea surface area decreases with dimensionless fetch

for intermediate to fully-developed seas. The integral and the first two moments

of Λ(c) show a strong correlation with the active whitecap coverage. The active

whitecap coverage falls in the range of previous observations, but with a stronger

dependence on wind speed. The breaking rate plotted against the spectral peak

steepness is in agreement with previous observations (Banner et al., 2000).
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1 Introduction

Surface waves are ubiquitous on oceans and lakes around the world. The

wave state is typically described by the dominant (peak) wave period and the wave

height, although a substantial range of heights and periods occur simultaneously

on wind-driven water surfaces (Sverdrup and Munk, 1947). Estimation and pre-

diction of wave state is important to anyone in contact with the water surface:

mariners of all types, coastal inhabitants, and platform-based ocean operations.

Current numerical wave models, supported by many fundamental studies, enable

us to compute ocean surface waves on a global scale with sufficient accuracy for

many, but not all, practical purposes (Komen et al., 1994). However, physical pro-

cesses controlling the energy balance of ocean surface waves are still not completely

understood. In particular, wave energy dissipation represents the least understood

part of the physics relevant to wave modelling (Cavaleri et al., 2007). There is

a general consensus that the major part of this dissipation is supported by wave

breaking.

The development of the wave state under forcing by wind is a key part of

our understanding of surface waves. In 1963, Kitaigorodskii proposed that for a

stationary, homogeneous wind field blowing orthogonally off a straight shore, the

appropriately nondimensionalized wave spectrum should be a universal function

of the nondimensional fetch χ = gX/u2
∗. Fetch, X, is the length over which the

wind blows to generate waves, g is gravitational acceleration, and u∗ is the friction

velocity of wind blowing on the water. This idea led to the Joint North Sea Wave

Project, JONSWAP (Hasselmann et al., 1973), which analyzed the development

of the wave spectra as a function of fetch in off-shore wind conditions. The fetch

relations relate the nondimensional dominant wave frequency and wave energy to

1
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the nondimensional fetch. Further investigations (Mitsuyasu, 1968; Hasselmann

et al., 1973; Kahma, 1981; Donelan et al., 1985; Dobson et al., 1988; Donelan

et al., 1992) verified and extended the results from JONSWAP, empirically finding

a range for the constants of proportionality and the power law dependence of the

nondimensional peak frequency and wave energy to the nondimensional fetch.

The present study was motivated by the need for a spectral description of

wave energy dissipation due to breaking. One aim of the research was to develop

a fetch-dependent description of wave breaking.

A field experiment was undertaken in 2004 in the Gulf of Tehuantepec, off

the Pacific coast of Mexico, which is known for its strong off-shore wind events dur-

ing the winter months. An airborne digital black and white video camera produced

the primary wave breaking observations, via the bright whitecap associated with

breaking. The airborne platform allowed for observations spanning a large spatial

domain rather than stationary point measurements. The downward-looking video

camera produced images observing the sea surface unhindered by oblique angles re-

quired of video measurements taken from towers, ships, or platforms. The aircraft

was also equipped to observe the wind, wave surface elevation, and sea surface tem-

perature with a turbulent wind sensor, a scanning lidar, and a downward-looking

radiometer, respectively.

Four weeks in the field with research flights on eleven days produced a

massive data set of digital imagery and corresponding field variables. Analysis of

the images to measure the crest length and breaking speed of actively breaking

waves proved to be more subtle and detailed than one might expect. After a wide

range of possible techniques were explored, we ultimately used a simple brightness

threshold to identify the whitecaps and foam patches on the sea surface. Most

studies involving whitecap coverage prior to 2004 used a manual determination of

brightness threshold. With the large number of images to be processed, this was

not practical, so an algorithm was developed to estimate the brightness threshold

that captured the maximum amount of breaking in the images while including a

minimum amount of bright but non-breaking regions.

A very important aspect of our field study involves measurement of the
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speed of breaking. The camera moved with the aircraft at a speed of O(100)ms−1,

while the speed of breaking was typically O(1-10)ms−1. Accurate correction for the

aircraft motion was pivotal for our estimation of breaking speed. Difficulties with

equipment in the field exacerbated this issue. Great care was taken to remove the

aircraft (camera) motion from the image sequences. During every research flight

images were captured over land, and particularly over the airport ramp, which was

used for validation of aircraft motion removal. We were aware that the six-degrees

of motion (location and angular orientation) of the aircraft needed to be carefully

considered. Through the course of the study we became aware of the important

effect of lens distortion and the offsets of camera orientation relative to the aircraft

on the apparent motion on the sea surface.

With a very large data set in strongly-forced, fetch-limited conditions, the

dependence of wave breaking on fetch was investigated. Images that were not con-

taminated by sun glint were processed to yield the whitecap coverage. A subset

of those images, captured at an optimal aircraft altitude, were processed for kine-

matics to yield Λ(c), the distribution of the average total length of breaking crests

per unit sea surface area. Many possible combinations of environmental variables

were considered to collapse the Λ(c) distributions and obtain an indication of the

physical processes and environmental conditions affecting wave breaking.

This research naturally falls into two parts. The first part presents the

techniques used to prepare the images and calculate the lengths, speeds, and areal

coverage of wave breaking. The subtleties encountered justify presenting this ma-

terial in depth, because it became apparent that the processing method employed

could dramatically affect the resulting Λ(c) distribution. The second part addresses

the evolution of whitecap coverage and Λ(c) with the environmental conditions en-

countered in the Gulf of Tehuantepec, Mexico. Each part is self-contained.



2 The Analysis of Sea Surface

Imagery for White Cap

Kinematics

2.1 Introduction

Wave breaking plays an important role at the air-sea interface, transferring

momentum from the wave field to surface currents, dissipating wave energy, in-

jecting bubbles into the upper ocean, and producing sea spray and marine aerosols

(Melville, 1996). A better understanding of the occurrence and rate of wave break-

ing under various environmental conditions would improve our current understand-

ing of these processes at the air-sea interface. In particular, a measure of the scale

of the waves that are undergoing breaking would be useful for a more detailed

description of wave energy dissipation, momentum transfer, and gas transfer.

In 1985, Phillips proposed a spectrally resolved statistical measure of wave

breaking, Λ(c), such that Λ(c)dc is the average total length per unit sea surface

area of breaking fronts that have vector velocities in the range of c to c + dc. In

the following discussion, c = (c, θ) is the breaking velocity, with magnitude c and

direction θ. It follows that the distribution of breaking lengths according to their

speed of breaking is Λ(c) =
∫

Λ(c, θ)cdθ.

Phillips showed that the first moment of Λ(c) can be related to the rate of

breaking at a fixed location on the sea surface,

R =

∫
cΛ(c)dc (2.1)

4
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where R is the passage rate of breakers past a given point at the sea surface, or

equivalently the fraction of the sea surface that is “turned over” by wave breaking

per unit time, with units [s−1]. Phillips also related the whitecap coverage W ,

the fraction of the sea surface covered with bubbles from wave breaking, to Λ(c),

dependent upon the time T that bubbles persist on the sea surface,

W =

∫
cTΛ(c)dc. (2.2)

Special care needs to be taken in distinguishing between active whitecap coverage

WA, which is the fraction of the surface covered with foam patches associated

with actively breaking crests, and old foam coverage WB, which is the fraction of

the surface covered with residual bubble patches and streaks. The full whitecap

coverage is W = WA + WB. See, for example, Bondur and Sharkov (1982) and

Monahan (1993) for a full discussion.

Incorporating the laboratory measurements of Duncan (1981) describing

the self-similarity of quasi-steady wave breaking produced by a towed hydrofoil,

Phillips also related the fifth moment of Λ(c) to the average rate of energy loss per

unit area by breakers with speeds between c and c + dc,

ε(c)dc = bρg−1c5Λ(c)dc (2.3)

where g is gravitational acceleration and b is a breaking strength parameter which

Duncan estimated to be a constant approximately equal to 0.061.Work on unsteady

breaking shows that b is not a constant but depends on the focusing or steepness

of the wave that is breaking (Melville, 1994; Banner and Peirson, 2007; Drazen

et al., 2008). The spectral distribution of the mean momentum flux transferred

from the wave field to the surface currents via wave breaking is given by

−→τ (c) =
c

c2
ε(c). (2.4)

From (2.3) and (2.4), the momentum flux component in the direction of the wind

can be written as

τ(c) = bρ cos(θ)g−1c4Λ(c)dc (2.5)

1The c5 scaling for the quasi-steady breaking of Duncan’s experiments may be anticipated by
the expression for the wave-making power of a cylinder (Lighthill, 1978, p. 459)
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where θ is the angle between the wind and the waves.

Field observations of wave breaking have been difficult. The intermittent

nature of breaking as well as the rough sea conditions that frequently accompany

breaking make in situ observations challenging. Λ(c) can be calculated from remote

measurements of the sea surface using video imagery that resolves the patches of

foam that result from breaking (Melville and Matusov, 2002; Gemmrich et al.,

2008), radar measurements of backscattered sea spikes (Phillips et al., 2001), or

infrared imagery of the surface temperature indicative of breaking microscale waves

(Jessup and Phadnis, 2005).

Field and laboratory measurements of Λ(c) have displayed a rather wide

range of results. Figure 2.1 shows the published observations of Λ(c) to date.

Phillips et al. (2001) used radar backscatter, “sea spikes,” to measure the speed of

breaking events. They inferred the length of breaking from the distance traveled

by the breaking wave (Thorpe and Hall, 1983), and assumed that the direction

of breaking was closely aligned with the wind direction. Due to these strong

assumptions, their measurement of Λ(c) is not a direct measurement, but rather

an inferred result. Their measurements were taken in winds of 9.3ms−1 in a well-

developed wave field.

Melville and Matusov (2002) analyzed visible video images of the sea surface

from an aircraft with surface wind speeds of 7.2, 9.8, and 13.6 ms−1. Active

whitecaps were identified using a brightness threshold, and the condition that

the area of the whitecap was increasing. Each breaking event was tracked, and

the velocity of the contour was determined using a method similar to particle

imaging velocimetry (PIV) (Raffel et al., 1998). Based on laboratory studies of

the kinematics of breaking (Rapp and Melville, 1990), the apparent motion of

the bubble patches due to the aircraft motion was accounted for by assuming the

rear of the turbulent patch produced by breaking was stationary to leading order.

They also validated their results against a simple model relating the change in

foam patch area to the length and time scales of breaking.

Jessup and Phadnis (2005) used infrared (IR) images of wind-driven waves

in a laboratory flume to observe the thermal signature of micro-scale breaking
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Figure 2.1: Published observations of Λ(c) to date in (a) logarithmic and (b) linear
coordinates. Field observations of gravity waves: Melville and Matusov (2002) lines
with dots, for 3 different wind speeds; Gemmrich et al. (2008) lines with squares,
for 4 different sea states and winds, Phillips et al. (2001) crosses inferred from radar
backscatter. Laboratory observations of micro-scale waves: Jessup and Phadnis
(2005) thick lines, for three different wind speeds. In (a), the straight lines show
the theoretical form of Λ(c) from Phillips (1985), with the breaking parameter
b = 7 × 10−5 (dashed), and b = 0.06 (solid), and the constants with his notation
4γβ3I(3p) = 0.0023, see equation 2.6.

waves under winds of 6.2, 8.1, and 9.6 ms−1, with strongly forced (developing sea)

conditions. They computed Λ(c) with two different methods, settling on a PIV-

based method. They addressed the issue of changing speed along the crest length

of the breaking wave, and found that including the slower moving breaking near

the edges of the breaking crest affected the final result of Λ(c).

Gemmrich et al. (2008) used images from a video camera mounted on the

R/P FLIP to obtain images of whitecaps passing through the field of view. The

wind speed ranged from almost calm to 15ms−1, and both developing and developed

seas were encountered. The camera covered an area of 9 × 12m with pixel size
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of 0.02m × 0.02m, which resolved all small-scale whitecaps, but did not always

capture the full breaking crest length of dominant breakers. They considered the

image intensity difference between subsequent images, and applied a threshold

to identify actively breaking crests. The breaking length was determined by the

major axis of each ellipse, and the breaking speed by the translation of the ellipse

centroid. Each tracked breaking event was assigned a duration of breaking, a

length of breaking equal to the maximum ellipse length, and a speed of breaking

equal to the mean of the highest one-third of the speeds within the record, c1/3,

resulting in a distribution Λ(c). Gemmrich et al. found that the youngest seas

showed the greatest amount of breaking near the spectral peak phase speed, cp,

and all their results show that Λ(c) has a maximum around 0.2cp − 0.4cp.

For an equilibrium wave spectrum, Phillips (1985, eq. 6.7) predicted that

Λ(c) = 4γβ3I(3p)b−1u3
∗gc−7 (2.6)

where γ and β are proportionality factors between the wave action source terms,

p relates to the wave field directional distribution, and I(3p) is the integral of

cos(θ)3p with limits of integration from −π/2 to π/2. This result is shown in

Figure 2.1 for 10ms−1 wind (u∗ = 0.33), with the constants in his equation (6.7)

set to give 4γβ3I(3p) = 0.0023 (see section 3.5) and the breaking parameter b a

value of 7× 10−5 (dashed line), as found by Gemmrich et al. (2008), or 0.06 (solid

line), as found by Duncan (1981).

In this chapter, we examine the difficulties inherent in analyzing images for

the kinematics of breaking, including the effects of brightness threshold, method

of determination of the active breaking front, effects of resolution in space and

time, method of determination of the speed of breaking, the effect of averaging the

speed in space and time, appropriate consistency checks, and the effect of removing

advection due to the underlying orbital motion of long waves.

During a field experiment in 2004, we observed deep water wave break-

ing in the Gulf of Tehuantepec to examine the evolution of wave breaking under

well-defined, fetch-limited conditions. A downward-looking digital video camera

mounted on the NSF C130 research aircraft observed the whitecaps created by

breaking waves. The processing techniques of Melville and Matusov (2002) were
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used as a starting point. The assumption that the rear of the bubble patch remains

stationary to leading order, however, was not valid for the Tehuantepec data set,

so the images were earth-rectified, so as to be able to process them in a stationary

reference frame. In section 2.2 we describe the experimental setup used to obtain

images of the sea surface from an aircraft, as well as accompanying environmen-

tal measurements. In section 2.3 we use a brightness threshold to determine the

extent of contours of foam produced from wave breaking, and discuss the choice

of brightness threshold, and validate it with manually determined thresholds. In

section 2.4 the contour method to determine Λ(c) is presented, in which the speed

of breaking is resolved in both space and time around the contours (perimeters)

of foam patches. The sensitivity to thresholds, and the effect of averaging are

addressed. A discussion is included on the subtleties of relating the first moment

of Λ(c) to the breaking rate (equation 2.1). Section 2.5 addresses the relationship

of breaking speed to the underlying phase speed. In the later stages of this work,

the paper by Gemmrich et al. (2008) was published, and so we implemented a

technique similar to theirs for comparison, described in section 2.7, and compared

this method to the contour method as well as previous studies in sections 2.8 and

2.9.

2.2 Experimental Setup

A field experiment was undertaken in February 2004 in the Gulf of Tehuan-

tepec, Mexico, which is known for strong offshore wind jets through the Chivela

Pass during the wintertime (Trasviña et al., 1995; Steenburgh et al., 1998). All

data were collected from the NSF/NCAR C-130Q HERCULES aircraft, hereafter

referred to as the C130. The C130 was equipped with the standard suite of atmo-

spheric measurements as well as an integrated optical, IR and fixed laser altimetry

system, and the NASA Airborne Terrain Mapper (ATM) scanning lidar (Krabill

and Martin, 1987; Romero and Melville, 2009a).

The measurements of breaking crest length and speed were obtained from

images captured by a Pulnix TM-1040 digital video camera with a Computar 16-
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160mm remotely adjustable zoom lens. The focal length was usually set to the

16mm stop, and the focus set to ∞, resulting in a view angle of 31o. The camera

captured 1 megapixel, 8-bit grayscale images at the maximum rate of 30 frames

per second (fps), which were streamed to a PC computer through an IFC 5.7

PCdig frame grabber. Video Savant software recorded the images to a RAID0

raid array of four 250 gigabyte hard drives at a synchronized rate of either 15 or 30

frames per second. The time of image capture, obtained from the computer clock,

was recorded for each image with a precision of 1ms. The computer clock was

synchronized hourly with GPS time. The actual ∆t between images had a much

higher accuracy, because it was determined by the Pulnix TM-1040’s internal clock

which ran at 40.068MHz. For the data segment discussed in this paper, the flight

altitude of 368-436m resulted in an image size of 211m×209m, to 250m×248m with

pixel resolution of 0.21 to 0.25m. However, after adjustment for lens distortion,

and projection to a reference coordinate system, the resulting pixel size was 0.29

to 0.35m.

Measurements of the aircraft pitch, roll and heading from the Honeywell

YG1854 Laseref SM intertial measurement unit (IMU) on board the C130 was used

to determine the orientation of the camera. The IMU was located 86cm forward

and 91cm starboard of the video camera (Figure 2.2b). Any flexing of the aircraft

over this distance, as well as vibrations, would not be properly captured by the

IMU, and may contribute to errors in the removal of the aircraft motion from the

image sequence.2

To determine the position of the camera, the differential GPS associated

with the ATM was used. The antenna was on the top of the aircraft, 3.75m above

and 1.6m aft of the video camera (see Figure 2.2b). The position was therefore

adjusted to the camera location using the pitch, roll, and heading of the aircraft

determined by the IMU.

The ATM scanning lidar was used to measure the surface waves, and also

provided aircraft positioning data when it was operating, usually at aircraft al-

titudes in the range 150-1000m. The sea surface topography measured from the

2A separate IMU unit rigidly strapped to the camera malfunctioned and was not available for
most of the experiment
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ATM yielded relevant directional spectral information about the sea state includ-

ing the spectral peak phase speed cp, and the significant wave height Hs. The map

of sea surface height was not designed to be synchronized with the video imagery,

but the two data streams were synchronized in post-processing.

The wind friction velocity u∗ was measured using a radome gust probe on

the aircraft and Reynolds stress decomposition (Brown et al., 1983), at a height of

30-50m above sea level. The 10-meter wind speed was calculated from the friction

velocity and surface stability (Jones and Toba, 2001; Romero and Melville, 2009a)

assuming a constant stress layer. The winds were observed when the aircraft was

flying at low altitudes, and then interpolated linearly in space to yield the wind

speed and friction velocity at the location of image acquisition, where the aircraft

was at 400m altitude.

The IMU associated with the C130, the GPS system associated with the

ATM scanning lidar, and the imaging system were each operated on independent

timing systems. In particular, the offset in time was found to vary by tenths of

a second. With an aircraft velocity of approximately 100ms−1, this is an unac-

ceptable offset. To correct for this, the images were synchronized with the aircraft

position data using a novel technique developed for this purpose. The observed

translation of images and the expected translation due to translation and rotation

of the camera were computed. Correlation of these two time series allowed us to

synchronize the images with the ATM and C130 data systems to within 0.004s.

This is much less than the ∆t between images of 0.033s and the ∆t used for im-

age processing of 0.133. This synchronization technique may have more general

application and is included in Appendix A.

It was found that correcting for camera lens distortion (Holland et al., 1997)

was of key importance in the computation of Λ(c). In an image with lens distortion,

straight lines appear curved. Thus, as breaking wave events travel through the

field of view, they follow a curved trajectory, which results in an induced speed,

or in the worst case reduces or reverses their direction of breaking so they are

not identified as actively breaking wave fronts. The images frequently had uneven

lighting, which was also necessary to correct. Otherwise, a patch of foam would
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appear to get larger or smaller as it traveled to the brighter or dimmer region of the

image, respectively. A summary of the methods used to account for lens distortion

and background lighting variability is given in Appendix B.

2.2.1 Projection of image to earth coordinates

To remove the aircraft motion from the image sequence, the image pixel

coordinates (xp, yp) are projected to points on the sea surface, (xe, ye) which we call

the earth reference frame. The earth reference frame has an arbitrary origin, with

ze = 0 corresponding to the mean sea surface height, and xe and ye directed toward

the east and north, respectively. The camera location (X, Y, Z) and orientation R

in the earth reference frame are determined for each image from the GPS sensors

and IMU motion sensors on board the C130. Each image is projected using a

pinhole-camera model (equations 2.7-2.8), which neglects the effect of the lens on

image formation. This is acceptable because the lens effects have already been

corrected independently (Appendix B).

R =
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0 0 1
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In (2.7), R is the rotation matrix, as a function of pitch (P ) roll (R), and heading

(H), as depicted in Figure 2.2a. X,Y are the position of the camera in meters
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relative to the arbitrary origin of the earth reference frame, and Z is the aircraft

vertical distance to the ground in meters. [xp, yp] are the image pixel locations on

the CCD in millimeters, aligned such that the values of xp are increasing toward the

aircraft nose, and yp toward the starboard side of the aircraft. f is the camera focal

length in millimeters, and xc, yc are the center of the CCD, in millimeters. The

final result [xe/n, ye/n] are the coordinates in the earth reference frame in meters.

z is not used in our analysis. It is very important that the image coordinates are

aligned with the aircraft as mentioned above and illustrated in Figure 2.2a before

using equation 2.8.

Equations 2.7-2.8 project the images to a plane at the sea surface. The

sea surface certainly is not planar, and the wave height will introduce errors in the

projected image location and velocity. Objects on wave crests (troughs) will appear

magnified (smaller), and be shifted toward the image edge (center). For typical

image acquisition conditions (see table 2.1), a wave crest with elevation ∆z = 2m

located at the edge of the image would be displaced by tan(α/2)∆z = 0.55m, or

about 2 pixels, where α is the camera view angle. Objects on the wave crest would

be magnified by ∆z/Aa/c = 0.5%, where Aa/c is the aircraft altitude. The high

camera altitude results in relatively small errors in location and magnification.

However, since the objects are moving through the image field of view, the wave

crests will appear to move faster from one end of the image to the other, according

to

∆c =
∆z

Aa/c

Va/c. (2.9)

Objects pass through our field of view at roughly the aircraft velocity, Va/c =

100 ± 30ms−1. A wave crest or wave trough would correspond to a velocity error

against or along the direction of flight, respectively. Equation 2.9 can also be used

to estimate the velocity error due to errors in the determination of camera altitude.

A stationary camera mounted on a tower, platform, or ship is also subject to (2.9),

but with the aircraft velocity replaced by the velocity of the objects passing through

the field of view. For our experimental setup, a wave crest with ∆z = 2m would

produce an observed speed error of 0.7ms−1. Ideally, sea surface height measured

by the scanning ATM could be used to project the images to a wavy surface rather
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than a planar approximation. This was not pursued in this study.

For the purpose of demonstrating the analysis techniques, a single sequence

of images is considered, with environmental conditions given in Table 2.1. With

an average altitude of 378 m, the average image size was 217 m × 215 m, and the

average pixel edge size after projection was 30 cm.

Table 2.1: Mean environmental conditions for the image sequence analyzed. In SI
units, except when stated otherwise: Fetch X in kilometers, Altitude A, Aircraft
velocity Va/c, spectral peak wavelength λp, spectral peak phase speed cp, significant
wave height Hs, 10-meter wind speed U10, friction velocity u∗, wind direction ud

in degrees, wave age cp/U10, number of images N, frames per second fps, and total
(non-overlapping images) sea surface sampled As in km2.

X Aa/c Va/c cp Hs U10 u∗ ud cp/U10 N fps As

404-438 378 130 14.1 4.0 14.9 0.65 219 0.95 4059 15 7.2

2.3 Selection of brightness threshold

As discussed in the introduction, Λ(c) can be related to the breaking rate

R and to the whitecap coverage W (equations 2.1, 2.2). Determination of R,

W , and Λ(c) depend on our ability to distinguish breaking regions from non-

breaking regions on the sea surface. On visible images, the most distinguishing

signature of wave breaking is the white foam patch of bubbles created by air

entrainment. Typically a brightness threshold is used to identify wave breaking:

any portion of the image brighter than the brightness threshold is declared to be a

foam patch. The determination of an appropriate brightness threshold is a difficult,

and perhaps ill-defined, task. We found that the brightness thresholds determined

manually for a variety of images in the GOTEX data set were associated with

the shape of the image brightness histograms. In this section, an algorithm to

determine the brightness threshold from the image histogram is presented, and

the range of acceptable brightness thresholds is determined by comparison with

manual determination of the brightness threshold. The resulting breaking rate R

and whitecap coverage W , as well as their uncertainty, is presented for the image

sequence under consideration.
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Figure 2.2: a) The aircraft coordinate system, showing the directions of the xp, yp,
and z axes, and the orientations of positive pitch, roll and yaw angles. b) The
locations of the instrumentation on board the C130.
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The normalized image intensity histogram is the probability density func-

tion, p(i), where i is the intensity of an image pixel. Pixel intensities have a

grayscale range from black (i = 0) to white (i = 1). The fraction of the image

brighter than an intensity threshold, it, is simply the inverse cumulative distribu-

tion

W (it) = 1−
∫ it

0

p(i)di. (2.10)

As it increases from 0 (black) to 1 (white), W (it) decreases from 1 to 0. When

viewed on logarithmic axes, the function W (it) falls off rapidly (Figure 2.3a). How-

ever, when there are foam patches present, an enhancement at higher intensities

is observed, providing an indication of the proper choice of brightness threshold.

Figure 2.3a shows the function W (it) for a sample image (solid line), and a

portion of that image is shown in Figure 2.3c and d. The image sample contains an

actively breaking whitecap (the crescent shape in the lower right quadrant), recent

old foam (bright speckled patches), and older residual foam (dimmer patches).

For comparison, in panel (a) the W (it) distribution is also shown for a different

image, captured on a different day, containing no breaking (dashed line). Since

the lighting conditions are different for the two images, the non-breaking image

has been adjusted so the mean and variance of the two images are equal, for the

purpose of comparison in Figure 2.3a.

To determine the brightness threshold for a sequence of images, the mean

spatial background lighting is removed from all images (See Appendix B and equa-

tion A.4). Then the function W (it) is computed (2.10) for each image. An estimate

of the curvature of W (it) is calculated by defining L(it) = ln(W (it)) as the natural

logarithm of W (it), and taking the second derivative of L(it) with respect to it.

The function is smoothed with a 10-point triangular window before taking each

derivative to reduce noise. The peak in curvature, given by the red dot in Figures

2.3a and b, indicates where the distribution begins to deviate from the background

(darker) distribution.

The peak in curvature conceptually appears to be a good choice for the

brightness threshold, shown with a red dot in Figure 2.3 panels a and b. The

resulting foam perimeters, shown in red in panel d, appear to capture the foam
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Figure 2.3: Determination of the brightness threshold from the image histogram. a)
Whitecap coverage as a function of brightness threshold, W (it), for a sample image.
The dashed line shows W (it) for a different image (not shown) that contains no
breaking, and has been adjusted so that the mean and variance of image brightness
match that of the sample image. b) The second derivative of L(it), where L(it) =
ln(W (it)). The green circle marks the end of the region of positive curvature,
which is determined to be our brightness threshold. The red circle marks the peak
curvature. c) A portion of the sample image containing both actively breaking
whitecaps and old foam patches. d) The same image, with contours drawn at
brightness intensities corresponding to the peak curvature (red), and the end of
the region of positive curvature (green). Images c and d are 41.5 m wide × 46 m
high.

extent well. However, a cluster of “false positives” is found in the upper left

corner of panel d that does not appear to be actual foam patches. Increasing the

brightness threshold it to avoid inclusion of non-breaking facets of the sea surface

resulted in a brightness threshold that fell at the end of the region of positive
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curvature, marked with a green dot in panels a and b, and corresponding contours

shown in green in panel d. We define the end of the region of positive curvature as

the point at which the curvature first reaches a value of 20% of the peak curvature

value. The 20% measure was not chosen to match the manually-selected thresholds

described below, but as a “reasonable limit” from inspection of many L′′ curves.

The final result is a single scalar brightness intensity threshold it for each

image. Sequential images can be combined into a single image brightness histogram

p(i) in order to obtain a large enough statistic to avoid erroneous results when

individual images become filled with a large breaking event or contain no foam

patches.

In the process of this work, other studies noted a similar pattern in the

W (it) function, and also used it to determine a brightness threshold. Sugihara

et al. (2007) found that W (it) was roughly constant for a range of it, and they

used this as a criterion for their selection of brightness threshold. Although the

concept is similar to that proposed here, the GOTEX data did not indicate a region

for which the whitecap coverage was largely independent of the brightness thresh-

old (eg. Figure 2.3a). Mironov and Dulov (2008) found that the dark end of the

image intensity distribution followed a Gaussian distribution, after subtraction of

the background image intensity. The GOTEX data did not show a Gaussian distri-

bution for the darker (non-breaking) region of the image histogram, when similar

image preparation was used. Callaghan and White (2008) derived an automatic

threshold selection algorithm also based on the image histogram.

2.3.1 Validation of brightness threshold

To validate the brightness threshold determined by the method above, ten

volunteers estimated the brightness threshold for 82 random images with a range

of foam coverage, image exposure, sun glint contamination, and image resolution.

Their instructions were to find the threshold that best distinguished foam from

background sea surface. Figure 2.4a shows the range of manual brightness thresh-

olds determined by the volunteers (it manual), versus the automatic choice of

threshold (it), for the 82 images. The mean of the ten manual estimates is shown
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Figure 2.4: A comparison of manually and automatically determined brightness
thresholds, and resultant image whitecap coverage. a) The threshold manually
estimated by 10 volunteers compared to the algorithm results for 82 images. The
mean manually determined threshold is shown by the black circle, and error bars
represent the minimum and maximum manually-determined thresholds for each
image. b) The resulting whitecap coverage W from the 10 manual thresholds,
with error bars showing the minimum and maximum, compared to the whitecap
coverage from the algorithm threshold for each image. The diagonal lines show a
one-to-one relationship.

with a black circle, with error bars indicating the minimum and maximum values.

One especially bright image was discarded by the algorithm, and the threshold

was set to 1 due to excessive sun glint. The difficulty in identifying whitecaps

from the images is apparent from the range in manually determined thresholds,

shown by the vertical bars. The algorithm results are generally in agreement with

manually chosen thresholds, except for a bias for the darker images where the algo-

rithm threshold was less strict (0.2-0.3) than the manually determined thresholds

(0.3-0.4).

On average, the automatic threshold differs from the mean manually deter-

mined threshold by 0.013 standard deviations, computed by

(
it − tI,man

)

σtI,man

, where

tI,man and σtI,man
are the mean and standard deviation of the manually-determined

thresholds for each image, respectively. This indicates that the automatic threshold
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is not biased high or low with respect to the manually-determined thresholds. The

standard deviation of the manually determined thresholds is on average ±0.12.

We conclude that the algorithm yields a non-biased estimate of the brightness

threshold, within the range of ±0.12.

This range is rather large, compared to previous reports of accuracy of de-

termining the brightness threshold (Monahan, 1971; Callaghan and White, 2008).

Part of the difficulty may be due to the nadir-looking video camera. Patches of

foam are not as bright when viewed directly from above, because the depth of the

foam patch along the line of sight is less than from a grazing angle. Nearly all

previous studies of whitecap coverage are from cameras looking at the sea surface

with an oblique angle. Also, images were captured all day long, under cloudless

conditions, so sun glitter is a common issue. Image sequences in which the sun-

glint reached a saturated brightness of i = 1 were discarded. The sample of 82

random images considered by the manual operators include the most difficult light-

ing conditions, so the range of thresholds of ±0.12 is the outer range of acceptable

brightness thresholds.

This algorithm provided an initial estimate of the brightness threshold for

the GOTEX images. A random selection of images (approximately every 500th

image) were checked manually, and the threshold was adjusted as needed for the

presence of sun glitter and rapidly changing lighting conditions such as cloud shad-

ows. The basic criterion was to include as much foam patch area as possible,

without including background non-breaking surfaces.

The fractional whitecap coverage determined by the brightness thresh-

old, W (it) is shown in Figure 2.4b. The root mean squared error of (Wman −
Wauto)/Wman is 0.51, where Wman, Wauto correspond to the mean manual and au-

tomatic determination of whitecap coverage, respectively. This indicates that we

only have confidence in our estimate of whitecap coverage to 50%, which is a larger

error than most reported studies. The error reflects the range of estimates found

by human operators, and highlights the difficulty identifying foam patches based

on a brightness threshold.
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2.3.2 Determination of the full rate of breaking and thresh-

olded whitecap coverage

An estimate for the rate of breaking R can also be obtained from our image

sequences. After the aircraft motion is removed and the brightness threshold is

determined, stationary points are chosen at random on the sea surface (see Figure

2.5). As the aircraft flies over these stationary points or “virtual buoys,” a time

record of the brightness at each point is recorded while the point is within our field

of view. The time record is smoothed with a three-point running mean to remove

spikes and image noise.3 If the intensity transitions from below the brightness

threshold to above it, it is marked as being hit by a breaking wave. Points that

have been “hit” by a breaking wave are marked with a red circle in Figure 2.5.

Although the time series of any single point is less than 2 seconds for typical flying

conditions, with enough stationary points recorded, we can measure the number

of hits divided by the total record time. Say N stationary points are seeded on the

image swath, labeled i = 1...N , each of which has a brightness bi(t) and resides in

the image field of view for a time ti. A point has been “hit” if

Hi =





1, if bi transitions from below to above it

0, in all other cases.
(2.11)

The full passage rate, as defined in equation (2.1) is

R =

∑N Hi∑
ti

. (2.12)

The comparison of the manual to the automatic choice of thresholds can be

used to assign error bars to the whitecap coverage and breaking rate of the image

sequence under consideration in this paper. The mean brightness threshold for this

image sequence is 0.447. Taking the acceptable range of thresholds as 0.447±0.12,

the whitecap coverage is 0.66%, within the range of 0.41-1.47%, and the breaking

rate is 0.0060s−1 (21.5hr−1), within the range of 0.0035-0.0171s−1 (12.6-61.7hr−1).

3A three-point window is equivalent to 0.4s, or a spatial separation of ≈ 1m, given the typical
ocean surface speeds of 3ms−1. Thus very small reaking waves, with an along-wave dimension
under 1m will be filtered out because the virtual buoy resides in the foam patch for twoo brief
of a time. See the buoy marked with a green square in Figure 2.5
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Figure 2.5: An example of randomly seeding the image swath with virtual “buoys”
(orange asterisks) to measure breaking rate. The aircraft is flying towards the
southwest, the gray scale image shows a cluster of intense breaking. Buoys that
have been “hit” by a breaking wave while in our field of view are marked with a
red circle. Patch A is an old, advecting foam patch, B is a mature breaking event,
and the region northeast of C contains young, active, vigorous breakers.
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A number of subtleties regarding accurate computation of the breaking rate will

be discussed in full detail in section 2.4.4.

2.4 Contour method

With the thresholding algorithm set, the foundation has been laid for com-

putation of Λ(c), the distribution of breaking crests per unit sea surface area,

according to their velocity c. To summarize the preparatory steps:

• The mean background lighting is removed (equation A.4)

• Images are corrected for lens distortion (Appendix B)

• The camera position and orientation are obtained from GPS and inertial

measurement sensors, respectively, for each image

• Images are projected to an earth-centric coordinate frame (equation 2.8)

• The brightness threshold is determined (section 2.3)

The two major steps of computing Λ(c) involve identification of the active

breaking crests, and computation of velocity along the active breaking crest. We

wish to consider the spatially-resolved velocity along the breaking crest, as well as

the velocities at the rear of the whitecap. The contour method defines the perime-

ters, or contours, around foam patches using the brightness threshold it. Foam

patches are tracked in time, such that all grouped contours compose a breaking

event. The speed is computed at every point around every contour, and the actively

breaking front is identified. Finally, the statistics of Λ(c) are computed from the

crest lengths and speeds. The contour method is the full processing method used

on the GOTEX data set, and offers the most flexibility and information. How-

ever, as discussed in section 2.3, the determination of foam patch contours using

a brightness threshold alone has a wide range of possible errors, and may intro-

duce some uncertainty in the result. A careful analysis of the effect of brightness

threshold on the resulting Λ(c) statistic is required.
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In this section the full details of the contour method of processing are

presented. The method of determining the speed of breaking is discussed, and

results are validated by consideration of the change in foam patch area. The

method for determining the front of breaking is presented, and the Λ(c) results

are presented for a range of thresholds, and compared to the breaking rate R.

Subtleties regarding the interpretation of the rate of breaking R are explored. The

effect of averaging the lengths and speeds of breaking in both space and time on

the resulting Λ(c) distributions is also considered.

2.4.1 Computation of velocity around the foam contours

Melville and Matusov (2002) used a correlation-based method, similar to

particle imaging velocimetry (PIV) to compute velocities around foam contours,

while Gemmrich et al. (2008) used the displacement of the centroid of the break-

ing crest to determine velocity. Jessup and Phadnis (2005) considered a number

of methods including PIV-based and centroid tracking methods, and found that

the chosen processing method affected the final Λ(c) results. Thomson and Jes-

sup (2009) used a Fourier-based approach to determine breaking speed in the

wavenumber-frequency domain, rather than the space-time domain. Our analy-

sis began with a PIV-based methodology. However, limitations were encountered

due to the correlation window size relative to the foam patch size, and the pixel

resolution. There are many small foam patches, on the order of 9-25 pixels2, see

Appendix C.1. A fine-scale correlation window size has a minimum width of 3 pix-

els, and so we were unable to differentiate the breaking speed along the front from

the breaking speed along the rear of the foam patch. A technique called optical

flow, which is in common use in the computer vision community, was implemented

for computation of velocities from image sequences.

Optical flow

The basic assumption behind optical flow is that the brightness of a moving

object remains constant in time (Fleet, 1992). For an image I(x, y, t), this can be
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written
DI(x, y, t)

Dt
= 0. (2.13)

This is a reasonable assumption along the breaking front for short times, which

we are in fact identifying based on a constant brightness value. However, this

assumption may break down for foamy regions where bubbles are rising to the

surface, degassing, and becoming less bright.

We consider an object on the image at position (x(t), y(t)), subject to the

brightness constancy condition (2.13), and define its velocity u = dx/dt, where

x = (x(t), y(t)). Then expanding the full derivative as a partial derivative in time

and an advection term, we can solve for the component of u parallel to ∇I (Fleet,

1992; Ma et al., 2003)

u = −∂I/∂t

||∇I||
∇I

||∇I|| . (2.14)

Here ∂I/∂t is the time rate of change of the image, typically taken as ∆t−1[I(x, y, t+

∆t) − I(x, y, t)]. ∇I = (∂I/∂x, ∂I/∂y) is the image gradient vector, and ||∇I||
is the magnitude of the image gradient. u is thus evaluated at all (x, y) points

defining the contours around foam patches for a pair of images separated by ∆t.

However, the result is only accurate when ∇I is non-zero, and when the image

gradient is uniform over the distance u∆t in the vicinity of the point (x(t), y(t)).

This simple execution of basic optical flow can only resolve the velocity

parallel to the image gradient ∇I, which is generally perpendicular to the foam

contour. The resulting u essentially extends in the direction of the image gradient

until it reaches a region in the next image of equal intensity. Equation (2.14) only

uses information from the local 3 × 3 pixel neighborhood, over which the image

gradient is computed. However, the resultant velocity vectors are not limited to

the 3× 3 pixel neighborhood.

In our implementation of optical flow, (2.14) is solved at every point of

interest along a foam contour. The second image I(x, y, t + ∆t) is then translated

by −u∆t, and (2.14) is evaluated again. This process is repeated until the resulting

u∆t is less than some epsilon, which is 0.03 pixels in our case. If the result for u

never converges, the point is tagged and later the speed is determined by linear

interpolation in space between the nearest neighbors on that contour.
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Correlation

To resolve translations that are not parallel to the image gradient, and that

do not satisfy the assumption that the gradient is uniform over the displacement

region, optical flow can be implemented in a nested fashion, at various scales of

coarser resolution. The solution of (2.13) can also be solved in a least-squares

sense considering a larger neighborhood around the point (x, y) (Ma et al., 2003),

to account for the effect of pixelated noise in the model (2.13). However, we found

that using a blend of correlation techniques and optical flow provided a less noisy

and more accurate velocity field than using either method alone.

The correlation velocity is determined for each closed contour by finding

the maximum 2D correlation of the image gradient with the gradient of the sub-

sequent image in the earth coordinate frame. The image gradient is used rather

than the image intensity to better resolve the translation of the sharp boundary

along a breaking wave crest, and was found to be optimal on developmental tests

with synthetic data. A three-point parabolic sub-pixel peak fitting scheme is used

to determine the displacement to a fraction of a pixel (Raffel et al., 1998). The

correlation window size must be at least twice as large as the maximum displace-

ment we wish to resolve. We set the window size large enough to resolve 20ms−1

velocities. At a typical aircraft altitude of 400m and image sampling rate of 7.5Hz,

the window size is 24 pixels, or 5.3m. Whitecaps within the window size of the im-

age edge cannot be evaluated because the translation of the image edge dominates

the correlation function. They are not considered, and the image area is adjusted

accordingly.

The full estimation of velocity follows thus: for each identified foam patch

with a closed contour, the cross-correlation with the subsequent image is computed

to determine the large-scale translation. The subsequent image is then translated

to roughly align the two foam patch regions. Optical flow (equation 2.14) is then

iterated until convergence to determine the fine-scale flow near that contour point.
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Interpretation of the speed along the contour

The speed of breaking along the foam contour can be interpreted in two

ways, which we call the translational velocity, and the normal velocity. The two

interpretations are depicted in Figure 2.6a (translational velocity) and Figure 2.6b

(normal velocity). To compute the translational velocity, first a large-scale cor-

relation is taken that can resolve 20ms−1 speeds, thus the correlation window of

≈ 5m encompasses the entire foam patch in Figure 2.6. The second image is then

translated to align the two images, and optical flow is applied to all points along

the contour to account for local variations in velocity. Translational velocities

tend to show the bulk translation of the foam patch, plus local adjustments for

the morphology of the contour in the vicinity of each point. The normal velocity

can be computed two ways. Using only the optical flow method on the earth-

registered images, each velocity vector is necessarily normal to the foam contour.

On the other hand, the component of the translational velocity along the image

brightness gradient vector also yields the normal velocity.

In Figures 2.6a and b, the actively breaking contour segments are shown

with black dots and red vector arrows. The speed is roughly uniform along much

of the front, but differs near the edges. The total motion of the foam patch is

due to active breaking, surface currents, advection by underlying long wave orbital

velocities, degassing of bubbles along the rear of the foam patch, and errors in

aircraft motion removal. Disregarding errors in aircraft motion correction for now,

the primary source of foam patch motion is active breaking and advection by

surface currents. Assuming that the determination of the active breaking front

is accurate, it is reasonable to think that the direction of breaking should be

perpendicular to the foam patch. Even near the edges of the breaker, it is known

that breaking patches break along the direction of the wave crest, and also spread

laterally. A thought experiment is posited: in the absence of other sources of

velocity, how could a breaking wave have a velocity in any direction other than

normal to the whitecap? We conclude that the normal speeds are the preferred

interpretation for the Λ(c) distribution when considering the contribution of speed

from each elemental arc length along the breaking crest. However, the translational
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Figure 2.6: Example contour velocities around a sample foam patch breaking to-
ward the southwest. a) translational velocities b) normal velocities. Black dots
and red arrows show points on the contours marked as actively breaking. Green
arrows show all other velocities. ∆t between these two observations is 0.1333s.

velocities better describe the total motion of the entire crest at a single time, or

over the lifetime of the event, as will be discussed below.

If one is interested in a mean speed for the breaking observation at a given

time, however, the translational velocity is the preferred velocity, because it indi-

cates the overall mean speed of the breaking front. Averaging the normal velocities

will create a result that is biased low, due to the curvature near the edges of the

breaking crest (see Figure 2.6). This will be discussed more fully in section 2.4.5.

Validating speed via change in whitecap area

Since we have velocity estimates around the entire contour, we can validate

the velocity by considering the change in area of the foam patch. If the velocity

estimates extend to the contour on the following image, then the change in area
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of the foam patch, ∆A, should equal the area swept out by the front of the foam

patch, minus the area traversed by the rear. For example, the foam patch in

Figure 2.6 has ∆A = 1.93m2 between the two observations. We denote each closed

contour as a collection of N points ri = (xi, yi), i ∈ [1, N ], and each point has a

corresponding velocity estimate ui. The area of the quadrilateral spanned by the

four points [ri, ri+i, ri + ui∆t, and ri+1 + ui+1∆t] is denoted ∆di, where ∆t is the

time increment between the two observations. The sign of ∆di is determined by

the sign of the angle between the velocity and the image gradient. The change in

area ∆A of a foam patch over a time increment ∆t is

N∑
i=0

∆di = ∆A, (2.15)

where the N points describe a closed contour. For the example in Figure 2.6, the

translational and normal velocities (panels a and b, respectively) yield
∑

∆di =

2.04 and 2.16m2, respectively, slightly larger than the change in area of the foam

patch. In the limit as ∆t → 0 and N → ∞, (2.15) can be expressed exactly as

dA =
∮

u× dr.

Equation (2.15) can be used to check the validity of speeds in a statistical

sense for the entire population of observed foam patches. Each observation of

breaking, tracked over two images, gives an estimate of the right and left hand side

of equation (2.15). The equality (2.15) breaks down for foam patches with complex

shapes, or rapidly changing morphology between the two observations. We limit

our analysis for this check alone to foam patches that consist of a single connected

region, do not merge or break between the two images, do not touch the image edge,

are actively breaking, have positive change in area, and have a positive
∑

∆di. The

results of the comparison are shown in Figure 2.7a (translational speeds) and 2.7b

(normal speeds). The satisfaction of this check, for the most simple morphologies

of breaking waves, provides confidence that the speed of advancement of the foam

contour captures the full motion of the breaking front.
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Figure 2.7: A consistency check of the speed of breaking (equation 2.15). Each
dot represents an image sequence taken over 5km flight distance, and shows the
net increase in area of a subset of actively breaking waves, compared to the change
in area determined by the speeds around the contours. The diagonal line is a
one-to-one relationship. a) translational speeds b) normal speeds.

2.4.2 Determination of active length of breaking

Contours around foam patches in successive images that touch or come

within 1 pixel (≈0.3m) are grouped into a breaking event. This allows foam patches

to split or merge during the time we observe them, and still be considered a single

event. It avoids the difficulty of specifying matching conditions based on the foam

properties, which may change substantially between successive images. However,

if a foam patch is very thin, say with length l in the direction of breaking, then if

its translation between images is greater than l∆t + 2p, where p is the width of a

pixel, it may not be tracked, and will be excluded from the Λ(c) result. Breaking

events must be tracked for a minimum duration, tτ . Otherwise, they are considered

to be noise or short-lived sun glitter, and are discarded.

A number of criteria were considered to determine actively breaking fronts.

All of them proved useful in some cases, but inadequate in others, due to the

large variability in the size, shape and structure of wave breaking events. The
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following criteria, evaluated at all points around a whitecap contour, prove helpful

in determining whether a point on a whitecap contour is actively breaking:

1. The area of tracked whitecaps increases with time

2. Change in brightness in time (∂I/∂t) is above a threshold value

3. Image brightness gradient (∇I) is above a threshold value

4. Velocity at the point is within ±90o of the local wind direction

5. The normal to the contour is within ±90o of the 10-meter wind direction

6. The point is on the front half of the contour, as defined by the mean direction

of translation of the contour for each image

7. Contour points in direction of increasing brightness (curvature is convex).

If a point satisfies any 6 of the 7 above criteria, it is marked as possibly

an active breaking segment. It is checked that the point is not in the “hole” of a

whitecap, is not near the image edge, and has velocity pointing outward from the

whitecap. Then we consider continuity in space and time by applying the following

four logical toggles:

• If a point is flanked by two actively breaking points, then it is actively break-

ing, and the opposite.

• If there are actively breaking points in the vicinity of a point on the contour

before and after it, then it is actively breaking, and the opposite. The vicinity

is equal to the mean spacing between points on the contours, which is roughly

0.5-1 pixel.

While it is often difficult even for an operator to identify actively breaking

regions in the images, the results of these criteria appear to capture the breaking

fronts of waves, with a minimum of falsely identified fronts, compared to other

attempts to identify breaking fronts. This method has been observed to have

difficulty with small and dim breaking waves, because the criteria for ∇I and
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∂I/∂t are not met. Also, it has been observed that when breaking waves remain

connected to large, complex shaped foam patches, edges of the bright, old foam

patch are classified as actively breaking points according to the criteria above,

thus diminishing the mean speed for that instance of breaking. An example of the

speeds along the breaking front of a vigorously breaking wave is shown in Figure

2.14.

2.4.3 Sensitivity of contour method Λ(c) to thresholds

The contour method of processing utilizes four threshold criteria, in order

of importance: 1) The brightness threshold it that identifies the extent of foam

patches, 2) The threshold on the image difference id that aides in determining the

actively breaking portion of the contour, 3) the threshold on the image gradient

ig, which aides in determining the actively breaking portion of the contour, and 4)

the threshold on the length of time the foam patch has been tracked, tτ , that helps

distinguish foam patches from transient sun glitter. The affect of the settings for

these thresholds on Λ(c) will be discussed in this section.

To test the sensitivity of Λ(c) on the choice of it, id and ig, the thresholds

were varied, and Λ(c) computed. Figure 2.8 shows the results of Λ(c) when the

brightness, difference and gradient thresholds are varied. In all panels, the color

corresponds to the brightness threshold it. The optimum threshold it for this image

sequences is 0.45, and it is believed to be acceptable between the range of 0.33 to

0.56. Λ(c) is computed for it within this interval, as well as two extra cases where

the brightness threshold it is well above and well below acceptable values, to see

how it affects the Λ(c) result. Note that the color scale is not linear.

Each of the three panels of Figure 2.8 demonstrate Λ(c) for a different

combination of the difference and gradient thresholds, id and ig. The full 7 criteria

listed in section 2.4.2 are still considered to determine the portion of the foam

contour that is actively breaking, as discussed. In Figure 2.8a, the difference

threshold id and the gradient threshold ig are both set to zero. This means that

any segment of the contour perimeter that has an increasing brightness in the next

frame passes the criterion number 2 regarding change of brightness in time. Since
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the contour perimeter is defined at the brightness threshold it, these segments

necessarily transition from below to above the brightness threshold. Since the

magnitude of the image gradient is always positive, setting ig = 0 essentially

eliminates this criterion from our processing.

After extensive testing and trial and error, it was found that id was op-

timally 0.10-0.12. So in Figure 2.8b id is set to 0.12. While the magnitude of

the brightness gradient alone does not easily identify breaking fronts, the gradi-

ent is sharper for the active breaking portion of the foam contour relative to the

rest of the contour. Therefore, in panel b, ig is set dynamically for each breaking

event, as one standard deviation above the mean brightness gradient for the entire

event. Thus the fraction of the contour with the sharpest gradient is more heavily

weighted to be an actively breaking front. Using a dynamic threshold for ig is

helpful for resolving the breaking front of small, dim foam patches. However, it

also means that a fixed percentage of contour length of old foam patches is iden-

tified as a breaking front by the ig criterion, even when no actual active breaking

front is present. This increases the number of falsely identified actively breaking

fronts, which tend to occur at the slower speeds. The dynamic threshold ig was

implemented because it was noted that a single brightness gradient threshold does

not adequately distinguish the breaking front from the rest of the contour for all

breaking events.

In Figure 2.8c the brightness difference and brightness gradient thresholds

are both set to constant values, of id = 0.10 and ig = 0.12. These values were

chosen after many iterations of automatically finding the difference and gradient

thresholds based on the mean values of the brightness difference and gradient

around the breaking contours. Setting the image difference and image gradient

thresholds to constant values shows a general convergence of the families of Λ(c).

This is reasonable, since the thresholds (id, ig) are fixed, even a wildly inappropriate

choice of brightness threshold is incapable of falsely identifying actively breaking

segments of the contour. Likewise, contours falling in a region that surpasses both

the id and ig thresholds are apt to belong to a breaking front.

According to equation (2.1), the first moment of Λ(c) is compared to the
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Figure 2.8: The sensitivity of the Λ(c) distribution to the thresholds used in the
analysis. Colors correspond to brightness threshold it. The “acceptable” range
of brightness thresholds, 0.33-0.56, are shown in solid lines, and broken lines in-
dicate that the brightness threshold is outside this range. Panel titles indicate
the difference threshold and gradient threshold, (id, ig) used for each computation
of Λ(c). a) (id, ig) = (0, 0). b) id = 0.12 and ig is set dynamically (see text) c)
(id, ig) = (0.10, 0.12). The elemental Λ(c) is shown, with speeds perpendicular to
the contour, and minimum breaking duration of 2/3 seconds.

breaking rate for the twenty-one Λ(c) distributions shown in Figure 2.8. The

breaking rate R is a direct function of the brightness threshold, as indicated by

the top and bottom axis labels in Figure 2.9. For each brightness threshold it, the

secondary thresholds were systematically varied, and the three different scenarios

are shown by the three different symbols, as indicated in the legend. There are

a couple of points to make from this figure. First of all, notice that the breaking

rate is very sensitive to the selection of the brightness threshold it. For this image

sequence alone, the breaking rate varies from 0.0035 to 0.0171, a factor of five, for
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the acceptable range of brightness thresholds. Two other cases, with the bright-

ness threshold well above, and well below the acceptable range are also shown for

comparison. For the case that id = 0, ig = 0 (solid circles), any portion of the

foam contour that is in the process of becoming brighter satisfies the criterion for

the brightness difference and brightness gradient. While the other 5 criteria in

section 2.4.2 are still in effect, the agreement between the full breaking rate R(0)

and the first moment of Λ(c) is striking. However, this agreement does not neces-

sarily indicate that the Λ(c) processing is accurately capturing the full extent of

the active breaking patches. The fact that both the breaking rate R(0) and the

first moment increase in step as the brightness threshold it decreases, shows that

they both are measuring the same thing - the fraction of the sea surface that is

getting “turned over,” as defined by the brightness threshold, but this may not

necessarily correspond to actively breaking waves. A case in point is the dark

blue Λ(c) distribution in Figure 2.8a, where id = 0, ig = 0, and it = 0.21. The

breaking rate R = 0.088 is well out of the acceptable range of the breaking rate,

as determined from the acceptable brightness thresholds. The Λ(c) distribution

is also anomalous compared to all the other distributions. Yet the first moment

of Λ(c) shows excellent agreement with the breaking rate using the same bright-

ness threshold. Agreement of the first moment of Λ(c) to the breaking rate is not

necessarily a criterion for validation of experimentally observed Λ(c) distributions.

It is preferable that the Λ(c) processing be more discriminatory than that

depicted in the case of id = 0, ig = 0. The two cases, where id = 0.10, ig = 0.12,

and id = .12, ig is variable, both show that the first moment of Λ(c) shows limited

growth as the brightness threshold decreases. In fact, for the case where it = 0.33,

these Λ(c) results show a breaking rate of 0.0051 and 0.0046 respectively, which is

not far from the breaking rate from the optimum brightness threshold of 0.006.

A summary of the distributions that have an intensity threshold it within

the acceptable range of 0.33-0.56, and that have a first moment within the accept-

able range of 0.0035-0.0171 is shown in Figure 2.10. This family of curves agree to

within a factor of 2 in the region 5 < c < 10ms−1.

The fundamental issue here is that the breaking rate, as identified by sta-
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Figure 2.9: Comparison of the rate of breaking R, determined by stationary points
seeded in the image swath, to the first moment of Λ(c) for a range of brightness,
difference, and gradient thresholds, it, id, and ig, respectively. The breaking rate
is a function of the brightness threshold, so both are indicated on the bottom and
top tick marks, respectively. Λ(c) was determined using difference and gradient
thresholds of id = 0, ig = 0 (solid circles), id = 0, and ig set as the mean plus one
standard deviation of the brightness gradient of each breaking event (triangles),
and id = 0.10, ig = 0.12 (squares).

tionary points that transition from below to above the brightness threshold, is not

equivalent to the fraction of the sea surface turned over by active breaking per unit

time. As is clearly seen in Figure 2.5, the three points in the foam patch A are

marked as “hit”, but A is clearly not an active breaking wave. In the following

section, we explore a more precise determination of the rate of breaking R.
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Figure 2.10: Summary of the Λ(c) distributions from Figure 2.8 that have the
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vertical dashed line indicates the spectral peak phase speed, cp = 14ms−1. Here
the contour method was used, with the elemental speeds and lengths of breaking,
speeds perpendicular to the foam contour, and minimum breaking duration of 2/3
seconds.

2.4.4 Looking deeper into the rate of breaking

In Figure 2.5, the stationary points that transition from below to above

the brightness threshold are marked with red rings. Some of these points do not

actually appear to be near actively breaking fronts, but rather they are near bright

patches of foam that are advecting past. The relationship of Λ(c) to the breaking

rate (equation 2.1) accounts only for those stationary points getting hit by an

actively breaking wave. Although these points transition from below to above the

brightness threshold, it is actually due to advection of bright bubble patches or

sun glint, rather than active breaking.
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Two interpretations of the breaking rate were explored. The first interpreta-

tion considers a lower speed cutoff, such that only stationary points hit by breakers

above some speed are compared to the Λ(c) statistic above the same cutoff. The

second interpretation uses the results from the determination of the active length

of breaking to identify the regions of the sea surface that correspond to breaking

waves, rather than old foam advection or image errors. In this section these two

interpretations are presented, and compared to the full passage rate.

Breaking waves generally have a faster speed than the advection of old

foam patches, so a method was implemented to directly compare the first moment

of Λ(c) to the passage rate, as a function of speed. In addition to recording

the brightness at the stationary points while they remain in our field of view,

the speed is computed using a simple, single window, correlation on the image

gradient, capable of resolving speeds up to 20ms−1. If a point records a transition

from below to above the brightness threshold, the speed of encounter is taken

as the mean of the 3 velocity estimates found near the time of transition. For

example, the stationary points in Figure 2.5 that transition from below to above

the brightness threshold have the following speeds (listing from the left to the right

of the image): The three points near foam patch A have speeds 1.13, 1.55, and 2.7

ms−1. The two points near patch B have speeds 4.45 and 4.00ms−1, and the two

points near region C have speeds 5.80 and 6.42 ms−1.

Say N stationary points are seeded on the image swath, labeled i = 1...N ,

each of which has a brightness bi(t), resides in the image field of view for a time

ti, and observes a mean speed ci when it is “hit” by a bright patch. Considering

only stationary points that have a mean speed greater than some lower cutoff co

when they are “hit”, we can express the passage rate

R(co) =

∑N(Hi|ci > co)∑
ti

. (2.16)

Note the full rate of breaking is R = R(0). Likewise, we can estimate the first

moment of Λ(c) considering only waves breaking with a speed greater than co

m1(co) =

∫ ∞

co

cΛ(c)dc. (2.17)
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Figure 2.11: The spectrally resolved breaking rate (dashed), and spectrally resolved
first moment of Λ(c) (solid), as a function of the lower cutoff speed. See equations
(2.16, 2.17). a) Λ(c) is computed with the most lenient thresholds: the image
difference threshold id = 0, and the image gradient threshold ig = 0. b) Λ(c)
is computed with thresholds that appear to best distinguish active breaking from
advection of foam patches: the image difference threshold id = 0.10, image gradient
threshold ig = 0.12. In both cases, the minimum breaking duration is tτ = 0.67s,
and the brightness threshold it = 0.45.
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Figure 2.11 shows a comparison of m1(co) to R(co). In Figure 2.11a, the

most lenient secondary thresholds are used: the image difference threshold id = 0,

and the image gradient threshold ig = 0 (corresponding to the Λ(c) distributions

in Figure 2.8a). The brightness threshold 0.45 is used both in the Λ(c) processing

and in definition (2.11). Although breaking patches must be tracked for more

than 2/3s in the Λ(c) processing, there is no temporal criterion for the stationary

points. Breaking patches often move past a stationary point in less time than the

total duration of breaking. See, for example, the vigorous breaker in Figure 2.14.

The duration of breaking at a single point is not necessarily equivalent to the full

duration of a breaking event. In Figure 2.11a, m1(co) agrees very well with R(co)

over the full range of speeds. The Λ(c) processing picks up nearly every patch of

sea surface that is becoming brighter than it. This gives a crude validation of the

speed of breaking, as well as the ability of the processing to pick up the full extent

of contours that are moving on the sea surface.

In Figure 2.11b, secondary thresholds are chosen which are more selective

in determining active breaking fronts: the image difference threshold id = 0.10,

and image gradient threshold ig = 0.12, corresponding to the Λ(c) results in Figure

2.8b. Again the brightness threshold is 0.45, and breaking patches must be tracked

for more than 2/3s. This time we see that m1(co = 0), the first moment of Λ(c)

integrated over all speeds, is substantially (38%) less than the full breaking rate

R(co = 0). However, by co = 5, the two results show better agreement; m1(co) is

17% lower than R(co). In section 2.6, we argue that our measurements can only

resolve speeds greater than 2ms−1 accurately.

The issue at hand is that simply because a patch of the sea surface tran-

sitions above the brightness threshold, it does not necessarily represent active

breaking. The Λ(c) processing identifies actively breaking fronts. So we use the

results from the Λ(c) processing to distinguish between active breaking regions of

the sea surface, and old foam advection. In this way, the breaking rate is truly

equivalent to the first moment of Λ(c). Figure 2.12 demonstrates this explicitly.

In the grayscale background image, pixels that have transitioned from below to

above the brightness threshold it are shown in white, and those that have fallen
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from above to below the brightness threshold are shown in black. The ∆t between

images is 4/30 seconds. The red lines indicate active breaking crests identified by

the Λ(c) processing. The old foam patch labeled A shows a substantial amount

of motion, even though it is not actively breaking: its advance is shown in white,

and retreat is shown in black. The motion may be due to straining and advection

by the underlying long wave, by the surface drift current, or by errors in removal

of aircraft motion or lens distortion correction. Note that the Λ(c) processing has

falsely picked up some facets of the old foam patch as actively breaking.

The mature foam patch B shows an essentially stationary rear to the foam

patch. Again, the processing picks up a few false crests of breaking near the rear

(northwest) of the foam patch. The active breaking is well captured by the process-

ing, as shown by the red line. The active breaking around region C shows that the

active crests are well captured by the Λ(c) processing. The breaking waves leave

a residual foam patch, but it is also seen that for the newest, youngest breaking

waves, the rear of the active foam patch is not stationary. The rear progresses

forward at nearly the same speed, as seen by the black regions following the active

crests. Some of the youngest, smallest, dimmest breakers are not captured by the

Λ(c) processing. When compared to Figure 2.5, it is seen that the small white

patches closest to the label C most likely are waves just beginning to break, that

are beyond the resolution of our imaging and processing.

A summary of the first moment of Λ(c) compared to the rate of breaking

is shown in Figure 2.13. All three methods of computation of the rate of breaking

are shown. Each asterisk indicates the result from a continuous sequence of images

covering approximately 3 sq. km of sea surface. Only image sequences captured

during level flight at an altitude around 400m are considered. The two large black

diamonds indicate the data segment considered explicitly in this paper, as it is

covers more than 6 sq. km of sea surface. The Λ(c) estimates are from the elemental

method (no averaging in space nor time), with speeds parallel to the brightness

gradient, using the optimum brightness threshold for all files, and with a constant

difference threshold id of 0.10, and gradient threshold ig of 0.12. In Figure 2.13a,

the full rate of breaking from consideration of all stationary points in the image
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swath is compared to the first moment of Λ(c). While some data sequences show

good agreement, the population is biased low, with the first moment of Λ(c) ranging

from roughly 50-100% of R(0). Panel (b) shows the result when only breaking wave

crest segments with speed greater than 3ms−1 and stationary points with speeds

greater than 3ms−1 are considered. The population now shows no bias, although

the total rates of breaking have decreased, due to the lower cutoff of integration.

Finally, in panel (c), the active turnover rate is given as discussed above and

displayed in Figure 2.12. The agreement is generally very good, although the first

moment of Λ(c) is typically 80-100% of the active turnover rate.

Discussion of the different methods to determine the breaking rate

Ideally, the rate of breaking is determined independently of the Λ(c) esti-

mate, so (2.1) is an objective validation tool for the Λ(c) result. However, each of

the three methods discussed to compute the rate of breaking have some degree of

dependence on the assumptions and parameters going into the Λ(c) distributions,

and each has some weaknesses. There are two fundamental similarities between

the breaking rate and the Λ(c) processing: 1) The earth-referencing of the images,

and removal of aircraft motion from the image sequences. Any incongruities or

errors in the earth referencing of the images and the resultant speeds will show

up identically in the Λ(c) result as well as the rate of breaking result. 2) The

brightness threshold it that determines what is a breaking region on the surface.

Figure 2.9 demonstrates this explicitly. For the 21 parameter-space cases shown in

Figure 2.8, the breaking rate is calculated simply from the stationary point anal-

ysis (2.12). Thus, comparison of the first moment of Λ(c) to the breaking rate as

a validation tool must be used with caution.

2.4.5 Effect of averaging: interpretation of Λ(c)

A single breaking wave event is composed of contours on a number of images

that have been grouped together in space and time. Figure 2.14a shows a sample

breaking event. The length and speed of breaking of the ith breaking event can be

interpreted three ways:
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Figure 2.13: Comparison of the first moment of Λ(c) to the breaking rate, using
three different estimations for the breaking rate. Each asterisk corresponds to im-
age sequences covering approximately 3 sq. km of non-overlapping sea surface. The
image sequence considered in detail in this paper is marked with large diamonds.
a) The breaking rate R(0) corresponds to the 50,000 stationary points seeded on
the sea surface (equation 2.12) b) The breaking rate of stationary points with
speeds greater than 3ms−1, and the corresponding Λ(c) with speeds greater than
3ms−1. c) The active turnover rate, as the connected regions that have transitioned
from below to above the brightness threshold, and correspond to some segment of
active breaking in the Λ(c) processing. The bottom row shows the same figures,
with logarithmic axes. The elemental method Λ(c) with normal velocities is used
in all comparisons.
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Figure 2.14: A vigorously breaking wave, and the effect of averaging method on
the resultant breaking speed. a) Contoured boundaries around a breaking wave
that is observed for 12 sequential images sampled at 7.5Hz. Observations 2, 6, 7,
and 12 are shown. Red arrows indicate translational velocities of actively breaking
points. b) Each symbol represents the terminus of a velocity vector originating
at (0,0). Dots, elemental method; squares, temporal method; star, event-averaged
method. Concentric circles show 2, 4, 6, and 8ms−1 for reference. (c) and (d):
same as (a) and (b), but for the perpendicular component of speed.



46

1. the elemental method : the speed ci(x, y, t) is given at each segment along the

contour’s breaking front, and length of breaking Li(x, y, t) is the incremental

arc length associated with that segment.

2. the temporal method : ci(t) is a single measure of the speed of the actively

breaking points at each time, and Li(t) is the total breaking length each

time.

3. event method : ci is a single estimate of speed for the entire breaking event,

and Li is the sum of Li(t).
4

For all three averaging interpretations, Λ(c) is computed as

Λ(c) =
1

As∆c

∑
i

Li|c < ci < c + ∆c (2.18)

where As is the total (overlapping) area of the sea surface captured in the images,

Li and ci are corresponding length and speed of breaking, and ∆c is the prescribed

bin width for the Λ(c) statistic.

A single breaking event would contribute one estimate of length and speed

to the Λ(c) distribution using the event method. A typical breaking event would

contribute 5 − 20 estimates of length and speed using the temporal method, and

O(100) estimates using the elemental method.

A graphical representation of three averaging methods are illustrated in

Figure 2.14. Figure 2.14a shows sample contours around a breaking wave event

that was observed over 12 images, or 1.6 seconds, while it was in our field of

view. The contours around observations 2, 6, 7, and 12 are shown, and the others

are omitted for clarity. The breaking front has been identified using the criteria

in section 2.4.2, and the vectors indicate the normal speeds at all breaking front

points. Each vector in Figure 2.14a is represented by a dot in Figure 2.14b. We see

that the elemental speeds range from 2 - 8ms−1, with directions from 160 - 240oN

for this breaking example alone. The mean speed of breaking at each moment of

4Λ(c) represents the mean total length of breaking per unit sea surface area. If we observe
the sea surface multiple times, then the length of breaking must be observed multiple times, as
well. The For this reason the event-method length is the sum rather than the mean. In other
words, the sea surface area observed, As is the total, overlapping, sea surface area of all images.
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time (the temporal method) is shown by the squares in Figure 2.14b, with a range

of 4-7ms−1, and directions from 185-220oN. Finally, the mean event speed is shown

by the star, with a value of 5.1ms−1, in the direction 200oN.

Figure 2.14c,d show the same breaking event, but with normal rather than

translational velocity. The normal velocities are computed as the component of

the translational velocity that is parallel to the brightness gradient vector. The

speed of breaking of each elemental arc length, shown by the dots in panel d, are

slightly decreased in magnitude and a much wider range of directions than the

velocity vectors in panel b. The mean breaking speed at each time (squares), and

the mean of the whole event (yellow star) are substantially less than the mean

speeds for the translational velocity.

The Λ(c) resulting from the three averaging methods is shown in Figure

2.15. The elemental method (thin line with dots) shows the broadest distribution,

with segments of the breaking front surpassing the peak phase speed of 14ms−1

(shown by the vertical dashed line). Averaging the elemental data reduces the

distribution at high and low speeds, and increases the distribution near the peak,

consistent with Figure 2.14b. The results are remarkably different for the transla-

tional speeds, versus the normal speeds, as shown in the two panels. The elemental

speeds (thin lines with dots) for both translational and normal speeds show agree-

ment for the highest speeds (c > 6ms−1), but the distribution of normal speeds

is decreased for 3 ms−1¡c¡6 ms−1, and increased for 0ms−1 < c <3 ms−1. The

striking difference occurs for the averaged result. The temporal-method velocity

is obtained by taking a vector-average of the elemental speeds at each observation

time. It is found that the temporal translational speeds generally preserve the bulk

translation of the breaking front. However, the normal speeds have a wider direc-

tional distribution, and the vectors along the edges of the breaking cancel when

averaged, yielding a reduced result (cf Figure 2.6). The peak of the Λ(c) distribu-

tion shifts from about 3.5ms−1 for the translational velocities to about 2.5ms−1 for

the normal velocities. We maintain that the most accurate determination of Λ(c)

is the elemental method, with velocities perpendicular to the breaking crest. How-

ever, if a temporal or event averaged estimate is desired, the translational speed is
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preferable to the normal speed.

The difference between the averaging methods in Figure 2.15 is the nar-

rowing of the distributions, but also the “shrinking” of the high-speed tail with

increasing averaging. The minimum resolvable value of Λ(c) is determined by the

total sea surface area observed. This image sequence has a total image area of

78.8sq./ km5 and employs a bin spacing of ∆c = 0.5ms−1. The mean breaking

length from a single event for the elemental, mean temporal, and mean event

methods is 0.23m, 4.2m, and 24.2m, respectively. A single typical observation of

breaking with speed in the range of c±0.25∆c would thus result in a Λ(c) value of

approximately 6× 10−9, 10−7, and 6× 10−7 for the elemental, temporal, and event

methods respectively. This helps to explain why the averaged results produce a

shorter Λ(c) distribution at high speeds. Phillips’ (1985) equilibrium theory found

that the azimuthally averaged Λ(c) distribution would be proportional to c−6. A

line with this functional form is shown for reference.

The desired application of Λ(c) may prescribe which averaging method one

wishes to consider. For example, the directional component of momentum transfer

from the wave field to the upper ocean via wave breaking is important. The break-

ing front is not usually a straight line, but has some curvature, so the elemental

method may be preferable in determining the directional distribution of breaking.

Relating the strength of breaking to the fifth moment of Λ(c) requires knowledge

of the breaking parameter, b. Laboratory measurements of b are typically derived

from a single breaker, with a single representative breaking wave speed. So when

combining field measurements of Λ(c) with laboratory measurements of b, an event

method may be the most appropriate.

Jessup and Phadnis (2005) also mention the affect that averaging the speeds

along the crest of breaking has on the resulting distribution of Λ(c), and Thomson

and Jessup (2009) discuss temporal-event differences.

5This is the area from all overlapping images. The non-overlapping sea surface area covered
is 7.2km2.
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Figure 2.15: The Λ(c) distribution for the three averaging methods. The thin,
dashed, and thick lines correspond to the elemental, temporal, and event averaged
methods, respectively. The vertical dashed line indicates the peak spectral phase
speed of 14.0ms−1, and the diagonal line is the function 10c−6. a) Speeds are the
full translational speeds from the PIV-optical flow method. b) Speeds are taken
as the perpendicular component to the breaking front.

2.5 Interpretation of the speed of breaking

Central to the Phillips’ (1985) formulation of Λ(c) and the energy dissipa-

tion rate from breaking waves is the assumption that the speed of breaking c is

related to the phase speed of the underlying wave, and therefore to the scale of

the wave which is dissipating energy. Here we will explore kinematics on the ocean

surface that may affect the observed breaking speed.

2.5.1 Breaking speed versus underlying phase speed

The relationship of the speed of breaking c to the phase speed of the un-

derlying local wave cl is important for quantitatively relating the breaking speed

to wave scales through the dispersion relationship. Duncan’s 1981 study of quasi-
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steady breaking waves produced by a towed hydrofoil necessarily obtains c = cl,

since the hydrofoil, wave crest, and breaking wave are all in a stationary reference

frame. In laboratory experiments of unsteady deep water breaking waves, Rapp

and Melville (1990, §4.1) measured the intrusion of surface dye to determine the

extent and evolution of the mixed (turbulent) region produced by wave breaking.

They found that the rear of the mixed region remained essentially stationary, while

the front initially moved forward at a speed of c = 0.7-0.8cl. Stansell and MacFar-

lane (2002) performed a comprehensive laboratory analysis of the ratio of particle

velocity at the crest of a breaking wave to the wave crest (phase) speed. They

found that this ratio is 0.95 for spilling breakers, and 0.81 for plunging breakers.

In laboratory experiments of wave breaking Banner and Peirson (2007, Appendix

B) measured the speed of breaking crests, cl, relative to the expected phase speed

as determined from the paddle frequency ce. They found that the ratio cl/ce was

indistinguishable from 1 for the less-steep waves, and cl/ce = 0.9 ± 0.04, for the

steeper waves at the center of the group. Note that the crest speed of breaking

waves is not necessarily equal to the speed of advancement of the bubble-laden

fluid associated with wave breaking. Some field studies (Ding and Farmer, 1994;

Andrew et al., 2001) have related the mean breaking speed c of all observed break-

ing waves to the spectral peak phase speed cp rather than the underlying local wave

phase speed. They report the ratio of c/cp ranging from 0.45 to 0.75. However,

this ratio addresses a different issue than the one at hand.

The laboratory data (Rapp and Melville, 1990; Stansell and MacFarlane,

2002; Banner and Peirson, 2007) indicates that the initial speed of breaking can

be related to the underlying wave phase speed by a linear relationship,

c = κcl, (2.19)

where κ is in the range of 0.7-0.95. Although laboratory experiments show a linear

relationship between the underlying phase speed and the speed of breaking, field

observations of wave breaking speeds include effects that are not present in the

laboratory. The observed speed of breaking is also affected by advection from the

orbital velocity of longer waves, the surface drift current, and errors in removal of

the camera motion. The camera motion error is discussed in Appendix A.3. A
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discussion of the orbital velocity and surface drift current follows.

2.5.2 Correction of long wave orbital velocity

It has been recognized that small waves are more likely to break near the

crests of long waves (Longuet-Higgins, 1969). However, when this is the case, the

orbital velocity of the long wave affects the small wave’s apparent speed of breaking.

We are interested in the intrinsic wave speed and wave number of the wave that

is breaking, and so we need to calculate and remove the long wave orbital velocity

from the breaking wave speed signal. Linear estimates of the orbital velocity of

the underlying long waves are calculated from the 3D swaths of sea surface height

measured by the scanning lidar (Airborne Terrain Mapper, or ATM). The ATM

measures the sea surface elevation η(x, y, t) with a spatial resolution of 5m over

a swath of sea surface that covers 96% of the image footprint. The wavenumber

spectra were kindly provided by L. Romero (Romero and Melville, 2009a). The

sea surface elevation is band-pass filtered around 0.5-3 times the spectral peak

wavenumber in order to isolate the long wave signal. The Hilbert transform H(x, y)

is taken of the band-pass filtered wave signal, so

A(x, y) =
(
η2(x, y) + H2(x, y)

)1/2
(2.20)

Φ(x, y) = tan−1

(
H(x, y)

η(x, y)

)

where A is the local amplitude of the long wave envelope, and Φ is the phase.

Then the long-wave wavenumber vector can be computed as

K(x, y) = ∇Φ(x, y)

and assuming the deep water dispersion relation, the local linear estimate of the

orbital velocity at the surface is

uorb = AK

√
g

K
cos(Φ) (2.21)

where g is the gravitational acceleration, and K is the modulus of K.

The distribution of orbital velocities calculated from all of the sea surface

height data corresponding to the image sequence examined in this paper are shown
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Figure 2.16: The distribution of orbital velocity uorb on the sea surface over the
entire sea surface (a), and sampled at locations of breaking fronts (b). The x−
and y− axes indicate east and north directions, respectively.

in Figure 2.16a. The mean velocity is indistinguishable from zero, with a spread of

0.54 and 0.21ms−1 in the along- and across- dominant wave direction, respectively.

The mean amplitude of the orbital velocity is 0.45ms−1.

The long wave surface orbital velocities computed from the sea surface

height data are sampled at the location and time of the active wave breaking

fronts. Each location on the sea surface is typically sampled twice by the ATM,

while the images are captured continuously. The orbital velocities are computed

at the breaking front location at the two times available, and linearly interpolated

in time for images captured between the two ATM observations. When the image

time falls outside the two surface height measurement times, the orbital velocity

is set to the nearest estimate in time. The error in matching the spatial locations

of the projected images with the ATM sea surface height data is approximately

±6m, as estimated from matching the brightest foam patches with enhanced return

strength of the ATM.

The distribution of orbital velocity at the breaking front locations is shown

in Figure 2.16b. The mean orbital velocity is 0.39ms−1, with a spread of 0.73 and

0.24ms−1 in the along- and across- dominant wave direction, respectively. The
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mean magnitude of the orbital velocity is 0.62ms−1.

The intrinsic wave parameters can be estimated from the apparent phase

speed, and the estimated local orbital velocity. We denote the radian frequency,

wavenumber, and phase speed of the intrinsic small wave as σi, ki, and ci, re-

spectively, and of the apparent small wave as σa, ka, and ca, respectively. The

relationship between the intrinsic and apparent small wave due to advection by a

co-linear underlying long wave orbital velocity can be expressed as (Phillips, 1981;

Longuet-Higgins, 1987; Zhang, 2003)

σa = σi

(
1 +

σi

Σ
AK cos Φ (1 + AK cos Φ)

)
(2.22)

ka = ki (1 + AK cos Φ) (2.23)

Where Σ is the radian frequency of the long wave. Dividing equation 2.22 by

equation 2.23, applying the approximation (1 + AK cos Φ)−1 ∼ 1 − AK cos Φ,

noting that the apparent speed also includes any surface drift current Ud, and

solving for the intrinsic phase speed, ci = σik
−1
i , we obtain

ci =
ca − AKC cos Φ− Ud

1− AK cos Φ
. (2.24)

When the apparent speed ca is equal to the long wave phase speed C, equation

2.24 reduces to ci = C−Ud. Note that equation 2.24 is a 1D equation that applies

only when the apparent phase speed ca is parallel to the long wave wavenumber

K. For 2D velocity vectors, the observed (apparent) breaking velocity is projected

to components parallel and perpendicular to the underlying orbital velocity. The

parallel component of breaking velocity is adjusted via equation 2.24, and the

perpendicular component is adjusted simply by ci = ca − Ud. The final intrinsic

velocity is the vector sum of the two components.

2.5.3 Determination of the surface drift current from im-

ages

Surprisingly, the advection of the old, inactive foam patches on the sea sur-

face was not well explained by the orbital velocity obtained from (2.21). The old

foam that remains on the surface from previous wave breaking acts as a passive
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tracer of the velocity field at the surface. The motion of residual bubbles at the

surface is affected by the surface current, surface wave orbital velocities, Stokes

drift (wave-induced current), and the wind-induced current6. Since the GOTEX

experiment did not include in situ instrumentation to measure the surface current,

we explored the possibility of estimating the surface current by considering the

average motion of old foam patches as tracers on the ocean surface. The instanta-

neous motion should include a fluctuating part due to local wave orbital velocities,

and a steady part due to surface currents.

The foam patch tracers are identified according to the criteria: 1) decaying

area, 2) no identified actively breaking front, 3) area greater than 30 square pixels

(2.5 m2), and 4) not within the correlation window size (5.3m) of the image edge.

A given foam patch must satisfy the above criteria for at least two observations

during its lifetime. The mean velocity around all contours of observations that

satisfy the above criteria gives an estimate of the drift velocity of that foam patch.

For the image sequence under investigation, the distribution of the velocity

of all the old, non-breaking foam patches is shown in Figure 2.17. Each gray dot

represents the vertex of the mean advection vector originating at (0, 0) for an old

foam event. 1074 events are identified in total. The mean old foam velocity is

1.33ms−1 in the direction 207o. The solid black ellipse is the 95% confidence error

ellipse.

The old foam velocities show a large degree of variation, as seen by the

95% confidence ellipse, that has major and minor radii of 2.12 and 1.45ms−1,

respectively. We would expect some variation due to the orbital velocity of the

waves. The dashed ellipse shows the 95% confidence error ellipse for the orbital

velocities estimated at the centers of the passive foam patches. The dashed ellipse

has been shifted so its center is aligned with the mean old foam velocities, for

comparison purposes. The orbital velocity ellipse has major and minor radii of

1.79 and 1.07ms−1, respectively.

The variability of the old foam patches is larger than the variability of the

orbital velocities by about 0.5ms−1. Individual foam patches do not show a clear

6For our data set, any bias in removal of aircraft motion would also affect the apparent surface
current
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one-to-one relationship of surface drift velocity to estimated orbital velocity. The

extra variance of the old foam patches, and the lack of a one-to-one relationship

can be attributed to the variance in speed due to aircraft motion errors (Appendix

A.3). From analysis of images over the airport ramp, it was found that images

separated by ∆t = 0.1333 seconds (7.5Hz) have a spread of σ∆x/∆t = 1.03ms−1

and 0.99ms−1 in the along- and across-flight direction respectively (Figure A.3b).

The mean error (bias, or drift) was less than 0.13ms−1 (Figure A.3a). This is not

inconsistent with Figure 2.17. The aircraft motion noise introduces a “jitter” into

the old foam velocities that is not captured by the orbital velocities estimated from

the sea surface height. The zero-bias of the aircraft motion errors lends confidence

to the mean drift speed of the old foam patches.

Using passive foam tracers to observe the surface velocities is sensitive to the

thresholds used in the Λ(c) processing. The brightness threshold it establishes the

existence and extent of foam patches, and the difference and gradient thresholds

id, ig help to determine if a given foam patch is actively breaking. From repeated

analysis varying the thresholds, we believe that this estimate of surface current is

accurate to within ±0.3ms−1.

The mean current observed from the old foam advection is not inconsistent

with previous field observations of surface currents in the Gulf of Tehuantepec.

Trasviña et al. (1995) and Barton et al. (1993) report observations of surface

currents in the Gulf of Tehuantepec from shipboard Acoustic Doppler Current

Profilers (ADCP) and current meter moorings. They find currents at 15-22m

depth approaching 1 ms−1 at the onset of a wind event. As the event developed,

the current was associated with the formation of a large anti-cyclonic eddy, and

1ms−1 currents persisted for 9 days after the event onset. A ship transect crossing

an anticyclonic eddy recorded currents at 15m depth in excess of 1.4ms−1 (Barton

et al., 1993). Wu (1983) found that the combined wind-induced and wave-induced

surface drift current approached 3.1% of the wind velocity at long fetches, and

increased to 4-5% for short fetches (O(10-1000m)). For a wind speed of 15.8ms−1,

at a fetch of 420km, this suggests a surface drift current of 0.49ms−1. So observing

the surface foam patches with a mean drift of 1.33ms−1 is not unreasonable in this
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Figure 2.17: The velocities of the old, non-breaking foam patches on the sea surface
(gray dots). The black ellipse indicates the 95% confidence error ellipse of the old
foam velocity. The dashed ellipse is the 95% confidence error ellipse of the orbital
velocity (equation 2.21).

region, under these winds.

A comparison of the Λ(c) distributions is presented in Figure 2.18 after

corrections for the three issues raised above: adjustment from breaking speed to

underlying phase speed by the factor κ (2.19), correction for orbital velocity (2.24),

and correction for surface drift current. Although the distributions are tightly

clustered, it is seen that correcting for the orbital velocity (solid lines) results in

a minor adjustment to the Λ(c) distributions, especially considering the range of

Λ(c) distributions as the thresholds are varied (Figure 2.8). Correcting for both

orbital and surface current velocities (dashed lines) shifts the peak of Λ(c) to lower

speeds, and decreases the slope of Λ(c) in the range 4 ms−1¡c¡10 ms−1. This is

essentially because subtraction of a constant speed is a greater fraction of the low

speeds than the fast speeds. The red curves show the result when the breaking

velocity is first adjusted by the factor κ = 0.9 in equation 2.19, and then corrected

for orbital velocity (solid line) as well as surface current (dashed line) according

to equation 2.24. Adjustment of the breaking speed to the local phase speed by
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Figure 2.18: The Λ(c) distribution from the contour method, using the elemental,
translational speeds, and the effect of correcting for the difference between break-
ing speed and phase speed (κ), surface current, and orbital velocity. The Λ(c)
distributions are from: the observed breaking speeds (line with circles); velocity
corrected for long wave orbital velocities (solid black line); correction of both long
wave orbital velocities and surface drift current (black dashed line); correction of
phase speed and long wave orbital velocities (red solid line); correction of phase
speed, long wave orbital velocities and surface current (red dashed line). The di-
agonal black line represents the function 10c−6, and the vertical dashed black line
indicates the spectral peak phase speed of 14ms−1.

κ shifts the Λ(c) distributions towards faster speeds. The integral under all Λ(c)

distributions is equal, except for the dashed black line, where the raw breaking

speed has been corrected for orbital velocity and surface current. The area under

this distribution decreased by 8% because some of the slow breaking waves resulted

in negative velocities after the transformations.
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2.6 Effect of resolution in space and time

For the image sequence under consideration the camera altitude above sea

level was on average 378m, resulting in a mean image size of (210m)2, and a mean

pixel width of 0.21m. However, after projecting the images to earth coordinates

and interpolating to a regular grid, the pixel size is increased to 0.30m.7 Images

were captured at a rate of 15Hz, or ∆t = 0.0667s. However, there was substantial

aircraft vibration near this frequency, and the resulting speeds are very noisy.

Considering every other image, such that ∆t = 0.1333s, substantially reduces the

noise and is our minimum acceptable time step between images. We can define

a measure of the discrete resolvable speed as a translation of 1 pixel between

successive images, or cd = ∆x/∆t. For our data segment at 378m altitude and

7.5Hz, this results in a discrete resolvable speed of cd = 2.25ms−1. The Λ(c)

distributions show speeds with c < cd because both the contour and ellipse method

resolve sub-pixel translations.

The spatial resolution of ∆x = 0.30 is fairly large, and we wished to examine

the effect of the resolution on the Λ(c) distribution. Both ∆x and ∆t can be altered

by reducing the image resolution to increase ∆x and sub-sampling the images to

increase ∆t. The range of values for ∆x and ∆t and the resulting discrete resolvable

speed is given in table 2.2. It should be noted that at ∆t = 0.0667 the effect of

aircraft vibrations yields the results less reliable, but they are included here for

completeness.

Table 2.2: The sub-sampled values for ∆x and ∆t and the resulting discrete re-
solvable speed, cd used in Figure 2.19.

cd
∆t (s)

(ms−1) 0.0667 0.1333 0.2 0.2667
0.3 4.50 2.25 1.48 1.12

∆x (m) 0.6 9.00 4.50 2.25
1.2 17.99 9.00 4.50

The speed at which Λ(c) obtains its peak appears to be a function of the

7This is essentially because the aircraft was flying with a heading of θ = 219◦, so the grid size
is increased by | cos(219)|−1
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discrete resolvable speed, as shown in Figure 2.19. The peak in the Λ(c) distri-

bution is determined by fitting a fourth-order polynomial over the region where

Λ(c) is within a factor of 10 of its maximum. Note that the peak is determined in

linear coordinates, whereas most graphics of Λ(c) in this paper are presented on a

logarithmic scale. The open symbols in the figure correspond to ∆t = 0.0667, and

are less robust. The peaks in Λ(c) are shown for the raw observed speeds (circles),

speeds corrected for underlying long wave orbital velocity (squares), and speeds

corrected for both long wave orbital velocity and surface currents (triangles) (see

equation 2.24). The surface current estimate is calculated independently for each

∆x, ∆t combination, and ranges from 1.2 to 1.5 ms−1.

As ∆t is increased, or as ∆x is decreased, the discrete resolvable speed

is reduced, and the peak of Λ(c) shifts to lower speeds. The dependence on ∆t

appears to be stronger than the dependence on ∆x (not shown). The peak of

Λ(c) is also sensitive to the brightness threshold it and the difference and gradient

thresholds, id and ig, used to determine the front of breaking, as seen in Figure

2.8. In Figure 2.19b, it is seen that the Λ(c) distributions are more affected by

resolution in the low-speed than the high-speed range. One distribution does not

agree with the others for (c > 6ms−1), corresponding to the case with ∆x = 1.2m,

∆t = 0.1333s, cd = 9ms−1. Basically the entire distribution is dependent on sub-

pixel resolution, so the processing begins to break down. The Λ(c) distributions

for ∆t = 0.0667 (open symbols in Figure 2.19a) also show higher values of Λ(c) for

the high speeds, and are not shown in Figure 2.19b for clarity.

2.7 Ellipse method

In the process of completing this work, Gemmrich et al. (2008) published a

different processing technique, producing a substantially different result for Λ(c).

For comparison, a method following theirs was implemented, and the results com-

pared. This also provides a second estimate of Λ(c) that is independent in many

ways from the result obtained by the contour method. The similarities and differ-

ences will be addressed in the discussion.
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Figure 2.19: a) The speed at which Λ(c) reaches its peak, as a function of the
discrete resolvable speed ∆x/∆t. The circles, squares, and triangles correspond
to the raw observed speeds, speeds with orbital velocity removed, and speeds
with both current and orbital velocity removed, respectively. Open-faced symbols
correspond to cases with ∆t = 0.0667s, which are strongly affected by aircraft
vibrations. b) The full Λ(c) distributions with the peak of Λ(c) marked with a
black dot. The diagonal black line is the function 10c−6, the vertical dashed line
indicates the spectral peak phase speed. Λ(c) is shown with it=0.45, id=0.10,
ig = 0.12, tτ=0.667, the elemental method, with translational speeds.

Based on the method employed by Gemmrich et al. (2008), a straight-

forward estimate of Λ(c) is determined by considering not the images themselves,

but the image difference,

Id(x, y, t) = I(x, y, t)− I(x, y, t−∆t) (2.25)

of two images captured with a time separation of ∆t. Regions of the image with
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non-changing brightness result in Id = 0, while regions that become brighter or

darker result in Id greater or less than zero, respectively. The rapid forward ad-

vancement of a foam patch associated with wave breaking results in a strong pos-

itive signal in Id. With the intention of comparing our results to those published

in Gemmrich et al. (2008), a similar approach was used, which we call here the

ellipse method. The application of the ellipse method is summarized, as applied to

our data set, followed by the resulting Λ(c) distributions and a discussion.

In the ellipse method, the images are first projected to earth coordinates,

and then the image difference is taken (2.25) between images with ∆t=4/30s. Con-

nected regions of the image difference that surpass a brightness difference threshold,

td, are saved to a file. These are called breaking fronts. Tracking and grouping

in space and time is then performed, combining individual breaking front regions

into breaking events (see Figure 2.20a). A breaking event is defined to be a collec-

tion of breaking fronts in space and time. Breaking events that are tracked for a

time exceeding a temporal lower bound, tτ , are considered to be actively breaking

waves. An ellipse is then fit to the breaking fronts on each image that have been

grouped together. The translation of the ellipses along the mean propagation di-

rection indicates the breaking speed, and the major axis of the ellipse indicates

the length of the breaking wave.

Gemmrich et al. (2008) fit ellipses to each breaking front region of Id. To

group them in space and track them in time, they used criteria on the ellipses such

as axis orientation, magnitude of translation, and separation. We avoid the need

for these criteria by grouping the breaking front regions based on proximity alone.

Any connected region of Id that surpasses the difference threshold is grouped with

any other connected region that overlaps it or comes within one pixel of it in the

previous or following image.8 In this way, breaking front regions may merge and

break in time, and still be grouped into a single wave breaking event. Only after

the connected regions have been grouped and tracked is an ellipse fitted to the

8So long as the brightness difference threshold is less than one half the foam brightness minus
the background brightness, the breaking front regions will overlap. We also experimented with a
double threshold - where regions of Id that surpassed a brightness difference td were marked as
breaking fronts, but their extent was extended to a lower brightness difference, td,2. The results
for Λ(c) were not markedly different.
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breaking fronts on each image. Following Hornberg (2007), we fit the ellipses by

finding an ellipse with the same central second moments of the breaking front

regions (see Appendix D). Finally, Gemmrich et al. (2008) took the translation

of the centroid of the ellipse as an estimate for the speed of breaking. For the

GOTEX data set, the ellipse centroid displacement showed a large amount of

noise due to lateral displacement of the breaking front and change in morphology

of the breaking front over ∆t. This may be due to the lower resolution of our data

(∼30cm) than that of Gemmrich et al. (∼2cm), although the sensitive parameter

should be ∆t rather than ∆x. The ∆t for the two field experiments are similar:

for our data, ∆t = 4/30 = 0.1333, while for Gemmrich et al. (2008), ∆t = 0.1.

More care was needed for our data set to obtain accurate speeds. Instead of using

the translation of the ellipse centroid as an estimate of breaking speed, we use

the component of the translation along the mean direction of breaking. The mean

direction of breaking is defined as the mean orientation of all minor axes of the

ellipses in an event. An example of the ellipse method applied to the vigorously

breaking event of Figure 2.14 is shown in Figures 2.20 and A.4.

The distribution of Λ(c) from the ellipse method computation of the length

and speed of breaking is dependent upon two parameters: the brightness differ-

ence threshold td, and the minimum duration of breaking, tτ . The value for the

brightness difference threshold td was systematically varied, holding the minimum

duration of breaking tτ to 5 images, or 2/3 seconds. The resulting Λ(c) distribu-

tions, and the integrated first moment are shown in Figure 2.21. In Figure 2.21a,

the family of Λ(c) distributions show the same basic shape as the difference thresh-

old is varied. Similar to the contour method, the high-speed regime changes by

a factor of about 2 for speeds 6 < c < 10ms−1, but varies by an order of mag-

nitude for the slowest speeds. The color indicates the difference threshold td. As

the threshold is decreased, more regions of the image difference are picked up as

actively breaking wave crests.

In Figure 2.21b, the first moment of the Λ(c) distributions in (a) are shown,

as the difference threshold is varied. The first moment of Λ(c) decreases as the

threshold increases. The full rate of breaking R was calculated (section 2.3.2) by
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Figure 2.20: Example of ellipse method processing on a vigorously breaking wave,
and the resultant breaking speed. a) Colored regions show overlapping regions
of active breaking fronts, found from Id, as the foam patch moves towards the
southwest. Long black straight lines show major axis of the ellipse fit. Short black
lines show the observed speed for each image. b) The speed of breaking. Each
symbol represents the terminus of a velocity vector originating at (0,0). Squares:
speed at each time, star: event-averaged speed. Circles show a speed of 2, 4, 6,
and 8ms−1 for reference.

considering the passage rate of breaking waves past many stationary points in our

field of view. Defining breaking patches using our optimal choice of brightness

threshold, the breaking rate is R = 0.006. However, considering the acceptable

range of brightness thresholds determined manually, the breaking rate could ac-

ceptably range from 0.0035 to 0.0171. This region is shown in gray in Figure 2.21b,

with the breaking rate R = 0.006 shown by the thick black line. The first moment

of the ellipse method Λ(c) distributions generally fall within the acceptable range

of R, and are on the low side. The full first moment also includes regions of the

sea surface that become brighter due to advection of bright, non-breaking foam

patches, as discussed in section 2.4.4. These issues are still at play in this case, so

the fact that the first moment of Λ(c) is on the low side is reasonable.

The ellipse method has relatively few thresholds to set, a straight-forward

criterion to identify actively breaking waves, seems to identify the actively breaking

crests well, and is computationally faster than the contour method. However, using

a straight line to describe a breaking front region which is often convoluted, curved,
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Figure 2.21: a) The Λ(c) distributions resulting from the estimates of length and
speed from the ellipse method, for a range of image difference thresholds td. The
color indicates the image difference threshold, td. The dashed vertical line at
c = 14ms−1 indicates the spectral peak phase speed, and the diagonal black line is
the function 10c−6. b) The first moment of the Λ(c) distributions from (a), versus
the difference threshold td. The gray area shows the range of acceptable breaking
rates from stationary point analysis, and the thick black line shows the breaking
rate for the optimal threshold.

broken, and rapidly evolving, is a coarse approximation. The ellipse method also

attributes a single speed to each observation of breaking, whereas the speed may

not be constant along the breaking crest, and variations in the speed and direction

of breaking are important. The ellipse method also contains no information about

the foam patch morphology associated with the breaking front, or information

about the speed at the rear of the foam patch, which is necessary for a comparison

with the results of Melville and Matusov (2002), and may be useful in measuring

degassing of the bubble plumes.

2.8 Comparison of ellipse and contour methods

We compare the results from the contour method to the ellipse method. The

contour method criteria are taken as follows: the algorithm-determined brightness

threshold it = 0.45 is used, along with constant secondary thresholds of id = 0.10,

ig = 0.12. The most direct comparison with the ellipse method considers the
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translational speeds (cf. Figure 2.6) with temporal or event averaging. In both

methods, breaking events must be actively breaking for longer than 2/3s. The

ellipse method employs a difference threshold id = 0.16, and both methods require

that the event is actively breaking for tτ > 0.667s.

A comparison of the contour and ellipse methods is shown in Figure 2.22 for

different averaging interpretations of Λ(c). Solid lines show the contour method

and dashed lines show the ellipse method. In Figure 2.22a, the non-averaged

result of both methods is shown, in 2.22b, the temporal Λ(c) is shown, where

each observation of breaking contributes a length and a speed of breaking to the

Λ(c) distribution, and in 2.22c, the event-average result is shown. Beneath each

comparison, the ratio of Λellipse/Λcontour is shown.

In all cases, the contour method observes more slow speed breaking, with

speeds 1 < c < 4ms−1, and the ellipse method observes more fast speed breaking,

with 4 < c < 10ms−1. This is due to the fact that the contour method resolves

the slower edges of breaking events, while the ellipse method attributes the main

translational speed of the event to the entire breaking front. Also, the contour

method may include falsely identified breaking regions on the rear facets of actively

breaking foam patches, which may reduce the averaged speed (as in Figure 2.12,

patch B). Both methods may include falsely identified breaking regions associated

with bright, yet non-breaking foam patches (as in Figure 2.12, patch A). In Figure

2.22a, the full resolution of both methods is shown: the contour method elemental

speeds (translational, not normal) are compared to the temporal ellipse method

speeds. The ellipse method does not resolve elemental speeds, so this information is

not available for comparison. The agreement of the two methods is within a factor

of 2 for speeds 0.5 < c < 10ms−1. For 5 < c < 12ms−1 the ellipse method estimate

is 1.3 times larger than the contour method. This may be because of curvature in

the breaking front, which results in slower speeds along the extremities of breaking

in the contour method, whereas the ellipse method assigns a single speed to the

entire observation. It may also be due to small, rapidly translating foam patches

at the initiation of breaking, which are not tracked in the contour method, as

discussed in section 2.4.2.
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In Figure 2.22b, the temporal Λ(c) is shown, where each observation of

breaking contributes a length and a speed of breaking to the Λ(c) distribution.

The ellipse method curve is the same as in 2.22a. The contour method drops

precipitously at c = 10. The distributions have a similar form, though the ellipse

method has speeds 20% larger than the contour method. However, the discrepancy

is not due to a bias in the speed estimate. A detailed analysis comparing individual

breaking events observed by both methods indicated that the speeds agreed to

within 5%, and the distributions of speeds were closely matched. However, the

determination of breaking length and duration differed substantially. For breaking

events where both methods found temporal speeds greater than 6ms−1, the ellipse

method on average contributed twice the breaking length as the contour method.

For breaking events with speeds less than 3ms−1, the contour method length of

breaking was on average 50% longer than the ellipse method. So the difference

between the two distributions in Figure 2.22b is not due to a shift in the x-direction,

but rather an adjustment in the y-direction.

In Figure 2.22c, the event average Λ(c) is shown for both the contour (solid)

and ellipse (dashed) methods. The same qualitative picture is seen as in Figure

2.22a. The contour and ellipse methods generally agree for 4 < c < 6ms−1, and

then the contour method falls off more rapidly than the ellipse method, such that

for c = 8ms−1, the contour method is 3 times lower than the ellipse method.

The directional distributions of Λ(c) are shown in Figure 2.23. The top row

shows the contour method with translational speeds, the second row shows the con-

tour method with normal speeds, and the third row shows the ellipse method. The

averaging style is indicated above each panel. For reference, 1D Λ(c) distributions

shown in Figure 2.22 correspond to panels a and g, panels b and g, and panels c

and i in Figure 2.23. The translational velocities show a narrower distribution than

the normal velocities because of the curvature of the breaking front. This effect

is reduced with averaging; the directional spreading becomes comparable, but the

normal velocity speeds are less than the translational speeds. The ellipse method

shows a qualitatively different directional distribution than the contour method.

The direction of breaking is generally wider, and fewer breaking lengths are ob-
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Figure 2.22: A comparison of the Λ(c) results from the contour method (solid),
and the ellipse method (dashed), for different averaging methods: a) no averag-
ing: elemental speeds for contour method, temporal speeds for ellipse method.
b) temporal speeds (c(t)), and c) event-averaged speeds. Beneath each compari-
son is the ratio of the ellipse method over the contour method, for clarity. The
vertical dashed line at c=14ms−1 indicates the spectral peak phase speed for this
image sequence. The diagonal line in the upper panels indicates the relationship
Λ(c) = 10c−6, and the level line in the lower panels indicates a ratio of 1. In all
cases the translational velocities are shown for the contour method.

served at slow speeds compared to the contour method. The left-most panels (a, d,

and g) show the results without averaging. The ellipse method temporal method

(panel g) shows fewer events at high speeds, but they contribute a longer crest

length than the elemental methods (panels a and d). Interestingly, the azimuthal

averaged Λ(c) distributions in Figure 2.22a show agreement to within a factor of

2, despite the substantially different forms of the directional distributions. In both
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the contour and the ellipse methods, some of the fast speed observations may be

due to errors in tracking or estimation of speed.
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Figure 2.23: The directional distributions of Λ(c). Top row: the contour method
with translational velocities, using it = 0.45, id = 0.10, ig = 0.12, and averaging
methods a) the elemental method, b) the temporal method, c) the event average
method. Second row: same as the first row, but with normal velocities. Third
row: the ellipse method, using id = 0.16, for g) the temporal method, h) the event
top third speeds, and the maximum length of breaking, and i) the event average.
Black concentric circles at 4 and 14ms−1 indicate the equilibrium region of the
wave spectra. The black arrow shows the spectral peak phase speed, and the red
dot indicates the terminus of the 10-meter wind vector.
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2.9 Comparison to previous studies
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Figure 2.24: Λ(c) distributions from the GOTEX data processed consistently with
methods used by Melville and Matusov (2002) and Gemmrich et al. (2008) in
panels a and b, respectively. a) blue line with circles: GOTEX data set processed
using contour method with elemental speeds, and the mean rear velocity removed
(crr). red: the empirical fit from Melville and Matusov (2002) (equation 2.26). b)
The GOTEX data set processed with the top 1/3 speed and the maximum length
for each breaking event. The blue line with circles and green line with crosses are
for the GOTEX data set contour and ellipse method, respectively. The red lines
are the Λ(c) result from Gemmrich et al. (2008) for the fully developed sea state
(their wave age cp/u∗ = 33). Black diagonal lines are the function 10c−6, and
vertical dashed line shows the spectral peak phase speed.

The results of this study are compared with the results of Melville and

Matusov (2002) and Gemmrich et al. (2008), using methods as close as possible
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to those published. In Figure 2.24a, the data from the Gulf of Tehuantepec is

processed using the contour method, with elemental speeds. The “rear” of the

whitecap is identified using criteria exactly opposite that used to define the front

(section 2.4.2). The mean rear velocity is then vector subtracted from each ob-

servation of wave breaking, yielding crr, the breaking speed with rear foam patch

velocity removed. It is verified that the velocity along the breaking front is still

directed outward from the contour. To more fully mimic the processing of Melville

and Matusov (2002), the speed around the contour was found using only a bulk-

and fine-scale correlation, instead of the blend of optical flow and correlation de-

scribed in section 2.4.1. The resulting Λ(crr) distribution is shown with blue circles,

compared to the empirical form of Λ(c) presented in Melville and Matusov (2002)

in red:

Λ(c) (10/U10) = 3.3× 10−4 exp (−0.64c) . (2.26)

The result from the Gulf of Tehuantepec data also exhibits an exponential form for

0 < crr < 14, but with a different exponent, Λ(c) (10/U10) = 4× 10−4 exp (−0.8c),

shown by the thin black line. The difference may be due to the fact that the

Gulf of Tehuantepec data are more strongly forced than the SHOWEX data set

used in Melville and Matusov (2002). The Tehuantepec data are more likely to

appear crescent shaped, where the rear velocity is associated with the front velocity,

most likely due to advection at the wave crest when the strongly-forced wave is

initially breaking. The SHOWEX data was nearly fully developed. The typical

foam patch associated with breaking in the SHOWEX data set appeared more

circular, and assuming that the rear was stationary to leading order was a better

approximation under those conditions. The difference may also be affected by the

along-crest-length smoothing employed in Melville and Matusov (2002) that was

not implemented here.

In Figure 2.24b, the GOTEX data is processed in a manner similar to

Gemmrich et al. (2008), as described in section 2.7. The red lines show the Λ(c)

results from Gemmrich et al. (2008) for the fully developed cases (their cases II

and III), with wave age cp/u∗ = 33, and 10-meter wind speed of 11.5 and 12.5ms−1.

Gemmrich et al. (2008) obtain the scale of breaking from each breaking event by
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considering the mean of the top 1/3 highest speeds for each tracked breaking event.

This approach, which was not explained in their paper, may be an attempt to tie

the speed of breaking more closely to the phase speed of the breaking wave. In

order to relate the breaking speed to the underlying phase speed, they emphasized

these faster speeds. They also only consider the maximum length of the breaker

during an event.

When the ellipse method is employed in a fashion similar to Gemmrich

et al. (2008), the Λ(c) distributions show nearly perfect agreement for c1/3 >

5ms−1 (green line with pluses). The Tehuantepec ellipse method reaches a peak

at c = 5ms−1, while the Gemmrich et al. (2008) data obtains peak values at

c = 2 − 3ms−1. This is most likely due to the much higher resolution of the

Gemmrich et al. (2008) data (2cm vs. 30cm resolution). The contour method data

from the Gulf of Tehuantepec can also be interpreted similarly to Gemmrich et al.

(2008) (blue line with circles in Figure 2.24b). In this case, the temporal speeds

are taken as a spatial average of the elemental speeds for each image. Then the

mean of the top 1/3 temporal speeds is considered, and the maximum length. The

contour method contains more smoothing than the ellipse method, and the result

is lower than the Gemmrich et al. (2008) and ellipse method results, and shows a

more rapid decrease at high speeds.

2.10 Summary

In this study, a method is presented to analyze visible aerial images to

obtain Λ(c), the distribution of the length of breaking crests per unit sea surface

area as a function of breaking velocity c. A sensitivity study of the method is

performed with the following considerations:

1. the brightness threshold it that identifies foam patches on the sea surface

2. the difference threshold id and gradient threshold ig used to determine the

extent of the actively breaking front

3. the averaging method used: either with speed c(x, y, t) resolved in both space
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and time (elemental method), speed c(t) measured at each observation of

breaking (temporal method), or a single speed attributed to the entire break-

ing event (event method).

4. the interpretation of speed: either including the bulk translation of the foam

patch (translational velocities), or taken as perpendicular to the breaking

crest (normal velocities).

5. the image spatial resolution, and the image sampling rate.

1. The brightness threshold it is determined by an automatic algorithm,

although subsequent manual determination of the brightness threshold indicated

that the acceptable range of brightness thresholds is rather large. As it is varied,

the Λ(c) distributions vary by up to an order of magnitude for the slower speeds

(c ≈ 1ms−1), but show agreement to within a factor of 2 for faster speeds (c >

4ms−1) see Figure 2.8.

2. The portion of the foam contour that is actively breaking is deter-

mined by a combination of criteria on the motion, morphology, and image struc-

ture around the contours. Two of the criteria depend on thresholds: the rate of

change of brightness of the image, ∂I/∂t must be larger than the difference thresh-

old, id, and the image gradient, ∇I must be larger than the gradient threshold, ig.

Again, changing these secondary thresholds affects the Λ(c) distribution for the

slower speeds (c ≈ 1ms−1), but shows little effect for faster speeds (c > 4ms−1).

See Figures 2.8, 2.10.

3. The distribution of Λ(c) is affected by the space and time over which the

speed is computed. The full resolution of speed, accounting for speed variability

both along the breaking front and throughout the lifetime of the breaking event,

yields the preferred Λ(c) result. When the speeds are averaged in space, or in both

space and time, the Λ(c) distribution is reduced at the slower and faster speeds,

and increased near the peak. Since very few observations of the fastest speeds are

observed, the Λ(c) distribution for the fastest speeds often disappears altogether

for the averaged cases. See Figure 2.15.
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4. The velocity along the front can be defined as either translational or

normal to the breaking front. It is argued that the normal velocities, with no

averaging in space nor time, result in the optimal Λ(c) distribution. However, when

averaged in space and time to produce the temporal and event Λ(c) statistics, the

normal Λ(c) distributions are biased towards slower speeds. The slower breaking

near the edges of the breaking crest reduces the mean speed of the observation

or event. Thus when temporal or event statistics are needed, the translational

velocities should be used.

5. Finally, the effect of image spatial resolution ∆x and the image sampling

rate ∆t are considered. The translation of one pixel between two successive images,

with a speed cd = ∆x/∆t, serves as a measure of the resolution. As this speed is

increased (ie. resolution is degraded), the magnitude of Λ(c) decreases, and the

speed at the peak of Λ(c) increases. The Λ(c) distributions are affected at slow

breaking speeds, and are generally insensitive to changes in resolution for breaking

speeds greater than 6ms−1 (Figure 2.19). The speed cd for this image sequence at

full resolution is 2.25ms−1. Although sub-pixel resolution is employed, the Λ(c)

distribution for low speeds call for future observations with higher resolution.

The first moment of the Λ(c) distributions are compared to the rate of

breaking (equation 2.1). If the breaking rate is defined simply as the passage

rate of bright patches past stationary points on the image swath, drifting old foam

patches cause it to be a factor of 1-2 larger than the first moment of Λ(c). To resolve

this issue, two approaches were implemented. The first approach only considers

breaking with speeds greater than some cutoff were considered, Considering only

speeds faster than 3ms−1 for both the first moment of Λ(c) and the rate of breaking

brought the breaking rate into agreement with the first moment of Λ(c) (Figure

2.13b).

The second approach did not use breaking at stationary points, but the

fraction of the image that transitioned from below to above the brightness thresh-

old, the image turnover. This is equivalent to seeding the image with a “stationary

point” at every pixel location. To remove the effect of noise and drifting old foam

patches, only connected regions of the image turnover that overlap with at least
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one breaking front location from the Λ(c) processing were counted. This produced

an excellent agreement over all GOTEX image sequences. While this comparison

may seem tautological, two fundamental elements of this comparison remain in-

dependent. First, the active turnover rate has no estimation of speed involved in

it, so the comparison implicitly checks the speed estimation of Λ(c). Second, the

comparison checks if the length of the breaking crest extends the full length of the

connected regions in the image turnover. The fraction of the sea surface that is

turned over should logically equal the length of breaking times the normal velocity,

rather than the translational velocity. However, a number of aspects are not inde-

pendent for this comparison. If Λ(c) misses some actively breaking crests or falsely

identifies some actively breaking crests the error will be equally reflected in the

turnover rate. Also, errors in the removal of aircraft motion or image projection

will affect both the breaking rate and the Λ(c) calculation, and are not reflected

in the comparison.

A word of caution is presented in using the first moment of Λ(c) compared to

the breaking rate as a validation tool for the Λ(c) observations. Both methods are

sensitive to the processing method and thresholds used. With consistent thresholds

and methods, a perfect comparison is obtained, although the objects analyzed may

not even be breaking events! See, for example, the solid circle at R = 0.1, it = 0.21

in Figure 2.9. Thus the first moment comparison is a necessary, but not sufficient

validation tool for Λ(c) observations.

Kinematic effects at the ocean surface may affect the observed speed of

breaking, such as long wave - short wave interaction, surface current, and the

difference between the speed of breaking and the underlying phase speed. These

issues are discussed, and the effect on the Λ(c) distributions is presented in Figure

2.18.

With the intent of comparing our results to those published by Gemmrich

et al. (2008), a method of processing similar to their method was implemented,

the ellipse method, and the results compared to those of the full contour method

described above. The contour method generally compares favorably to the ellipse

method, although the following differences are noted: 1) For speeds faster than
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3.5ms−1, the ellipse method observes a Λ(c) that is 2-3 times higher than the

contour method. 2) For low speeds, 1 < c < 3.5ms−1, the contour method is up to

2 times higher than the ellipse method. 3) For the lowest speeds, c < 1ms−1, the

ellipse method is again larger. These speeds are well below the translation of one

pixel between images, and are not adequately observed in either method. 4) The

ellipse method Λ(c) directional distribution shows a broader directional range with

breaking observed at intermediate speeds, and very little breaking observed at the

slow speeds. The ellipse method has a crude assumption that the breaking crest

is a line, and does not determine the breaking speed along the crest. However,

the ellipse method was often more sensitive to smaller, dimmer breaking events,

and was less hindered by falsely-identified breaking regions on the rear of the foam

patches.

Of particular interest, the GOTEX data set was processed with assumptions

and methods closely approximating those of Melville and Matusov (2002) and

Gemmrich et al. (2008). Both of the previous studies are qualitatively reproduced

with the GOTEX data set (Figure 2.24). This highlights the sensitivity of the

Λ(c) distributions on the processing methods used. The method of processing and

the interpretation of the speed of breaking can affect the results by 1-2 orders of

magnitude.

The final, optimal Λ(c) distribution is shown in Figure 2.10. It results

from the elemental method, with normal velocities, using full image resolution,

and the thresholds within an acceptable range. The range of distributions for

c < 4ms−1 indicate the uncertainly in the Λ(c) distribution for low speeds. Also,

the distributions become noisy for speeds c ≥ 10ms−1, possibly due to the small

number of observations at these high speeds.



3 Observations of wave breaking

kinematics in fetch-limited seas

3.1 Introduction

Surface wave breaking in the deep ocean is a common phenomenon that is

of central importance to the dynamics of the ocean surface and the atmospheric

boundary layer, as well as the development of the wave field (Banner and Peregrine,

1993; Melville, 1996). One method of observing wave breaking is from the visible

signature of the bright patch of bubbles entrained by whitecaps. Visible observa-

tions of wave breaking are typically described by the whitecap coverage, which is

the fraction of the sea surface covered with foam. Visible wave breaking gener-

ally occurs for wind speeds in excess of 3ms−1 (Monahan and OḾuircheartaigh,

1986), yet is difficult to quantify and predict, even in a statistical sense. Obser-

vations of visible wave breaking typically exhibit a large amount of scatter when

correlated with environmental conditions (Anguelova and Webster, 2006). Field

observations have considered the relationship of the whitecap coverage to wind

speed and wind stress (Monahan, 1971; Wu, 1988), sea surface stability (Monahan

and OḾuircheartaigh, 1986; Myrhaug and Holmedal, 2008), sea surface tempera-

ture (Stramska and Petelski, 2003), surface currents (Kraan et al., 1996; Callaghan

et al., 2008b), wave field development (Xu et al., 2000; Lafon et al., 2007), the pres-

ence of swell (Sugihara et al., 2007), wave steepness (Longuet-Higgins, 1978; Snyder

and Kennedy, 1983; Banner et al., 2000), surfactants , salinity (Monahan and Zi-

etlow, 1969), and wind speed history (Hanson and Phillips, 1999; Callaghan et al.,

2008a). Whitecap coverage is often classified as active whitecap coverage WA,

77
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that is associated with waves that are actively breaking, or residual whitecap cov-

erage, WB, denoting the passive foam remaining on the sea surface from previous

breaking events (Bondur and Sharkov, 1982; Monahan and Woolf, 1989). Visible

wave breaking may also be described by the breaking rate, which is the number

of breaking waves passing a fixed point per unit time, or the fraction of breaking

waves per wave (Thorpe and Humphries, 1980; Longuet-Higgins and Smith, 1983;

Holthuijsen and Herbers, 1986; Lamarre and Melville, 1992; Babanin et al., 2001).

Whitecap coverage and the breaking rate provide bulk representations of the

amount of breaking, without an indication of the scales of waves that are breaking

and dissipating energy. Information about the scales of breaking waves is of fun-

damental importance for the development of more rational models of air-sea mass,

momentum and energy transfer, including gas transfer, aerosol generation, wind

stress and momentum flux to ocean surface currents, and mixed layer dynamics.

An improved understanding of breaking kinematics and dynamics is fundamental

for the development of improved wind-wave models.

A number of field studies have examined scale-dependent descriptions of

wave breaking, investigating the distribution of the scale of individual breaking

events, rather than bulk measurements such as whitecap coverage or breaking

rate. The scale of wave breaking has historically been determined by measuring

the underlying wave profile or the breaking speed. Ding and Farmer (1994) used

an array of four acoustic hydrophones to track wave breaking events, and reported

statistics on breaking duration, velocity, spacing and breaking probability. Mironov

and Dulov (2008) used video sequences from a mast near the Black Sea to record

whitecaps. By tracking the centroids of the breaking patches they obtained a

speed of breaking, and used the deep water dispersion relationship to determine

the frequency of breaking at different scales. Banner et al. (2002) and Manasseh

et al. (2006) considered scale-dependent breaking rate observations, where the wave

scale was determined from co-located wave height data.

In this paper we present spectrally-resolved measurements of wave breaking

based on the crest length and breaking velocity. Phillips (1985) first suggested

using Λ(c), the distribution of the mean total crest length of breaking waves per
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unit sea surface area, according to the breaking velocity c = (c, θ), where c is the

speed and θ is the direction of propagation. Summing over all observed breaking

wave crests,
∫

Λ(c)dc gives the mean total length of breaking per unit area of the

sea surface. Λ(c) can be integrated azimuthally to obtain Λ(c) as a function of

speed alone

Λ(c) =

∫ 2π

0

Λ(c, θ)cdθ. (3.1)

Phillips (1985) considered the equilibrium range of the wave spectra, where

there is a balance between the wind forcing Sin, the energy dissipation Sdiss, and

the nonlinear wave-wave interactions Snl such that

Sin + Sdiss + Snl = 0. (3.2)

In particular, he assumed that the source terms are all important in the equilibrium

range. Arguing that there is no internal wavenumber scale, he proposed that ratios

of the three terms were constant,

Sin ∝ Sdiss ∝ Snl. (3.3)

From a balance with the local form of the wave-wave interaction term, Phillips

found an expression for the spectral rate of energy loss from the wave components

in the equilibrium range:

ε(k) = σSdiss = γβ3(cos θ)3pρu3
∗k
−2. (3.4)

Here β and γ arise from the proportionality constants (equation 3.3) for the wind

and dissipation relative to the nonlinear transfers, respectively. θ is the angle

between the wind and the wave components, p is a measure of the spectral spread-

ing, ρ is the density of water, u∗ is the wind friction velocity, and k = (k, θ) is the

wavenumber.

From Duncan’s (1981) laboratory experiments of quasi-steady breaking due

to a towed hydrofoil, the average rate of energy loss per unit length of front is

bρ(c5/g), where b is a numerical constant estimated by Duncan from his experi-

ments as approximately 0.06, and c is the phase speed of the breaking wave, or

equivalently the incoming stream speed. The dependence of the rate of energy loss
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on the fifth power of c has been presented using inertial arguments (Melville, 1994),

kinematic arguments (Phillips et al., 2001), and geometrical arguments (Drazen

et al., 2008; Gemmrich et al., 2008). Thus the average rate of energy loss per unit

area by breakers with speeds between c and c + dc is

ε(c)dc = bρg−1c5Λ(c)dc. (3.5)

More recent laboratory studies have indicated that the breaking parameter b is not

a constant, but is a function of the strength of the breaking wave, as measured by

the breaking wave slope (Drazen et al., 2008), or the focusing of the wave packet

(Banner and Peirson, 2007).

An expression for Λ(c) can be obtained from (3.4) and (3.5) after conversion

from wavenumber k to phase speed c using the deep water dispersion relationship,

c2 = gk−1:

Λ(c) = (4γβ3)(cos θ)3pb−1u3
∗gc−7 (3.6)

Λ(k) = 2γβ3 (cos θ)3p b−1u3
∗g
−3/2k1/2 (3.7)

Equations 3.6 and 3.7 can be integrated azimuthally to yield the distribu-

tions as a function of the speed c or wavenumber k

Λ(c) = (4γβ3)I(3p)b−1u3
∗gc−6 (3.8)

Λ(k) = 2γβ3I(3p)b−1u3
∗g
−3/2k3/2 (3.9)

where

I(3p) =

∫ π/2

−pi/2

(cos θ)3p dθ.

The Λ(c) distribution has been measured in previous field studies, but in

each case there are uncertainties in the methods used. Phillips et al. (2001) con-

sidered high resolution radar measurements of sea spikes, believed to be caused by

breaking waves. They calculated the number, speed, and duration of events with

the radar, and inferred the along-crest breaking length from previous sonar mea-

surements by Thorpe (1992b). Melville and Matusov (2002) observed foam patches

on the sea surface using a digital video camera mounted on an aircraft flying at

an altitude of roughly 400m. Assuming that the speed at the rear of the active
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whitecap was negligible compared to the speed of the breaking front (c.f. Rapp

and Melville, 1990) they computed the velocity of the breaker using a technique

similar to particle imaging velocimetry (PIV). Jessup and Phadnis (2005) used an

infrared camera to observe surface temperature anomalies associated with micro-

scale wave breaking in a wind-driven laboratory wave channel. They obtained Λ(c)

distributions using both a crest-tracking and PIV-based methods. Gemmrich et al.

(2008) used two downward-looking video cameras on R/P FLIP located 9m and

12m above the mean sea level, resulting in a small field of view with very high

pixel resolution. They used a crest-tracking algorithm to determine the speed and

direction of breaking, taking the mean of the fastest one third speeds, c1/3, and

the maximum crest length to define a single speed and length for each breaking

event. Thomson and Jessup (2009) presented an optimized method for efficient

computation of breaking speed in the fourier domain rather than the spatial do-

main. Kleiss and Melville (2009) presented a sensitivity study of methods used to

compute Λ(c) and compared the resulting distributions to Melville and Matusov

(2002) and Gemmrich et al. (2008). The “optimal method” for computation of

Λ(c) presented in Kleiss and Melville (2009) is summarized in this paper, and

applied to the full data set from the Gulf of Tehuantepec experiment.

In Section 3.2 the field site and experimental methods are presented. The

method used to compute Λ(c) from the images is summarized in section 3.3. In

section 3.4 the field observations of Λ(c), the whitecap coverage and breaking rate

are presented and correlated with the wind and wave variables. In the discussion,

the observed Λ(c) distributions are compared to Phillips’ theoretical formulation,

as well as a Rayleigh distribution. The scaling parameters that describe the Λ(c)

distributions: the total breaking length, and the width of the Λ(c) distributions,

are presented as a function of the dimensionless fetch, and compared to the fetch

relations.
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Figure 3.1: a. Map of the topography surrounding the Gulf of Tehuantepec in-
cluding the mountain pass (Chelton et al., 2000). The square indicates the region
of inset in b), showing the 10-meter winds from quikscat satellite measurements
and the flight path of research flight 10.

3.2 Experimental Description

The Gulf of Tehuantepec experiment (GOTEX) took place in February 2004

off the Pacific coast of southern Mexico (Figure 3.1a). Typically, during winter

months of November to April, high pressure (anticyclonic) systems that cross over

the Gulf of Mexico create a pressure difference across the isthmus of Tehuantepec.

This pressure difference drives a gap flow through the Chivela mountain pass, which

has an elevation of some 200m and is flanked by the Sierra Madre mountains with

elevations of 2000m to the west and 1500m to the east (Steenburgh et al., 1998).

The strong northerly winds typically last 2-6 days, with winds from 10-25ms−1 and

gusts up to 60ms−1 in extreme events (Trasviña et al., 1995). The strong winds

funneled through the mountain gap then extend downstream over the Pacific ocean,

extending 400-500km, with winds generally turning to the west and decreasing in

speed at larger fetches (Figure 3.1b). Although the strongest winds are generally

associated with the Gulf of Tehuantepec, the Gulf of Papagayo and the Gulf of

Panama also give rise to gap winds.
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The offshore wind jets create interesting coastal ocean conditions with up-

welling and entrainment of cool water along the wind axis, and levels of primary

productivity comparable to the rich waters in the Gulf of California (Robles-Jarer

and Lara-Lara, 1993). Anticyclonic ocean eddies generated from the gap winds

propagate up to 1500km across the Pacific (Palacios and Bograd, 2005), trans-

porting biogenic material from the continental margin to the interior northeastern

tropical Pacific (Gonzalez-Silvera et al., 2004). The site was chosen for its near-

laboratory conditions of quasi-periodic strong off-shore flow that occur during the

gap wind events, providing the opportunity to measure and analyze the devel-

opment of waves and breaking statistics in fetch limited conditions under strong

winds.

All data were collected from the NSF/NCAR C-130Q HERCULES aircraft,

hereafter referred to as the C130. The C130 was equipped with the standard

suite of atmospheric measurements as well as an integrated optical, IR and fixed

laser altimetry system, and the NASA Airborne Terrain Mapper (ATM) conical

scanning lidar (Krabill and Martin, 1987; Romero and Melville, 2009a).

The measurements of breaking crest length and speed were obtained from

images captured by a Pulnix TM-1040 digital video camera with a Computar 16-

160mm remotely-adjustable zoom lens. The focal length was set to the 16mm

stop, and the focus set to ∞ during the field observations.1 The camera captured

1 megapixel, 8-bit grayscale images at the maximum rate of 30 frames per second

(fps), which were streamed to a PC computer through an IFC 5.7 PCdig frame

grabber. Video Savant software recorded the images to a RAID0 raid array of

four 250 gigabyte hard drives at a synchronized rate of either 15 or 30 frames

per second. The time of image capture, obtained from the computer clock, was

recorded for each image with a precision of 1ms. Every hour, the computer clock

was synchronized with GPS time. The actual ∆t between images was determined

by the Pulnix TM-1040’s internal clock, which ran at 40.068MHz.

Measurements of the aircraft pitch, roll and heading from the Honeywell

YG1854 Laseref SM intertial measurement unit (IMU) on board the C130 was used

1An exception occurred on the morning of research flight 5, 02-14-2004, when the focal length
was set to approximately 18.35 mm.
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to determine the orientation of the camera. The IMU was located 86cm forward

and 91cm to the starboard of the video camera. Any flexing of the aircraft over

this distance, as well as vibrations, would not be properly captured by the IMU,

and may contribute to errors in the removal of the aircraft motion from the image

sequence.2

To determine the position of the camera, the differential GPS associated

with the ATM was used. The GPS antenna was on the top of the fuselage, 3.75m

above and 1.6m aft of the video camera. The position was therefore adjusted to

the camera location using the pitch, roll, and heading of the aircraft determined

by the IMU.

The ATM scanning lidar system was used to measure the surface waves, and

also provided aircraft positioning data when it was operating; usually at aircraft

altitudes in the range 150-1000m. The sea surface topography measured from

the ATM yielded surface wave directional spectra from which sea state parameters

including the spectral peak phase speed cp, and the significant wave height Hs were

calculated. The map of sea surface height was not designed to be synchronized with

the video imagery, but the two data streams were synchronized in post-processing.

The wind friction velocity u∗ was measured using a radome gust probe on

the aircraft nose and Reynolds stress decomposition (Brown et al., 1983), at a

height of 30-50m above sea level. The 10-meter wind speed was calculated from

the friction velocity using Monin Obukhov similarity theory (Jones and Toba,

2001; Romero and Melville, 2009a). The wind speed and friction velocity were

calculated when the aircraft was flying at low altitudes, and then interpolated

linearly in space to the location of image acquisition, when the aircraft was at

400m altitude. Throughout this paper, the wave age is expressed as cp/u∗e, where

u∗e is the effective friction velocity, the component of u∗ along the dominant wave

direction (Romero and Melville, 2009a).

2The IMU unit rigidly mounted to the camera malfunctioned and was not available for most
of the experiment
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3.3 Methods

The full description of the method to project the images to an earth ref-

erence frame and extract the length and speed of breaking from airborne images

of the sea surface is given in Kleiss and Melville (2009), and summarized here for

convenience.

3.3.1 Image Preparation

The downward-looking video camera recorded images of the sea surface.

The background brightness of the image varies in space and time. The mean back-

ground image brightness is computed over image sequences with uniform lighting,

and each image is divided by the mean background brightness, such that the prob-

ability of identifying a foam patch is independent of position in the image. The lens

distortion is corrected (Holland et al., 1997) using the camera calbration toolbox

for Matlab (Bouguet, 2006).

The apparent motion of the foam patches in the video is dominated by

the camera (aircraft) motion. The camera position and orientation are obtained

primarily from the ATM GPS and altimeter, and the C130 inertial reference unit.

Brief gaps (usually less than 2 seconds) in the ATM data stream are patched with

data from the C130 GPS and altimeter data. The images are then projected to an

earth reference frame using projective geometry (Kleiss and Melville, 2009), and

re-gridded to a uniform grid.

To estimate the error in the earth-referenced images, each research flight day

included at least one passage over the airport runway and ramp. The gridded lines

on the tarmac served as a stationary test object. It was found that stationary

objects in the earth-referenced images had a mean error (or drift) of less than

0.13ms−1, with a standard deviation of 1 ms−1 when the images are sampled at

7.5 Hz, as done in this analysis (Appendix A.3).
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3.3.2 Identifying breaking waves in the images

Whitecaps and residual foam patches are distinguishable from the non-

broken sea surface by their enhanced albedo, persistence or “trackability”, and

their morphological shape. As in previous studies of whitecap coverage (Monahan,

1971), a brightness threshold is used as a first criterion to identify possible foam

patches on the sea surface. The brightness threshold is found from an automatic

algorithm considering the image brightness histogram (Kleiss and Melville, 2009),

and then verified manually for every image sequence. A single brightness threshold

applies to each image, but the threshold may change with time if the image lighting

is changing. The thresholded whitecap coverage, WT , is simply defined as the

fraction of the image that is brighter than the intensity threshold it.

Connected pixels with brightness that exceed the threshold are grouped

into objects and tracked in time under the single condition that the object edges

overlap between consecutive (7.5Hz) images. This allows foam patches to merge

or break in time, without conditions on foam patch area. Coordinates of the foam

patch perimeters (contours) are saved to a file. Spurious sun glitter is short lived,

so contours around patches that are tracked less than 2/3 seconds are written to

a different file, and excluded from further processing. At a typical flight altitude

of 400m, a point on the sea surface remains in the field of view for 1.3-2 seconds.

3.3.3 Determination of breaking speed

A method based on correlation (Raffel et al., 1998) and optical flow (Fleet,

1992) is used to determine the velocity field at all points around the breaking

contours. First, the peak of the cross-correlation function of the image gradient of

two images separated by time ∆t in a region centered on the contour point yields

∆xcorr. Preliminary processing indicated that very few breaking events had speeds

above 10ms−1, so the correlation window size is set to resolve a 20ms−1 velocity,

based on the image scale and ∆t between images. The window half size is usually on

the order of 25 pixels. The second image is then translated by −∆xcorr to roughly

align the breaking edge. Many of the smaller foam patches fall entirely within

the correlation window. To resolve the motion around the foam patch perimeter, a
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fine-scale translation is obtained using optical flow, which tracks points of constant

brightness intensity between the two images,

DI(x, y, t)

Dt
=

∂I

∂t
+∇I · u = 0 (3.10)

Where I(x, y, t) is the image intensity as a function of space and time, ∇I is the

spatial image gradient of the first image, u = (dx/dt, dy/dt) is the object motion

in the image, and ∂I/∂t is the temporal difference of the two images. The optical

flow algorithm uses information only from the 3× 3 pixel region around the point

of interest, which is why it is combined with the correlation to capture the largest

translations. The final velocity at the point is given by ∆xcorr/∆t + u.

3.3.4 Determination of the length of active breaking

We select the actively breaking points around the perimeters of the foam

patches using criteria for the image intensity, speed and morphology at that point,

as well as the evolution of the foam patch area with time, A(t). From all the

breaking wave data available, we found the following criteria helped to distinguish

the portion of the contour that is actively breaking from the remainder of the

contour:

• The foam patch area is increasing

• The image difference, It is above some threshold id

• The brightness gradient, ∇I is above some threshold, ig

• The velocity is within π/2 of the 10-meter wind direction

• The normal to the contour is within π/2 of the 10-meter wind direction

• Velocity is pointing outward from the contour

• The local radius of curvature is directed toward brighter intensity. ie. the

contour is convex.
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The first criterion considers the evolution of foam patch area. The area

may show rapid changes when foam patches merge or break. On average, the time

history of whitecap area for all breaking events appeared to be parabolic (Appendix

C.1). To obtain a mean description of the area growth with time, we describe A(t)

for each breaking event as Â(t) = at2 + bt+ c and solve for a, b, c in a least squares

sense.

All of the subsequent criteria apply to each point around the foam patch.

None of the criteria alone could sufficiently capture the full breaking length with

an acceptable number of false positives. Ultimately, any segments on a contour

passing 6 of the 7 listed criteria was marked as actively breaking. Then the actively

breaking segments are checked for continuity in space and time. A single line

segment (spanning roughly the width of one pixel) that is tagged differently than

its two neighbors is changed to match them. Likewise, a single line segment that is

tagged differently than it is in the preceding and following image is also changed.

In other words, “islands” and “holes” of one pixel width are removed. Disjoint

segments around the foam patch contour may be tagged as actively breaking.

3.3.5 Computation of Λ(c)

From the processing above, foam patches have been identified in all images,

the speeds have been determined around the perimeter of all foam patches, and a

tag indicates the segments around the perimeter that are actively breaking. Each

actively breaking point has a corresponding arc length dli(x, y, t) to the adjacent

point, as well as a speed ci(x, y, t) and direction of breaking θi(x, y, t).

The Λ(c) distribution is taken as

Λ(c, θ) =
1

ATOT ∆c

∑
i

(
dli | c− ∆c

2
< ci < c +

∆c

2
, θ − ∆θ

2
< θi < θ +

∆θ

2

)

(3.11)

for all points tagged as actively breaking. Note that ATOT is the total area of all

overlapping images considered,3, and differs from the total sea surface covered.

3A portion of each image does not overlap the sequential image due to the translation of the
aircraft, and must be removed from ATOT because the speed of breaking cannot be computed in
this region.
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Kleiss and Melville (2009) present a detailed discussion of different inter-

pretations of speed and length of breaking: considering the elemental lengths and

speeds described above, or a single estimate of speed, length, and direction at each

observation time, or a single speed, length, and direction for each breaking event.

The speed and direction of breaking varies along the breaking crest and in time. It

is concluded that the elemental method is the most complete description of Λ(c).

The other two descriptions can be derived from the elemental method. A major

breaking event contributes O(100) values of breaking speed ci(x, y, t) from the el-

emental method. Since breaking is local in space and time, it should be broad in

the spectral domain.

An important issue is the extent of the sea surface record necessary to

consider for a stable estimate of Λ(c). From manual analysis of aerial photography

of the sea surface, Bondur and Sharkov (1982) found that 9km2 of non-overlapping

sea surface area resulted in a 5 percent accuracy of the mathematical expectation

of the percentage of the sea covered by foam in wind speed range of 5 to 11 ms−1.

Time series analyses of wave elevations typically use 20-minute records for

wave spectral estimates. Banner et al. (2000) found that 20-minute records of

breaking rate at a stationary point in the Black Sea data set produced significantly

more scatter than 40-minute records. The dominant wave frequency of the Black

Sea data set ranged from 1-2.7 rad s−1, so a 40 minute data record would observe

approximately 400 − 1000 dominant wavelengths. This would correspond to a

transect of the ocean 8− 23km long.

During the GOTEX experiment, sequential images were typically captured

for a duration of 5 minutes. The aircraft air speed was roughly 100ms−1, and the

image width was 200m, so an image sequence typically covers a 30km distance, and

observes 6km2 of non-overlapping sea surface area. Between most image sequences,

the aircraft descended to 30-50m altitude to measure the boundary layer wind

stress. The along-jet spacing between wind measurements was roughly 50km. In

order to have an independent wind estimate corresponding to each image sequence,

it was determined that the optimal record length was one half the image sequence,

or 3km2 non-overlapping sea surface area. At an aircraft elevation of 400m, this
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represents a flight distance of 15km.

3.4 Results

3.4.1 Omnidirectional Λ(c) distributions

The Λ(c) distributions observed during the GOTEX campaign, segregated

by research flight day and colored by wave age, are shown in Figures 3.2 - 3.4.

As indicated by the maps on the right, each figure shows a different day of ob-

servations: research flights (RF) 5, 7 and 10. The first panel (a) shows the Λ(c)

distributions in logarithmic coordinates for comparison with the c−6 power-law be-

havior of Λ(c) in equation (3.8). The details of the comparison of the observations

with Phillips’ model are given in the discussion. Panel (b) shows the Λ(c) distribu-

tions in linear coordinates. The Λ(c) distributions have a maximum in the range

of 1-4ms−1. Observations at larger wave ages (red) generally show less breaking,

and therefore lower values of Λ(c) than those for younger seas (blue). Note that

the wind speed is generally highest near the coast, and decreases with fetch. So

the magnitude of the Λ(c) distributions may be due to a combined effect of wave

state and wind speed. All of the Λ(c) distributions together are shown in Figure

3.5

The Λ(c) distributions in Figures 3.2 - 3.4 are computed using the elemental

lengths and speeds, with speeds calculated using a blend of correlation and optical

flow, and then taking the component perpendicular to the whitecap contour. Each

observation represents roughly 3km2 sea surface area.

We consider a nondimensional scaling to collapse the Λ(c) curves in Figures

3.2 - 3.4. The Λ(c) distribution has dimensions L−2T, and may depend on (c; ρa,

ρw, u∗, g, kp, Hs, Γ, and X), where ρa and ρw are the densities of air and water

respectively, u∗ is the friction velocity in air, kp is the spectral peak wave number,

Hs is the significant wave height, Γ is the surface tension coefficient, and X is the

fetch. Dimensional analysis then yields

Λu3
∗g
−1 = fn

(
c

u∗
;
gX

u2∗
,
ρa

ρw

, Hskp,
kpu

2
∗

g
,Bo

)
(3.12)
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Figure 3.2: The distribution of Λ(c), the mean total breaking crest length with
speed c per unit sea surface area computed from images captured during the GO-
TEX campaign during research flight (RF) 5 in logarithmic (a) and linear (b)
coordinate axes. Line color indicates the effective wave age cp/u∗e. Data locations
shown in degrees longitude and latitude in panel (c). The dot-dashed diagonal lines
in (a) represent Phillips’ (1985) model for Λ(c) (equation 3.8) using b = 0.06, and
the minimum and maximum estimated coefficients of (3.8), and range of observed
friction velocities.

where gXu−2
∗ is the dimensionless fetch, Bo = ∆ρg/Γk2

p is the Bond number. The

dimensionless group ρa/ρw is approximately constant. We neglect the Bond num-

ber because our measurements cannot resolve waves small enough to be directly

affected by surface tension. Furthermore, the wave development fetch relations

(Hasselmann et al., 1973), which apply here for the gross wavefield parameters

(Romero and Melville, 2009a), present kp and Hs as functions of g, u∗, and X, so

they may be considered as secondary functions. Thus we have

Λu3
∗g
−1 = fn

(
c/u∗, gXu−2

∗
)
. (3.13)

The nondimensionalized Λ(c) is shown in Figure 3.6. For clarity, after

nondimensionalization the Λ(c) distributions have been grouped into five groups

according to wave age and averaged together. In order of increasing wave age, the

grouped Λ(c) distributions represent approximately 15, 15, 30, 27, and 21km2 of

non-overlapping sea surface area. The effective atmospheric friction velocity u∗e
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Figure 3.3: The distribution of Λ(c) measured during research flight 7 in logarith-
mic (a) and linear (b) coordinate axes. Line color indicates the effective wave age
cp/u∗e. Data locations shown in degrees longitude and latitude in panel (c). The
dot-dashed diagonal lines in (a) represent Phillips’ (1985) model for Λ(c) (equa-
tion 3.8) using b = 0.06, and the minimum and maximum estimated coefficients of
(3.8), and range of observed friction velocities.

is the component of u∗ along the dominant wave direction (Romero and Melville,

2009a). The original Λ(c) distributions binned into the wave age groups is shown

in Figure 3.7.

The distributions in logarithmic coordinates (Figure 3.6a) show a consistent

behavior for the faster breaking speeds. A -6 power law is shown for comparison.

A clear trend with wave age is seen in Figure 3.6, with the nondimensional Λ(c)

distributions decreasing with wave age. To determine a possible function of the

nondimensional fetch, χ = gXu−2
∗e that captures this trend, the original (non-

binned) Λ(c) distributions are nondimensionalized, and the peak value of the Λ(c)

distribution is found, Lpeak. The trend of Lpeak with nondimensional fetch is shown

in Figure 3.8. A possible fit to the data may be an exponential function, of the

form

Lpeak = A exp(bχ) (3.14)

with A = 1.4× 10−5, b = −2.2× 10−7.

Figure 3.9 shows the nondimensionalized and scaled Λ(c) distributions. The
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Figure 3.4: The distribution of Λ(c) measured during research flight 10 in logarith-
mic (a) and linear (b) coordinate axes. Line color indicates the effective wave age
cp/u∗e. Data locations shown in degrees longitude and latitude in panel (c). The
dot-dashed diagonal lines in (a) represent Phillips’ (1985) model for Λ(c) (equa-
tion 3.8) using b = 0.06, and the minimum and maximum estimated coefficients of
(3.8), and range of observed friction velocities.

data collapse well for c/u∗e > 9. The effective friction velocity ranges from 0.46 to

0.80ms−1. The high-speed region is not inconsistent with a -6 power law, shown

in thick black lines for reference. However, close inspection indicates an inflection

point around (c/u∗e) = 20, which is also evident in the original Λ(c) distributions

in Figures 3.2 - 3.4. The distributions in linear coordinates in Figure 3.9b show

that the peaks of Λ(c) do not collapse particularly well with this scaling, although

there is no longer a trend with wave age.

The variability in the peak values of Λ(c) (asterisks in Figure 3.8) and the

binned Λ(c) distributions could have several sources. There may be other physics

affecting wave breaking occurrence, such as the presence of surface currents, surface

current divergence, or air-sea stability effects. Another source of variability may

come from the wind estimate. Since the winds are interpolated to the image

location, variability in the wind field in scales less than approximately 50km may

not be adequately reflected in the measurements. Finally, some of the scatter

may be due to the amount of data used in each Λ(c) estimate. For example, the
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Figure 3.5: All of the Λ(c) distributions observed during GOTEX from research
flights 5,7, and 10. in (a) logarithmic and (b) linear coordinate axes. Line color in-
dicates the effective wave age cp/u∗e. The dot-dashed diagonal lines in (a) represent
Phillips’ (1985) model for Λ(c) (equation 3.8) using b = 0.06, and the minimum and
maximum estimated coefficients of (3.8), and range of observed friction velocities.

variability in the peak values of Λ(c) in Figure 3.8 is reduced dramatically when

the data are averaged together.

Previous observations of Λ(c) (Gemmrich et al., 2008; Thomson and Jes-

sup, 2009) have reported the distributions normalized by the spectral peak phase

speed, cp. The GOTEX Λ(c) distributions have been nondimensionalized using

the spectral peak wave properties in Figure 3.10, again grouped into five groups

according to wave age, and averaged together. The Λ(c) distribution is nondimen-

sionalized with the spectral peak phase speed cp and the wavenumber at the peak

of the wind-wave spectrum, kp.

It is seen that for the younger seas (lines with circles and asterisks), with

smaller wave age cp/u∗e, some breaking is observed at the spectral peak phase

speed, c/cp = 1 and above. However, for the older seas (lines with triangles and

diamonds), wave breaking only occurs for speeds substantially slower than the
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Figure 3.6: The Λ(c) estimates from Figures 3.2 - 3.4, nondimensionalized, grouped
and averaged according to wave age. The legend indicates wave age grouping.
Breaking speed is nodimensionalized with the effective friction velocity, and Λ(c)
is nondimensionalized with u3

∗e/g. a) logarithmic coordinates. Solid black lines
indicate a -6 power law. b) linear coordinates.
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Figure 3.7: All of the Λ(c) distributions binned by wave age as indicated in the
legend. The thick black lines indicate a -6 power law.

spectral peak phase speed. This is in agreement with previous observations (Ding

and Farmer, 1994; Melville, 1994; Felizardo and Melville, 1995; Banner et al., 2000;

Gemmrich et al., 2008). The total length of breaking, which is the integral under

the Λ(c) distributions, decreases with wave age for the averaged dimensional Λ(c)

distributions. k−1
p and cp increase with wave age, which suppresses the magni-

tude of the dimensionless Λ(c)cpk
−1
p distributions especially for the young waves

in Figure 3.10b. In Figure 3.10, we see that scaling the breaking speed with the

dominant phase speed cp does not collapse the data. In fact it introduces more of

a trend with the data than the original dimensional Λ(c) distributions.

In investigating the scaling of the averaged Λ(c) distributions, it was noted

that a combination of wind and dominant wave parameters collapsed the data

reasonably well. In Figure 3.11, Λ(c) is nondimensionalized using the effective fric-

tion velocity u∗e and inverse spectral peak wavenumber, and Λ(c) estimates within

wave age brackets are averaged together, as in Figure 3.6. The Λ(c) distributions

agree to within a factor of about 4 for speeds c/u∗e > 10. Without averaging into
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with asterisks, and the maximum value of the Λ(c) curves grouped by wave age
are shown with solid circles.

wave age bands, the Λ(c/u∗e) distributions do not show a significant reduction in

variance from that observed in Figures 3.2 - 3.4, panel a. The fact that the Λ(c)

distributions collapse so well when averaged together indicates that variation in

the data occurs at scales larger than the 3km2 sea surface swath size (15km flight

track distance) used to estimate Λ(c), but at scales smaller than the hundreds of

kilometers that separate the wave age bins.

One of the major motivations to observe the Λ(c) distribution is the rela-

tionship between the fifth moment of Λ(c) and the rate wave energy dissipation

ε(c) (equation 3.5). The associated flux of momentum transferred by breaking

waves to the underlying water in the direction of the wind can be expressed as

τ(c) =
ε(c)

c
cos θ (3.15)

where θ is the angle between the wind and the waves. Thus equations 3.5 and 3.15

indicate that the momentum flux from breaking waves to the underlying current

is a function of the fourth moment of Λ(c). The fourth and fifth moments of the

omnidirectional Λ(c), scaled with the density of water and gravity as in equations
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Figure 3.10: Nondimensional Λ(c/cp) distributions averaged together according to
wave age. Symbols as indicated in the legend. Plotted in a) logarithmic and b)
linear coordinate axes.

3.5 and 3.15 are presented in Figure 3.12. The maximum momentum flux (fourth

moment of Λ(c)) occurs at a speed that increases slightly from 5ms−1 to 5.5ms−1

as the wave age increases from 10 to 30. The wave energy dissipation rate (fifth

moment of Λ(c)) obtains peak values at speeds of 5.8 to 6.8ms−1 as the wave age

increases from 10 to 30.

The fourth and fifth moments of Λ(c) clearly demonstrate two regimes of the

distribution — a smoothly varying “peaky” function for speeds less than 10ms−1,

followed by a tail that may have a power law description. The nature of these

curves will be addressed further in the discussion section. Note that the dominant

phase speed increases from 6 to 14ms−1, and we would not expect to observe much

breaking at speeds faster than the dominant phase speed.



100

1 10
10

−7

10
−6

10
−5

10
−4

10
−3

10
−2

c/u
*e

Λ
(c

) 
u *k p−

1  

a)

0 5 10 15 20
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

−3

c/u
*e

Λ
(c

) 
u *k p−

1  

b)

 

 

c
p
/u

*e
=8−12

c
p
/u

*e
=12−16

c
p
/u

*e
=16−20

c
p
/u

*e
=20−24

c
p
/u

*e
=24−31

Figure 3.11: The Λ(c) estimates from Figures 3.2 - 3.4, grouped and averaged
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Breaking speed is nodimensionalized with the effective friction velocity, and the
Λ(c/u∗e) distributions are nondimensionalized with the spectral peak wavenumber
kp.



101

0 5 10 15 20
0

2

4

6

8

10

12

14

16

18

20

c (m/s)

ρ
g
−

1
c
4
Λ

(c
)

(N
m

−
2
))

a)

0 5 10 15 20
0

20

40

60

80

100

120

c (m/s)

ρ
g
−

1
c
5
Λ

(c
)

(W
m

−
2
)

b)

 

 
c

p
/u

*e
=8−12

c
p
/u

*e
=12−16

c
p
/u

*e
=16−20

c
p
/u

*e
=20−24

c
p
/u

*e
=24−31

c
p
/u

*e
=8−12

c
p
/u

*e
=12−16

c
p
/u

*e
=16−20

c
p
/u

*e
=20−24

c
p
/u

*e
=24−31

10
0

10
1

10
−1

10
0

10
1

c (m/s)

ρ
g
−

1
c
4
Λ

(c
)

(N
m

−
2
))

c)

10
0

10
1

10
0

10
1

10
2

c (m/s)

ρ
g
−

1
c
5
Λ

(c
)

(W
m

−
2
)

 

 

d)

Figure 3.12: The fourth (a,c) and fifth (b,d) moments of Λ(c). Observations are
binned by wave age as indicated in the legend, and shown in linear (a,b) and
logarithmic (c,d) coordinates.
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Figure 3.13: Example directional breaking distributions Λ(~c) for six image se-
quences as the aircraft moved offshore during research flight 10. Note that the
colorscale is logarithmic. The effective fetch at each estimate is listed above each
panel. The concentric black circles indicate the extent of the estimated equilibrium
range. The black arrows show the dominant wave direction, and terminate at the
spectral peak phase speed. The red dots show the 10-meter wind direction and
magnitude. The wave age, cp/u∗e of these six estimates are 16, 17, 21, 23, 26 and
31, as fetch increases.
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3.4.2 Λ(c) — the directional distribution

Figure 3.13 shows examples of the directional Λ(c) distributions of six sam-

ple image sequences selected from research flight 10. The distributions are shown

in earth coordinates, so c = (cx, cy) are the east and north directions, respectively.

The black arrows indicate the dominant wave direction, and terminate at the spec-

tral peak phase speed, indicated by the black circle. As in Figure 3.10, some wave

breaking is seen at speeds of the spectral peak phase speed for the youngest seas

(panels a and b), while nearly no breaking is seen at the spectral peak phase speed

for the older seas (panels d-f). The 10-meter wind speed and direction is indicated

by the red dot in each panel. For the youngest seas (panel a), we see that the wind

speed is much faster than the spectral peak phase speed, and the angle between

the wind velocity and the dominant wave direction is 26o. The other five examples

show better alignment between wind and dominant waves, with (c,d) having a dif-

ference of 8o, and the others agree to within 2o. The large angle between the wind

and the dominant waves at short fetch is likely due to the fact that our flight path

was not directly down the center of the wind jet, but to the west of it (see Figure

3.1b). The waves traveling to the west of the local wind were likely generated by

the stronger winds in the core of the wind jet to the east, and are radiating away.

One measure of the directional distribution of Λ(c) is the integral of Λ(c, θ)

with respect to c, normalized by the total length of wave breaking:

Λ̂(θ) =

∫ ∞

0

Λ(c, θ)c dc
∫ π

−π

∫ ∞

0

Λ(c, θ)c dc dθ

. (3.16)

This yields a probability distribution of breaking as a function of the direction of

breaking. The distributions of Λ̂(θ) are shown in Figure 3.14. In Figure 3.14a,

θw = 0 is the local mean wind direction. The values θw = ±π/2 are identified

in Figure 3.14a because the wind direction is used to determine active breaking:

facets of the contour with direction relative to the wind speed |θw| > π/2 are

suppressed from classification as actively breaking, while facets with |θw| < π/2

are promoted (see section 3.3.4). The classification simply acts as a switch, not

as a function of the angle θw, so the directional distribution for |θw| < π/2 is not
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Figure 3.14: The normalized directional distribution of breaking (equation 3.16),
with color corresponding to wave age cp/u∗e. a) θw is the direction of breaking
relative to the mean wind direction. b) θΨ is the direction of breaking relative to
the dominant wave direction. The vertical dashed lines in a) indicate values of
−π/2 and π/2, which are used in the determination of active breaking fronts in
the algorithm. Breaking with |θw| > π/2 are suppressed in the processing.

affected by this criterion. Phillips (1985) gives the directional distribution of Λ(c)

as a function like (cos3p θw), with p in the range 0.5 < p < 2. When normalized

consistently, with −π/2 < θ < π/2, our data show the closest agreement with

p = 0.5, with our observations being somewhat wider than the cos3p θ function.

In Figure 3.14b, Λ̂(θ) is rotated to θΨ, such that θΨ = 0 is the local dominant

wave direction. Most descriptions of the wave spectra consider coordinate systems

relative to the dominant wave direction. It is immediately apparent that the

directional distributions show better agreement with the wind direction than with

the local dominant wave direction. In many cases, the wind direction is aligned

with the dominant wave direction (Figure 3.13). In all cases, the mean breaking

direction θΛ agrees with the wind direction to within 20o, where the mean breaking

direction is defined as
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cx =

∫ ∫
cxΛ(cx, cy)dcxdcy∫ ∫
Λ(cx, cy)dcxdcy

; cy =

∫ ∫
cyΛ(cx, cy)dcxdcy∫ ∫
Λ(cx, cy)dcxdcy

θΛ = tan−1
(

cy

cx

)

It should be noted that the Λ̂(θ) distribution changes with the interpretation

of the speed of breaking. The present data are computed with the elemental

method, where the speed is a function of both space (along the breaking crest)

and time (the duration of breaking). If a single speed and length is computed at

each observation (time) of breaking, or if a single speed and length is assigned to

each breaking event, the directional distributions Λ(θ) are narrower, with peaks

around Λ̂(θ) = 0.7 − 1.1, compared with 0.4 − 0.6 in Figure 3.14 while the area

under the distributions is defined to be one. We maintain that the elemental

method is the preferred interpretation of breaking speeds and lengths on the sea

surface. This directly affects the comparison between Phillips’ (1985) discussion

about the appropriate values of p in his formulation. Given that recent field data

show a bimodal structure in the wave spectra directional distributions (Hwang and

Wang, 2001; Romero and Melville, 2009a), the cos(θ) directional distribution is at

best a rough estimate of the directional spreading, especially at high wavenumbers.

The distributions in Figure 3.14 show that a small amount of breaking is

traveling opposite the wind (|θw| > π/2) or opposite the dominant wave direction

(|θΨ| > π/2). It is of interest to know what scale of wave is contributing to the

extrema in the distributions. Λ(c) is shown in polar coordinates in Figure 3.15. The

original data are determined with a resolution ∆c = 0.5ms−1, and this resolution is

retained in the polar representation, without smoothing or resampling the data on

a regular (c, θw) grid. The data are normalized by the maximum value of Λ(c′, θw)

for each value of c′, in order to visualize the angle at which the maximum amount

of breaking occurs as a function of breaking speed c. The vertical dashed line in

each panel indicates the local spectral peak phase speed, and the arrows along

the ordinate indicate the dominant wave direction. It is apparent that the widest

region of the breaking distribution comes from the slower breaking waves, and the
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Figure 3.15: The Λ(c, θw) distributions for six sample image sequences. θw is the
direction of breaking relative to the mean wind direction. The effective fetch is
indicated above each panel. Vertical dashed lines indicate the spectral peak phase
speed, and arrows along the y−axis indicate the dominant wave direction. Λ(c, θw)
has been normalized by the maximum of Λ(c, θw) for each value of c.
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distribution narrows for the faster speeds. In some cases (a), there appears to be a

bimodality in the directional distribution of Λ(c, θw) for c < 3ms−1. In other cases

(a-c), there appears to be an asymmetry for c < 5ms−1.

3.4.3 Comparison of Λ(c) to breaking rate and whitecap

coverage

The total length of breaking per unit sea surface area,
∫

Λ(c)dc, as well as

the first two moments of Λ(c) show a strong correlation with the observed whitecap

coverage and breaking rate (Figure 3.16). The nth moment of Λ(c) is defined as
∫ ∞

0

cnΛ(c)dc. (3.17)

The first moment of Λ(c) is equivalent to the fraction of the sea surface

that is turned over per unit time. This is also equal to the passage rate of breakers

past a fixed point (Phillips, 1985; Jessup and Phadnis, 2005; Gemmrich et al.,

2008). A straightforward estimate of the total breaking rate from the GOTEX

data are the fraction of points on the image that pass from below to above the

brightness threshold. However, Kleiss and Melville (2009) found that this method

over-estimated the breaking rate because of the motion of large, bright patches

of old foam. The old foam motion may be due to surface currents, advection by

orbital motion, or errors in removal of aircraft motion. To obtain an estimate

of the breaking rate due solely to active breaking, Kleiss and Melville computed

the active breaking rate. Connected regions of the image that pass from below

to above the brightness threshold and overlap at least one actively breaking point

identified in the Λ(c) processing are considered to be actively breaking.

The calculation of the active breaking rate is not independent of the Λ(c)

processing. It does not test the ability of the Λ(c) processing to identify breaking

events. However, agreement of the active breaking rate to the first moment of

Λ(c) suggests that on average the full length and appropriate speed of breaking is

captured.

Jessup and Phadnis (2005), Gemmrich et al. (2008) and Thomson and Jes-

sup (2009) considered the breaking rate as a validation tool for their Λ(c) observa-



108

tions. While such a test is useful, it should be approached with caution. Since both

the crests of active breaking and the extent of foam patches are generally identified

with a threshold, proper choice of threshold and consistent processing may result

in agreement of the first moment of Λ(c) and the breaking rate. For example,

Kleiss and Melville (2009) showed an example of agreement of the first moment

of Λ(c) and the breaking rate when the choice of threshold and Λ(c) distribution

were incorrect.

The active breaking rate is shown versus the integral of Λ(c) and the first

two moments in Figure 3.16a-c, with a one-to-one line super-imposed on (b). Each

moment of Λ(c) shows a strong correlation with the active breaking rate.

The total whitecap coverage is the fraction of the image covered with vis-

ible bubble patches. We can also consider the active whitecap fraction as the

fraction of the image covered with bubble patches associated with actively break-

ing waves. Again we use the Λ(c) results to distinguish between active and residual

foam patches. The criteria in section 3.3.4 determine the points around the foam

perimeters that may be actively breaking. They are then checked for continuity in

space and time (see Kleiss and Melville, 2009). A foam patch that is tracked for

N consecutive images may be found to be actively breaking for zero to N of those

images. The active whitecap coverage consists of the fraction of the image covered

with foam patches undergoing active breaking. For our analysis, we only consider

those breaking events that are actively breaking for at least 5 observations, or

0.2667 seconds.

Figures 3.16d-f show strong correlations between the zeroth to second mo-

ment of Λ(c) and the active whitecap coverage. If the bubbles generated by break-

ing persist for a time τp on the surface, then the whitecap coverage is

W =

∫
cτpΛ(c)dc (3.18)

(c.f. Phillips, 1985). Likewise, the active whitecap coverage is

WA = 0.5

∫
cτΛ(c)dc (3.19)

where τ is the duration of breaking. The factor of 0.5 arises from the fact that

the observation may occur at any time during active breaking, assuming a uniform
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growth rate of the breaker area. For a full discussion, see Appendix B.1. We

are primarily concerned with actively breaking waves, so we focus our attention

on equation 3.19. If the duration of breaking, τ , is a constant, then the active

whitecap coverage would be proportional to the first moment of Λ(c) (Eifler, 2005;

Myrhaug and Holmedal, 2008). However, Froude scaling suggests that the duration

of breaking is proportional to the period of the wave that is breaking, τ ∝ T ,

and T = 2πc/g from the deep water dispersion relation, implying that the active

whitecap coverage would be proportional to the second moment of Λ(c). Such

Froude scaling has been observed in field (Thorpe and Hall, 1983) and in numerical

experiments (Kennedy and Snyder, 1983).

Figures 3.16e,f show an equally good agreement of WA with the first and

second moments of Λ(c), indicating that comparison of the moments of Λ(c) to

the active whitecap coverage is not sufficient to distinguish between a constant

breaking duration τ or a scale-dependent breaking duration τ ∝ c from our data.

The one-to-one comparison of WA with the first moment indicates that the mean

duration of breaking is 2 seconds, from equation 3.19. Note that this time scale

does not reflect the actual observed duration of breaking, which is limited by the

residence time in our images, but reflects the aspect ratio of the crest length to

the width of the foam patch. The equally good agreement of the two moments

may be due to the shape of the Λ(c) distributions (Figures 3.2 - 3.4), that have a

relatively narrow peak, such that multiplication by c is dominated by speeds near

the peak of Λ(c).

Note that equations 3.18 and 3.19 both have an implicit assumption that

once breaking has occurred at a point, it remains in the foam patch for the bubble

residence time τp. In fact, it appears that during the early stages of breaking,

the breaking passes by a point and the bubbles do not remain at that point, but

are carried forward with the breaking wave crest. In other words, the rear of the

bubble patch is not stationary to leading order when a wave is beginning to break.

During the later stage of breaking, the rear of the foam patch does appear to

remain more stationary. The model relating the whitecap coverage to Λ(c) could

be improved by including this effect.
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Figure 3.16: Comparison of the moments of Λ(c) to the active breaking rate (a-c)
and the active whitecap coverage (d-f). The moments of Λ(c) are indicated on the
bottom of the figure. The correlation coefficient r is shown for each panel, and
one-to-one lines are shown in panels b and e.
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3.4.4 Whitecap coverage - wind speed dependence

The Gulf of Tehuantepec (GOTEX) data set did not easily lend itself to

a single brightness threshold capable of capturing the total whitecap coverage,

WB, including all old foam and streaks. Previous studies (Bondur and Sharkov,

1982; Monahan et al., 1985; Monahan and Woolf, 1989) have found that the total

whitecap coverage WB is about 10 times the active whitecap coverage WA. Bondur

and Sharkov (1982) obtained images from an aircraft, and the Monanhan studies

obtained images from a ship-mounted camera. These studies determined the foam

patch extent manually, rather than using a single brightness threshold. This labor-

intensive method limits the size of the data sample, but improves the quality of

foam patch identification.

We define the active whitecap coverage WA as the fraction of the sea sur-

face covered with foam patches that have some fraction of their perimeter actively

breaking for at least 2/3 seconds. The thresholded whitecap coverage, WT is the

fraction of the image covered with foam patches brighter than some brightness

threshold. Comparison of active whitecap coverage to the thresholded whitecap

coverage is shown in Figure 3.17. We deliberately use the term “thresholded white-

cap coverage” rather than “total whitecap coverage” to emphasize the fact that

our method of thresholding does not capture the total whitecap coverage, WB,

that is defined to include all old foam patches and streaks. The mean ratio of WT

to WA is 1.5, which is much less than the previously observed ratios of WB/WA of

about 10.
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Figure 3.17: The relationship of the active whitecap coverage WA from foam
patches attached to active breaking fronts, to the threshold whitecap coverage
WT (section 3.3.2) for the GOTEX data from image sequences at approximately
400m altitude from research flights 5, 7 and 10. Black dashed line: one-to-one
relationship. Solid black line: WA = 0.68W .
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Figure 3.18: Comparison of the GOTEX data set to previous studies of active
whitecap coverage WA versus 10-meter wind speed. The GOTEX data are shown
by colored symbols, with color corresponding to the effective wave age, cp/u∗,e.
a) Colored circles show all available GOTEX thresholded whitecap coverage WT .
b) Colored triangles show the fractional coverage of foam patches associated with
active breaking, WA. The previous published studies are given by: thick dashed
line with solid circles, Bondur and Sharkov (1982); thin line, Monahan et al. (1985);
thick line, Monahan and Woolf (1989); thick dashed line, Monahan (1993, Ts =
11.1oC); dash-dot, Asher and Wanninkhof (1998); thick line with open circles,
Hanson and Phillips (1999); thick line with triangles, Asher et al. (2002); thick line
with crosses, Reising et al. (2002); stars, Mironov and Dulov (2008). Equations
defining the lines are given in table 3.1.
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Table 3.1: Active whitecap coverage vs wind speed from previous studies.

Study relationship comments

Monahan et al. (1985) 1.33× 10−6U2.83
10

Monahan and Woolf (1989) 2.92× 10−7U3.204
10 taking ∆T = 0

Hanson and Phillips (1999) 2.041× 10−7U3.61
10 for W > 5× 10−5

3.66× 10−9U5.16
10 all data

This study, W 6.58× 10−9U4.9
10 equation 3.21

This study, WA WA = 2.67× 10−9U5.17
10 equation 3.23

Bondur and Sharkov (1982) 1.5× 10−4 + 3.3× 10−6 (U20 − 5)3 20-meter wind speeds

Monahan (1993) 1.51× 10−6(U10 − 2.43)3 taking ν = 1.31× 10−6

Asher and Wanninkhof (1998) 2.56× 10−6(U10 − 1.77)3

Asher et al. (2002) 3.7× 10−6(U10 − 1.2)3

Reising et al. (2002) 3.5× 10−6(U10 − 0.6)3

This study, W 5.83× 10−6 (U10 − 5.9)3 equation 3.22

This study, WA WA = 2.90× 10−6(U10 − 4.02)3 equation 3.24

Furthermore, both the thresholded whitecap coverage WT and the active

whitecap coverage WA show agreement with previously published studies of ac-

tive whitecap coverage versus 10-meter windspeed (Figure 3.18), yet appear to be

roughly a factor of 10 lower than published studies of total whitecap coverage WB.

In Figure 3.18, the GOTEX whitecap coverage data are compared to previ-

ous studies of active whitecap coverage. The GOTEX data are shown by symbols

colored by the wave age, and previous studies are shown in black. The thresholded

whitecap coverage in Figure 3.18a is from images at all altitudes, while the active

whitecap coverage in panel b is limited to image sequences that underwent kine-

matic processing. Figure 3.18a includes images from research flights 2,5,7,9,and 10,

with aircraft altitude ranging from 30 to 1600m, and 10-meter wind speed from 10-

23ms−1. Each colored circle in the figure represents the average whitecap coverage

of sequential images that cover roughly 3km2 of non-overlapping sea surface area.

Since only contiguous images are averaged together, four points in Figure 3.18a

from image sequences captured at aircraft altitudes under 100m cover an area of

only 0.5-1.5km2. The color indicates the effective wave age, cp/u∗e. The wind data

have been interpolated from the spatial locations of radome wind measurements of

u∗ at an altitude of 30-50m, and adjusted to 10-meter wind speeds using Monin-

Obukhov similarity theory (Jones and Toba, 2001; Romero and Melville, 2009a).
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The wave data have been interpolated from scanning lidar wave measurements

taken at an altitude of 300-500m (Romero and Melville, 2009a). Points with no

color have wind, but not wave, measurements available.

A number of previous studies reporting active whitecap coverage are also

shown. The studies after 1990, except for Mironov and Dulov (2008), used a single

threshold to determine active whitecap coverage4. Monahan (1993) reported a

relationship for WA dependent upon the kinematic viscosity of water ν,

WA = 1.98× 10−12ν−1
(
U10 − 2.2× 10−2ν1/3

)3
(3.20)

Monahan references a water temperature of 11.1oC in his paper, so the viscosity

of water is taken to be 1.31 × 10−6m2s−1 to obtain the line shown in Figure 3.18

a and b. Asher and Wanninkhof (1998), Hanson and Phillips (1999), Asher et al.

(2002), and Reising et al. (2002) all follow the methodology put forth in Monahan

(1993) for determination of the whitecap coverage fraction from sea surface images.

Hanson and Phillips (1999) report two relationships of W to 10-meter wind speed,

one for all data, and one in which they discard data with W < 5× 10−5.

The GOTEX data generally falls within the range of previous studies of

active whitecap coverage, but show a steeper increase of whitecap coverage with

increasing wind speed. A linear regression through the GOTEX data in logarithmic

coordinates results in the relationship

WT = 6.58× 10−9U4.9
10 r = 0.83 (3.21)

where r is the correlation coefficient.

Monahan (1993) suggested the relationship W 1/3 = a1(U − a2), where a1

and a2 are constants. Least squares linear regression in this form results in

WT = 5.83× 10−6 (U10 − 5.9)3 r = 0.84. (3.22)

Expressions 3.21 and 3.22 appear nearly identical over the range 10 < U10 <

23ms−1; the mean absolute difference is 6× 10−4.

4This is actually identical to what we are calling the thresholded whitecap coverage, WT , and
highlights the confusion of nomenclature in this area
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Expressions of the form W 1/3 = a1(U10−a2) generally suggest that a2 is the

wind speed at which whitecaps first begin to appear on the ocean surface, which

is typically in the range of 2-3ms−1 (Monahan and OḾuircheartaigh, 1986). The

GOTEX result of a2 = 5.9 clearly cannot satisfy this interpretation.

While the magnitude of the observed whitecap coverage in the GOTEX

experiment is consistent with previous field studies of active whitecap coverage,

the power-law exponent in (3.21) and wind speed parameter a2 in (3.22) fall above

most of the previously published values. This may be due to resolution limitations,

the particular wind and wave state conditions encountered, or the observation tech-

nique. As mentioned, a relatively strict brightness threshold was needed to avoid

false classification of foam patches. In light winds, breaking is generally associated

with smaller, dimmer, less vigorous breaking waves that may go undetected by this

processing (See Appendix C.1). While the small, dim breakers would go equally

undetected in all conditions, they contribute a greater fraction to the whitecap

coverage in low wind speeds. On the other hand, the steep trend of the whitecap

coverage with wind speed may be due to combined wind and wave state conditions

encountered in the Gulf of Tehuantepec. The wind was strongest near the coast

and decreased with fetch. Thus the lower wind speeds generally occurred in more

fully developed seas, as shown by the color in Figure 3.18. Other field studies

have shown that whitecap coverage decreases in well-developed seas (Lafon et al.,

2004, 2007; Sugihara et al., 2007). Furthermore, in the lower wind speed condi-

tions the wind has been decreasing with fetch. The wind history has been shown

to affect the wave development and whitecap coverage (Hanson and Phillips, 1999;

Callaghan et al., 2008a). Finally, all of the studies in Figure 3.18 and table 3.1

except for Bondur and Sharkov (1982) are from cameras mounted on a research

vessel, platform, or tower, observing the ocean from oblique angles. Serious dis-

tortions of the sea surface arise from images captured at oblique angles. On the

other hand, the images are closer to the sea surface, and provide higher resolution

of the foam structures than aerial images at higher altitudes.

Figure 3.18b compares the strictly active whitecap coverage from GOTEX

to published studies. The bulk of the data falls among the previous studies, with
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a notable exception of four data sequences that have 10-meter wind speeds of 13-

14ms−1, and whitecap coverage less than 0.001. These four data points represent

image sequences captured furthest from the coast on the late morning of research

flight 10. Manual inspection of the images indicates that the choice of brightness

threshold is accurate, and the images are of high quality. There is simply not much

wave breaking. Observing less than 0.1% active whitecap coverage at wind speeds

of 13-14ms−1 is most reasonably a result of the well-developed sea state and the

decreasing wind with fetch.

Linear regressions through the strictly active whitecap coverage are

WA = 2.67× 10−9U5.17
10 r = 0.60 (3.23)

WA = 2.90× 10−6(U10 − 4.02)3 r = 0.55 (3.24)

In the GOTEX experiment, u∗ is the primary observed wind variable, mea-

sured by the fluctuations of the turbulent wind, and computed using the Reynolds

stresses (Romero and Melville, 2009a). Wu (1979) proposed that the whitecap cov-

erage should be proportional to u3
∗, based on dynamical arguments. There are a

number of studies that report whitecap coverage and wind stress (Wu, 1988; Zhao

and Toba, 2001; Stramska and Petelski, 2003; Lafon et al., 2004, 2007; Sugihara

et al., 2007). However, the only relationship of active whitecap coverage WA to u∗

among these studies is from Wu’s (1988) reanalysis of the Monahan et al. (1985)

data, resulting in WA = 0.02u3
∗.

The GOTEX whitecap coverage compares well with the wind stress. Fig-

ure 3.19 shows the whitecap coverage, as obtained from a threshold analysis on

all processed images, versus the friction velocity that has been interpolated from

the wind measurement locations to the image locations. The color of the circles

represents the effective wave age. A least squares linear regression of the data in

logarithmic coordinates yields the relationship

W = 0.02u3.1
∗ r = 0.73. (3.25)

The coefficient that satisfies W = au3
∗ in a least-squares sense is a=0.025. The

data from Monahan et al. (1985), with wind stress as given in Wu (1988) is shown

for comparison.
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If we correlate the thresholded whitecap coverage to the effective friction

velocity u∗e, which is the component of the friction velocity along the dominant

wave direction, the relationship is

W = 0.02u2.6
∗e r = 0.63

for all data at all altitudes, and

W = 0.02u3.1
∗e r = 0.67

for images captured at altitudes less than 500m.
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Figure 3.19: Whitecap coverage versus friction velocity u∗. The GOTEX data are
given by colored dots, with the color indicating the effective wave age. The solid
black line through the data are given by (3.25). The asterisks show data from
Monahan et al. (1985), with wind stress as given in Wu (1988). The dashed line
is from Wu (1988)’s reanalysis, W = 0.02u3

∗.

3.4.5 Whitecap coverage - wave age dependence

The dependence of GOTEX observed whitecap coverage versus wave age is

shown in Figure 3.20. Consistent with Lafon et al. (2004, 2007), our data show
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that the whitecap coverage decreases with wave age for wave ages greater than

about 15. For smaller wave ages, there is no apparent trend. The linear fit in

logarithmic coordinates for the GOTEX data with cp/u∗e > 15 is

WT = 20

(
cp

u∗e

)−2.75

. (3.26)

If we restrict the region to cp/u∗e > 20, the power-law exponent is -3.41. The

bin-average of the data are shown by the black line with squares. Kraan et al.

(1996) also report active whitecap coverage as a function of wave age, and their

result,

WA = 0.96

(
cp

u∗e

)−2.08

. (3.27)

is shown by the line with triangles.

Wave age can also be expressed as cp/U10, and its relationship to whitecap

coverage is shown in Figure 3.20b for completeness. A power law fit for cp/U10 > 0.6

is given by the solid line,

W = 2.89× 10−3

(
cp

U10

)−3.15

. (3.28)

And the line with squares indicates a bin-average of the data. Our results agree

with those of Lafon et al. (2007), showing an initial increase in whitecap coverage

with wave age, with a maximum around (cp/U10) = 0.6, followed by a decrease.

3.4.6 Whitecap coverage - slope dependence

Laboratory experiments (Rapp and Melville, 1990; Banner and Peirson,

2007; Drazen et al., 2008) have examined the relationship between the wave slope

and the strength of breaking. For the purposes of comparison with whitecap cov-

erage, a mean estimate of the slope of the wave field is desired. One measure of

steepness is the significant slope, Hskp, where Hs is the significant wave height

4(
∫

Ψ(k)dk)1/2, Ψ(k) is the wave height spectrum, and kp is the spectral peak

wavenumber. The whitecap coverage data as a function of the significant slope is

shown in Figure 3.21a. The linear least-squares regression through the data, in

logarithmic coordinates, yields the relationship

W = 14.8(Hskp)
5.0 r = 0.73 (3.29)
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Figure 3.20: Whitecap coverage versus wave age cp/u∗e (a) or cp/U10 (b). The
GOTEX data for 3km2 sea surface area, from all aircraft altitudes is shown by
black crosses. a) black line shows equation (3.26). Line with squares shows a
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through the data.

0.1 0.14 0.2 0.3

10
−3

10
−2

10
−1

Hskp

W
T

a)

10
−3

10
−2

10
−3

10
−2

10
−1

B

 

 
b)

w
av

e 
ag

e 
c p/u

*e

10

15

20

25

30

Figure 3.21: Total thresholded whitecap coverage WT versus measures of wave
steepness: a) significant slope Hskp, and b) the mean saturation over the range
1 < k/kp < 25. The GOTEX data are given by colored circles, with the color
indicating the wave age cp/u∗e. The black lines are least-squares fits to the data
in logarithmic coordinates (equations 3.29, 3.31)
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where r is the correlation coefficient. Another measure of the wave steepness is

the saturation, defined as

B(k) =

∫ 2π

0

k4Ψ(k, θ)dθ. (3.30)

Banner et al. (2002) demonstrated that the saturation is related to the

spectral mean square slope. From the ATM sea surface measurements, the omni-

directional spectra are computed. The amplitude of the spectra for k/kp > 2 is

estimated, and a tail is added with slope k−2.5, until the tail intersects with the

saturation range of the spectra, at a level φ(k) = 7 × 10−3k−3. A second tail,

extending with a k−3 slope is then appended. The mean of the saturation B is

taken over the range 1 < k/kp < 25. Recall that we define the upper limit of the

equilibrium range as the point where the spectral tail changes slope from k−2.5 to

k−3 (Romero and Melville, 2009a,b).

In Figure 3.21b, the whitecap coverage is compared to the mean saturation

B. Due to the sensitivity of the calculation of B on the wave spectra, only those

image files that directly overlap with wave spectra estimates are shown. Each point

represents 3km2 non-overlapping sea surface area of the images. A linear fit to the

data in logarithmic coordinates yields the relationship

W = 1.25× 1011B
6.0

r = 0.76, (3.31)

shown with the black line in Figure 3.21b.

Another common estimate of the amount of breaking on the ocean surface is

the breaking rate, R. The breaking rate normalized by the period of the dominant

waves, bT = RTp, has been reported by many authors (Thorpe and Humphries,

1980; Longuet-Higgins and Smith, 1983; Holthuijsen and Herbers, 1986; Katsaros

and Ataktürk, 1992; Thorpe, 1992a; Gemmrich and Farmer, 1999; Xu et al., 2000;

Banner et al., 2000; Babanin et al., 2001; Gemmrich et al., 2008). Thorpe (1993)

found that the normalized breaking rate appeared to increase with wave age, but

later studies (Gemmrich and Farmer, 1999; Banner et al., 2000) found that neither

wave age, wind speed nor wind stress collapsed diverse data sets well. Banner et al.

(2000) proposed the spectral peak steepness,

S =
Hpkp

2
(3.32)
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where

Hp = 4

{∫ 1.7kp

0.5kp

φ(k)dk

}1/2

.

Banner et al. (2000) assert that S reflects the mean steepness of the dominant

waves, and also provides a measure of their nonlinearity, as well as the nonlinear

energy flux within dominant wave groups.
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Figure 3.22: The breaking rate normalized by the spectral peak period, bT , versus
the spectral peak steepness S (3.32). Symbols are: crosses, Katsaros and Ataktürk
(1992); gray stars, Banner et al. (2000) Black sea data; gray diamond, Banner et al.
(2000) Southern Ocean data; triangles, Babanin et al. (2001) Lake George data;
open circles, GOTEX data.

The normalized breaking rate did not collapse well wave age or wind speed

when compared to previous studies, but showed a favorable comparison when plot-

ted against S, as shown in Figure 3.22. Banner et al. (2000) and Babanin et al.

(2001) also present factors to account for the surface sheer, wind forcing strength,

and finite depth, which we do not incorporate here. As in Figure 3.16, the active

breaking rate is shown in Figure 3.22.
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3.5 Discussion

3.5.1 Comparison to Phillips’ formulation

Figures 3.2 - 3.4 panels (a) show a comparison of Phillips’ model for Λ(c)

(equation 3.8) to the observed Λ(c) distributions. A closer look at this comparison

is presented in this section. We consider the values of the coefficient (4γβ3)I(3p)

in equations 3.8-3.9. Toba’s parameter α can be related to the coefficients β and

p by

α = 4βI(p) (3.33)

from the expression for the wave frequency spectra derived in Phillips’ theory.

From the comparison of SIN to SDISS, Phillips (1985) claims that γβ2

should be somewhat larger than the wind-wave coupling coefficient, m ≈ 0.04.

Simply taking γβ2 = 0.04 along with (3.33), the coefficient (4γβ3)I(3p) can be

expressed as mαI(3p)/I(p).

Phillips (1985) summarized from previous studies that 0.06 < α < 0.11,

which is in good agreement with the wave observations from the GOTEX experi-

ment (Romero and Melville, 2009a) where the relationship

α = (0.017)(cp/u∗e)0.54±0.02

was found. Phillips suggested that p is in the range of 0.5 − 2, most probably

toward the smaller values. Our observations of Λ̂(θ) also support a smaller value

of p, such as 0.5 (Figure 3.14). Regardless, I(3p)/I(p) varies only from 0.73 to 0.62

as p increases from 0.5 to 2. Thus the coefficient (4γβ3)I(3p) = mαI(3p)/I(p) falls

in the range of 0.0015 to 0.0032, with a central value of 0.0024.

In Figures 3.2 - 3.4, the lower black dot-dash line corresponds to (4γβ3)I(3p) =

0.0015 and the lowest friction velocity u∗e for the research flight. The upper black

dot-dash line corresponds to a coefficient of 0.0032, and the highest friction velocity

for that day. All of the models use the value for the breaking parameter b = 0.06,

as suggested by Phillips (1985), based on the quasi-steady breaking experiments

by Duncan (1981).
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Figure 3.23: Λ(c) nondimensionalized as in (3.8). The abscissa is scaled so that [0,1]
corresponds to the equilibrium range, [co, c1] for each Λ(c) observation. Horizontal
dash-dot lines indicate the coefficients in Phillips’ formulation (3.8), with Toba’s
parameter α = 0.06 (lower) and α = 0.11 (upper). The line color indicates wave
age, cp/u∗e

For the faster speeds of breaking (c > 5ms−1), the observed Λ(c) distribu-

tions appear to follow a trend similar to c−6, but occur well above Phillips’ model.

The offset may be attributed to the breaking parameter b. A smaller value of b,

such as b = 10−2 − 10−3 brings Phillips’ formulation into rough agreement with

the observations. Notice that the region that shows a decay similar to Phillips’

formulation is generally for speeds greater than 5ms−1, and does not include the

majority of the breaking, that occurs around the peak of Λ(c).

The Λ(c) distributions in Figures 3.2 - 3.4 panels (a) suggest a qualita-

tively favorable comparison of the observations to Phillips’ formulation (3.8) for the
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higher speeds (c > 5ms−1), with potentially large errors due to lack of knowledge

of various parameters. Are the Λ(c) observations well described by a power-law

function, and if so, what is the power law, and what are reasonable coefficients?

To answer this question, we use the expression (3.8) to nondimensionalize Λ(c):

Λ(c)u3
∗g
−1

(
c

u∗

)6

= (4γβ3b−1)I(3p). (3.34)

The results are shown in Figure 3.23. If the equilibrium range occurs over phase

speeds co to c1, then a scaled speed defined as ĉ = (c − co)/(c1 − co) maps the

equilibrium range to the values 0 < ĉ < 1. That is, ĉ = 0 corresponds to the phase

speed co at the upper limit of the equilibrium range ko, and ĉ = 1 corresponds

c1 = 0.7cp, which is equivalent to 2kp, and defines the lower limit of the equilibrium

range. For clarity, the region 0 < ĉ < 1 is delimited with vertical black lines.

Phillips’ model was developed for the equilibrium range, bounded by 0 < ĉ < 1.

The horizontal dash-dot lines represent the right hand side of (3.34) using b =

0.06, p = 0.5, the wind-wave coupling coefficient m = γβ2 = 0.04, and Toba’s

parameter α = 4βI(p) in the range of 0.06-0.11.

If Phillips’ formulation (3.8) is a good model for our observations, we would

expect to see the data collapse to a horizontal line in the dimensionless coordinates.

The data with lower wave ages (blue lines) appear to loosely follow a c−6 power

law, but generally only for speeds larger than c1 = 0.7cp, which corresponds to

wavenumbers at and below the spectral peak region. Within the equilibrium range,

0 < ĉ < 1, there is little evidence for a c−6 dependence of the Λ(c) curves.

Is there any power-law description of the observed Λ(c) distributions? If

we wish to find a description

Λ(c) = Acn (3.35)

then we can solve for n(c)

n(c) =
d ln(Λ(c))

d ln(c)
(3.36)

To investigate this, the slope of the curves in Figure 3.5 are computed

in logarithmic coordinates. To reduce the noise of the slope estimate, the Λ(c)

distributions are convolved with a 5-point triangular window before the difference

is taken. The slopes are truncated at the high-speed noise floor, which is identified
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Figure 3.24: The local power-law slope of the Λ(c) distributions, calculated by
(3.36). The horizontal black dash-dot line indicates the theoretical slope of Phillips’
(1985) equilibrium formulation for Λ(c) (3.8).
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by the speed at which the slope of Λ(c) changes by more than 4 orders of magnitude

for neighboring values of c, with ∆c = 0.5ms−1. In Figure 3.24 we see that the

maximum value of Λ(c) occurs where the derivative is zero, and 2 < c < 4. Then

the slope of the Λ(c) distribution becomes more negative as the breaking speed

increases, until around c = 8, where the slope levels off. Phillips’ formulation (3.8)

would have a slope of -6, which is shown with the black dash-dot line. Attempts to

fit a power-law form to the observed Λ(c) distributions is dependent on the range

of speeds considered since the slope of the distribution is gradually changing as

indicated in Figure 3.24. For speeds c > 7 the distribution is not inconsistent with

a c−6 power law.

3.5.2 Rayleigh distribution fit to Λ(c)

After extensive testing, a better functional description of the observed Λ(c)

distributions was obtained. A Rayleigh distribution provides a reasonably good fit

to the Λ(c) distributions. A Rayleigh distribution is described by

p(x) =
x

s2
exp

(−x2

2s2

)
(3.37)

P (x) = 1− exp

(−x2

2s2

)
, x > 0. (3.38)

where p(x) is the probability density function (pdf) and P (x) is the cumulative

distribution function (cdf). We propose that the observed Λ(c) distributions can

be described by a function of the form

Λ(c)

A
=

(c + xo)

s2
exp

(−(c + xo)
2

2s2

)
(3.39)

A =

∫ ∞

0

Λ(c′)dc′

where A scales Λ(c) appropriately, since the integral under a pdf is one. xo is an

offset to the breaking speed, that may be accounted for by surface currents as well

as errors in determination of camera motion and orientation (Kleiss and Melville,

2009). Although a Rayleigh distribution fits the data fairly well without the xo

parameter, the fits are improved with the offset included.
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Figure 3.25: Examples of Rayleigh distribution fit to the Λ(c − xo) distributions
(equation 3.39). The lines with crosses are the observed Λ(c) distributions, and
the lines with circles are the Rayleigh distributions, with amplitudes set by A
(equation 3.40), and the best fits of s and xo over the range of 2 < c < 8. The
y-axis has units of 104m−2s. For the six examples, the total length of breaking
A × 104 is 31.4, 18.6, 7.8, 8.0, 1.5, and 1.3m−1. The s parameter is 2.7, 2.7, 2.8,
2.4, 2.9, and 2.7ms−1. The x-offset is 0.1, 0.1, 0.5, 0.3, 0, and -0.3ms−1.

The integral A is calculated directly from the Λ(c) observations. The pa-

rameters s and xo are systematically varied from 1 < s < 4 and −3 < xo < 3,

and the pair of (s, xo) is selected for which the mean squared error between the

empirical distribution and the Rayleigh distribution over the range 0 < c < 12 is

a minimum. The final values of s fall in the range of 2.1-3.2ms−1, and the speed

offset xo falls in the range of -0.4-0.6 ms−1.

A comparison of the Rayleigh distribution fit to the six Λ(c) examples

used throughout this paper are shown in Figure 3.25, with the empirical Λ(c)

distributions shown with crosses, and the minimum-error Rayleigh fit shown with
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circles. The distribution generally fits the data surprisingly well. In some cases,

(c,d), the Λ(c) distributions deviate from the Rayleigh distribution at the low

speeds. In some cases, (e,f), the Rayleigh distribution does not capture the peak

of the Λ(c) distribution perfectly.

From the sensitivity studies presented in Kleiss and Melville (2009), we

recognize that the Λ(c) distributions at low speeds may be affected by observa-

tional resolution and choice of brightness thresholds. Given the typical pixels size

of 0.2-0.3m, and time between images of ∆t=0.1333, a crude lower bound for the

minimum resolvable speed is 1 pixel/∆t, or 1.5-2.25ms−1. Speeds under this limit

are observed because sub-pixel resolution is obtained both in the location of white-

cap patches and the determination of speed using the method of optical flow. A

sensitivity study on the effect of the brightness threshold on the Λ(c) distributions

showed that low speeds were strongly affected by the choice of threshold, while

high speeds were largely invariant to the threshold. For both of these reasons, we

have less confidence in our observations of the Λ(c) distributions for speeds under

2ms−1; however, they are shown throughout the paper for completeness.

To visualize how well the Λ(c) distributions agree with the Rayleigh distri-

bution, we consider the normalized cumulative distribution (equation 3.38)

CDF =

∫ x

0

Λ(c′)dc′

∫ ∞

0

Λ(c′)dc′
. (3.40)

The observed Λ(c) normalized cumulative distributions are shown in color in Figure

3.26, where the normalized speed of breaking is c′ = c/s in panels (a) and (c), and

c′ = (c− xo)/s in panel (b). A true normalized Rayleigh cumulative distribution,

1 − exp(−c2/2s2), is shown by the black line with circles. The observations show

good agreement with the Rayleigh distributions in panels (a,b). To examine the

high-speed range more closely, one minus the cumulative distribution function is

presented in panels (c) and (d) in logarithmic coordinates. For normalized speeds

above 3, corresponding to breaking speeds of 7-10ms−1, the distributions begin

to deviate from the Rayleigh function. One minus the cumulative distribution is

shown versus dimensional speed in panel (d) for reference.
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Figure 3.26: The normalized cumulative Λ(c) distributions. a) breaking speed is
normalized by the Rayleigh parameter s. b) breaking speed is normalized by both s
and the horizontal offset xo. c) One minus the normalized cumulative distribution
versus normalized speed in logarithmic coordinates. d) One minus the normalized
cumulative distribution versus dimensional speed. Line color indicates effective
wave age, and the black line with circles shows the reference Rayleigh distribution.
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The increased level of the distributions could be due to the small number

of observations at large speeds in the data, so erroneous speed estimates will have

a larger influence. Erroneous speeds may occur, for example, in cases of whitecaps

with high curvature, complex morphology, and substantial translation. The optical

flow routine requires only that the velocity vector is along the brightness gradient,

and terminates at a point with equal brightness in the subsequent image. However,

this velocity may not accurately track the motion of the original parcel of foam in

cases with complex foam morphology and substantial translation. The heightened

levels of Λ(c) at high speeds is also evident in the raw distributions (Figure 3.5),

and the power-law slope of the Λ(c) distributions (Figure 3.24).

The parameters describing the Rayleigh fit to the data (3.39) basically de-

scribe the amplitude of the Λ(c) distribution A, the width (s), and the offset in

speed xo. The width of Λ(c) can also be estimated directly from the Λ(c) distri-

butions, without assuming the Λ(c) distributions follow a Rayleigh distribution.

Figure 3.27 shows one Λ(c) distribution. The width is determined by the values of

Λ(c) at one half its maximum.

The fetch relations of ocean surface waves relate the nondimensional spec-

tral peak frequency and total wave variance to the nondimensional fetch. Moti-

vated by the efficiency with which the fetch relations describe the lower moments

of the wave field development, we nondimensionalize the Λ(c) scaling parameters

using the friction velocity u∗e and gravity g, and compare to the nondimensional

fetch χ. The units of A are L−1, and s and xo have units of LT−1. So the dimen-

sionless forms are Au2
∗eg

−1, su−1
∗e , and xou

−1
∗e . These nondimensional variables are

compared to the nondimensional fetch in Figure 3.28.

Figure 3.28a shows that the total length of breaking per unit sea surface

area, nondimensionalized with friction velocity and gravity, decreases with nondi-

mensional fetch like χ−0.56. Meanwhile, the nondimensional width of the Λ(c)

distribution increases very weakly, like χ0.06. The speed offset xo is also shown

in dimensionless coordinates for completeness. xo is generally less than the local

friction velocity, which is 0.46 − 0.79 ms−1. As mentioned above, this could be

affected by surface currents or errors in removal of camera motion.
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Figure 3.27: An example Λ(c) distribution, demonstrating the determination of
the width of Λ(c) at one half the peak value. The width spans from c1 (circle) to
c2 (square).

The actual width of the Λ(c) distributions in Figure 3.28d appears very

similar to the Rayleigh parameter s, and also increases weakly with dimensionless

fetch, like χ0.07. Panel (e) shows that most (85%) of the increase in the width is

due to changes in the upper speed, c2, which increases with fetch like χ0.06. The

actual width of the Λ(c) distributions, (c2 − c1) depends on an arbitrarily chosen

level, at 50% of the maximum value of Λ(c), but its meaning is straightforward to

interpret. The Rayleigh width s incorporates the entire Λ(c) distribution, but it

assumes that the Λ(c) distributions can be described as a Rayleigh distribution.

The evolution of the width of the Λ(c) distribution, both the Rayleigh

parameter s and the actual width (c2 − c1), is suggestive of the evolution of the

wave spectrum according to the fetch relations. The best fit to the observed fetch

relation for peak frequency is

f̂p = 0.33χ−0.25 (3.41)

where f̂p = fpu∗e/g is the nondimensional peak frequency (Romero and Melville,

2009a), with fp in cycles / unit time. Transforming (3.41) from fp to cp using the
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Figure 3.28: Nondimensionalized Rayleigh parameters (a-c) and geometrical pa-
rameters (d,e) describing the Λ(c) distributions plotted against dimensionless fetch.
A is the total length of breaking per unit sea surface area, s is the Rayleigh pa-
rameter, and xo is a speed offset. c1 and c2 are the low and high speed endpoints,
respectively, of the width of the Λ(c) distributions, and are shown in (e) with circles
and squares, respectively.
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deep water dispersion relation,

cp

u∗
= 0.50(χ)0.25 (3.42)

describes the evolution of the spectral peak phase speed with fetch. The evolution

of the upper speed, c2, in Figure 3.28e is

c2

u∗
= 3.6(χ)0.06. (3.43)

Combining equations 3.42 and 3.43, we expect the ratio of the faster speeds of

breaking to the spectral peak phase speed

c2

cp

= 7.2(χ)−0.19. (3.44)

For the conditions in this field experiment, 1.2 × 105 < χ < 1.7 × 107, so the

right hand side of (3.44) ranges from 0.76 at short fetch to 0.3 for fully developed

seas. The observed values of c2/cp, as well as the expression (3.44) are presented

in Figure 3.29 in linear (a) and logarithmic (b) coordinates. Many previous field

studies have observed that wave breaking occurs near the peak phase speed for

young seas, and decreases with wave age (Ding and Farmer, 1994; Melville, 1994;

Felizardo and Melville, 1995; Banner et al., 2002; Gemmrich et al., 2008). Equation

3.44 provides a quantitative description of this phenomenon.

3.6 Summary

Video observations of ocean surface wave breaking were obtained from fetch-

limited conditions under strong (13-20ms−1) winds. The distribution of the length

of breaking crests per unit sea surface area, according to their breaking speed, Λ(c),

is calculated from the image sequences, and reported for the range of environmen-

tal conditions encountered. The nondimensionalized Λ(c) distributions showed a

consistent functional form that initially appears similar to a c−6 function, as sug-

gested by Phillips’ (1985) model. Various combinations of field parameters are

explored to describe the observed Λ(c) distributions. The high-speed (c > 10u∗e)

region appears to collapse with combinations of wind and wave variables, but the
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Figure 3.29: The ratio of the upper speed c2, which is the speed at which Λ(c)
falls to half its maximum value, to the spectral peak phase speed cp, as a function
of dimensionless fetch χ. The black line corresponds to equation 3.44. a) linear
coordinates b) logarithmic coordinates

peak regions of the Λ(c) distributions did not easily collapse. This may be due

to variability other than wind and wave state, such as surface currents, surface

current divergence, surface stability, and turning winds.

When scaled with the dominant spectral wave quantities, the Λ(c) distri-

butions show that some breaking is observed near the spectral peak for young

(strongly forced) seas, while breaking occurs at speeds less than half the dominant

phase speed for well developed seas. This is also apparent in the directional Λ(c)

distributions, which indicate wave breaking is more closely aligned with the wind

direction than the dominant wave direction. From our analysis, the widest distri-

bution of breaking occurs at the slower speeds, and the distribution becomes more

narrow as breaking speed increases.

The whitecap coverage is computed, and compared to the 10-meter wind

speed, friction velocity, wave age, and slope. The rate of breaking versus spectral

peak steepness compares well with previous studies (Banner et al., 2000; Babanin

et al., 2001).

Close inspection of the observed Λ(c) distributions indicate that the con-

tinuously changing slope of the Λ(c) distribution is not easily described as a power
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law function. The Λ(c) distributions do closely approximate a Rayleigh distribu-

tion when normalized by the integral of Λ(c). The collapsing parameters - namely

the width of the Λ(c) distribution and the total length of breaking per sea surface

area - show a weak dependence on nondimensional fetch. The increase in dimen-

sionless width of Λ(c) with dimensionless fetch compares well with the observed

fetch relations and observations of wave breaking near the spectral peak.

The one-dimensional Λ(c) is an azimuthal average of the full Λ(c) distri-

bution. A Rayleigh distribution would result from a two-dimensional Gaussian

distribution of Λ(c). Although the two-dimensional distributions are not easily

described by Gaussian distributions (Figure 3.13), Gaussian noise in the slower

speeds may contribute to the observed Rayleigh distribution. Speeds less than

2ms−1 are dependent on sub-pixel accuracy of the crest location and speed calcu-

lations. It should also be emphasized that the Rayleigh distribution results only

for a specific processing method for Λ(c): using the elemental speeds that are a

function of both space and time, and in particular taking the component of speed

that is perpendicular to the breaking crest (or equivalently, is along the brightness

gradient). Calculations of Λ(c) that use translational rather than perpendicular

speeds, or that use temporal or event definitions of length and speed of breaking do

not follow simple Rayleigh distributions. With an offset in the speeds (abscissa),

the Λ(c) distributions can be described as Rayleigh even for those other processing

methods.

The biggest difference between Phillips’ (1985) model for Λ(c) and our

observations occurs at speeds below the peak of the Λ(c) distribution. Careful

analysis of the effect of image resolution on the Λ(c) distribution showed that

higher image resolution shifted the peak to lower speeds, but not at a rate that

would converge to a speed of zero at infinite resolution (Kleiss and Melville, 2009).

The observed distributions of whitecap area also indicate that image resolution

limits our observation of smaller whitecaps (see Appendix C.1). On the other hand,

small-scale breaking on the ocean surface may not entrain air bubbles. Accurate

estimation of the Λ(c) distributions at low speeds may need to be addressed with

future experiments using high resolution observations, and the ability to observe
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wave breaking at micro-scales.



A Processing methods Appendix

A.1 Camera to aircraft position time synchro-

nization

The camera position and orientation were obtained from the on-board air-

craft data. There were two global positioning systems (GPS), one associated with

the C-130 aircraft (C130) data system, and one associated with the Airborne To-

pographical Mapper (ATM) data system. The C130 also had a radar altimeter,

and the ATM returned the aircraft elevation from the scanning lidar data. The

aircraft orientiation was determined from an Inertial Motion Unit (IMU) onboard

the C130. Post-processing of the data indicated that the time of image capture

drifted with respect to the aircraft positioning systems (ATM and C130) by up to

a second over the course of the day. Note that the actual ∆t between images is set

by the camera’s internal clock with output at 40MHz. So the ∆t between images

has very high resolution, but the absolute time shows a drift. The actual time of

image capture is important to combine the image data with the auxiliary aircraft

data. Great care was taken to synchronize the image time of every 5-minute video

segment with the aircraft system time to within 0.004 seconds. Synchronization

was achieved by comparing the observed shift ∆xo of image features as the camera

passes above them to the expected shift ∆xe calculated from camera parameters

and the aircraft position and orientation at the time of image capture. Any offset

in time between the camera and the aircraft position appears as an offset between

time series of ∆xo and ∆xe.

For every image in a sequence, the 2-D spatial correlation with the subse-

138
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quent image is computed

C(x, y, ti) =

∫ ∫
Ii(x, y, ti)Ii+1(x + x′, y + y′, ti+1)dx′dy′ (A.1)

where Ii is the image captured at time ti, Ii+1 is the image captured at time ti+1,

and x, y and dx′, dy′ cover a 512 × 512 pixel box around the image center. The

full image size is 1008 × 1018 pixels. The maximum of C(x, y, ti) indicates the

observed translation ∆xo(ti) in pixels.

The expected shift is computed using the concepts of planar homography,

which relates the location of image features to the motion of the camera, assuming

the object viewed is planar (Ma et al., 2003). While the sea surface certainly is

not a plane, the ratio of the 4m significant wave height to the 400m altitude makes

this a reasonable assumption over the ocean, as well as over extremely flat regions

of terrain, such as the airport ramp. The 3x3 homography matrix H is defined as

H = R +
1

d
TNT (A.2)

where R is the 3× 3 rotation matrix (equation 2.7), d is the vertical distance from

the sea surface to the camera, T is a 3 × 1 translation vector between the two

images, and NT is the 1 × 3 unit normal to the sea surface with respect to the

camera’s coordinate frame.

For images I1(x, y, t1) and I2(x, y, t2) captured at time t1 and t2, H relates

the location of an image feature in pixel coordinates,

x2 = Hx1 (A.3)

where xi is a 3× 1 vector of the pixel location of the object in Ii.
1

The homography matrix H(ti) is calculated from image I(ti) to I(ti+1) using

the aircraft data only, and the expected translation of the center of the image is

∆xe(ti) = H(ti)xc − xc, where xc is the center of the image in pixels.

Figure A.1 shows a typical comparison of ∆xo(t) and ∆xe(t) over the sea

surface for a portion of the data set analyzed in detail this paper. The top panel

1The third element of x1 is simply set to one, using the homogeneous coordinates typical in
image processing. Also, (A.3) is traditionally a proportionality, rather than an equality. In our
case, we know the distance from the camera to the ocean surface, so we can solve for x2 exactly.
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compares the expected and observed across-flight displacements, and the bottom

panel compares the along-flight displacements. A time offset of 0.010 seconds is

identified from the lag in the time series of ∆xo(t) and ∆xe(t). The cross-flight

motion (Figure A.1a) is due to aircraft slip and changes in roll. The along-flight

motion (Figure A.1b) is due primarily to aircraft translation, and secondarily to

changes in pitch. The discrepancy between ∆xo(t) and ∆xe(t) is primarily due

to motion on the sea surface, and also affected by the sea surface height deviation

from a planar surface, and uncertainty in the camera position and orientation.

To illustrate what is shown in Figure A.1, the physical values at t = 200s

are considered. The expected along-flight and across-flight displacements are 80.19

and -2.87 pixels respectively (red). The observed displacements are 77.80 and -3.05

pixels (black). Considering the camera parameters and the ∆t between images, this

corresponds to 126.17ms−1 and 4.52ms−1 (expected), and 122.41ms−1 and 4.80ms−1

(observed), respectively. The aircraft velocity measured by GPS is 124.80ms−1

at t = 200s. The expected velocity is not exactly equal to the aircraft velocity

because of changes in the camera orientation. The difference between the expected

and observed velocity is 3.76ms−1 in the along-flight and 0.28ms−1 in the across-

flight direction. The dominant wave direction is along the flight direction, so this

difference is primarily due to the motion of the waves on the sea surface.

A.2 Image Preparation

Some preparation of the raw video data is required before images can be

processed for whitecap coverage, breaking rate, and Λ(c).

A.2.1 Removal of background lighting gradients

Whitecaps are identified by their brightness relative to the darker back-

ground sea surface. The image brightness I(x, y, t) is a function of both the spa-

tial coordinates x and y, and time t. Most images captured from an aircraft have

a nonuniform background brightness due to the angle of the sun’s illumination

and optical vignetting, where the image periphery is darker than the image center
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Figure A.1: The observed image translation ∆xo(t) (black) from image correlation
and the expected image translation ∆xe(t) (red) from the planar homography ma-
trix, using only aircraft data. Units are in pixels. a) The across-flight translation.
b) The along-flight (downwind) translation. ∆t between images is 4/30s.
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(Ray, 2002). Non-uniform lighting results in more whitecaps being identified in the

brighter areas, and whitecaps appearing to expand as they move from the darker

to the lighter parts of the image.

If the aircraft is flying steady and level, the image sequence obtained has a

roughly uniform background brightness pattern. Sequential images captured with

steady illumination (usually 4000-8000 images) are averaged together to create a

mean background intensity image S(x, y) = 〈I(x, y, t)〉t, where 〈〉t indicates a mean

with respect to time. Each image I(x, y, t) is divided pixel-wise by S(x, y) to yield

the corrected image I ′,

I ′(x, y, t) =
I(x, y, t)

S(x, y)
S (A.4)

where S = 〈S(x, y)〉x,y is the mean value of S(x, y).

While subtraction by S(x, y) also results in a spatially uniform brightness,

as was done in (Mironov and Dulov, 2008), we found that the background lighting

pattern should be divided, rather than subtracted. Dividing out the mean spatial

background brightness pattern enhances the contrast in the dim regions of the

image, which helps to identify foam patches while avoiding false classification of

non-breaking facets of the ocean surface. Furthermore, the image brightness prob-

ability density function p(i) was found to collapse more uniformly in both space

and time when the background brightness was divided, rather than subtracted out.

This is presumably because the brightness reflectance distribution is a multiplica-

tive function of the surface properties and the incoming light (for example, see

Morel and Gentili, 1993). All saturated pixels (ie. with an intensity of 1) were not

corrected for the background mean brightness. In essence, the brightness of these

pixels is beyond the dynamic range of the imagery, and we do not know their true

brightness.

A.2.2 Image Calibration and lens distortion

Images captured using a lens usually have some degree of lens distortion,

where lines in the image that should be straight appear to be curved (Holland

et al., 1997). If lens distortion is not corrected in the images, the whitecaps follow

a curved trajectory as they pass through the field of view, inducing a velocity
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error. The camera was calibrated post-experiment in the laboratory using a black

and white checkerboard calibration pattern and the camera calibration toolbox for

Matlab (Bouguet, 2006).

A.3 Estimation of errors of motion

It is of utmost importance to quantify the errors in the aircraft location and

image projection, as any motion errors will be included in the estimated speed of

breaking. On every research flight, calibration images were taken over the airport

ramp, which is a flat asphalt surface with clearly painted lines, and fills about

half the image at an aircraft altitude of 500m (Figure A.2a). The actual distance

between the painted lines was measured manually to verify the image scale. The

sequence of images over the ramp are corrected for lens distortion and projected

to earth coordinates. A point on the ramp stays in our field of view for about

2 seconds, and the perceived motion of the painted lines reveals the error in our

image projection.

To estimate the error, each earth-projected image is subdivided into a

10 × 10 grid, and compared to the earth-projected image captured at a time ∆t

seconds later (Figure A.2a). A 2-D cross correlation (equation A.1) with sub-pixel

resolution using a 3-point parabolic peak fit (Raffel et al., 1998) is used to estimate

the mean translation at each grid point. The errors for a sample image are shown

in Figure A.2a, where the aircraft is flying in the +y-axis direction, and ∆t=8/30s.

The horizontal line in the upper-left corner indicates a 1ms−1 error. The lack of

features in some grid boxes results in failure of the correlation function, and an

anomalously long translation vector. If an error vector has a magnitude greater

than 2ms−1, we do not consider it in the full error analysis (Figure A.2c). The

error vectors over the buildings on the left of the image, opposite to the direction

of flight, show the parallax caused by the building height. For the error analysis,

we consider only error vectors over the ramp itself.

Five sequences of images over the ramp taken on five different research flight

days were analyzed for errors with a range of ∆t = 0.133 − 2.0s (Figure A.2b-c,
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Figure A.2: a) Sample image taken over the airport ramp at 503m altitude, rotated
so the direction of flight is in the +y-axis direction. Image size is 280 x 280m.
Buildings are seen on the left. Black arrows show the cross-correlation displacement
to the earth-registered image 0.267 seconds later. A thick line corresponding to
1ms−1 error is drawn for scale in the upper left corners of (a) and (b). b) Average
errors for all ∆t over the image domain with 90% confidence error ellipses. The
aircraft is flying in the +y-axis direction. c) Error histograms of all ramp images
for two values of ∆t: 1.0 and 0.1333s. Solid and dashed lines indicate errors in
along- and across-flight direction, respectively.
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Figure A.3). Here we consider the error as ∆x/∆t, which is the speed of the

painted lines “drifting” through the image. The temporal average of all the errors

is shown in Figure A.2b. At each grid point the mean error is shown with a thick

vector (indistinguishable from a dot), and the 90% confidence error ellipses indicate

the scatter. A 1ms−1 reference vector is in the upper left-hand corner. Since the

aircraft is flying in the +y-axis direction, when ∆t is large only the upper portion of

the image returns a correlation because the lower portion of the image is no longer

in our field of view. For this reason the scatter in the data increases towards

the bottom of the image, where correlation values are obtained only for small ∆t,

while in the upper portion of the image a correlation is obtained for the full range

of 0.1333 < ∆t < 2.0s. Figure A.2c shows sample histograms of the along-flight

(solid) and across-flight (dashed) errors for all research flights, for two values of ∆t.

The mean error is consistently indistinguishable from zero, although the standard

deviation of the errors decreases from 0.8ms−1 for ∆t = 0.1333s to 0.26ms−1

for ∆t = 1.0s. Figure A.3 illustrates the evolution of the mean and standard

deviation of the displacement error, ∆x for each pass over the runway. The mean

displacement in the along-flight (solid) and across-flight (dotted) direction for each

research flight appears to increase with ∆t, remain bounded by µ∆x < ±0.13∆t,

and there is no bias when all the passes over the ramp are considered collectively.

A mean error ∆x would express itself as a current bias on the ocean surface. The

mean drift of the painted lines was up to 0.18ms−1 in the cross-flight direction, and

0.15ms−1 in the along-flight direction. The mean drift of all five passes is centered

at zero, and the drift generally falls within the envelope

µ∆x(∆t) = ±0.13∆t. (A.5)

This analysis indicates that the mean, averaged speeds should have accuracy within

0.13ms−1.

In Figure A.3b the standard deviation of the histograms of error for each

research flight is shown for the along-flight (solid) and across-flight (dotted) direc-

tion. We see that the scatter in our measurements increases roughly linearly as we

increase the ∆t between images. However, the standard deviation of the observed

speed, σ∆x/∆t decreases as ∆t increases. The standard deviation of the observed



146

displacements can be described by

σ∆x(∆t) = 0.11 + 0.16∆t : across-flight

σ∆x(∆t) = 0.13 + 0.09∆t : along-flight
(A.6)

in meters. Equations A.7 are shown in Figure A.3b by the thick solid and dashed

lines. Here σ∆x(∆t) is the standard deviation of the translation ∆x in meters as a

function of ∆t, the time separation between images.

The scatter in the displacement error data is due to two primary sources.

The term that increases with ∆t is most likely due to the physical separation of

the IMU and GPS from the camera, so the camera vibrations and flexing of the

aircraft at the camera are not exactly recorded by the IMU. The constant term is

likely due to errors in the cross-correlation function and image pixellation noise.

At 500m altitude, one pixel has a dimension of 0.28m on the sea surface. So

translations less than 0.28m are primarily dependent on the sub-pixel fitting to

the correlation peak. From Figure A.3, we can deduce a model for our errors of

removing the aircraft motion. Since the model is based on images captured from

the camera, it naturally includes all possible errors due to timing offsets, physical

offsets, instrument precision, lens distortion, camera calibration, image projection,

and velocity estimation via the cross correlation. The mean velocity measured on

the earth’s surface from our camera rig is correct to within 0.13ms−1. However,

for images sampled ∆t apart, there is significant scatter introduced in the data,

such that the standard deviation of the speed, ∆x/∆t goes like

σ∆x/∆t ∼ 0.12(∆t)−1 + 0.13 (A.7)

This is the mean of the along- and across- flight data presented in Figure A.3b.

A.4 Ellipse fitting: second central moments

To fit an ellipse to a connected region R of an image, we consider the

moments of the region R. The moment of order (p, q), p ≥ 0, q ≥ 0, is defined as

mp,q =
∑

(r,c)∈R

rpcq (A.8)
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Figure A.3: a) The mean displacement ∆x in meters for five image sequences
taken over the airport ramp. The mean across- and along- flight displacement
are shown by dotted and solid lines, respectively. All data are roughly contained
by an envelope expression, µ∆x < ±0.13∆t. b) The standard deviation of error
histograms for all 5 passes over the ramp. The across- and along- flight errors are
shown by dotted and solid lines, respectively. The thick lines indicate the best fit
for the standard deviation of the displacement as a function of time in the across-
(dotted) and along- (solid) flight direction.
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where (r, c) are the row, column locations of points in the region R. Note that m0,0

is the area of the region in square pixels. The moments in (A.8) depend on the size

and the position of the region. To obtain a description of R that is independent of

its scale, we can simply divide the moments by the area of the region if p + q ≥ 1

to get normalized moments:

np,q =
1

m0,0

∑

(r,c)∈R

rpcq (A.9)

In particular, the centroid of the region is given by (n1,0, n0,1). To obtain a de-

scription of R that is independent of both its scale and its location in the image,

the central moments are given by (p + q ≥ 2):

µp,q =
1

m0,0

∑

(r,c)∈R

(r − n1,0)
p(c− n0,1)

q. (A.10)

The region centroid (n1,0, n0,1) and the second central moments (µ2,0, µ0,2, µ1,1)

are used to fit an ellipse to the region R. Assuming that the moments of order 1

and 2 of the region were obtained from an ellipse, then, from these five moments

the five geometric parameters of the ellipse can be derived. The center of the el-

lipse is given by the centroid (n1,0, n0,1). The major and minor radii r1 and r2 and

the angle of the ellipse with respect to the horizontal axis are given by

r1 =

√
2

(
µ2,0 + µ0,2 +

√
(µ2,0 − µ0,2)

2 + 4µ2
1,1

)

r2 =

√
2

(
µ2,0 + µ0,2 −

√
(µ2,0 − µ0,2)

2 + 4µ2
1,1

)
(A.11)

θ = −1

2
arctan

2µ1,1

µ0,2 − µ2,0

For a derivation of these results see Haralick and Shapiro (1992).

The full ellipses for the example breaker shown in Figure 2.20 are shown in

Figure A.4. The colored regions are the breaking fronts, where the image difference

is greater than a threshold id.
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Figure A.4: An example showing the ellipse fits to three of the breaking front
regions from the example in Figure 2.20.



B Breaking Results Appendix

B.1 The comparison of Λ(c) with whitecap cov-

erage

To relate the whitecap coverage to the breaking crest length and speed,

we may begin with an assumption of the basic relationship between the speed c,

length of breaking L, and change in whitecap area:

dA

dt
= cL. (B.1)

This basic assumption is depicted in Figure B.1, showing that the change in white-

cap area is equal to cL∆t. Integrating equation B.1 over the time of active break-

ing,

∫ Am

0

dA =

∫ τ

0

cL dt (B.2)

Am = cLτ (B.3)

where τ is the duration of active breaking, at which time the whitecap obtains

its maximum area, Am. A sample whitecap’s area as a function fo time is shown

in Figure B.1. At this point a number of subtleties should be addressed. First

of all, the model (B.1), as seen in Figure B.1, has an implicit assumption that

the rear of the whitecap is stationary, which does not appear to be the case with

our observations. From our data, the right-hand side of (B.1) is approximately

2.2 times the left-hand side. The second subtlety involves the time dependence of

c(t) and L(t) when integrating (B.2). Let us decompose the speed and length of

150
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L

c∆t

Figure B.1: Left: a plan-view of a whitecap, depicting the assumption that the
change in whitecap area is related to the translation c∆t and the length of breaking
L. Right: the evolution of whitecap area with time for an example whitecap. The
blue line shows the actual observed foam patch area. Red dots indicate observa-
tions that are not near the image edge. The red line shows the parabolic fit, and
the observed maximum area Am (see also Appendix D)

breaking, such that

c = (c + c′) (B.4)

L = (L + L′)

where c and L represent a single value, in this case the mean, for speed and breaking

length taken over the lifetime of the breaking event. Then equation B.2 can be

written ∫ τ

0

cLdt =

∫ τ

0

cL

(
1 +

c′

c
+

L′

L
+

c′L′

cL

)
dt. (B.5)

The second and third terms on the right-hand side vanish by definition. The

question then is the magnitude of the fourth term relative to one. Out database

of foam patch statistics helps to address this question. We consider only actively

breaking waves that initiate in our field of view, and appear to reach their maximum

area (i.e. show a decrease in area before leaving our field of view). Figure B.2

shows the values for the fourth term in (B.5). Each breaking event contributes

one value to the distribution. If we only consider observations before the foam
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Figure B.2: The integrated value of the residual term in the decomposition of
speed and length (see equation B.5). Each breaking event contributes one value
to the distribution. Only actively breaking waves that initiate in our field of view,
and appear to reach their maximum area are considered. a) Only the times before
the foam patch reaches maximum area are considered. b) All times with active
breaking are considered.

patch reaches its maximum area (Panel a), the fourth term has a mean value of

-0.09, and standard deviation of 0.15. If the entire duration of active breaking is

considered (Panel b), the mean value is 0.00, with a standard deviation of 0.21.

This behavior is consistent with the time histories of area, breaking length, and

breaking speed in Appendix D. Before the maximum area is reached, the breaking

length generally increases and the breaking speed decreases, resulting in a weakly

negative covariance c′L′. However, after the maximum area is reached, the breaking

length decreases and the speed stays approximately constant, and the net result is

no correlation.

So it appears, at least for this simple model, that the relationship holds

from equation B.3:

Am = cLτ. (B.6)

We drop the overbars for the remainder of the discussion, and c and L are under-

stood to represent the mean speed and mean length of breaking, respectively, of

each breaking event.
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Laboratory and field data (Kennedy and Snyder, 1983; Thorpe and Hall,

1983; Rapp and Melville, 1990), indicate that the duration of breaking is propor-

tional to the wave period,

τ = γT (B.7)

=
2πγ

g
cl. (B.8)

γ is the proportionality constant, and the deep-water dispersion relationship is

used in equation B.8 to relate the wave period T to the underlying local phase

speed cl. We distinguish between the phase speed cl and the breaking speed c.

Laboratory studies (Stansell and MacFarlane, 2002) have shown that the breaking

speed is closely related to the phase speed of the wave that is breaking, such that

c/cl = α with α = 0.8−0.9. Combining this with equations B.3 and B.8, we obtain

Am =
2πγ

αg
c2L (B.9)

for a typical breaking wave event. Summing equation B.9 over all breaking events

observed over some area of the sea surface As,

1

As

∑
i

Am,i =
2πγ

αg

1

As

∑
i

c2
i Li, (B.10)

where the ith event has speed ci, length of breaking Li, and maximum area Am,i.

Recall that the Λ(c) distribution can be expressed as
∫

Λ(c)dc =
1

As

∑
i

Li, (B.11)

where both sides of equation B.11 represent the total length of breaking per unit

sea surface area. The active whitecap coverage can be similarly expressed,

WA =
1

As

∑
i

Ai, (B.12)

where Ai is the mean area of the ith event while it is actively breaking. Thus we

can equivalently express equation B.10 as

WA

∑
Am,i∑
Ai

=
2πγ

αg

∫
c2Λ(c)dc. (B.13)
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If the whitecap area increases uniformly from zero to its maximum area, then the

ratio of the maximum area to mean area, Am/A should equal 2. Thus we arrive

at the relationship

WA =

[
πγ

αg

] ∫
c2Λ(c)dc. (B.14)

Using the value of γ = 0.7 from Rapp and Melville (1990), the value of the param-

eters in the brackets is 0.25.



C Distributions of whitecap

properties

C.1 Area

Perhaps the most basic property of the observed foam patches is the foam

patch area. A single, frozen image of the sea surface would yield a distribution of

foam patch areas, some of which are actively breaking, some of which are residual

foam, and some of which are disjoint patches caused by a single wave breaking

event. The distributions of area for different types of foam patches are shown

in Figure C.1. The data for the distributions are drawn from a single image

sequence, captured at a fetch of about 400km from the coast, with a 10-meter wind

of 14.9ms−1, dominant wavenumber of 0.05 rad/m, and mean aircraft altitude of

378m. It is the same image sequence analyzed in depth in Chapter 1. The projected

image pixel edge size is 0.3m, and the image width is 210m. Figure C.1a shows the

distributions normalized such that the area under the distribution is the number

of breaking observations per unit sea surface area. Figure C.1b shows the PDF

distributions, so the area under each distribution equals one.

The distribution of all foam patch areas as observed by a brightness thresh-

old is shown by the black dashed line in Figure C.1a,b. This includes all foam

patches, regardless of tracking duration, and there is no grouping of foam patches

into events. The black line with circles is the area distribution for all foam patches

that are tracked for at least 2/3s. Since the foam patches have been tracked and

grouped, the area at a single time is the sum of the grouped objects for that event.

The distribution of raw foam patch areas is indistinguishable from the grouped
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Figure C.1: Distributions of foam patch area from temporal observations of a single
image sequence covering 7.2km2 non-overlapping sea surface area. Line styles are:
black dashed, all foam patches without grouping nor tracking; black with circles,
all grouped and tracked foam patches; green solid, actively breaking foam patches;
green dotted, actively breaking, with breaking duration greater than 2/3s; blue
solid, not actively breaking foam patches; blue dotted, strictly residual foam; red
solid, all observations of breakers that initiate while in our field of view; red dotted,
the first two observations of breakers that initiate breaking in our field of view.
Thin black line shows a -2 power law function. a) The area under the distribution
is the number of observations per unit sea surface area. b) The area under the
distribution equals one. For this image sequence, 10-meter wind speed is 14.5ms−1,
fetch is 400km, effective friction velocity is 0.65ms−1, and wave age cp/u∗e is 21.7.

and tracked foam patches for areas greater than 3m2, or 6 × 6 pixels. Grouping

and tracking the foam patches reduces the number of small foam patches observed.

There are two reasons for this. First, some of the small foam patches have been

grouped with other close foam patches, resulting in a larger area. Second, the

small foam patches may not be tracked for 2/3s, and are omitted from processing.

The green line shows the distribution of area for foam patches that are ac-

tively breaking for longer than 2/3s. About half of the foam patches with an area

of 5m2 are classified as actively breaking. The fraction of active breakers increases

as the foam patch size increases. The smallest foam patches are often more dim

than the larger foam patches, with the result that they do not satisfy the condi-

tions for active breaking involving brightness gradient and change in brightness
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with time. Also, the small patches include short-lived breaking waves that are

tracked for longer than 2/3s, but are not found to be breaking for 2/3 seconds.

Alternatively, the large foam patches have a correspondingly larger perimeter, and

the chance that a segment of the contour satisfies the conditions for active breaking

is increased.

The solid blue line shows all observations that are not actively breaking

for at least 2/3seconds. Since every observed foam patch is either breaking or

not breaking, the solid blue and solid green lines sum to the distribution of all

foam patches, the black line with circles. More interestingly, the blue dotted line

shows the distributions of area of foam patches found to be residual foam. These

observations have no actively breaking front, and the area is strictly decreasing in

time — both for the actual and the parabolic fit of area as a function of time. The

residual foam constitutes about one third of the foam patches less than 5m2, and

about 10% of the larger foam patches.

Finally, we are interested in the breaking events that initiate breaking while

they are in our field of view. The initial area of the initiating breaking events are

shown by the red dotted line, and the area for all observations of initiating events

are shown by the solid red line. The initiating breaking waves are first identified

within the image, not in the leading edge of the image. Also the initiating breaking

waves must have an area less than 45pix2, which is 4m2 for this image sequence.

The distributions of area for all image sequences is shown in Figure C.2.

Panel (a) shows the area distributions from image sequences obtained at an alti-

tude of 400m. The line color indicates the whitecap coverage obtained from the

brightness threshold, WT . This is the total observed whitecap coverage, but as

discussed in Chapter 2, it more closely estimates the active whitecap coverage WA

than the traditional estimate that includes all old foam and streaks, WB. The mag-

nitude of the distributions shows a consistent trend with the whitecap coverage,

indicating that the amount of breaking is well reflected in either a number-count of

foam patches, or the fractional area covered. An interesting trend is shown when

images are obtained from different altitudes. Figure C.2b shows the area distri-

butions from image sequences taken at approximately 400m altitude (blue), and
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1200m altitude (red). The distributions show good agreement for foam patches

larger than 20m2, or 5 × 5 pixels. However, the 1200m altitude data shows fewer

observations of the small breaking waves, with a peak around 2-4m2. The 400m

altitude data has a peak around 0.2-0.7m2. In both cases, the peak of the distri-

bution corresponds to a foam patch of (1.5pix)2 to (2.5pix)2. This is a reasonable

lower bound for the foam patch area we can resolve with our image resolution. The

distributions from 1200m altitude agree with the 400m altitude distributions for

areas greater than 20m2, which is equivalent to (5pix)2. Thus we conclude that the

area distributions begin to be affected by the image resolution for foam patches

smaller than 5× 5 pixels, which is approximately 2m2.

10
−1

10
0

10
1

10
2

10
3

10
−10

10
−8

10
−6

10
−4

10
−2

a)

Area (m2)

nu
m

be
r 

pe
r 

un
it 

ar
ea

 

 

W
T

0.005 0.01 0.015 0.02

10
−1

10
0

10
1

10
2

10
3

10
−10

10
−8

10
−6

10
−4

10
−2

Area (m2)

 

 

b)

altitude
400 600 800 1000 1200 1400

Figure C.2: Distributions of all grouped and tracked foam patch areas from all
image sequences. Each line represents 3km2 non-overlapping sea surface area. The
distributions are normalized so the area under the curves equals the number of
breaking waves per unit area. a) Only images obtained from flight altitudes of
approximately 400m are shown. Line color indicates the thresholded whitecap
coverage WT . b) Image sequences obtained from all altitudes, line color indicates
aircraft altitude.

The distributions of whitecap area collapse well when only image sequences

obtained from 400m altitude are considered, and the distributions are plotted as
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probability density functions, that is, the area under the distribution is equal to

one. This is shown in Figure C.3. The black line in the figure indicates a function

2A−1.8 where A is the whitecap area.
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Figure C.3: Distributions of all grouped and tracked foam patch areas from image
sequences with altitude of 400m. Each line represents 3km2 non-overlapping sea
surface area. The distributions are normalized so the area under the curves equals
one. The black line indicates a -1.8 power law function.

C.2 Perimeter

For completeness, the distributions of foam patch perimeter are shown in

figures C.4 and C.5, with a presentation similar to those of the area distributions.

There is a sharper decrease in the distributions for small perimeters. This is

because the perimeters are estimated with a spacing roughly equal to half the

pixel size. Small foam patches have increased perimeters because an otherwise

circular shape is represented by a polygon. In Figure C.4, approximately half of

the foam patches with a perimeter of 15m are actively breaking. A majority of

larger foam patches are breaking, and fewer of the small foam patches are actively

breaking.
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Figure C.4: Distributions of foam patch perimeter, from temporal observations, for
a single image sequence, covering 7.2km2 non-overlapping sea surface area. Line
styles are as in Figure C.1. a) The area under the distribution is the number of
observations per unit sea surface area. b) The area under the distribution equals
one.

In Figure C.5a, we again see that the level of the distributions agrees well

with the thresholded whitecap coverage. In Figure C.5b, the 400m altitude data are

generally higher than the 1200m data. This is because the higher image resolution

resolves the complicated perimeters of the foam patches that appear smoothed

under the coarser resolution.

C.3 Duration

The tracking and measurements of breaking duration are strongly limited by

the translation of the aircraft. Figure C.6a shows probability density functions of

the tracked duration in seconds. Only a sub-sample of image sequences are shown,

for clarity. Foam patches that are tracked for less than 2/3s are excluded from our

analysis. The line color indicates the residence time in the images, computed as

τr =
xe

Va/c

=
Aa/cxc

fVa/c

(C.1)
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Figure C.5: Distributions of all grouped and tracked foam perimeters from all
image sequences. Each line represents approximately 3km2 non-overlapping sea
surface area. The distributions are normalized so the area under the curves equals
the number of breaking waves per unit area. a) Only images obtained from flight
altitudes of approximately 400m are shown. Line color indicates the thresholded
whitecap coverage WT . b) Image sequences obtained from all altitudes, line color
indicates aircraft altitude.

where xe is the projected image size in meters on the earth, Va/c is the aircraft

velocity. The projected image size can alternatively be expressed as a function

of the aircraft altitude Aa/c, the camera focal length f and the charged coupled

device (CCD) size xc in millimeters. The blue lines correspond to flights at 400m

altitude, with the light blue lines obtained at a lower aircraft velocity.

There is a background distribution that roughly follows a -2 power law.

Then there are positive deviations from this distribution that occur roughly at the

residence time for each image sequence. These foam patches both enter and leave

the image and are tracked the entire time. Foam patches with a tracked duration

less than the residence time either begin or cease breaking, or both, while within

the image field of view.

Figure C.6b shows the probability distribution for the active breaking dura-
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Figure C.6: Normalized distributions of a) total tracked duration, and b) duration
of active breaking, of all grouped and tracked foam patches from a sample of image
sequences. Each line represents approximately 3km2 non-overlapping sea surface
area. Line color indicates the time it takes an object to pass through the field of
view (equation C.1) Vertical black line in (b) shows the breaking duration cutoff
used in the Λ(c) processing.

tion. Breaking waves that actively break for less than 2/3 seconds are not included

in the Λ(c) statistic, and this cutoff is shown with the vertical black line. For image

sequences with a duration of breaking less than 2 seconds (dark blue lines), some

breaking events are observed to break the entire time they are in the camera’s field

of view, resulting in a second peak in the distribution.

C.4 Speed

The distribution of speeds for different types of foam patches is shown in

Figure C.7. It should be noted that two slightly different estimates of speed are

shown in this figure. The speed is defined as the mean speed around the entire

foam perimeter for the distributions of all foam patches and the non-breaking foam

patches (black and blue lines). The speed is defined as the mean speed along the
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active front of breaking for the distributions of active breaking (green and red

lines). In Figure C.7a, the sum of the distributions of active and non-active foam

patches, shown by the blue and green lines, yields the total distribution, shown by

the black line with circles. The normalized probability distribution functions in

Figure C.7b show that the residual foam patches have the slowest speeds, as they

are primarily due to surface currents and advection by wave orbital motion. The

actively breaking waves show faster speeds, with the initiating waves showing the

fastest speeds of all.
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Figure C.7: Distributions of foam patch speed for a single image sequence cover-
ing 7.2km2 non-overlapping sea surface area. The speed is defined as the mean
speed around the entire foam perimeter for the distributions of all foam patches
(black line with circles), non-active observations (blue solid line) and residual foam
(blue dotted line). The speed is defined as the mean speed along the active front
of breaking for the distributions of all active breaking (green solid line), active
breaking with duration longer than 2/3 seconds (green dotted line), whitecaps
that initiate breaking in our field of view (red solid line), and the first two obser-
vations of whitecaps that initiate breaking in our field of view (red dotted line). a)
All distributions are normalized by the total number of observations. b) The area
under each distribution equals one.

The distribution of speeds for all images captured at an aircraft altitude of

approximately 400m is shown in Figure C.8. We compare distributions of the mean

speed along the breaking front at each observation time — equivalent to the green

dotted distribution in Figure C.7. Only breaking events with duration greater than
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2/3 seconds are shown. Each distribution is taken from images covering 3km2 non-

overlapping sea surface area, with line color indicating the effective wave age cp/u∗e.

cp is the dominant wave phase speed, and u∗e is the effective friction velocity, which

is the component of the friction velocity u∗ along the dominant wave direction. The

two panels show the results in linear and logarithmic coordinates. The vertical

black line indicates a speed of 2ms−1, which is an estimate of the discrete speed

(1 pixel / ∆t between images), and an indication of the speed resolution from the

images.There is only a slight indication that the more developed seas (larger wave

age) shows faster breaking.

0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

P
D

F

mean front speeds (m/s)

 

 

a)

effective wave age c
p
/u

*e

10 12 14 16 18 20 22 24 26 28 30

10
−1

10
0

10
1

10
−4

10
−3

10
−2

10
−1

P
D

F

mean front speeds (m/s)

b)

Figure C.8: Normalized distributions of speed of active breaking events with break-
ing duration longer than 2/3s. Only flights with approximately 400m altitude are
shown. Each line represents approximately 3km2 non-overlapping sea surface area.
Color indicates effective wave age cp/u∗e. The vertical black line indicates a break-
ing speed of 2ms−1. a) Linear coordinate axes b) logarithmic axes.
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C.5 Breaking crest length

The crest length of breaking is determined by the derivatives of image

brightness in space and time, and foam patch morphology. Breaking is checked for

continuity in space: a point on the perimeter that is tagged differently than its two

neighbors is changed to match them. Breaking is checked for continuity in time:

a point on the perimeter that is tagged differently than its two neighbors is also

changed to match them. Disjoint segments around the foam patch contour may be

tagged as actively breaking, in which case the length of breaking, as determined

by the temporal observations, is the sum of all actively breaking segments.
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Figure C.9: Distributions of breaking crest length for a single image sequence cov-
ering 7.2km2 non-overlapping sea surface area. Line styles are, green: all actively
breaking foam patches; green dotted: actively breaking foam patches that break
for longer than 2/3 seconds; red: all observations of breakers that initiate breaking
in our field of view; red dotted: the first two observations of breakers that initiate
breaking in our field of view. a) linear coordinate axes b) logarithmic coordinate
axes.

In Figure C.9, the distribution of the breaking crest length is shown for a

single image sequence. The crest length is only defined for actively breaking waves.

The distribution of length is roughly uniform for breaking lengths less than 2m, and

then decreases approximately like a -2 power law. In particular, the distributions
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of all actively breaking waves (green), and those that are breaking for longer than

2/3 seconds differ primarily for the shorter lengths, and show good agreement for

the longer lengths. So the short-duration breakers predominantly have breaking

length less than 2m (6 pixels).

The distribution of breaking length for all images acquired at approximately

400m altitude is shown in Figure C.10a. The distributions are normalized such

that the area under the curve is equal to the number of observations per unit sea

surface area, and the line color indicates the thresholded whitecap coverage, WT .

The trend apparent in Figure C.9 is seen for all files – a uniform distribution for

lengths less than 2m, and a sharp decrease for the larger breaking lengths.

In Figure C.10b, all of the distributions from 400m are shown in blue. In

addition, the distributions from images acquired at approximately 1200m altitude

are shown in red. The high-altitude data shows a uniform distribution for lengths

less than 8m, or roughly 9 pixels. The transition may occur for a larger length

(pixel-wise) than the low-altitude data because small foam patches are dimmer at

high altitude due to the integrative effect of digitized images. Also, slower-moving

breakers may not be identifiable because the change in brightness may not be

strong enough to occupy an entire pixel. So the length of breaking may appear

less due to difficulty resolving the more slowly breaking crests. For these reasons,

among others, the high-altitude data are not used for the Λ(c) calculations in

Chapter 1 and Chapter 2.
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Figure C.10: Normalized distributions of breaking crest length of active break-
ing events with breaking duration longer than 2/3s. Only flights with approxi-
mately 400m altitude are shown. Each line represents approximately 3km2 non-
overlapping sea surface area. Color indicates effective wave age, cp/u∗e. a) Linear
coordinate axes b) logarithmic axes.



168

C.6 Wave elevation

Distributions of the wave elevation sampled at the centroid of the foam

patch (for residual foam patches and all foam patch estimates) and at the mean

breaking crest position (for active breaking and initiating breaking) are shown in

Figure C.11. The distribution of ATM sea surface heights is shown by the black

line with crosses. All foam height distributions are skewed toward the positive

elevations. The residual foam patches (blue) show a distribution most similar to the

background wave elevation distribution. The active breaking fronts (green) show

elevations slightly higher than that of all foam patches (black line with circles).

Also, the whitecaps that are initiating breaking in our field of view (red lines) show

the highest mean elevation of all foam types.

Distributions of wave elevation sampled at the foam patch locations for all

image sequences is shown in Figure C.12. Figure C.12a shows the wave elevation

sampled at the mean breaking crest location, while Figure C.12b is sampled at the

centroid of residual foam patches only. We see that the mean wave height of actively

breaking waves is skewed towards positive values. The old foam distributions show

an ensemble average that resembles the reference Gaussian distribution. This lends

confidence to the synchronization of image sequences with wave height data, which

is used to determine the long-wave orbital motion at the breaking crest location.

This also lends confidence to the determination of residual foam patches, which

are used to infer the surface drift current.
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Figure C.11: Distributions of wave elevation normalized by the significant wave
height Hs. Line styles are: black with circles, all grouped and tracked foam
patches; green solid, actively breaking foam patches; green dotted, actively break-
ing, with breaking duration greater than 2/3s; blue solid, not actively breaking
foam patches; blue dotted, strictly residual foam; red solid, all observations of
breakers that initiate while in our field of view; red dotted, the first two obser-
vations of breakers that initiate breaking in our field of view. Wave elevation is
sampled at the foam patch centroid (black line with circles, blue lines), or sampled
at the mean breaking crest location (green and red lines). Black line with crosses
indicates the distribution of sea surface height from the scanning lidar ATM. Line
styles are as in Figure C.1. Breaking data observed during a single image sequence
covering 7.2km2 non-overlapping sea surface area. a) Area under curves equals
total number of breakers per unit sea surface area. The ATM distribution has
the same area as the distribution for all foam patches b) normalized probability
density functions.
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Figure C.12: Normalized distributions of wave elevation a) sampled at the mean
breaking front location for actively breaking events with breaking duration longer
than 2/3s b) sampled at the centroid of residual foam patches. The black line with
crosses shows a Gaussian distribution, for reference. In both panels, only flights
with approximately 400m altitude are shown. Each line represents a flight distance
of approximately 100 dominant wave lengths. Color indicates effective wave age
cp/u∗e.
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C.7 Local wavenumber

The local wavenumber of the 2D sea surface height data are approximated

as described in section 2.5.2, but with no filtering of the wave spectrum before the

Hilbert transform is taken. This results in a 2D map of the local wavenumber,

k. Figure C.13 shows the distribution of the local wavenumber at the foam patch

centroid (black and blue lines) and at the mean breaking front location (red and

green lines). The black line with crosses shows the distribution of the spatially-

determined wavenumber from the ATM data. In Figure C.13b the distributions of

local wavenumber appear the same for all foam patch types. The wavenumber at

the breaker locations is in good agreement with the total wavenumber distribution

above about 2kp. There are more breaking observations at wavenumbers slightly

larger than the peak, and a deficit of wavenumbers below the peak. Given the 6-

meter error in matching the ATM wave height data to the image data, and the fact

that the derivative is taken to obtain the wavenumber estimate from the Hilbert

transform, these results are suggestive only.

The distributions of local wavenumber sampled at the mean active breaking

crest location is shown in Figure C.14. The wavenumber is normalized by the

dominant wavenumber for each image sequence. Again we see that older seas

(red) show less breaking at the spectral peak than the young seas (blue).
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Figure C.13: Distributions of the underlying wavenumber sampled at the foam
patch centroid (black line with circles, blue lines), or sampled at the distribution
breaking crest location (green and red lines). Line colors are as in Figure C.11.
Black line with crosses indicates the distribution of spatially sampled wavenumber
from the scanning lidar ATM. Vertical black line at k=0.05 indicates the dominant
wavenumber. Breaking data observed during a single image sequence covering
7.2km2 non-overlapping sea surface area. a) Area under curves equals total number
of breakers per unit sea surface area. The the area under the ATM distribution
is the same as that for all foam patches (black line with circles) b) normalized
probability density functions.
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Figure C.14: Normalized distributions of wavenumber sampled at the mean break-
ing front location for actively breaking events with breaking duration longer than
2/3s. Only flights with approximately 400m altitude are shown. Each line repre-
sents approximately 3km2 non-overlapping sea surface area. Color indicates wave
age cp/u∗e.



D Evolution of whitecap

properties with time

Although a point on the ocean resides in our field of view for only a matter of

seconds, this still provides us with some insight into the evolution of wave breaking

with time. We first consider a case example of four foam patches to observe the

morphology, kinematics, and visible intensity of foam patches at different stages of

breaking. Then we show the evolution of a population of normalized foam patch

area, breaking length, breaking speed, and elevation.

An example of foam patches at different stages of development is shown

in Figure D.1. This image was taken at a very short fetch of 1.0km, under a

10-meter wind speed of roughly 17ms−1 on the morning of Feb. 17, 2004. The

foam patches labeled 1 through 4 indicate foam associated with active breaking (1

and 2), residual foam (3), and foam streaks (4). The wave breaking direction is

toward the bottom of the image (south). The foam associated with active breaking

indeed has a higher albedo than the residual foam, as well as a sharper gradient of

brightness along the edge of active breaking. The evolution of the foam patch areas

with time while in our field of view is shown in Figure D.1b and D.2. The foam

patch perimeter is determined using a brightness threshold of 0.21, and the foam

patch area is defined as the region within the perimeter. Foam patch #1 initiated

breaking just as it entered our field of view, with an observed area of 2m2. It has

an area of 5.5m2 at the time of the image, and reaches an area of almost 8m2.

Foam patch #2 entered our field of view with an area of 11m2, and continues to

increase to 16.5m2. Foam patch #3 entered the field of view with an area of 16m2,

and its area initially decays as the bubbles rise to the surface. However, the foam
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patch area then increases. Examination of the contours in Figure D.2 indicates

that the small foam patch to the right of foam patch #3 is actively breaking and

merges with the residual foam patch. The crest of this small wave is not captured

by my algorithm, because of the short time of growth in our field of view, and

the breaking brightness and intensity gradient are not strong enough to overcome

the fact that the patch has a decreasing area, as determined by the parabolic fit.

Foam patch #4 is not captured well using a brightness threshold, and the area

varies from 0-3m2 through the observation time due to straining and advection by

surface velocities. It is apparent that our moving camera results in an ensemble

statistic of many wave breaking events for a short (1.3s in this case) period of time.
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Figure D.1: a) An example portion of a sea surface image, captured from an alti-
tude of 364m. The foam patches numbered 1-4 indicate initiating active breaking,
mature active breaking, residual foam, and foam streaks, respectively. The wind
and waves are directed roughly toward the bottom of the image. b) the evolution
of the areas of foam patches 1-4 with time while they remain in our field of view.
The vertical black dashed line indicates the time of the image in (a).

The basic kinematics of breaking waves can be observed in Figure D.2. The

contours around the foam patches in Figure D.1a are shown for 11 images sampled

at 7.5Hz, so the displacement of the contours gives an indication of the speed. All

foam patches are moving toward the bottom of the figure. The thick black dots

indicate the portion of the contour that has been identified as actively breaking.
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Figure D.2: A close-up view of foam patches 1-3 in Figure D.1, with contours
drawn around their boundaries for as long as they are within our field of view.
The thick black dots indicate the segment of the boundary that is determined to
be actively breaking.

Foam patch #1, which is in the earliest and most active stage of breaking, is seen to

rapidly move forward (toward the bottom of the image). The contours eventually

merge with the less bright foam patch to its right, and so the family of contours

is considered one “event”. Notice that the rear edge of the foam patch initially

moves forward at almost the same rate as the front of the breaking wave. Toward

the end of our observation, the contours along the rear of the foam patch become

more clustered, indicating that the rear of the foam patch is becoming stationary.

Foam patch #2, which is in the later stages of active breaking, shows that the rear

and sides of this foam patch are roughly stationary, the front is moving forward,
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and the length of breaking is decreasing. Recall from Figure D.1b that the area of

the foam patch continues to increase. Comparison of figures D.1a and D.2 indicate

that a substantial portion of the dim, old foam at the rear of the foam patch is

not picked up by the brightness threshold. The residual foam patch #3 is seen

to advect substantially. In particular, the rear of the foam patch appears to be

moving very fast, partially due to the fact that the bubbles are rising to the surface,

becoming less bright, and producing an apparent motion of the line of constant

brightness. No portion of the contour is picked up as actively breaking. This is

due to the dim gradient between the foam and the background sea surface, and

the diminishing foam area. Note that towards the end of our observation of foam

patch #3, the small foam patch to the right merges with this older foam patch,

creating an “arm” to the right that appears to be actively breaking. However, the

dim brightness gradient, relative location on the rear side of the foam patch, and

short duration of breaking are not sufficient to tag this arm as actively breaking.1

The small foam patch at the bottom of the image is decaying from 1.5 to 0.5 m2

while in our field of view.

The evolution of whitecap area, length of breaking, speed, and wave eleva-

tion as a function of time are shown in figure D.3 for a population of 717 whitecaps.

To obtain longer records of breaking evolution, we consider an image sequence

captured while the aircraft is climbing from 450m to 1160m. With the image size

increasing from 250m to 650m, and a mean aircraft velocity of 80ms−1, the maxi-

mum residence time in the images is from 3 to 7 seconds. This image sequence is

captured on the afternoon of research flight 5, on 2-17-2004, at a fetch of 225km,

with 10-meter wind speed of 17.0ms−1, effective friction velocity of 0.77ms−1, and

dominant phase speed of 12.8ms−1.

1As discussed elsewhere, the determination of active breaking front considers 7 criteria: 1)
positive change in area as determined by a parabolic fit to the Area(time) curve, 2) ∂I/∂t, 3) ∇I,
4) velocity within 90o of u∗, 5) contour normal within 90o of u∗, 6) convex perimeter curvature,
and 7) on the front half of the perimeter, as determined by the mean instantaneous speed and
the foam patch centroid. The small breaker that merges with the residual foam patch #3 fails
tests 1 at all times. It fails test 7 until it merges with the larger foam patch. After this point, the
arm is only observed 2 images before it leaves our field of view, which is less than the minimum
duration of breaking of 5 images. Furthermore, the low contrast causes the “arm” to fail the ∇I
test for some observations.
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Figure D.3: Evolution of foam patch properties with time. Only foam patches
that initiate breaking and reach their maximum area while in our field of view are
considered. tm is the estimated time of maximum foam patch area. Foam patch
properties shown are: a) Area normalized by the area at time tm, b) breaking
crest length normalized by crest length the observation before tm, c) speed of
the breaking front normalized by the initial speed c1, and d) wave elevation η
normalized by the initial elevation η1. Color indicates number of observations.
The black line with error bars is the mean and standard deviation of observed
values at each normalized time. The line with white circles in (c) shows the mean
speed of breaking from laboratory data, where time is normalized by the duration
of breaking τ . The breaking data are obtained from image sequence 38 on research
flight 5, which is captured at an altitude of 800m, flying upwind.

Each breaking event is characterized by its area. To reduce noise and rapid

fluctuations, a parabolic curve is fit to each breaking event’s area as a function
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of time. The maximum of the parabola indicates the time at which the whitecap

obtains maximum area, tm (for example, see figure B.1).

To consider the entire breaking event, we limit our analysis to only those

breaking events that initiate breaking and obtain their maximum area while in our

field of view. These whitecaps are first observed outside of the leading edge of the

image, with an area less than 9× 9 pixels, and must actively break for longer than

2/3 seconds. Furthermore, the area must demonstrate a peak when fit with the

parabola, and then decrease again. In this way we hope to avoid truncation of

breaking due to entering or leaving our field of view.

Figure D.3 shows the evolution of whitecap properties with time. The time

is scaled with tm, the time at which the parabola fit to the area vs. time curve

reaches a maximum. Each breaking event contributes 6-40 observations of area,

length, speed, and elevation. The colored background of each panel in Figure D.3

gives an indication of the scatter of the data, showing the density of observations.

The mean and standard deviation for each binned time is also shown with black

error bars. The spread in the data are often due to noise within each record, rather

than individual records contributing to the higher or lower values.

In panel (a), the whitecap area is normalized with the area at time tm. The

general parabolic shape is discernable. In panel (b) the breaking crest length is

normalized with the breaking length the observation before maximum area. One of

the conditions for active breaking is that the whitecap area is increasing. The time

of maximum area by definition does not satisfy this criterion, since the following

observation has a smaller area. To avoid this change in criterion, we consider

observations up until the whitecap reaches its maximum area in panel (b). We

see that the length of breaking on average increases until the whitecap area is

about half of its maximum area, and then remains roughly constant. After the

time of maximum area, the length of breaking decreases. Interestingly, many of the

whitecaps continue to have active breaking while the foam patch area is decreasing.

In panel (c) the mean breaking speed observed at each time is scaled by

the initial observed breaking speed. The speed of breaking is seen to decrease to

about 60% of its initial speed. Laboratory experiments were performed to compare
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to this observation. A focusing wave packet generated deep-water breaking in a

40m glass channel filled with fresh water to a depth of 60cm (Rapp and Melville,

1990). A digital video camera mounted above the water recorded the breaking.

The breaking front was tracked in time to determine the speed of breaking as a

function of time. Since the foam patch area should be different in fresh water than

in salt water, the laboratory data are scaled with the duration of active breaking,

τ , rather than the time of maximum foam patch area tm.

The wave elevation is obtained from the synchronized ATM data. The

elevation normalized by the initial elevation is shown in panel (d). While there

is a lot of scatter in the data, on average the elevation remains indistinguishable

from the initial elevation until the whitecap nears maximum area, at which time

the elevation begins to decrease.
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